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Single-genome amplification (SGA) and sequencing of HIV-1 RNA in plasma of acutely infected humans
allows the identification and enumeration of transmitted/founder viruses responsible for productive systemic
infection. Use of this strategy as a means for identifying transmitted viruses suggested that intrarectal simian
immunodeficiency virus (SIV) inoculation of macaques recapitulates key features of human rectal infection.
However, no studies have used the SGA strategy to identify vaginally transmitted virus(es) in macaques or to
determine how early SIV diversification in vaginally infected animals compares with HIV-1 in humans. We used
SGA to amplify 227 partial env sequences from a SIVmac251 challenge stock and from seven rhesus macaques
at the earliest plasma viral RNA-positive time point after low- and high-dose intravaginal inoculation. Se-
quences were analyzed phylogenetically to determine the relationship of transmitted/founder viruses within
and between each animal and the challenge stock. In each animal, discrete low-diversity env sequence lineages
were evident, and these coalesced phylogenetically to identical or near-identical env sequences in the challenge
stock, thus confirming the validity of the SGA sequencing and modeling strategy for identifying vaginally
transmitted SIV. Between 1 and 10 viruses were responsible for systemic infection, similar to humans infected
by sexual contact, and the set of viruses transmitted to the seven animals studied represented the full genetic
constellation of the challenge stock. These findings recapitulate many of the features of sexual HIV-1 trans-
mission in women. Furthermore, the SIV rhesus macaque model can be used to understand the factors that

influence the transmission of single versus multiple SIV variants.

HIV transmission most commonly occurs at mucosal sur-
faces, and preventative strategies should be directed at viral
variants responsible for establishing productive infection (9,
21). Until recently, identification of the individual HIV-1 vari-
ants that were transmitted and produced clinical infection was
not feasible because sequencing strategies were hampered by
Tag-induced nucleotide misincorporation and recombination,
template resampling, and bacterial cloning bias. These errors
are eliminated by single-genome amplification (SGA) and di-
rect sequencing, which provide an accurate and proportionate
view of the viral quasispecies during primary HIV infection
(23, 26). In addition to single-genome amplification, recent
empirical data together with mathematical models have shown
that each founder HIV-1 lineage generally diversifies by a
Poisson distribution of random nucleotide substitutions, lead-
ing to a star-like phylogeny with no or few shared mutations (9,
13). For each low-diversity HIV-1 lineage, the consensus of the
sequences within that lineage represents the inferred ancestral
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sequence. Since mutations occur randomly, if sampled prior to
the adaptive immune response or the onset of other selection
pressures, the consensus sequence represents the actual trans-
mitted or founder HIV-1 variant sequence (9).

Utilizing this sequencing approach and mathematical mod-
eling, it has now been reported in eight patient cohorts repre-
senting HIV-1 subtypes A, B, C, and D that most (60 to 90%)
mucosal infections originate from single-variant transmissions
(1,6, 8,9, 26, 27). The remaining 10 to 40% of infections are
initiated by a limited number of transmitted/founder HIV-1
variants. Therefore, for each individual infected, the potential
viral diversity in the period of acute infection was limited to a
single or a few HIV-1 lineages. This genetic bottleneck was less
pronounced in individuals engaged in high-risk behaviors
(anal-receptive intercourse or intravenous drug use) (9) and in
patients with sexually transmitted infections (1, 6, 8, 26, 27).
Importantly, acute infection with “heterogeneous” HIV pop-
ulations has been linked to more rapid disease progression (4,
24, 33). The study of the number of transmitted viral variants
and their overall diversity can thus have important implica-
tions for developing both prophylactic vaccines and antiviral
therapy.

Studies of HIV variant transmission are challenging because
the exact time of transmission can be difficult to determine,
and only linked infection studies of donor and recipient pairs
can define the genetic diversity in the infecting inoculum rel-
ative to the variant population that is transmitted to the recip-
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TABLE 1. Summary of animals, SIV inoculations, and results

