Hot and Cold: Spatial Fluctuation in HIV-1 Recombination Rates
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Abstract

Coinfection of a single cell with two or more HIV strains
may produce recombinant viruses upon template switch-
ing by the replication machinery. We applied a hierar-
chical multiple change point model to simultaneously infer
inter-subtype recombination breakpoints and spatial vari-
ation in the recombinalion rate along the HIV-1 genome.
We examined thousands of publicly available HIV-1 se-
quences represenling the worldwide epidemic and focused
on 544 unique recombinants with 1,701 recombination
breakpoints. Estimates of per site recombination rate re-
vealed the presence of a novel hotspot in the pol gene, sur-
rounded by a cluster of mutations associated with resis-
tance to reverse transcriptase inhibitors. We also confirm
the presence of a known hotspot in the env gene and a pre-
viously hypothesized hotspot in the gag gene.

1 Introduction

As if to achieve a primitive kind of sexual reproduc-
tion [56], retroviruses, including Human Immunodeficiency
Virus (HIV), package two positive sense RNA molecules
and a strand-switching reverse transcriptase enzyme in each
virion. BEven genetically distinct strains can be copackaged
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[27], and with documented cases of superinfection of both
hosts [12, 20, 26] and cells [34], all ingredients necessary
for recombination to mold the AIDS epidemic are in place
[45]. Here we focus on the in vivo spatial distribution of
strand transfer events along the genome to learn about the
mechanism and selection of recombination in HIV type 1.

The error-prone reverse transcriptase (RT) has produced
pronounced variation in HIV [59]. Viruses around the world
have been classified into subtypes (e.g. A), circulating re-
combinant forms (e.g. CRF01_AE), and subsubtypes (e.g.
A1) [50]. All major subtypes have long co-circulated in
Africa, but subtype mixtures are increasingly common in
other parts of the world (e.g. [6, 15]). With few barriers
to limit recombination between genetically diverse strains
[5, 11], the prevalence of recombination seems destined to
increase as the epidemic progresses.

The capacity to recombine diverse viral strains is almost
certainly a benefit to retroviruses [9, 60]. HIV recombinants
have successfully out-competed other strains within hosts
[20, 52], and inter-subtype recombinants have been alarm-
ingly successful at causing (e.g. [35, 46]) or taking over
[55] local epidemmics. Finally, early worries that recombi-
nation might facilitate the evolution of drug resistance have
now been realized in treated patients [10, 43].

With recombination thus driving HI'V evolution, it is im-
portant to uncover the mechanism of strand transfer. In-



creasing experimental and observational evidence suggests
that strand transfer events do not occur uniformly along the
genome (see Fig. 1 for a map of the HIV genome). There
have been several hints of a hotspot in the 5° portion of the
pol gene, both in experiment [28] and among in vive re-
combinants sampled from patients [36, 57]. Another well
studied hotspot is the conserved C2 region of env [40, 48],
although all conserved regions in env are relatively hot [4]
and even variable regions can become hotspots with the
right donor template [5]. Many inter-subtype recombinants
observed around the world display a recombinant pattern
where the variable loop V3, between C2 and C3 [49], or the
complete gpl120 portion of env [54] is swapped with another
subtype. Other regions implicated as possible hotspots are
5" gag [18], the gag-pol boundary [36], the pol-vif bound-
ary [16], through vif into the 5° env [36], a GC-rich region
near the fat/rev splice site [17], and near nef [36]. Indeed,
very few genomic regions are consistently “ceold,” but few
studies have examined the entire genome at once and exper-
imental protocols and reagents vary widely.

There is no single determinant of retroviral recombina-
tion, but at least secondary structure, reverse transcriptase
pausing, and sequence homeology influence transfer rates
(see recent review [23]). The recombination enhancing role
of nucleocapsid [42] suggests the importance of secondary
structure, and the TAR stem loop i1s one structure known
to facilitate strand transfer [7, 29]. Recombination in the
env C2 region depends on homology between the donor and
acceptor templates, a stable stem loop in the acceptor, and
to a lesser degree, primary sequence [22, 21, 41]. Homol-
ogy at the dimerization signal [11, 39] and throughout the
genome enhances inter-molecular strand transfer [2], most
importantly at the strand transfer site [5, 24]. It was recog-
nized early that strand transfers tend to occur at pause sites
of reverse transcription [61, 32], so it is not surprising that
regions prone to form stem loops [62] and homopolymeric
stretches [4] are positively correlated with strand transfer,
since they are both associated with pause sites [30].

