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Envelope-Constrained
Neutralization-Sensitive HIV-1
After Heterosexual Transmission
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Heterosexual transmission accounts for the majority of human immunodeﬁciency
virus–1 (HIV-1) infections worldwide, yet the viral properties that determine transmission ﬁtness or outgrowth have not been elucidated. Here we show, for eight
heterosexual transmission pairs, that recipient viruses were monophyletic, encoding compact, glycan-restricted envelope glycoproteins. These viruses were also
uniquely sensitive to neutralization by antibody from the transmitting partner.
Thus, the exposure of neutralizing epitopes, which are lost in chronic infection
because of immune escape, appears to be favored in the newly infected host.
This reveals characteristics of the envelope glycoprotein that inﬂuence HIV-1
transmission and may have implications for vaccine design.
The acquired immunodeficiency syndrome
(AIDS) pandemic has arisen largely through
heterosexual transmission of HIV-1, yet the
frequency of infection per coital act is less
than 0.5% (1). This inefficiency could reflect
low amounts of virus inoculum, restricted
access to target cells, selective transmission,
or outgrowth of a subset of viruses. Studies of
mother-to-infant transmission first demonstrated that a restricted subset of viruses was
observed soon after infection (2). Limited
studies of sexual transmission have demonstrated that homogeneous, macrophage-tropic
virus strains generally establish infection (3–
6), although more recent analyses have suggested that greater genotypic complexity may
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be present after sexual transmission than was
previously appreciated (7, 8). None of these
studies has systematically examined the properties of the virus in a series of male-tofemale (MTF) and female-to-male (FTM)
transmission pairs. We examined a cohort of
HIV-discordant cohabiting couples in Zambia to determine the nature of heterosexually
acquired HIV-1 infection.
Eight heterosexual transmission pairs
were studied, all derived from a larger cohort
of over 1000 couples in Lusaka, Zambia (9,
10). Participation in this prospective epidemiological study included preventative counseling and monitoring for seroconversion at
3-month intervals (11). Despite a demonstrated reduction in transmission rate, seroconversion occurred at a frequency of 8.5 per 100
person years and was similar for MTF and
FTM transmissions (12). Eighty-seven percent of transmission events were epidemiologically linked, indicating that these were
predominantly monogamous relationships
(13). This cohort therefore provided a setting
in which to examine virologic determinants
of heterosexual HIV-1 transmission in Africa.
Blood samples were collected simultaneously from both donor and recipient of four
MTF and four FTM transmission pairs within
3 to 4 months of the last seronegative blood
test of the recipient. These pairs represented
transmission occurring in both directions,

Figs. S1 and S2
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with broad variation in the time to transmission after enrollment, the viral load of the
donors, and the early viral load of the recipients (table S1). For each transmission pair,
either full-length (gp160) or partial (gp120,
loops V1 to V5) env gene sequences were
amplified from uncultured peripheral blood
mononuclear cell (PBMC) DNA. Viral sequences from plasma were also included for
five of the donors and two of the recipients. A
neighbor-joining tree was constructed with
291 nucleotide sequences [spanning nucleotides 457 to 1254 relative to the HXB2 reference strain gp160 coding region (14)] from
the eight transmission pairs (11). These were
combined with 79 reference sequences from
the HIV Sequence Database, including representatives of all group M clades and 50 clade
C sequences (15). Clear epidemiologic linkage was apparent for each transmission pair
(Fig. 1), with no evidence of contamination
or intersubtype recombination within the sequences (fig. S1). Sequences from seven of
the eight pairs clustered with subtype C reference strains, whereas sequences from pair
71 were more closely related to subtype G.
The subtype C donor-recipient sequences
from Zambia intermingled with subtype C
sequences from other regions, confirming the
difficulty of classifying subtype C sequences
on a geographic basis (16). In all cases, the
recipient sequences formed a distinct subcluster with high bootstrap support within the
framework of the donor sequences.
To better examine the evolutionary relationships of donor and recipient sequences,
maximum likelihood (ML) trees for each
transmission pair were constructed from 257
nucleotide sequences spanning positions 391
to 1254 of the HXB2 gp160 coding region
(11). To enable statistical analyses, only sequences that completely spanned the loops
V1 to V4 were included in this and all subsequent analyses. Examination of each tree
revealed that an extreme bottleneck occurred
during both MTF and FTM transmission
(Fig. 2). A Wilcoxon comparison of branch
lengths to the ancestral node for donor and
recipient sequences confirmed that limited
divergence had occurred after transmission as
compared to that of the donor quasispecies (P
⬍ 0.0001). In all cases, a distinct subcluster
of recipient sequences was found, although in
one case (pair 109) four highly related donor
sequences were embedded among the recipient sequences (Fig. 2). These data argue for
transmission or outgrowth of a single sequence from the donor quasispecies. Howev-
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er, given the intrinsic limitations of sampling,
we cannot distinguish between a true transmission bottleneck, transmission of the predominantly replicating form in genital tissues, or transmission of multiple forms
followed by outgrowth of a particular variant.