dogeI:/\i/r:Icl)ilcjastlion First VRNA™ plasma sample SGA results Est? min. no.
of env
Animal no. No. of No. of SGAs Range (mean) variants in
TCIDs, No. of YRNA inoculations NQ. of vVRNA from ﬁrft Number of HM* of % pt first VRNA™
> copies ired copies/ml (log;,) vRNA among SGAs diversity plasma
require plasma among SGAs
SIV 251 stock NA“ NA NA NA 65 NA 0-1.1(0.47) NA
30991 10° 10° 2 4.5 23 1 0-1.1 (0.22) 5
31523 10° 10° 2 4.9 22 1 0-1.1(0.22) 7
25479 10° 107 8 43 21 1 0-0.37 (0.03) 1
29271 103 107 2 5.7 21 2 0-0.78 (0.24) 6
27337 10° 107 2 4.6 22 1 0-1.06 (0.46) 7
25948 103 107 8 2.7 27 0 0-0.18 (0.03) 1
29459 10° 107 12 34 26 1 0-0.33 (0.04) 1

“ HM, APOBEC-hypermutated viral sequences.

® Note that low-diversity lineages in the animals could have arisen by recombination of transmitted/founder viruses (11), and recombination-generated lineages also
could have arisen in the production of the stock. Thus, the number of unique env variants transmitted to each animal is an estimate.

¢ NA, not applicable.

ient. The simian immunodeficiency virus (SIV) models of mu-
cosal HIV transmission are valuable for examining the
transmitted or early founder populations that establish produc-
tive infection, because the genetic composition of the virus
stock used for mucosal inoculation can be readily determined
and compared to the viruses transmitted to the mucosally in-
oculated animals. Further, because the timing of SIV transmis-
sion is defined (5, 14, 19-22), mathematical modeling is not
needed to infer the timing of virus transmission in macaques.
Recently Keele et al. reported the number of transmitted/
founder viruses in 18 rhesus macaques infected either intra-
rectally (ir.)) or intravenously with either SIVmac251 or
SIVsmEG660 (10). Utilizing a repeated low-dose i.r. challenge
system, they found that a limited number of transmitted vari-
ants (range, 1 to 5; median, 1) established productive infection
after i.r. challenge. In fact, the rectal barrier provided a 2,000-
to 20,000-fold decrease in the number of transmitted variants
after normalizing intrarectal and intravenous virus inputs (10).
In addition, since the challenge stock was characterized di-
rectly, the mathematic model of early viral diversification was
corroborated and provided direct evidence that the consensus
sequence obtained prior to immune selection is the transmit-
ted/founder virus. After comparing all animals’ transmitted/
founder viruses, the authors concluded that no two transmitted
viral lineages were identical between individuals and that each
transmitted lineage was distributed throughout the phyloge-
netic tree of SIV stock sequences. Overall, these data suggest
that the intrarectal SIV model recapitulates many of the fea-
tures of HIV transmission and early diversification (10). How-
ever, three differences were noted between the viral variants in
newly established SIV and HIV infections. Intrarectal SIV
infection was associated with (i) an increase in low-level G-
to-A mutations, (ii) a higher frequency of transmitted/founder
lineages with low sequence representation, and (iii) a shorter
eclipse phase leading to lower sequence diversity in early
plasma samples (10).

There are obvious physiological and immunological differ-
ences between vaginal/cervical HIV exposure and rectal HIV
exposure. In women and rhesus macaques, the vagina is com-
posed of a multilayered stratified squamous epithelium that

varies in thickness during the menstrual cycle (15), while the
endocervix is a columnar epithelium that does not vary in
thickness during the cycle (15). In contrast, the rectal mucosa
is composed entirely of a columnar epithelium that is a single
cell layer thick. Additionally, while the epithelium of the en-
docervix and rectum are both a single cell layer thick, more
CD4™" T cells are present in the lamina propria of the gastro-
intestinal tract (7) than the vagina and cervix (15) of SIV-
negative rhesus macaques.

To date, no studies have been conducted to determine if the
SGA-direct sequencing modeling approach for the identifica-
tion of transmitted/founder viruses is applicable to the SIV-
macaque vaginal infection model. Nor have studies been per-
formed to determine if viruses representing the entire genetic
spectrum of the SIVmac251 infection stock are responsible for
transmission or if actual transmitted viral env sequences can be
tracked from the inoculum across the vaginal mucosa and into
the circulating plasma, thus providing a formal proof for the
SGA-based hypothesis (9, 13) for identifying transmitted/
founder viruses. Our results answer these questions affirma-
tively and suggest that the vaginal SIVmac251 transmission
recapitulates the key features of HIV transmission (28, 30) and
may provide insight into the host and viral factors that permit
HIV transmission and dissemination.

