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• Recombination rate of HIV
• Selection strength in env

Longitudinal data, envelope gene

• Ultra-deep sequencing data
• Method to estimate selection strength

Drug resistance evolution
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Mutation rate:

Population size:
Genome size:
Generation time:

Recombination rate??

1. Estimation of recombination rate in the envelope gene
2. Estimation of the strength of selection in env
3. Dynamics of drug resistance evolution, selection in the pol gene

Outline:

Selection strength??
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Shankarappa et al. 1999
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Since HIV populations evolve at a rate that is several 
orders of magnitude faster than that of their human 
hosts, HIV sequences sampled longitudinally will usu-
ally accumulate a significant amount of evolutionary 
change. Longitudinally sampled or “heterochronous”11 
sequences can be obtained in one of two ways: either 
from a single patient over the course of infection, or from 
different patients over the duration of an epidemic (Fig. 1). 
Interestingly, phylogenies reconstructed from such 
sequences have distinctive features that reveal the 
differences in the dynamics of HIV evolution at the in-
ter-host and intra-host levels12. 

Within each host, the viral population is targeted by 
both cellular and humoral immune responses, resulting 
in relatively strong diversifying selection that is most 
noticeable in the variable regions of the envelope (env) 
gene. It has been demonstrated that the rate of amino 
acid substitution in env correlates with the rate of phe-
notypic escape from neutralizing antibodies13. This im-

plies that neutralizing antibody responses cause the 
relative fitness of different strains within an infection to 
vary, thus constituting a major force that drives rapid 
lineage turnover. As a result, intra-host phylogenies of 
heterochronous env sequences exhibit an asymmetri-
cal or “ladder-like” shape, with limited diversity at any 
one time (Fig. 1)12. 

In contrast, HIV evolution at the inter-host level shows 
little evidence that HIV transmission is driven by a 
similar selective process14,15. Inter-host phylogenies 
of HIV sampled through time are not ladder-like and 
show the persistence of multiple lineages through time 
(Fig. 1)12. The shape of inter-host phylogenies is pri-
marily determined by (selectively) neutral demographic 
processes12,15. 

In summary, HIV lineages within a host vary in their 
ability to survive and infect new cells, whereas different 
HIV lineages among hosts show little genetic variation 
in their ability to infect new individuals. Some lineages 

Figure 1. A: HIV-1 within-host phylogeny with branch lengths in time units: partial env gene longitudinally sampled from a single patient over 
155 months (subtype B, 129 sequences, 516 bp; patient 9)34,53. B: HIV-1 population phylogeny with branch lengths in time units: full length 
env gene sampled during the U.S. HIV epidemic from 1981-1995 (subtype B, 39 sequences, 2396 bp)35. C: Root-to-tip divergence as a 
function of sampling time for the within-host phylogeny. The R2 value is indicated above the regression line. D: Root-to-tip divergence 
as a function of sampling time for the population phylogeny: divergence estimates for the full length and C2V5 env gene are shown with 
black squares and open diamonds respectively.
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heterozygote formation crossing over

Template switching rate: 3-10 events per replication and genome (Levy et al, 2004)
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18). The relationship between the infection and coinfection rates
showed only a slight decline from this theoretical square function
at later time points. This result indicates that functionally there
was very little inhibition to multiple infection events during
HIV-1 replication.

Recombination was evident by day 3, based on the appearance
of GFP! cells, and was ongoing at all subsequent stages of
infection (Fig. 2C) even when the percentage of all cells that
were GFP! dropped in correspondence to the overall decline in
infection rates (Fig. 2C Inset). During virus expansion, i.e.,
before peak virus infection, the abundance of recombinant
GFP* viruses (measured as the abundance of GFP! cells) was
directly proportional to the coinfection frequency (Fig. 2E) and

proportional to the square of the infection frequency (Fig. 2F).
Identical results were observed by using multiple cell donors in
independent experiments (Fig. 2F).