The study of in vive recombination has revealed a non-
uniform distribution of transfer sites along the genome
[36, 49, 54, 57, 62]. Inferred breakpoints do not directly re-
veal mechanistic hotspots of recombination, because these
viruses can replicate in hosts and are thus highly selected. In
fact, even the selection imposed by multi-cycle i vifro re-
combination assays can change the genomic distribution of
strand transfer sites [4]. However, we expect strong mech-
anistic hotspots to leave a signal even after heavy selection.
Furthermore, hotspots emerging only post-selection inform
on the forces molding the current AIDS epidemic. Here,
we have applied a hierarchical model for estimating spatial
recombination rates [38] to a large dataset of recombinant
sequences. While we report no new analytical methods, we
discuss challenges encountered in the preparation and anal-
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ysis of a large data set and present new results, including the
identification of striking nonuniformities in the distribution
of strand transfers along the HIV-1 genome.

2  Methods

2.1 Reference Alignment

We downloaded the 2003 reference sequences from
the HIV database (wwwhiv.lanl.gov), which include full-
length sequences representative of each major HI'V subtype,
circulating recombinant form, and subsubtype. From these
reference sequences, consensus sequences for nonrecombi-
nant subtypes (or subsubtypes) Al, A2, B, C, D, F1, F2, G,
H, I, and K created by the HIV Database Consensus Tool
were realigned using T-Coffee [44], and gaps were trimmed
from the alignment ends.

2.2 Screening for Recombinant Sequences

We downloaded all HIV-1 sequences present in Gen-
bank as of May 17, 2005 at least 400 nucleotides long and
discarding patent and other non-natural sequences. Each
sequence was aligned to the consensus alignment and the
alignment trimmed of gaps at both ends. To eliminate se-
quences with very tight epidemiological linkage, we iden-
tified groups of sequences with sequential accession num-
bers, similar lengths (alignments vary less than two nu-
cleotides), and similar sequences (pairwise Hamming dis-
tance less than 0.01). One random sequence was selected
from each group and all others were not further studied. The
resulting data set included 64, 603 HIV-1 sequences.

To reduce the dataset, we analyzed each alignment using
cBrother software [19], which estimates, via Markov Chain
Moente Carlo (MCMC), recombination in a single sequence
[37]. We did not fix the tree relating potential parental
subtypes in order to account for inconsistent relationships
among subtypes along the genome (see, for example, Fig. 5
of [3]), which can bias recombination inference if neglected
[19]. cBrother is inefficient when there are more than six
parental sequences and the parental tree is not fixed, so we
prepared six separate alignments, each with a subset of five
or six parental strains. All pairs of parents are included in at
least one of these alignments, so we were able to detect all
simple recombinants involving just two parents. For each
alignment, we produced an MCMC sample from a short run
of length 110, 000, discarding 10, 000 and subsampling ev-
ery 100. Otherwise, default settings were used. There were
9, 819 simple recombinants detected at this stage. When
more than one alignment contained the involved parents, we
randomly selected one MCMC sample for future analysis.

To overcome possible convergence issues resulting from
these overly short MCMC runs, we prepared the remaining



sequences for more thorough examination. First, we clus-
tered sequences with similar recombinant structure. Clus-
tering on structure serves to eliminate recombinant forms
that are descendents of the same recombination event. Their
inclusion could falsely inflate recombination signal near
their breakpoints. We defined the profile structure of a
recombinant as the 57 to 3” sequence of parents that are
supported with a posterior probability of 0.9 or higher and
the posterior medians of all breakpoints separating adjacent
parents. Posterior breakpoint medians and 95% Bayesian
credible intervals were computed from the MCMC sample.
We clustered sequences with similar structures, i.e. the same
parents and co-located breakpoints. Co-located breakpoints
were those where either 95% Bayesian credible interval
contained the other recombinant’s posterior median break-
point. After randomly selecting one sequence to represent
each cluster, there remained 4,073 sequences. These se-
quences were analyzed with two independent cBrother runs
of length 1, 100, 000, discarding 100, 000 and subsampling
every 1, 000. We used several convergence diagnostics, in-
cluding the Gelman-Rubin statistic [25] and all CODA [8]
test statistics with default settings except in the Raftery &
Lewis statistic, where convergence was diagnosed for the
0.025 quantile at a precision of +0.02 and 90% certainty.
Most samples were converged after the initial run, but run
lengths were doubled until convergence was achieved for all
unconverged samples. After discarding nonrecombinants or
complex recombinants identified in the second run, we were
left with 2, 360 simple recombinants. Clustering again on
profile structure resulted in 544 unique recombinants, rep-
resenting 1, 701 unique breakpoints.

