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Tracking the Emergence of Host-Specific Simian Immunodeficiency
Virus env and nef Populations Reveals nef Early Adaptation and
Convergent Evolution in Brain of Naturally Progressing Rhesus
Macaques

Susanna L. Lamers,a David J. Nolan,b,c Brittany D. Rife,b,c Gary B. Fogel,d Michael S. McGrath,e Tricia H. Burdo,f Patrick Autissier,f

Kenneth C. Williams,f Maureen M. Goodenow,b Marco Salemib,c

Bioinfoexperts LLC, Thibodaux, Louisiana, USAa; Department of Pathology, Immunology, and Laboratory Medicine, University of Florida, Gainesville, Florida, USAb;
Emerging Pathogens Institute, University of Florida, Gainesville, Florida, USAc; Natural Selection Inc., San Diego, California, USAd; Department of Medicine, University of
California, San Francisco, San Francisco, California, USAe; Department of Biology, Boston College, Chestnut Hill, Massachusetts, USAf

ABSTRACT

While a clear understanding of the events leading to successful establishment of host-specific viral populations and productive
infection in the central nervous system (CNS) has not yet been reached, the simian immunodeficiency virus (SIV)-infected rhe-
sus macaque provides a powerful model for the study of human immunodeficiency virus (HIV) intrahost evolution and neuro-
pathogenesis. The evolution of the gp120 and nef genes, which encode two key proteins required for the establishment and main-
tenance of infection, was assessed in macaques that were intravenously inoculated with the same viral swarm and allowed to
naturally progress to simian AIDS and potential SIV-associated encephalitis (SIVE). Longitudinal plasma samples and immune
markers were monitored until terminal illness. Single-genome sequencing was employed to amplify full-length env through nef
transcripts from plasma over time and from brain tissues at necropsy. nef sequences diverged from the founder virus faster than
gp120 diverged. Host-specific sequence populations were detected in nef (�92 days) before they were detected in gp120 (�182
days). At necropsy, similar brain nef sequences were found in different macaques, indicating convergent evolution, while gp120
brain sequences remained largely host specific. Molecular clock and selection analyses showed weaker clock-like behavior and
stronger selection pressure in nef than in gp120, with the strongest nef selection in the macaque with SIVE. Rapid nef diversifica-
tion, occurring prior to gp120 diversification, indicates that early adaptation of nef in the new host is essential for successful in-
fection. Moreover, the convergent evolution of nef sequences in the CNS suggests a significant role for nef in establishing neu-
rotropic strains.

IMPORTANCE

The SIV-infected rhesus macaque model closely resembles HIV-1 immunopathogenesis, neuropathogenesis, and disease pro-
gression in humans. Macaques were intravenously infected with identical viral swarms to investigate evolutionary patterns in
the gp120 and nef genes leading to the emergence of host-specific viral populations and potentially linked to disease progression.
Although each macaque exhibited unique immune profiles, macaque-specific nef sequences evolving under selection were con-
sistently detected in plasma samples at 3 months postinfection, significantly earlier than in gp120 macaque-specific sequences.
On the other hand, nef sequences in brain tissues, collected at necropsy of two animals with detectable infection in the central
nervous system (CNS), revealed convergent evolution. The results not only indicate that early adaptation of nef in the new host
may be essential for successful infection, but also suggest that specific nef variants may be required for SIV to efficiently invade
CNS macrophages and/or enhance macrophage migration, resulting in HIV neuropathology.

Aclear understanding of the events leading to the establishment
of human immunodeficiency virus type 1 (HIV-1) infection

in a new host, including the central nervous system (CNS), is key
to the development of a vaccine and a therapeutic intervention
that will eradicate the virus. Research on HIV/simian immunode-
ficiency virus (SIV) evolution and adaptation is frequently based
on genetic information derived from the envelope (env) gp120
glycoprotein because its high sequence heterogeneity (1, 2) pro-
duces a strong phylogenetic signal (3). env gp120 is exposed on the
virus surface and is necessary for viral entry into lymphocytes (4).
Neutralizing antibodies bind to env variable regions, exerting sig-
nificant selection pressure on the protein (5, 6). HIV-1 Nef, an
accessory protein, is also required for the establishment and main-
tenance of infection in both humans and macaques (7–9). SIV
with Nef and the long terminal region (LTR) deleted is unable to
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initiate CNS infection, resulting in diminished neurotropism or
insufficient systemic viral replication for entry into the brain (10).
In vitro assays have shown that Nef enhances both membrane
expression and virion incorporation of env products (11). One
study observed that the requirement for Nef increased as amounts
of env decreased in virus-producing cells (12). In addition, recent
work has demonstrated that nef can enhance macrophage tissue
infiltration by altering its migratory mode (13), which may play a
central role in the accumulation of macrophages residing in the
CNS, the establishment of viral reservoirs, and neuropathogenesis
(14). However, very few studies have focused on Nef evolution
and disease progression in vivo (9, 15, 16).

The study of HIV-1 initial adaptation in humans is problem-
atic, because recently infected patients are usually unaware of their
HIV-1 status and the founder virus may be difficult to identify.
The SIV-infected rhesus macaque is an animal model that closely
resembles HIV-1 immunopathogenesis, neuropathogenesis, and
disease progression in humans (17–21). Moreover, intravenously
infected macaques can mimic the injection drug user (IDU) trans-
mission route, which characterizes 8% of new HIV-1 infections
and 16% of people currently living with HIV-1 (http://www.cdc
.gov/hiv/library/reports). SIV macaque studies focusing on HIV-
associated neurological disorders (HAND) often use a CD8� T
cell-depleted model because these animals progress quickly (2 to 5
months) to simian AIDS (SAIDS) and display an elevated inci-
dence (�80%) of SIV-associated encephalitis (SIVE) (22, 23).
However, CD8� T cell depletion, which includes a reduction in
NK cells, could distort natural viral evolution, especially during
early infection, due to impaired innate immunity and unimpeded
viral expansion. Therefore, a non-CD8-depleted/naturally pro-
gressing macaque model could shed additional light on the intri-
cacies of SIV/HIV evolution at the onset of infection.