Theoretically, an equilibrium state should be reached in which
the rate of creation of the GFP* form and its reversion back to
YFP and CFP are balanced. We were able to achieve this
equilibrium by replenishing the donor 3 target-cell population
with activated uninfected cells every 2 days, allowing virus
replication to continue for !2 weeks (data not shown). Although
the relationships among infection, coinfection, and recombina-
tion were identical to those of previous experiments until the
time of maximal infection (Fig. 2 D–F), replenishment of the
target-cell population resulted in a plateauing of the GFP* form,
as predicted (Fig. 2 E and F, green triangles).

In vivo lymphoid tissue provides a more natural context for
studies of HIV-1 dynamics, and therefore we continued this
study in the SCID-hu (Thy!Liv) mouse model (15). Infection of
12 human thymic grafts, representing four different tissue do-
nors, with replication-competent YFP and CFP HIV-1 resulted
in one log variation in infection rates after 2–3 weeks of virus
replication. Nonetheless, the relationships among infection
rates, coinfection rates, and the abundance of recombinant
viruses was nearly identical to that observed during the expan-
sion phase of infection in CD4! T lymphocytes in culture (Fig.
2 G–I). It is noteworthy that, despite down-modulation of CD4
expression to undetectable levels on "90% of infected cells
(data not shown), the constant relationship between infection
and coinfection rates paralleled the results in tissue culture,
suggesting that viral interference fails to lower the coinfection!
infection ratio to any significant degree. It is likely that the
kinetics of infection and target-cell depletion result in most
infected cells being infected and reinfected simultaneously (or
nearly simultaneously). The close correspondence between cell
culture and the in vivo model suggests that generally applicable
relationships are described by these systems.

In addition to the frequency of coinfection, the frequency with
which RT transfers between the two available genomic templates
during reverse transcription is an important factor in establishing
the dynamics of recombinational diversification. Prior studies
quantifying HIV-1 RT-strand transfer frequencies across the
HIV-1 genome have been conducted only during infection of
HeLa-CD4 fibroblastic cells and have demonstrated a minimal
average of three to four RSTE per virus per round of replication
(19–21). Because the intracellular environments of diverse cell
types vary, we sought to determine the frequency of RT-strand
transfer directly during HIV-1 infection of a natural target of
HIV-1 infection. Therefore, we performed DNA sequencing
of recombinant GFP* proviruses generated during infection of
Jurkat T cells. First, we copackaged YFP and CFP genomes by
using strains of HIV-1 that are 6% divergent in DNA sequence,
infected Jurkat T lymphocytes with these heterozygous virions in
a single round of infection, and then cloned the resulting GFP!

cells and sequenced the integrated proviruses. Fig. 3A shows the
pattern of recombination events within the 13 GFP* recombi-
nant viruses. A total of 90 RSTE were detected, with one in each
provirus being the YFP- and CFP-strand transfer that generated
the GFP* form. In agreement with studies (20), RSTE were
evident throughout the genomes, indicating that all regions of
HIV-1 are subject to diversification by means of recombination.
We could identify 3–13 RSTE in each provirus, yielding an
average of seven and a half RSTE per wild-type genome (Fig.
3B), or approximately twice the rate reported during infection of
HeLa-CD4 cells (19–21).

None of the RSTE was associated with an alteration of the
primary sequence, including point mutations, deletion, or du-
plication, consistent with the previously described (19, 21) high
fidelity of the recombination process. Regions of the HIV-1
genome containing RNA secondary structures (e.g., the rev

Fig. 1. System to measure HIV-1 infection and recombination. (A) Schematic
representation of YFP and CFP reporter viruses. A replication-competent virus
for multiround infection assays is shown. For single-round infection assays
two-stop codons were introduced into the envelope reading frame after the
vpu gene. YFP or CFP were inserted between the env and nef ORFs, and an IRES
directs wild-type level of nef expression. (B) Generation of GFP* from YFP and
CFP by means of recombination. Diagram depicts recombinational strand
transfer during minus-strand DNA synthesis. The spectrum-determining mu-
tations within YFP and CFP are indicated. The recombinant origin of GFP*
genes is demonstrated by means of DNA sequence analysis by the presence of
several mutations that are unique to the parental YFP and CFP genes. These
mutations are indicated by the black vertical lines. (C) Three-color flow-
cytometric analysis of infection, coinfection, and recombination. (Upper)
Infection with heterozygous HIV-1 reporter viruses containing copackaged
YFP and CFP genomes results in coinfection (Left) and the appearance of GFP!

cells by means of recombination (Right). (Lower) Infection with an equal
mixture of homozygous YFP and CFP viruses generated by independent
transfection of producer cells produces identical coinfection as heterozygous
viruses (Left) but few, if any, GFP! cells (Right).