Inspection of each donor-recipient pair
suggested that recipient envelope (Env)
glycoproteins contained shorter variable
loops than the majority of those in the
donor quasispecies (17). Using the null
hypothesis that the recipient is equally likely to receive any sequence from the donor

pool, the length (from the first cysteine in
V1 to the end of V4) was determined for
each donor sequence (11). The frequency of
sequences below, at, or above the median
donor length was then determined and compared to recipient sequences in a nonparametric test (Fig. 3A). Six of the eight pairs
had recipient sequences in which the
lengths of V1 to V4 were below the donor
median. Given the frequency and distribution of the donor lengths, this observation
was highly significant when the eight pairs
were considered together (P ⫽ 0.013). The

Fig. 1. Neighbor-joining tree. Nucleotide sequences from donors (green) and recipients (blue) were
aligned and subjected to phylogenetic tree construction using the F84 evolutionary model.
Reference strains from group M HIV-1 are indicated in black. Two reference sequences (UCD83003
and UCD90121) were used as an outgroup. Horizontal branch lengths are drawn to scale, with the
bar representing 10% divergence. Bootstrap values are indicated to the left of the node. M3 F, MTF
transmission; F3 M, FTM transmission.
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significance was confirmed independently
using a one-sided Wilcoxon test (P ⫽
0.03), which considered the relative ranking of the recipient compared to the set of
sequences in the donor. Using a two-sided
Wilcoxon test, the lengths of V1 to V4 of
the eight recipient sequences were found to
differ significantly from the subtype C V1
to V4 sequences currently in the HIV Database (n ⫽ 50, including only one sequence per individual; P ⫽ 0.02). By contrast, no significant difference was observed for median lengths of the sequences
of V1 to V4 from each of the eight donors
as compared to the database. Taken together, these results argue that viruses encoding
Env glycoproteins with shorter V1-V4 regions are transmitted or grow out in recipients with a frequency significantly greater
than would be expected by chance.
Because changes in length that occur
within V1, V2, and V4 often involve the
addition or loss of N-linked glycosylation
(N-gly) sites, we applied a similar analysis to
the number of N-gly sites within the sequence
of V1 to V4 (Fig. 3B). Five of the eight pairs
had recipient sequences that contained less
than the median number of N-gly sites in the
donor, and this observation again reached
significance when the pairs were considered
in aggregate (P ⫽ 0.037). In contrast to V1V4 length, neither the recipient nor the donor
V1-V4 region differed significantly from the
database of subtype C viruses in the distribution of the number of N-gly sites.
Structural predictions place the V1V2 loop
near a ␤ sheet that modulates gp120 interactions with CD4 and a coreceptor (18–20). The
V4 loop is predicted to lie on the outer domain
of the gp120 trimer, and changes in its size can
influence the packing and orientation of surrounding glycans, which are proximal to the
CD4 binding site (21). Thus, a likely functional
consequence of having a compact V1-V4 region is increased exposure of the CD4 binding
domain, a feature that is often accompanied by
enhanced susceptibility to neutralization (22–
25). We therefore examined this property using
virions that were pseudotyped with donor- and
recipient-derived Env glycoproteins from five
of the transmission pairs. To do this, a singleround infection assay was used to test the ability of linked donor plasma and a heterologous
plasma pool from 15 unrelated subtype C–infected individuals in Lusaka to neutralize virions pseudotyped with donor and recipient Env
glycoproteins (11, 26–29).
Neutralization profiles demonstrated that the
recipient pseudotypes were as much as 10 times
more sensitive to neutralization by linked donor
plasma than the donor pseudotypes, as shown for
transmission pair 135 (Fig. 4A). To more broadly define the donor-recipient differences in neutralization sensitivity, an analysis similar to that
described for V1-V4 length and glycosylation
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was applied to neutralization by antibodies in
donor and pooled plasma. All five recipients
analyzed harbored Env glycoproteins that were
neutralized by donor plasma with median inhibitory concentration (IC50) values below that of
the donor (Fig. 4B), and this result was highly
significant when the pairs were considered in
aggregate (P ⫽ 0.013). Moreover, Fig. 4C demonstrates a strong correlation between sensitivity
to donor and pooled plasma and illustrates the
high sensitivity of the recipient Env glycoproteins to neutralization by antibody from both
sources. In contrast, the donor Env glycoproteins
displayed a broad range of susceptibility to neutralization. Despite this observation, the difference in sensitivity to neutralization by pooled
plasma between donor and recipient did not
reach significance on a pair-by-pair basis (fig.
S2). These data demonstrate that viruses that are
successful in establishing new infections via heterosexual transmission have a neutralization profile that includes sensitivity to antibodies in the
infecting partner’s plasma.
This analysis of HIV-1 Env glycoproteins in
eight African heterosexual transmission pairs
reveals an extreme bottleneck for both MTF
and FTM transmission. Shorter V1-V4 length,
fewer glycans, and a greater susceptibility to
neutralization of recipient Env glycoproteins
suggest that transmission or outgrowth selects
for envelope conformations with more accessible receptor-binding domains. In support of this
idea, the V1V2 region has been shown to
modulate utilization of CD4 and virus susceptibility to antibody neutralization (25,
30, 31). Thus, it is most likely that the
viruses that ultimately establish infection
through heterosexual contact are more fit in
their interaction with a particular cell type
than others in the donor quasispecies.