Several virus-specific properties contribute to the establish-
ment of HIV-1 infection. For example, viral genetic diversity is
reduced during mucosal transmission, indicating that a subset of
circulating viruses are more suited than others for transmission
(24). Viruses that bind the CCR5 coreceptor are transmitted pref-
erentially (25). Selection of host-specific viral populations occurs
in newborn babies infected by their HIV-1� mothers (26, 27). The
infection route also plays a role in the diversity of the transmitted
virus: cases of HIV-1 infection with multiple variants gradually
increase from about 20% during heterosexual transmission (28)
to about 40% in men who have sex with men (MSM) (29) and to
60% in IDU (30), suggesting that immune cells stationed at ana-
tomical barriers during sexual transmission contribute to founder
virus population establishment. Two to 6 weeks postinfection, the
viral load (VL) and genetic diversity increase exponentially, and
virus subpopulations begin to emerge (3, 31). However, debate
exists about the time required for the emergence of a host-specific
viral population or whether specific regions of the HIV-1 genome
adapt at similar rates within the host milieu.

We contrasted env gp120 and nef sequence evolution in mul-
tiple macaques infected with the same viral swarm and allowed to
naturally progress to SAIDS and potentially SIVE. We also com-
pared isolates of SIV in the brain among different macaques with
initial plasma isolates in order to address hypotheses concerning
early versus late viral brain entry. A single-genome-sequencing
approach that amplified full-length env-nef transcripts was used in
order to reduce PCR resampling, analyze coevolving genomes,

and elucidate the intricate details of SIV evolution and adaptation
in the two genes.

MATERIALS AND METHODS
Ethics statement. Animals were housed at the New England Primate Re-
search Center (NEPRC) according to the standards of the American As-
sociation for Accreditation of Laboratory Animal Care and IACUC pro-
tocol 04802. Treatment of animals was in accordance with the Guide for
the Care and Use of Laboratory Animals of the Institute of Laboratory
Animal Resources (32). All possible measures were taken to minimize
discomfort of the animals. NEPRC veterinarians, in collaboration with
animal behavioral staff, supervised the animal enrichment program. The
guidelines for humane euthanasia of the macaques that were followed
included (i) weight loss of �15% in 2 weeks or 25% overall, (ii) docu-
mented opportunistic infection, (iii) persistent anorexia of �3 to 5 days
without explicable cause, (iv) severe intractable diarrhea that was nonre-
sponsive to standard treatment and resulted in dehydration or debilita-
tion of the animal, (v) progressive neurologic signs, (vi) significant cardiac
and/or pulmonary signs, (vii) persistent leucopenia (as a general guide-
line, defined as �1,000 cells/�l) or thrombocytopenia (as a general guide-
line, defined as �30,000 platelets [plt]/�l), (viii) progressive or persistent
anemia (�20% hematocrit [HCT]), (ix) a body condition score (a stan-
dard semiquantitative method for assessing body fat and muscle using
visual inspection of the animal) of �1.5/5 with weight loss, or (x) any
other serious illness.

Study populations and biological indicators of disease. Three ma-
caques, designated N01, N02, and N10, were infected with the SIVmac251
viral swarm (33, 34) and allowed to progress to SAIDS before euthaniza-
tion. Plasma samples were collected at 21, 90, and 180 days postinfection
(p.i.) and just prior to necropsy (see Table 2). An additional plasma sam-
ple was collected at 365 days p.i. from animals that lived more than 1 year.
Meninges and deeper brain tissues (frontal, temporal, and parietal lobes)
were retrieved from all macaques at necropsy as previously described (19).
Disease progression was monitored via the mean VL and CD4� T cell
counts, which were measured every 14 days throughout the duration of
the infection. CD8� T cell and NK cell counts were also measured every 2
weeks over the course of infection. SIV env and nef sequences were suc-
cessfully amplified from brain tissues of only three macaques, designated
N01, N02, and N10 (see below). Therefore, these animals were chosen for
all further analyses described in this paper.

Sequence generation and quality control. All tissues were processed
and first-round PCRs were set up in a restricted-access amplicon-free
room with separate air-handling and laboratory equipment, where no
amplified PCR products or recombinant cloned plasmids were allowed,
and where work surfaces and equipment were thoroughly cleaned before
and after use with Eliminase (Decon Labs, Inc.). The tissues were sec-
tioned for shipping on dry ice at Boston College and subsequently re-
ceived at the University of Florida on different dates. Positive and negative
controls were included during all PCRs to ensure consistency in amplifi-
cations and a contamination-free environment.