MATERIALS AND METHODS

Animals. The rhesus macaques (Macaca mulatta) used in these studies were
housed at the California National Primate Research Center in accordance with
the regulations of the American Association for Accreditation of Laboratory
Animal Care. These experiments were approved by the Institutional Animal Use
and Care Committee of the University of California, Davis. All animals were
negative for antibodies to HIV-2, SIV, type D retrovirus, and simian T-cell
lymphotropic virus type 1 at the time the study was initiated. When necessary,
animals were anesthetized with ketamine hydrochloride (10 mg/kg of body
weight; Parke-Davis, Morris Plains, NJ) or 0.7 mg/kg tiletamine HCI and zolaz-
epan (Telazol; Fort Dodge Animal Health, Fort Dodge, TA) injected intramus-
cularly. The details of the original transmission study have been described pre-
viously (17).

Vaginal SIVmac251 inoculation. A cell-free stock of STVmac251 (UCD-2/02)
was produced by short-term expansion of a previous virus stock (SIVmac251
UCD-2/00) (18) in staphylococcal enterotoxin A (SEA)-stimulated rhesus
monkey peripheral blood mononuclear cells and used for these studies. This
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FIG. 1. Neighbor-joining tree and Highlighter plots of SGA-derived env sequences from the SIVmac251 challenge stock. Bar, 0.001 nucleotide
substitutions per site. Nucleotide polymorphisms are indicated by a colored tic mark (thymine in red, guanine in orange, adenine in green, and

cytosine in blue).

SIVmac251 stock (UCD-2/02) contains approximately 10° viral RNA (VRNA)
copies/ml and a 10° 50% tissue culture infection dose (TCIDs,)/ml when titers
are determined on CEMX174 cells. Two animals were vaginally inoculated with
1 ml of the undiluted stock (10° TCIDs/ml) twice in 1 day with a 4-hour interval
between the inoculations. Five animals were vaginally inoculated with 1 ml of a
100-fold dilution of the stock (10° TCIDs,/ml). For 13 weeks, these five animals
were inoculated with the 10° TCID5, inoculum twice on a single day weekly, with
a 4-hour interval between the inoculations. In all cases the virus inoculum was
introduced nontraumatically into the vaginal canal by using a needleless, 1-ml
tuberculin syringe.

Viral RNA isolation and cDNA synthesis. Plasma and virus stock were thawed
at room temperature and RNA was isolated using the QIAamp Ultrasens viral
kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol and eluted
in 50 pl. VRNA was reverse transcribed using SuperScript IIT (Invitrogen, Carls-
bad, CA) from the cDNA synthesis kit. A mixture of 2 wl of 50 pM of the
oligo(dT) primer with the sequence dT,;VN (V, anything but T; N, any nucle-

otide) 2 pl of 10 mM deoxynucleoside triphosphates (ANTPs), and 22 pl of viral
RNA was heated to 65°C for 5 min followed by incubation on ice for 2 min. A
master mix of the following was then added: 8 pl of 5X First-Strand buffer, 2 ul
of 0.1 M dithiothreitol, 2 pl of RNaseOUT recombinant RNase inhibitor (40
units/pl), and 2 pl of SuperScript III reverse transcriptase (200 units/pl). Incu-
bation steps were 25°C for 5 min, 50°C for 60 min, and 70°C for 15 min. One
microliter of Escherichia coli RNase H (5 U/ul) was added, and the mixture was
incubated at 37°C for 20 min. cDNA was stored at —20°C until amplification.
Single-genome nested amplification of STVmac251 env. Near-full-length 2.2-kb
SIVmac251 env amplicons spanning nucleotides (nt) 197 to 2429 of gp160 were
obtained from cDNA of plasma VRNA using nested PCR single-genome ampli-
fication (23). A 5-fold dilution series was made from cDNA in TE buffer (10 mM
Tris [pH 8.0], 0.1 mM EDTA; Integrated DNA Technologies), and nested PCR
was performed. A master mix of the following was made at room temperature:
5 pl of 5% Phusion HF buffer (New England BioLabs, Ipswich, MA), 0.5 .l of
10 mM dNTPs, 0.75 pl of 10 uM 251envF1 (5'-CAG TCT TTT ATG GTG TAC
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FIG. 2. Analysis of SGA-derived env sequences from macaques productively infected with a single transmitted variant. Results shown include
neighbor-joining trees of SGA-derived env sequences (left panel), Highlighter plots (center panel), and phylogenetic trees of the inoculum with
each animal’s consensus sequence highlighted (right panel). (A) Animal 25948; (B) animal 25479; (C) animal 29459. Bar, 0.001 nucleotide
substitutions per site. Nucleotide polymorphisms are indicated by a colored tic mark (thymine in red, guanine in orange, adenine in green, and
cytosine in blue). Pink filled circles denote APOBEC signatures, open diamonds represent G-to-A conversions, and deletions are shown by gray
tics in the Highlighter plots. ABOBEC-mediated G-to-A mutations are brown in the neighbor-joining trees.