In individuals chronically infected with
HIV-1 and the simian immunodeficiency virus, cell-free virus is under significant selection pressure from neutralizing antibodies
(29, 32–36). Our results suggest that the acquisition of resistance to antibody neutralization has a fitness cost in terms of transmission, or in terms of establishing de novo
infection, that could be exploited in vaccine
design. In particular, the enhanced sensitivity
of the variants to neutralization that was observed soon after infection raises the possibility that lower titers of vaccine-induced
neutralizing antibodies than have been considered to date may provide protection
against infection through heterosexual contact. Even assuming that multiple forms are
generally transmitted, a vaccine-primed neutralizing response may still confer a protective benefit on newly infected individuals.
These questions notwithstanding, the findings reported here open new avenues of investigation aimed at a better understanding of
HIV-1 transmission and the rational design of
effective vaccines.

Fig. 2. Maximum likelihood analysis. Nucleotide sequences from donors (green triangles) and recipients
(blue circles) were subjected to maximum likelihood analysis. Horizontal branch lengths are drawn to
scale, with the bar representing 10% divergence. Solid symbols represent sequences derived from
uncultured PBMC DNA; open symbols represent those derived from plasma.
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Fig. 3. V1-V4 length and
number of N-gly sites in
donor and recipient sequences. The number of
(A) amino acids or (B)
N-gly sites in V1-V4 is
plotted along the horizontal axes. The fraction
of donor (green) or recipient (blue) sequences
with a given value is
shown on the vertical
axes. Because the transmitted sequences tend
to be short relative to
their own donor’s quasispecies, it was not feasible to combine all donor
and recipient sequences
into a single comparison.
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Fig. 4. Neutralization by donor and pooled
subtype C plasma. (A) Neutralization proﬁle of
plasma-derived donor (green) and recipient
(blue) Env pseudotypes from transmission pair
135 by donor plasma. Virus infectivity, as a
percentage of the control, is plotted along the
vertical axis. The reciprocal of the plasma dilution is graphed along the horizontal axis on a log10 scale. Each curve represents the sensitivity to
neutralization of an individual Env pseudotype. (B) The distribution of neutralization sensitivity for
donor (green) and recipient (blue) Env pseudotypes for ﬁve transmission pairs, with IC50 values for
donor plasma (rounded to the nearest two-digit value) plotted on the horizontal axis. The fraction
of Env pseudotypes with a given IC50 is indicated on the vertical axis. (C) Linear regression analysis
of neutralization by donor (horizontal axis) and pooled (vertical axis) plasma for donor (green) and
recipient (blue) Env pseudotypes (R-squared value ⫽ 0.23; P value ⫽ 0.00002; slope ⫽ 0.31,
standard error ⫽ 0.07). The number of Env pseudotypes evaluated was 106 (5 donor and 7
recipient), 109 (8 donor and 3 recipient), 135 (14 donor and 5 recipient), 55 (12 donor and 8
recipient), and 53 (6 donor and 3 recipient).
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A MicroRNA as a Translational
Repressor of APETALA2 in
Arabidopsis Flower Development
Xuemei Chen
Plant microRNAs (miRNAs) show a high degree of sequence complementarity to,
and are believed to guide the cleavage of, their target messenger RNAs. Here, I show
that miRNA172, which can base-pair with the messenger RNA of a ﬂoral homeotic
gene, APETALA2, regulates APETALA2 expression primarily through translational
inhibition. Elevated miRNA172 accumulation results in ﬂoral organ identity defects
similar to those in loss-of-function apetala2 mutants. Elevated levels of mutant
APETALA2 RNA with disrupted miRNA172 base pairing, but not wild-type
APETALA2 RNA, result in elevated levels of APETALA2 protein and severe ﬂoral
patterning defects. Therefore, miRNA172 likely acts in cell-fate speciﬁcation as
a translational repressor of APETALA2 in Arabidopsis ﬂower development.
MicroRNAs (miRNAs), ⬃22-nucleotide noncoding RNAs that regulate protein-coding
RNAs, are processed from longer hairpin
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and a novel protein, HEN1 [reviewed in (3)].
The two founding members of Caenorhabditis elegans miRNAs, lin-4 and let-7, inhibit
the translation of their target mRNAs through
imperfect base-pairing interactions with their
targets (4, 5). Arabidopsis miRNAs show a
higher degree of sequence complementarity
to their potential targets, and, like short interfering RNAs, several plant miRNAs direct
the cleavage of their target RNAs (6–9).
Here, I report the role of an Arabidopsis
miRNA, miRNA172, in the control of floral
organ identity and floral stem cell proliferation as a potential translational repressor of a
floral homeotic gene.
Four organ types are specified in the floral
meristem by the combinatorial actions of
three classes of transcription factors, the floral A, B, and C genes [reviewed in (10)].
APETALA2 (AP2, a class A gene) and
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