SIV gp120 sequences (SIVmm239 reference sequence coordinates
6706 to 8049, numbered with the sequence locator tool [http://www.hiv
.lanl.gov/content/sequence/LOCATE/locate.html]) and nef sequences
(SIVmm239 coordinates 9077 to 9865) were generated from SIV RNA
transcripts as follows. Viral RNA was isolated from the infecting
SIVmac251 inoculum and cell-free plasma samples (140 to 280 �l) using
the QIAamp Viral RNA minikit (Qiagen; catalog no. 52904). Total RNA
and genomic DNA were isolated from each meninges or brain tissue sec-
tion (50 to 80 ng) using the AllPrep DNA/RNA minikit (Qiagen; catalog
no. 80204). The 100-�l final volume of RNA generated by each method
was concentrated using an RNeasy MinElute Cleanup kit (Qiagen; catalog
no. 74204). cDNA was created from the RNA using the SuperScript III
first-strand synthesis system (Invitrogen Life Technologies; catalog no.
18080-051). Viral RNAs isolated from both the inoculating swarm and
plasma samples were reverse transcribed using the provided oligo(dT)20
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primer, while brain tissue RNA was reverse transcribed using cULTR (5=-
ATGGCAGCTTTATTGAAGAGG-3=) (SIVmm239 10125 to 10145), a
primer that binds in the SIV 3= LTR region. A modified cDNA synthesis
protocol was followed to maximize the length of the cDNA as follows.
RNA was denatured via incubation with deoxynucleoside triphosphates
(0.5 mM each) and 5 �M oligo(dT)20 or 0.2 �M cULTR (plasma or brain,
respectively) at 65°C for 5 min and then cooled to 4°C. First-strand cDNA
synthesis was performed in a 40-�l reaction volume containing 1� re-
verse transcription buffer (10 mM Tris-HCl [pH 8.4], 25 mM KCl), 5 mM
MgCl2, 10 mM dithiothreitol, 2 U/�l of RNase-Out (RNase inhibitor;
Invitrogen Life Technologies), and 10 U/�l SuperScript III reverse trans-
criptase (RT) (Invitrogen Life Technologies). The reaction mixture was
heated to 45°C for 90 min, and then an additional 10 U/�l SuperScript III
RT was added. The reaction mixture continued to incubate at 45°C for an
additional 90 min and then at 70°C for 15 min. The reaction mixture was
cooled to 37°C, and 0.1 U/�l of Escherichia coli RNase H was added,
followed by a 20-min incubation. The cDNA was stored at �20°C.

A modified single-genome-sequencing protocol, based on previously
published methods (35), was performed by serially diluting cDNA until
an average of 30% or less of the nested PCRs were positive. During the
first-round PCR, diluted cDNA was amplified in 25-�l reaction mixtures
containing 1� Platinum Blue PCR SuperMix (Invitrogen Life Technolo-
gies) and 0.2 �M each primer: SOUTF, 5=-GGCTAAGGCTAATACATC
TTCTGCATC-3=, and NOUTR, 5=-TTTAAGCAAGCAAGCGTGGA
G-3= (SIVmm239 6565 to 6591 and 10102 to 10122, respectively) (cycling
parameters, 95°C for 5 min and 35 cycles of 94°C for 1 min, 58°C for 1
min, and 72°C for 4 min, followed by 72°C for 10 min). A 3.5-kb amplicon
containing the complete env-nef genes was generated in every positive
reaction. Second-round gp120 PCR consisted of 2 �l of the first-round
PCR mixture added to a 23-�l second-round reaction mixture consisting
of 1� Platinum Blue PCR SuperMix (Invitrogen Life Technologies) and
0.2 �M each primer: SINF, 5=-GTAAGTATGGGATGTCTTGGGAATCA
G-3=, and SINR, 5=-GACCCCTCTTTTATTTCTTGAGGTGCC-3=
(SIVmm239 bp 6598 to 6624 and bp 8158 to 8184, respectively) The
cycling parameters were as follows: initial denaturation at 95°C for 5 min,
and then 35 cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 2 min,
followed by 72°C for 10 min. The second-round mixtures containing
single 1.5-kb products were considered positive for gp120. Subsequently,
the first-round reaction mixtures that corresponded to positive second-
round gp120 PCRs were then used to amplify the nef gene sequence; the
second-round nef PCR mixture consisted of 2 �l of the first-round PCR
mixture added to a 23-�l second-round reaction mixture consisting of 1�
Platinum Blue PCR SuperMix (ThermoFisher) and 0.2 �M each prim-
er—NINF, 5=-AGATCCTCCAACCAATACTCCA-3=, and NINR, 5=-AG
TGCTGGTGAGAGTCTAGCAG-3= (SIVmm239 8990 to 9011 and 10058
to 10079, respectively)—with the following cycling parameters: initial de-
naturation, 95°C for 5 min, and then 35 cycles of 94°C for 1 min, 58°C for
1 min, and 72°C for 2 min, followed by 72°C for 10 min. Second-round nef
PCR mixtures containing single 1.1-kb products were considered positive
and selected for sequencing. The SOUTF, SINF, and SINR primers were
based on published oligonucleotide sequences (36), while the other prim-

ers were designed using Primer3 and observing regions of conservation in
alignments of published SIVmac251 sequences downloaded from the Los
Alamos HIV Sequence Database (http://www.hiv.lanl.gov). Sequencing
was performed on an Applied Biosystems 3730xl DNA Analyzer
(ThermoFisher) at the University of Florida Interdisciplinary Center for
Biotechnology Research. All the sequences were assembled with the Ge-
neious R7 software package (Biomatters), and all the sequences were de-
posited in GenBank.

Sequence alignments and analysis. gp120 and nef alignments were op-
timized using the Clustal algorithm (37) implemented in MEGA5 (38) with
subsequent manual optimization (39). Due to the large number of insertions
and deletions that are typically problematic to align, a portion of the highly
variable gp120 V1 domain (SIVmm239 positions 6987 to 7035) was removed.
All nef and gp120 sequences were tested for recombination using the PHI test
implemented in Splitstree4 (40), as previously described (41, 42), and sus-
pected recombinants were removed prior to distance and phylogenetic anal-
yses. All alignments are available upon request.

Pairwise p distances (genetic diversity) between sequences in the viral
swarm and each plasma, meninges, and brain tissue sequence population,
as well as nucleotide divergence between viral swarm sequences and se-
quences sampled at specific time points or from specific tissues, were
calculated using MEGA5, with standard errors estimated by bootstrap-
ping (1,000 replicates). Standard t tests (paired and unpaired as appropri-
ate) were used to determine whether significant differences in diversity
existed in and between sequence populations.