CAG CTT GGA GGA ATG-3"), 0.75 pl of 10 uM 251envR1 (5'-GAG GAT
CCA TCT TCC ACC TCT CCT AAG AGT C-3'), 0.2 pl of Phusion Hot Start
high-fidelity DNA polymerase (New England BioLabs, Ipswich, MA), and 14.8
pl of double-distilled water (ddH,O). A 23-pl volume of master mix and 2 ul of
cDNA or DNA from 5-fold serial dilutions in TE were added to 0.2-ml tubes.
The following cycling conditions produced the first-round 2,519-bp PCR product:
98°C for 45 s, 35 cycles of 98°C for 15 s and 72°C for 1.5 min, with a 4°C dwell.
Second-round amplification entailed a master mix of 10 pl of 5X Phusion HF
buffer, 1 pl of 10 mM dNTPs, 1.5 pl of 10 pM 251envF2 (5'-GGA ACA ACT
CAG TGC CTA CCA GAT AAT GGT G-3'), 1.5 pl of 10 uM 251envR2
(5'-GTA GGT CAG TTC AGT CCT GAG GAC TTC TCG-3'), 0.4 ul Phusion
Hot Start high-fidelity DNA polymerase, and 33.6 pl of ddH,O. A 48-ul aliquot
of this master mix and 2 pl of first-round product were added to 0.2-ml tubes and
cycled under the following conditions to produce a 2,316-bp PCR product: 98°C
for 45 s, 35 cycles at 98°C for 15 s and 72°C for 1.5 min, with a 4°C dwell. All PCR
products were visualized on a 2.0% E-gel precast agarose gel (Invitrogen).
The end point of dilution was determined to be between the last dilution
reaction mixture to show a PCR positive band on the gel and the next dilution.
Replicates of 24 PCR mixtures of the last dilution to show a band and of 24 PCR
mixtures one dilution below that point were performed. A positive reaction rate
of 30% or lower ensured that amplicons were derived from a single template.
Replicates were repeated until sufficient PCR-positive reactions were produced.
PCR products were purified using a QIAquick 96 PCR purification kit (Qiagen).
Amplicons were eluted in 50 pl EB, and both strands were sequenced using
partially overlapping fragments by Sequetech (Mountain View, CA) using
BigDye Terminator methodologies on an ABI 3730xl DNA analyzer platform.
To confirm PCR amplification from a single template, chromatograms were
manually examined for multiple peaks, indicating the presence of amplicons that
resulted from PCR-generated recombination events, Tag polymerase errors, or
multiple variant templates, and thus we could ensure proportional representa-

tion of individual env sequences circulating in vivo. Any sequences containing
sites of ambiguous sequence were not included in the analysis.

Sequence analysis. Sequences were aligned using ClustalW (29) and hand
edited using Jalview (2) to improve alignment quality. All trees were constructed
with Phylip (3) using the neighbor-joining method (25) with the Kimura two-
parameter distance matrix (12) and bootstrapped for reliability. Sequences with
large deletions were omitted from the analysis. Within-subject env diversity was
analyzed in three ways, as described in detail previously (9), and fell into two
distinct levels, classified as either homogeneous or heterogeneous. Briefly, di-
versity was determined by visually inspecting sequences by using neighbor-joining
phylogenies and the Highlighter tool (www.hiv.lanl.gov). Also, distribution of
pairwise Hamming distances (HD) within each sample were examined for peak
modality: single peaks, indicating infection from a single viral variant, and mul-
tiple peaks, reflecting infection arising from viral variants of polyphyletic lineage.
Lastly, mathematical modeling was used to test predictions of expected maxi-
mum HD against assumptions of infection variant phylogenies.