4206 " www.pnas.org!cgi!doi!10.1073!pnas.0306764101 Levy et al.

Dynamics of HIV-1 recombination in its natural target cells, Levy et al, PNAS, 2004
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4206 " www.pnas.org!cgi!doi!10.1073!pnas.0306764101 Levy et al.

only a subset of viruses (23), then the set of viruses identified as
recombinants by their GFP expression would display a greater
than average number of RSTE, which is not the case. The route
of viral entry had little effect on recombination rates because
pseudotyping of HIV-1 with CCR5-tropic and CXCR4-tropic
HIV-1 envelopes, amphotropic murine leukemia virus envelope,
or VSV-G protein yielded rates of recombination that varied by
no more than 20% (data not shown).

Infection of macrophages resulted in an average of !30 RSTE
per virus (Fig. 4A), or about one order of magnitude greater than
previously documented in fibroblastic cell lines. The only cellular
cofactors necessary for successful reverse transcription are nu-
cleotide precursors; thus, the most likely means to increase
HIV-1-strand-transfer rates would be by altered intracellular
nucleotide (dNTP) availability. Low dNTP availability reduces
RT activity and can increase RT template switching (24–26).
Low dNTP availability in differentiated macrophages lowers
reverse transcription rates, whereas the addition of exogenous
nucleosides allows completion of reverse transcription and re-
stores permissiveness to infection (27, 28). In our study, addition
of exogenous nucleosides to macrophages at the time of infection
enhanced productive infection up to 3-fold but failed to lower the
frequency of recombination (see Supporting Text and Table 1,
which are published as supporting information on the PNAS web
site). Differentiation of two monocytic cell lines enhanced RSTE
rates !3-fold (Fig. 4B), suggesting that myeloid differentiation
results in the expression or modulation of cellular factors that
influence the reverse transcription process and recombination.

Discussion
Despite a mutation rate that is only of average magnitude among
RNA viruses (2, 29), the high rate of HIV-1 replication in vivo
ensures rapid diversification (1, 9). Recombination represents a
complementary mechanism that has the potential to accelerate
HIV-1 diversification and evolution greatly (30, 31), although
some models challenge this view (32, 33). By introducing mul-
tiple simultaneous alterations in the genome, recombination can
generate constellations of alleles that would be otherwise un-
likely or unable to assemble by means of mutation alone (31, 34).
Recombination breaks linkage among alleles, increasing the
effective viral population size, and in doing so it can prevent
degradation of population fitness from the effects of evolution-
ary drift and allow selection to be dominant over stochastic
events (6, 31). A better understanding of the parameters of
HIV-1 recombination is vital to the development of more
complete models of HIV-1 evolution and escape from adaptive
immunity and antiviral therapies. We propose that mathematical
models of HIV-1 dynamics may reasonably incorporate recom-
bination based on the parameters defined in this study.

Our results indicate that the opportunity for recombination is
favored rather than inhibited. For example, coinfection occurred
with little inhibition, indicating that rapid or simultaneous
infection and reinfection of cells provides ample opportunity for
recombination. The close correspondence in results from mul-
tiple cell donors and between the cell culture and SCID-hu
systems suggests that the relationships described may be gener-
ally applied to the in vivo situation. Likewise, by examining the
rate of RT-strand transfer in the proper cellular contexts, CD4"

T cells and macrophages, we find that HIV-1 is substantially
more recombinogenic than it was previously believed to be.