The best-fitting nucleotide substitution model was identified in
MEGA5 with a hierarchical test based on the Bayesian information crite-
rion (43, 44), and maximum-likelihood (ML) genealogies for gp120 and
nef alignments for collective macaque sequences sampled over time were
inferred using PhyML (45). Support for internal branches of each tree was
assessed by bootstrapping (500 bootstrap replicates). VESPA (http://www
.hiv.lanl.gov) was used to identify signature amino acid positions asso-
ciated with major branches in the last-time-point phylogeny. The Sim-
monds association index (SAI) test was used to investigate
compartmentalization of viral subpopulations between plasma, me-
ninges, and brain tissues (46).

TABLE 1 Macaque outcomes

Macaque
No. of days
to SAIDS Clinical note Pathology report SIVE

N01 463 Overall bad health,
including wt loss

Abdominal edema; severe Mycobacterium avium
infection; enlarged lymph nodes; thymus with
macrophage infiltration; lung inflammation

None

N02 204 Decreased appetite; wt
loss; lymphopenia

Lymphoid proliferation in heart; Pneumocystis
carinii infection; alveolar macrophages;
inflammation in multiple organs

None

N10 223 Neurological symptoms Inflammation in multiple organs; cytomegalovirus
and P. carinii infection

Meningoencephalitis; astrocytosis; gliosis;
neuronal degeneration

TABLE 2 Numbers of sequences amplified for each tissue

Macaque

No. of sequences amplified at:

Plasma collection time
point (days p.i.) Necropsy

21 90 180 365 463 Meninges
Frontal
lobe

Parietal
cortex

Temporal
lobe

N01 39 42 32 34 38 5 0 0 1
N02 38 33 15 34a 23 22 29 30
N10 34 23 21 23b 19 24 20 15
a The last sampling time was just before necropsy at 204 days p.i.
b The last sampling time was just before necropsy at 223 days p.i.
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The presence of a molecular clock signal in each macaque data set was
investigated by regression between root-to-tip divergence and sampling
date on the ML trees with Path-O-Gen v1.4 (http://tree.bio.ed.ac.uk
/software/pathogen/). Evolutionary rates in gp120 and nef were simulta-
neously estimated using a concatenated alignment, including a common
subset of nonrecombinant sequences (available upon request). Two par-
titions (gp120 and nef) were generated with the program BEAUTI of the
BEAST v1.82 software package (47). The substitution and clock models
were unlinked, but the same underlying phylogeny was assumed for both
genes. A Markov chain Monte Carlo (MCMC), run for 100 million gen-
erations with sampling every 100,000 generations, was used to obtain a
posterior distribution of trees under a relaxed molecular clock model with
the Bayesian skyline plot coalescent prior. An analysis run using the
Skygrid population prior gave essentially the same result. Proper mixing
of the MCMC was assessed by evaluating the effective sampling size (ESS)
in the program Tracer v1.5 (http://beast.bio.ed.ac.uk/Tracer); parameter
estimates with an ESS of �200 were considered reliable.

The program FUBAR was used to investigate positively and negatively
selected codons at a 95% cutoff in sequence populations collected at each
plasma time point, meninges, and individual brain tissues (48). SIV Nef
and gp120 protein models were generated using the I-Tasser Web server
(49, 50). Positively selected codons were mapped to these models in
MacPymol (The PyMOL Molecular Graphics System, version 1.5.0.4;
Schrödinger, LLC).

Nucleotide sequence accession numbers. The GenBank nucleotide
sequence accession numbers for the SIV data derived from macaques and
the SIVmac251 viral swarm are KR998525 to KR999137 for nef and
KR999138 to KR999900 for env.

RESULTS
SIV progression was related to immune response. SIV infection
outcomes varied for each macaque, with a notably longer life span
of N01 and the development of SIVE in N10 (Table 1). Tissues
were collected at specific time intervals. Approximately 20 to 40
linked SIV gp120 and nef sequences were generated from RNA
extracted from plasma-derived virions. SIV was always amplified
from plasma; however, viral sequences were amplified postmor-
tem only from the meninges of N01 and from the meninges and
parietal, temporal, and frontal lobes of N02 and N10 (Table 2).
The VL, CD4� T cell counts, percent CD8� T cells, and percent
NK cells were measured in the macaques every 2 weeks over the
course of infection (Fig. 1). The VL remained high (�10,000 copy
equivalents/ml) after about 14 days p.i. in all macaques, although
after 98 days p.i., the VL was significantly lower in N01 than in N02
and N10 (P � 0.001). CD4� T cell counts exhibited an increase
and subsequent decrease in the first 28 days p.i. for all macaques.
However, CD4� T cell levels were significantly lower in N01 than
in N02 and N10 throughout infection (P � 0.001) and gradually
decreased after 42 days p.i. (Fig. 1). Even when the initial burst and
later reduction in the CD4� T cell counts, which can vary greatly
between infected macaques, were omitted from the analysis (using
only data from 9 to 198 days p.i. and 21 to 168 days p.i.), CD4� T
cell counts were still significantly lower for N01 than for N02 or
N10 (P � 0.01). There was no statistically significant difference in

FIG 1 Viral load, CD4� T cell counts, percent CD8� T cells, and percent NK cells over the course of infection. Viral loads are shown as numbers of copy
equivalents per milliliter. The dashed vertical lines indicate sampling time points for SIV sequence populations in plasma. The horizontal bars with asterisks
indicate the periods when N02 and N10 had significantly higher values (P � 0.01) than N01 for viral loads and CD4 counts. Comparisons of NK and CD8 cells
demonstrated significant differences among all the macaques (P � 0.01).
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the CD4� counts or VL between N02 and N10. NK cells and CD8�

T cell levels also demonstrated a trend that distinguished N01
from N02 and N10; NK cell levels were significantly higher (P �
0.01) and CD8� T cell levels were significantly lower (P � 0.01)
over the course of infection for N01. N02 maintained a highly
significantly (P � 0.0001) reduced level of NK cells compared to
either N01 or N10. The longer life span of N01 may have been due
to a lower sustained VL. Overall, N01 and N02 exhibited immune
responses similar to that of N10, which suggests that the develop-
ment of SIVE in N10 was independent of the immune parameters
measured in this study. In general, this is to be expected, since
monocyte/macrophage markers would be most likely to correlate
with SIVE (23, 51).