Nucleotide sequence accession numbers. All sequences were deposited in
GenBank with accession numbers GU952668 to GU952761.

RESULTS

Outcome of vaginal inoculations and SIV infection Kinetics.
As previously reported seven rhesus macaques were intravag-
inally (i.vag.) inoculated with the cell-free virus stock of
SIVmac251 (17) (Table 1). Both of the animals (30991 and
31523) that were vaginally inoculated with the undiluted stock
(10° TCIDs/ml) were plasma viral RNA positive (VRNA™) 1
week after inoculation. Of the five animals inoculated with the
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FIG. 3. Analysis of SGA-derived env sequences from animal 31523, which was productively infected with at least seven distinct transmitted SIV
variants. The neighbor-joining tree and Highlighter plot indicate the presence of multiple low-level diversity lineages, and two lineages are
represented by a single viral sequence. Bar, 0.001 nucleotide substitutions per site. Nucleotide polymorphisms are indicated by a colored tic mark
(thymine in red, guanine in orange, adenine in green, and cytosine in blue). Pink filled circles denote APOBEC signatures, open diamonds
represent G-to-A conversions, and deletions are shown by gray tics in the Highlighter plot. ABOBEC-mediated G-to-A mutations are brown in

the neighbor-joining tree.

lower-titer inoculum (10° TCIDs,), two animals (27337 and
30991) became plasma VRNA™ at week 2 (after 2 inoculations
in week 1); two animals (25479 and 25948) became plasma
vRNA™ at week 5 (after 8 inoculations over 4 weeks), and one
animal (29459) became plasma VRNA™ at week 7 (after 12
inoculations over 6 weeks). The number of inoculations re-
quired to establish systemic infection and the vRNA levels in
the first VRNA™ plasma samples of each animal are summa-
rized in Table 1.

Diversity of viral env in the SIVmac251 stock. A total of 65
env nucleotide sequences were derived by SGA from the
SIVmac251 stock and analyzed for sequence diversity by pairwise
sequence comparison, neighbor-joining phylogenetic tree recon-
struction (Phylip), and use of the Highlighter tool (http:/www
.hiv.]lanl.gov/content/sequence/HIGHLIGHT/highlighter). The
Highlighter tool facilitates the tracing of common ancestry
by constructing a visual representation of a nucleotide alignment
where each sequence is compared to a master sequence
and all polymorphisms are indicated by a colored mark.
Phylogenetic relationships among the env sequences present
in the SIVmac251 stock used as the inoculum in these
studies are represented in a neighbor-joining tree and
Highlighter plot (Fig. 1). One lineage, at the top of the tree
and Highlighter plot, is represented by 20 identical or nearly
identical sequences of the 65 SIV env sequences amplified
from the virus stock. Because SGA provides proportional

representation of viral variant frequency, approximately one-third
of all the viruses in the SIVmac251 stock have identical or nearly
identical env gene sequences. Overall, however, the maximum
nucleotide diversity of the SIVmac251 stock used in this study
was 1.1%, which is consistent with other SIVmac251 stocks (9)
and with the conclusion that it is a genetically complex
population of related SIV env variants (quasispecies).

Viral diversity in the earliest VRNA™ plasma samples of
infected animals. A total of 162 SGA-derived 2.2-kb env se-
quences were obtained from plasma of seven rhesus macaques
(median of 22 sequences per animal; range, 21 to 27). Each
animal was sampled at the earliest plasma VRNA™ time point
after vaginal inoculation with SIVmac251. The viral loads in
these samples were between 10° and 10° copies/ml of plasma
(Table 1). We found evidence of G-to-A mutations by using
Hypermut (www.hiv.lanl.gov/content/sequence/ HYPERMUT
/hypermut.html) and Highlighter in six of the animals, repre-
senting six total hypermutated sequences. The number of mu-
tated sequences for each animal is listed in Table 1 and
indicated in brown within the phylogenetic trees. For the over-
all diversity calculations, individual variant hypermutated se-
quences and gaps (deletions) within a sequence were excluded.
Maximum env diversity within the plasma samples from the
animals ranged from 0.10 to 1.10%, capturing all the diversity
of the inoculating stock. Maximum viral diversity of three an-
imals (25479, 25948, and 29459) was below 0.4%, while the
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FIG. 4. Analysis of SGA-derived env sequences from animal 30991, which was productively infected with at least five distinct transmitted
variants. The neighbor-joining tree and Highlighter plot indicate the presence of at least five low-level diversity lineages, and two lineages are
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the neighbor-joining tree.

remaining four animals had a maximum viral diversity greater
than 0.75% (Table 1).