Recent studies (13, 22) and the unpublished work of D.N.L.
and G.M.S. have shown that HIV-1 is about one order of
magnitude more recombinogenic than several other retrovi-
ruses, including Maloney murine leukemia virus and human T
cell leukemia virus type 1 (HTLV-1), during infection of iden-
tical cell types. HIV-1 infection of macrophages results in
recombination frequencies nearly two logs higher than reported
for infection of murine leukemia virus and spleen necrosis virus
in fibroblast cell lines (13, 22). It is possible that HIV-1 may have
evolved higher recombination rates to foster more rapid diver-
sification and promote its survival. Because our results, as well
as the results of other studies (19), indicate that recombination
occurs in a manner that preserves the integrity of ORFs and cis
elements, there may be little risk of virus inactivation from the
high rates of recombinational strand transfer that we report here
during infection of immune cells. Such a scenario would stand in

Fig. 3. Measurement of HIV-1 recombination frequency in T cells by se-
quence analysis. (A) DNA sequence analysis of GFP* proviruses generated by
a singe round of viral replication in Jurkat T cells. RSTE occurred at the
junctions of yellow and blue bars, which represent regions derived from 89.6
and NL4–3, respectively. Below the bar chart is a to-scale schematic represen-
tation of the HIV-1 genome, providing a reference for the locations of the
RSTE. (B) The mean and median number of crossovers in the 13 proviruses are
normalized to a wild-type 9,700-bp HIV-1 genome. (C) Locations of the GFP*-
generating RSTE. The mutations that generate YFP and CFP are superimposed
for reference.

Fig. 4. Measurement of HIV-1 recombination frequency in various cell types.
(A) HIV-1 recombination frequencies based on the appearance of the GFP*
form in a single-round infection. Values along the y axis represent the per-
centage of the infected cells in each sample that were GFP". Infection of two
or more cell types was performed in parallel for all data collection. Data are
given as the mean of multiple samples from at least three independent
experiments for each cell type. (B) Influence of myeloid differentiation on
recombination rates. One of three representative experiments is shown.

4208 ! www.pnas.org"cgi"doi"10.1073"pnas.0306764101 Levy et al.

Dynamics of HIV-1 recombination in its natural target cells, Levy et al, PNAS, 2004



Richard Neher KITP, 2011

Recombination in HIV

7

Relevant effective recombination rate: 

Estimation using population genetic models, Shriner et al. 2004:
per site and generation

• implies a very high coinfection frequency
• rests on the assumptions of the neutral coalescent

Template switching x coinfection frequency
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• 11 Patients (part of the MACS cohort)
• 10-20 samples over up to 10 years
• 10-20 partial env sequences (700bp, C2V5)
• some received therapy at later time points
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RN and Thomas Leitner, PLoS Comp Bio, 2010
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About a factor 50 lower than the template switching rate.

Coinfection < 5%
RN and Thomas Leitner, PLoS Comp Bio, 2010
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Selection for red will affect green
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• 10000 sequences from each sample

• 180-200 aa of the reverse transcriptase

Collab: Jan Albert at the Karolinska Institute, Stockholm

Anti-retroviral drugs:
• Protease inhibitors (PI)
• Nucleoside-Analog Reverse transcriptase inhibitors (NRTI)
• Non-Nucleoside-Analog RT inhibitors (NNRTI)
• Integrase inhibitors

Drug resistance can emerge fast (weeks) or take decades to set in.
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15Figure 1. Frequency of resistance drug resistance mutations M184V, T215Y, L210W and T215C/D before, during and after
treatment. Treatment history is indicated by bars below each patient’s graph; AZT; zidovudine, 3TC; lamivudine, d4T; stavudine, ddI; didanosine,
ABC; abacavir, ddC; zalcitabine, TDF; tenofovir, NNRTI; non-nucleoside reverse transcriptase inhibitors, PI; protease inhibitors. Arrows indicate time for
sampling. The dashed horizontal lines indicate the detection limit in each patient. ND: not detectible.
doi:10.1371/journal.pone.0011345.g001

Dissection of HIV-1 Resistance

PLoS ONE | www.plosone.org 4 July 2010 | Volume 5 | Issue 7 | e11345
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• Tremendous diversity, lots of rare variants (~50 in 120bp)
• rapid shifts in the population, latency
• Which variant is replacing others, how fast, and why?
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• Observation: Each amino-acid sequence comes in multiple variants
• The abundances of these variants often show a regular pattern
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Strength of selection: 5-10%
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Rare variants consistent with 
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Selection for red will affect green
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