SIV nef and gp120 demonstrated marked differences in di-
versity and adaptation. Since the main goal of the present work
was to evaluate the diversification and progressive emergence of
host-specific viral populations, we focused on viral diversity in
plasma at each sampled time point, which largely represents the
diversity of currently replicating/circulating viral strains in the

peripheral blood (3). Two hundred gp120/nef sequences from the
infecting SIVmac251 viral swarm were also generated for compar-
ison.

The sequence diversity at 21 days p.i. was comparable to or
higher than the diversity in the infecting viral swarm, which was
not unexpected, considering that the VL peaked in all animals as
early as 14 days p.i. and that intravenous infection does not usually
result in significant transmission bottlenecks (30). However,
gp120 and nef sequence populations from plasma demonstrated
marked differences in diversity (Fig. 2A). nef sequences were sig-
nificantly more diverse than gp120 sequences for the first two
sampled time points in all macaques (P � 0.001), and there was a
significant increase in nef diversity between the initial viral swarm
and 21 days p.i. (P � 0.001). N01 and N02 meningeal and brain
diversities for both genes were similar to the diversity in the last
collected plasma sample. On the other hand, N10 —the animal
that developed SIVE—showed an interesting pattern: a statisti-
cally significant increase (P � 0.001) in nef diversity in meninges
but a significant decrease (P � 0.001) in gp120 meningeal se-

FIG 2 Pairwise genetic diversity within linked env gp120 and nef sequence populations and their divergence from the inoculating viral swarm (VS). (A) Pairwise
genetic diversity (p distance) within tissue SIV sequence populations over time. The distance between plasma sequences at each time point and brain tissue is
graphed as a box-and-whisker plot showing the median (horizontal line), interquartile range (blue or green box), range (vertical black line), and outliers (black
dots) in env and nef for each macaque. Plasma samples, collected over time, are indicated by the day of collection. MN, meninges; PL, parietal lobe; FL, frontal
lobe; TL, temporal lobe. The asterisks indicate significant differences in diversity between env and nef sequence populations (P � 0.01). (B) Pairwise genetic
divergence (p distance) of SIV sequence populations in plasma (indicated by day of collection or brain tissue of origin), meninges, and brain tissues from the viral
swarm.
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FIG 3 Maximum-likelihood unrooted genealogies of plasma SIV sequences over time. The top, middle, and bottom panels show genealogies inferred from
samples collected at 21 days p.i. (P1), 90 days p.i. (P2), and 180 days p.i. (P3), respectively. Branch lengths are drawn to scale according to the bar at the bottom,
corresponding to 0.02 nucleotide substitution per site. Sequences from different macaques are indicated by different colors and shapes at branch tips. The red
branches indicate significant bootstrap values at �90%. The genetic variation (D) with standard error for the population of sequences used in each tree is shown.
The boxes highlight sequences from one macaque intermixing with sequences from another macaque.
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FIG 4 Maximum-likelihood unrooted genealogies for the final plasma collection time point with meninges and brain sequences collected at necropsy. Plasma
samples were obtained before the animals were sacrificed at 365 and 463 days p.i. for N01, 204 days p.i. for N02, and 223 days p.i. for N10. The env gp120 and nef
genealogies are shown. Branch lengths are drawn to scale according to the bar at the bottom, corresponding to 0.02 nucleotide substitution per site. Macaque
sequences and significant branches are colored as shown in the key. The genetic variation (D) with standard error for the population of sequences used in each
tree is shown. The boxes highlight sequences from one macaque intermixing with sequences from another macaque. The circled regions of the tree were subjected
to signature pattern analysis (Tables 5 and 6). The signature associated with each group (A to D in env and A to C in nef) is shown with its position relative to
SIVmm239 in subscript.
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quences, as well as in both gp120 and nef sequences, from brain
tissues (Fig. 2A, bottom). In fact, N10 gp120 sequences from brain
tissue showed some of the lowest diversity over all time points in
all macaques (Fig. 2A), which could be due to loss of immune
control in the brain, resulting in less evolutionary pressure on
gp120 or the establishment of a well-adapted brain subpopula-
tion. In each infected macaque, SIV divergence from the infecting
viral swarm in plasma revealed that both gp120 and nef sequences
rapidly diverged from the founder population, as expected (52),
with nef sequences diverging twice as fast as gp120 sequences (P �
0.005) (Fig. 2B).

Phylogenetic analysis demonstrates emergence of host-spe-
cific nef prior to gp120. The comparison of gp120 and nef gene-
alogies inferred from longitudinal plasma samples showed note-
worthy differences in their evolutionary patterns (Fig. 3) and in
their progressive host-specific compartmentalization over time
(Table 2). Sequences from different animals were significantly in-
termixed at 21 days p.i. (Fig. 3, top) in both gp120 (SAI, 0.54) and
nef (SAI, 0.21) genealogies, as expected for animals recently in-
fected with the same viral swarm, although diversity among col-
lective nef sequences was more than twice that among gp120 se-
quences. At 90 days p.i. (Fig. 3, middle), macaque-specific lineages
appeared already to be substantially segregated in nef (SAI, 0.06),
but not in gp120 (SAI, 0.39), with only two clades in the nef tree
showing mixing of two N02 and two N10 sequences. Again, nef
diversity in the genealogy was more than twice that of gp120. By
180 days p.i. (Fig. 3, bottom), all sequences of both genes appeared
to be completely segregated in host-specific lineages, with only
two exceptions in gp120. Compared to 90 days p.i., the diversity
within the gp120 tree increased by 0.5%, whereas the genetic vari-
ation in nef increased only by 0.1%.