Enumerating transmitted/founder viruses. We sought to
enumerate the total number of transmitted/founder viral lin-
eages within each animal by using previously described criteria
(26). For the enumeration of individual variants, hypermutated
sequences and gaps (deletions) within a sequence were ex-
cluded. We assumed that in acute infection the virus grows
exponentially with a fixed generation time with no selection
pressure, no recombination, no occurrence of back mutations,
and a constant mutation rate across positions and across lin-
eages (26). Furthermore, as the kinetics of the ramp-up, peak,
and set point viremia are the same in all animals, regardless of
the number of times they are vaginally inoculated (16), we
assumed that the inoculation 1 week before the first VRNA™
plasma sample was responsible for SIV transmission in all
cases. Thus, there is sufficient time for only two nucleotide
substitutions to be introduced into a transmitted sequence by
the time of sampling, and based on this we assumed that if
variants had unique nucleotides at more than two positions,
then they arose from separately transmitted founder variants.

Using these criteria, the three animals with low overall viral
diversity (25479, 25948, and 29459) showed phylogenetic evi-
dence of only a single lineage at the first VRNA™ plasma
sample (Fig. 2). Sequences from all three animals conformed
to a star-like or near-star-like phylogeny, with most mutations

randomly distributed throughout the gene. Interestingly, in
animal 29459 (Fig. 2C) there are four sequences with a com-
mon polymorphism that is a mutation which is either currently
being selected for or is simply a remnant of an early stochastic
event predicted to have occurred within the first few rounds of
replication (1). Animals with high overall viral diversity had
evidence of multiple variants in the first VRNA™" plasma sam-
ple. Animals 31523 and 30991, which were inoculated with the
higher-dose inoculum, were infected with at least five to seven
viruses with distinct SIV env lineages representing separate
transmitted/founder viruses (Fig. 3 and 4). While animals
27337 and 29271 became infected after two low-dose SIV in-
oculations (2 logs less virus than the high-dose group received),
they had six to seven distinct, low-diversity SIV env lineages,
each representing a unique transmitted/founder virus (Fig. 5
and 6). While it is formally possible that certain low-diversity
lineages in these animals could have arisen as a consequence of
recombination of transmitted/founder virus progeny (11), this
is unlikely to have occurred within the short time period be-
tween virus transmission and sampling, and our criteria assume
that recombination did not occur after transmission. Three of
the animals, 25479, 25948, and 29459, were infected by a single
SIV env variant, and the remaining four animals, 29271, 27337,
30991, and 31523, appear to have been infected by five to seven
SIV env variants. The relative dose of the inoculum did not
correlate grossly with the number of low-diversity SIV lineages
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FIG. 5. Analysis of SGA-derived env sequences from animal 27337, which was productively infected with at least seven distinct transmitted SIV
variants. The neighbor-joining tree and Highlighter plot indicate the presence of multiple low-level diversity lineages. Bar, 0.001 nucleotide
substitutions per site. Nucleotide polymorphisms are indicated by a colored tic mark (thymine in red, guanine in orange, adenine in green, and
cytosine in blue). Pink filled circles denote APOBEC signatures, open diamonds represent G-to-A conversions, and deletions are shown by gray
tics in the Highlighter plot. ABOBEC-mediated G-to-A mutations are brown in the neighbor-joining tree.

in the first VRNA™ plasma sample, as three of five animals
inoculated with the lower-titer inoculum became infected with
multiple SIV env variants (Table 1).

Transmitted/founder viruses compared to the SIVmac251
stock. The model of early HIV-1 diversification (9) allows
predictions that can be tested directly in the SIV/macaque
model. One of these predictions is that the consensus of SGA-
derived HIV-1 sequences represents the transmitted or
founder virus. In three animals there were six transmitted SIV
env lineages that were identical to SIV env variants found in
the SIVmac251 stock inoculum (Fig. 7 and 8). This represents
the first direct evidence confirming the predictions of the
mathematical model of early HIV diversification after intra-
vaginal inoculation of SIV. Among three other animals in-
fected by single viruses (25479, 25948, and 29459), two were
infected with SIV eny variants that are closely related to se-
quences in the SIVmac251 stock. Interestingly, the transmitted
virus from monkey 29459 did not closely cluster with any virus
sequenced from the inoculating stock (Fig. 7). In fact, the
nearest stock env sequence is nearly 1% removed from this
transmitted SIV env variant. We generated a large number of
sequences from the challenge stock without detecting this par-
ticular SIV env lineage, so it was most likely present in the
stock at low frequency (less than 2%), although the possibility
that it was generated by recombination of two transmitted
viruses cannot be ruled out.

Interanimal and SIVmac251 stock env diversity. All 65 se-
quences from the SIVmac251 stock and 162 sequences from
plasma samples from seven rhesus macaques amplified from
the first VRNA™ plasma sample were aligned and analyzed by
neighbor-joining (Fig. 7) and Highlighter (Fig. 8) analyses.
Low-diversity SIV env lineages represent transmitted SIV env
variants with only a few randomly accumulated mutations.
SIVmac251 stock sequences are interspersed among the ani-
mal plasma sequences, and there appears to be only one lin-
eage that was transmitted to more than one animal. However,
this SIV env lineage is overrepresented in the challenge stock
and therefore may be consistently transmitted simply due to its
prevalence in the inoculum.

DISCUSSION

The nature of the virus transmitted from an HIV-infected
person to an uninfected partner has been intensely investi-
gated, because this virus must be targeted by microbicides
and/or vaccine-induced immunity to prevent viral infection
from becoming established in the naive host. Based on studies
of limited numbers of people, it has been known for some time
that newly infected individuals have relatively few HIV genetic
variants compared to the large number of variants forming the
HIV quasispecies in individuals infected for longer periods
(31-34). Of note, the direction of heterosexual transmission
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does not seem to affect this genetic bottleneck, as it has been
reported in naive women partnered with infected men and in
naive men partnered with infected females (31-34). Recent
studies of viral variants in relatively large numbers of newly
infected people, using the SGA technique to avoid the artifacts
inherent in bacterial cloning of viral sequences, have confirmed
and extended these initial results to the point that it is now
clear that the majority of humans are infected with a few
HIV-1 env variants. The consistent observation that only a
limited number of HIV-1 variant viruses are commonly trans-
mitted can be explained by four possible scenarios that are not
mutually exclusive: (i) the infecting partner could shed a lim-
ited number of infectious viruses; (ii) there could be selection
for a specific infecting variant at the mucosal barrier; (iii)
stochastic exclusion of most variants in a complex inoculum
could occur at the mucosal barrier; (iv) there could be com-
petition for a limited number of target cells in the mucosa
among transmitted HIV-1 variants with a single variant out-
competing the others (31-34). Mucosal inoculation of nonhu-
man primates with SIV offers an excellent opportunity to verify
and extend the conclusions of the HIV transmission studies,
because the SIV eny variants in the virus stock used for inoc-
ulation can be determined, the route of virus exposure can be
strictly controlled, and the time of inoculation is known. In
fact, the first nonhuman primate study to explore these issues
using the SGA technology demonstrated that rhesus macaques
inoculated i.r. with either SIVmac251 or SIVsmE660 became

infected with one or a few viruses that diversified in a manner
similar to HIV-1 in humans (10).

In a previous study using much less robust heteroduplex
mobility assay technology, we concluded that after intravenous
SIVmac251 inoculation rhesus monkeys became infected with
highly diverse populations of SIV env genetic variants (5), and
while three of five i.vag.-inoculated monkeys became infected
with a homogeneous population of SIV env variants, two of five
monkeys were infected with complex populations of env vari-
ants that were similar to the intravenously inoculated animals
(5). In the present study, we found that after i.vag. STVmac251
inoculation, three of seven rhesus macaques became infected
with 1 viral variant, while four of seven animals became in-
fected with =5 variants. As in our previous study (5), here we
found that some i.vag.-inoculated animals became infected
with the most common variant in the stock inoculum. Thus,
two studies using very different technologies to define either
the complexity of transmitted viral populations or the exact
viral variants after i.vag. inoculation with a genetically diverse
SIVmac251 stock have yielded very similar results: approxi-
mately 50% of animals became infected with one to two eny
variants, and 50% became infected with complex viral env
populations. Consistent with the results of HIV transmission
studies (1, 6, 8, 9, 26, 27), the number of variants infecting
rhesus macaques after i.vag SIVmac251 inoculation does not
form a normal distribution around some mean number of
transmitted variants, with a disproportionate number of ani-
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mals infected with a relatively large number of variants. Fur-
ther, the relative number of SIV variants transmitted did not
correlate with the dose of virus in the inoculum, as two animals
inoculated with the relatively low, but not limiting, dose of
SIVmac251 became infected with at least six env variants. Fi-
nally, in both the current study and our previous study (5) of
SIV variant transmission after vaginal SIVmac251 inoculation,
a specific viral variant in the SIVmac251 stock was not consis-
tently transmitted by i.vag. inoculation.