The genealogies inferred from plasma collected at the last sam-
pled time points (N01, 365 and 463 days p.i.; N02, 204 days p.i.;
and N10, 223 days p.i.), as well as meninges and brain tissues,
showed overall segregation of both gp120 and nef sequences
among different macaques (Fig. 4), which was also confirmed by
the SAI test (Table 3). In particular, gp120 sequence populations,
including brain and meningeal sequences, were segregated, with
only one exception (Fig. 4, top). In nef, however, a few exceptions
were also noted. The nef genealogy showed 5 meningeal and 1
frontal lobe sequences from N10 that clustered significantly
within the N01 clades, while the rest of the N10 meningeal se-

quences branched appropriately within the N10 sequence clade
(Fig. 4, bottom). Four N02 nef brain sequences (2 temporal lobe, 1
parietal lobe, and 1 meningeal) also branched within N10 clades. The
intermixing of N02 and N10 nef brain sequences suggests SIV con-
vergent evolution leading to the independent emergence of phyloge-
netically congruent sequences in the CNS. It is possible that the ob-
served pattern is the result of early establishment of nef variants in
meninges/brain tissues, although it seems unlikely, given that nef
brain sequences in N02 and N10 were more closely related to late (180
days p.i.) plasma sequences (Fig. S3A and B) than early ones.

Contamination errors cannot account for convergent evolu-
tion. The intermixing of closely related sequences with common
ancestry during early infection was expected, while the few se-
quences that failed to segregate by animal later in infection (�180
days p.i.) may result from convergent evolution. However, we
carefully assessed if laboratory errors or contamination could ac-
count for any of the observed intermixing between sequences
from different macaques in the genealogies. Tissues from each
animal were harvested and analyzed months apart (see Materials
and Methods for details). Genomic RNA was also extracted and
reverse transcribed at different times for each tissue/animal and
kept separate from amplified products in the laboratory. Contam-
ination could still have occurred at the level of reamplification of
PCR products using nested primers, but these events would likely
have resulted in multiple identical clones, which were never ob-
served in our study. Moreover, the progressive compartmental-
ization and decrease in the SAI observed consistently in both genes
show a trend that is hard to explain by random contamination
errors. Positive and negative controls in our experiments behaved
appropriately. In particular, it is highly unlikely that N10 could be
contaminated with N01 or N02 cDNA (or vice versa) due to a
3-month difference in tissue processing, during which the labora-
tory was routinely checked for traces of contamination. Finally,
the gp120 and nef phylogenetic trees, including all sequences, offer
no unusual branching that might be the result of cross contami-
nation. Instead, sequences that branched discordantly formed
small temporal lineages within each macaque’s sequence popula-
tion.

The evolutionary rate of nef was higher than that of gp120.
We investigated a clock-like signal in each macaque’s longitudinal
ML genealogy by linear regression of root-to-tip distances against
sampling times. Correlation coefficients showed moderate to
strong clock-like signals in both gp120 (R2, 0.23 to 0.79), and nef

TABLE 4 Molecular clock analysis of SIV gp120 and nef sequences from
longitudinal plasma samples collected throughout infection

Subject Gene
Date range
(days p.i.) Evolutionary ratea CoVb

N01 gp120 463 6.9 (4.8–9.4) � 10�5 0.7 (0.4–1.0)
nef 463 12.5 (8.2–18.8) � 10�5 1.4 (1.0–1.9)

N02 gp120 204 12.9 (8.1–18.8) � 10�5 0.6 (0.3–0.9)
nef 204 19.5 (12.2–30.3) � 10�5 0.9 (0.5–1.4)

N10 gp120 223 5.2 (3.8–6.8) � 10�5 0.6 (0.3–0.8)
nef 223 11.3 (7.1–16.4) � 10�5 0.9 (0.7–1.3)

a Bayesian estimate of the median evolutionary rate in nucleotide substitutions per site
per day, with 95% high posterior density intervals given in parentheses.
b CoV, coefficient of variation, with 95% high posterior density intervals given in
parentheses.

TABLE 3 SAI compartmentalization test for the emergence of macaque-
specific viral populations

Gene Time point (days p.i.)a SAIb

gp120 21 0.54
90 0.39
180 0.05
LTP 0.01

nef 21 0.21
90 0.06
180 0.05
LTPc 0.02

a LTP, last time point.
b The SAI test was performed with 1,000 bootstrap replicates on the genealogies given in
Fig. 3 and 4. Values of �0.1 were considered significant evidence of
compartmentalization (i.e., macaque-specific populations).
c N01 LTP, 463 days p.i.; N02, LTP, 204 days p.i.; N10 LTP, 223 days p.i.
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(R2, 0.21 to 0.44). Evolutionary rates were then simultaneously
estimated for both genes, using a concatenated gp120-nef align-
ment, with the Bayesian coalescent framework by enforcing a re-
laxed molecular clock (Table 4). In each animal, the median esti-
mate of the evolutionary rate in nef was higher than in env. The
rates in the nef gene also displayed a larger coefficient of variation,
indicating weaker clock-like behavior than in gp120, possibly due
to stronger selection pressure.

Positively and negatively selected codons were sometimes
shared among macaques. The proportion of codons under selec-
tion varied significantly among macaques and tissues of origin of
the sampled sequences (plasma over time, meninges, or brain), as
well as between the two genes (Table 5). In gp120, codons under
positive selection ranged between 0% (N10 brain) and 5.7% (N02
brain), while codons under negative selection ranged between
0.5% (N10 meninges and brain tissues) and 8% (N01 plasma and
N02 plasma). Interestingly, the number of gp120 codons under
either positive or negative selection was significantly larger in N02,
the animal with the fastest disease progression (Table 5). Com-
pared to gp120, positive selection pressure appeared stronger on
nef, where the proportion of codons under selection ranged be-
tween 0.8% (N02 plasma and meninges and N10 meninges) and
7.6% (N01 plasma). Negative selection pressure on nef appeared
even stronger, with the proportion of codons under selection
ranging between 2.5% (N02 and N10 meninges) and 11.4% (N10
plasma). In addition, the two animals with substantial brain infec-
tion, N02 and N10, showed the largest proportion of nef codons
under negative selection in plasma (Table 5), with the animal that
developed SIVE (N10) exhibiting a significantly greater number
(P � 0.01) of codons under selection (11.4%) than N02 (8.1%),
which did not develop neuropathogenesis (Table 1).

Specific codon positions under selection in gp120 and nef plasma,
meningeal, and brain sequences appeared, in general, to be host spe-
cific. However, a few instances of potential convergent evolution were
also evident. Six positively selected codons in gp120 were identified in
all macaques (SIVmm239 reference positions 65, 86, 93, 286, 289, and
375), four of which were located in hypervariable domains (Fig. 5A),
while 12 negatively selected codons were shared among macaques
(SIVmm239 reference positions 69, 85, 123, 147, 156, 158, 174, 200,
272, 292, 351, and 431) and were found within both variable domains
(85, 123, 272, and 292) and conserved regions (69, 147, 156, 158, 174,
200, 351, and 431). In nef, five codons under positive selection were

TABLE 5 Numbers and percentages of codons under positive or negative selection in plasma over time and postmortem meningeal and brain
sequence populations

Subject Gene

No. (%) positive No. (%) negative

Plasma Meninges Brain Plasma Meninges Brain

N01 gp120 15 (3.4) NAe NA 35 (8.0) NA NA
N02a gp120 22 (5.0) 12 (2.8) 25 (5.7) 35 (8.0) 10 (2.3) 24 (5.5)
N10 gp120 18 (4.1) 2 (0.5) 0 (67) 31 (7.1) 2 (0.5) 2 (0.5)
N01b nef 20 (7.6) NA NA 16 (6.1) NA NA
N02c nef 2 (0.8) 2 (0.8) 4 (1.7) 19 (8.1) 6 (2.5) 18 (7.6)
N10d nef 12 (5.1) 2 (0.8) 4 (1.7) 27 (11.4) 6 (2.5) 5 (2.1)
a Shading indicates that the number of codons under selection in N02 was significantly greater (P � 0.01; one-tailed t test) than in N01 and N10.
b Shading indicates that the number of codons under selection in N01 was significantly greater (P � 0.01) than in N02 and N10.
c Shading indicates that the number of codons under selection in N02 was significantly greater (P � 0.01) than in N10.
d Shading indicates that the number of codons under selection in N10 was significantly greater (P � 0.01) than in N02 (positive selection in plasma) or in both N01 and N02
(negative selection in plasma).
e NA, not applicable.

FIG 5 Codons under selection in all macaques mapped on env gp120 and
nef structures. (A) env. Variable-loop regions are colored as follows: V1,
red; V2, orange; V3, dark blue; V4, magenta. Positively selected codons are
shown as yellow spheres, and negatively selected codons are shown as light-
blue spheres on a green ribbon structure. Codons under selection are la-
beled with the single-letter amino acid code followed by the location in the
structure. (B) nef. Alpha helices are red, and the beta-sheet formation is
yellow on a green ribbon structure. The dark-blue spheres indicate posi-
tively selected codons, the light-blue spheres indicate negatively selected
codons, and the green spheres represent the polyproline motif. Codons
under selection are labeled with the single-letter amino acid code followed
by the location in the structure.
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shared among different macaques (SIVmm239 reference positions
39, 191, 201, 240, and 245), none of which were completely buried in
the structure (Fig. 5B) but mapped in a region important for N-my-
ristoylation (codon position 39) and around the C-terminal loop and
the polyproline motif (positions 191, 201, 240, and 245). Nine nega-
tively selected codons in nef were also shared among macaques
(SIVmm239 reference positions 16, 32, 58, 77, 84, 102, 140, 148, and
171).

Amino acid signatures associated with the major branches of
the env and nef phylogenies. The amino acid signatures associated
with four major branches in the env phylogeny were identified (Fig. 4,
top, groups A to D). Group A consisted of all N01 sequences and one
N02 brain sequence, groups B and C consisted of N02 sequences, and
group D consisted of only N10 sequences. Amino acid signature po-
sitions frequently demonstrated alterations in charged residues
(Table 6). Also, signature positions frequently correlated with recom-
bination hot spots identified in a previous study of early infection in

CD8-depleted macaques (21). The amino acid signatures associated
with major branches in the nef phylogeny and convergent evolution
were also identified (Fig. 4, bottom, groups A to C). Group A con-
sisted of N01 sequences and a subset of five converging N10 se-
quences derived from meninges, group B consisted of only N02 se-
quences, and group C consisted of N10 sequences and four
converging N02 brain sequences. Signatures associated with group A,
whether they were from the N01 or N10, were primarily linked to the
myristoylation domain of nef (Table 7). Signatures associated with
group C, whether they were from macaque N10 or macaque
N02, contained amino acid signatures in a domain associated
with major histocompatibility complex class I (MHC-I) down-
regulation (53–55).

DISCUSSION

Successful establishment of host-specific viral populations and
productive infection in the CNS are key factors in understanding

TABLE 6 Env signature amino acid positions corresponding to major branches in the phylogenetic tree

a Position, position in the aligned sequences according to SIVmm239 numbering. The shaded cells indicate positions previously
associated with recombination in a CD8-depleted macaque model for neuroAIDS (21).
b Location, location in the envelope protein. Con, conserved domain; V1 to V4, variable loops 1 to 4.
c Variation, variation in amino acid properties at signature positions. C, charge; H, hydrophobicity; P, polarity; S, size; St,
structural; Min, minimal.
d The group designations correspond to those in Fig. 4. The amino acid residue at the position in the alignment is shown for
each group, with its percent appearance. Shading indicates signatures unique to a single group.