Indeed, in Fig. 7 it is apparent that the transmitted SIV env

variants are randomly distributed along the neighbor-joining
tree and that there are no distinctive phylogenetic relationships
present among the transmitted variants.

In the present study, there was an inverse association be-
tween the number of SIV inoculations that produced infection
and the number of viral variants transmitted. Thus, among the
five animals inoculated with 10°> TCIDs, of SIVmac251, the
two animals that were infected with multiple SIV env variants
became infected after only two intravaginal inoculations, while
the three animals that were infected with one SIV env variant
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FIG. 8. Composite alignment of the SIVmac251 stock env sequences and plasma SIV env sequences. Results shown are the Highlighter plot
of SIVmac251 stock (red lines) and earliest plasma VRNA™ sample from infected animals (black lines). Variants isolated from the individual
animals are indicated by the different-colored tic marks to the right of each line. Individual nucleotide polymorphisms are indicated by green
(adenine), red (thymine), yellow (guanine), or blue (cytosine) tics and are in comparison to master sequence 251st01. Gaps are indicated in gray.
To simplify the figure, APOBEC signatures and G-to-A conversions are not specifically indicated. The blue box denotes the group of identical
sequences found in the STVmac251 stock inoculum and the plasma samples from three animals.

required 8 to 12 virus inoculations to become infected. Al-
though the number of animals studied is small, this relation-
ship suggests that after vaginal inoculation, some animals are
readily susceptible to infection while others are relatively re-
sistant. Although infection is generally initiated by a single
HIV-1 variant that is derived from the quasispecies of the
transmitting partner, infection with multiple HIV-1 variants

does occur (6, 9), and an association between infection by
multiple genetic variants and inflammatory genital infections
in the newly infected individual has been reported (6). Al-
though this association could provide an explanation for the
findings in the present study, direct experimental evidence to
support the hypothesis that genital tract inflammation in-
creases the number of variants transmitted is lacking. Vaginal



7094 STONE ET AL.

SIV transmission can provide a ready model to test the puta-
tive association between genital tract inflammation and infec-
tion with a relatively large number of viral variants.

The results of this study on vaginal SIV transmission and of
a previous study of rectal SIV transmission (10) demonstrate
that one to two env variants establish productive infection in
rhesus macaques after mucosal challenge with an inoculum
containing numerous SIV env variants. Thus, it is possible to
conclude that exposure to a limited number of viral variants
does not explain the extremely limited number of HIV viruses
in people after HIV transmission. However, the results of the
present study and similar studies of SIV and HIV variant
transmission have not distinguished between exclusion of viral
variants at the mucosal surface and the competitive selection
among transmitted variants as they disseminate from the mu-
cosa to the systemic compartment. Finally, although assessing
the viral variants in plasma is convenient and may be the only
practical option in humans, we have shown that after vaginal
SIV inoculation the first virus detected in the plasma can be a
recombinant variant of two viruses inoculated onto the mucosa
rather than a strain present in the inoculum (11). Thus, addi-
tional studies are needed to determine if variant selection at
the mucosal surface or in the mucosa and draining lymph
nodes during the earliest stages of infection accounts for the
limited number of viruses in infected individuals after mucosal
HIV and SIV transmission. Taken together, the results re-
ported here demonstrate that the SIVmac251 vaginal trans-
mission model can recapitulate the low number of HIV-1 vari-
ants transmitted mucosally and that the model can be used to
assess the effects of host and viral factors on HIV-1 variant
transmission.
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