TABLE 7 Nef signature amino acid positions corresponding to major branches in the phylogenetic tree

a Position, position in the aligned sequences according to SIVmm239 numbering.
b Structure/function, regions with known function and their positions in the protein. E, exposed amino acid; B, buried amino
acid.
c Variation, variation in amino acid properties at signature positions. C, charge; H, hydrophobicity; P, polarity; S, size; St,
structural; Min, minimal.
d The group designations correspond to those in Fig. 4. The amino acid residue at the position in the alignment is shown for
each group, with its percent appearance. Shading indicates signatures unique to a single group.
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HIV-1 immunopathogenesis and neuropathology. Among the yet
unanswered questions are (i) how soon a host-specific population
begins to emerge after infection and (ii) how evolutionary changes
in different genes affect viral adaptation to the new host. In this
study, we used the SIV/macaque model to compare nef and gp120
evolution in three animals intravenously infected with identical
viral swarms until progression to SAIDS. gp120 mediates viral
entry through receptor-coreceptor binding, while Nef increases
infectivity by enhancing the amount of Env incorporated into
virus particles (11), which may be due to Nef counteracting an
inhibitory effect between gp120 on the virion and CD4 expression
on the target cells (12). We identified amino acid signatures in Env
that closely correlated with recombination hot spots in a previous
study using the model for neuroAIDS with CD8-depleted ma-
caques infected with the same viral swarm (21). This suggests non-
random evolution and a selective advantage for alterations in
these positions in Env during the establishment of infection. A
central finding is that, in all animals, nef sequences from plasma
diverged from the founder swarm at almost twice the rate of
gp120. nef genetic diversity was also greater than the genetic di-
versity of gp120 during early infection (21 days p.i.), and host-
specific nef populations were already evident at 3 months postin-
fection, while segregation of gp120 sequences occurred within the
subsequent 3 months. The data suggest that early adaptation of nef
in the new host is essential for successful infection, a suggestion
also implied by molecular clock and selection analyses. In longi-
tudinal plasma sequences, several codons conserved among all
animals were found to be under positive selection in gp120 hyper-
variable domains, while negative selection mostly targeted codons
in the constant domains; however, an even larger proportion of
nef codons were found to be under both positive and negative
selection. Moreover, compared to gp120, nef sequences showed
higher evolutionary rates, consistent with rapid fixation of muta-
tions under selection, as well as a higher coefficient of variation
(weaker clock-like behavior), indicative of nonneutral evolution.
Amino acid signatures linked to MHC-I downregulation were as-
sociated with converging nef in N02 brain and N10 sequences.
Considering studies that have demonstrated a role for MHC-I
downmodulation in modifying rates of cytotoxic T lymphocyte
(CTL) lysis of infected T cells (56), the current study suggests that
the ability of nef to infect brain tissues may be associated with
amino acid substitutions that allow it to evade immune detection.
Overall, the findings match the notion that adaptive selection of
HIV-1 nef in brain may reflect altered requirements for efficient
replication in macrophages and brain-specific immune selection
pressures (57).

Most positively and negatively selected nef codons were local-
ized to the N-myristoylation domain, which binds myristic acid (a
saturated fatty acid) using host-derived N-myristoyl-transferase.
Cytotoxic T cells are capable of sensing N-myristoylation of the
Nef protein (58–60), which perhaps accounts for the selection
observed in the region. Other positively selected codons, consis-
tent among all infected animals, clustered around the C-terminal
loop and the polyproline motif required for SH3 binding (61, 62).
Recent studies have demonstrated that Nef binding of Hck
through its SH3 domain modulates podosome formation, pro-
moting a mesenchymal over an ameboid macrophage migratory
mode that can significantly enhance macrophage tissue infiltra-
tion and drive the creation of a hidden cellular reservoir of the
virus (13, 63). In our animal model, host-specific gp120 and nef

sequences were successfully amplified from brain tissues of two of
the three infected macaques, yet a few nef sequences from both
animals still intermixed, indicating a certain degree of convergent
evolution. This observation, coupled with the finding that the pro-
portion of nef codons under negative selection was highest in
plasma samples from the same macaques suggests the hypothesis
that the emergence of viral strains capable of efficiently invading
the CNS may require the fixation of functional Nef capable of
altering the macrophage migratory mode. The fixation of nef
could also be due to a biological mechanism, such as an early
HLA-restricted CTL response, rather than early adaptive viral
evolution (64). Further examination of the signatures identified in
this study could yield information important for vaccine or ther-
apeutic programs targeting nef.

The results from the present study should be considered with
caution, given the small number of infected animals analyzed, yet
it is interesting that in the brains of both animals with substantial
SIV infection, viral diversity remained approximately equal to that
of their last plasma samples, but lower diversity was observed in
N10 brain tissues, suggesting a significant bottleneck in N10, pos-
sibly related to the establishment of neurotropic strains and the
onset of SIVE. The macaque with SIVE was also the one with the
strongest selective pressure and highest evolutionary rate in nef,
encoding a viral protein known to induce proinflammatory gene
expression in astrocytes (65) and to downmodulate CD4 and
MHC class I activities (66).

In conclusion, this is the first study to analyze and compare in
depth SIV gp120 and nef evolution leading to the progressive
emergence of host-specific viral populations and productive in-
fection in the CNS. We showed that viral interaction with the host
milieu appears to generate different evolutionary patterns for the
two genes and that nef plays a pivotal role in driving the produc-
tion of neurotropic SIV strains.
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