2.3 Estimation of Genomic Recombina-
tion Rates

Recombinants involving multiple subsubtypes, both B
and D and those with subtype K as parent were rarely seen.
We, therefore, reduced the number of parents by letting Al
represent subsubtypes Al and A2, F1 represent Fl and F2,
and B represent closely related D [14] and removing sub-
type K. The final, reduced list of parental subtypes was A,
B,C,EG,Hand].

The hierarchical model for combining evidence from
multiple recombinants [38], implemented in the software
BandOfBrothers, seeks to estimate recombination rates p,,
the probability of recombination at site s  {1,...,5},
along a master alignment of length S containing parental
sequences and all recombinants. The model is developed
in terms of the log odds of recombination vy, = log Ti%'
To constrain the number of free parameters, it places a
Gaussian Markov Random Field [51] hyperprior on the pa-
rameters -y, and assumes these parameters are correlated
for neighboring sites. Evidence that HIV recombination
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Figure 1. Spatial recombination profile of the
full HIV-1 genome.

hotspots are not so much spots, rather regions, where strand
transfers cluster [21], supports this correlation assurmption.

We prepared four data sets: (1) full genome, and three
gene-focused datasets (2) gag, (3) pol, and (4) env to ana-
lyze with BandOfBrothers. We experienced difficulties ob-
taining a master alignment for the full genome because of
the variability in the lengths of the individual recombinants.
This master alignment is needed by BandOfBrothers to map
breakpoints inferred in individual recombinants to the com-
mon indexing system s. Our solution was to prepare in-
dividual alignments of each recombinant to the full-length
reference sequence HXB?2 used for numbering genomic po-
sitions in HIV-1 [31]. Then, all breakpoints along the in-
dividual recombinants were mapped to their HXB 2-relative
position. Using this strategy, we lose detailed positional in-
formation about breakpoints found within insertions in the
recombining parental reference sequences that are not in
HXB2. Fortunately, such insertions are rare. Gene-specific
master alignments were obtained without difficulty.

The full genome alignment consisted of 544 unique re-
combinants. The gene-focused alignments consisted of all
recombinants with recombinant profile breakpoints falling
in the selected gene. Only the gpl120 portion of emv was
considered in the env dataset, as this is where most studies
of experimental recombination have focused. The number
of recombinants included in each dataset are 93 in gag, 167
in pol, and 179 in env.

An MCMC sample of the hyperprior parameters p, was
obtained using BandOfBrothers. Briefly, the software starts
by sampling from the lower level multiple change point
model independently for all recombinants and then alter-
nates between updates of the hyperprior and updates of the
lower level change point model conditional on the hyper-



prior. Runs used 1, 000 initial samples, then 110, 000 itera-
tions with 10 lower level updates per cycle. We subsampled
every 20th iteration after discarding the first 10,000, All
other tuning parameters and hyperparameters were set as
suggested [38].

2.4 Analysis of correlates of recombina-
tion

We considered the relation between recombination rate
and two simple features of the genomic primary sequence:
GC content and diversity. For this analysis, we used the
full genome data set. GC content at each site is the propor-
tion of guanine or cytosine nucleotides in the alignment in
a window of specified length straddling the site. Window
sizes of 20, 50 and 100 nuclectides were used. A per site
estimate of diversity was obtained by computing Shannon’s
Information entropy at each site s

>

iE{A,0,G,U}

Hs - - Gsi logq.sz'

where gg; is the proportion of sequences containing nu-
cleotide ¢ at site 5. H, values close to zero indicate con-
served sites. The R statistics package was used to com-
pute nonparametric Spearman correlations between these
nummeric summaries of sequences and the recombination
rates estimated by BandOfBrothers.

3 Results

The posterior distribution of recombination probabilities
along the HIV-1 genome is summarized in Fig. 1, along
with a map of genomic features. Plotted are the posterior
median (line) and 95% posterior credible set (shading) for
the recombination probability p;, at each site s of the HXB2
genome. We caution that the tested sequences were selected
because they were known recombinants, so only relative re-
combination probabilities are meaningful. Furthermore, al-
though we show results for the 5° LTR, the parental refer-
ence sequences were not available in this region, so break-
points could not be inferred there. The distribution of break-
points along the genome is clearly nonuniform. There is a
blip in the gag gene, though it does not appear significant
in the full genome analysis. A pronounced peak is seen in
the pol gene, specifically in the region encoding the reverse
transcriptase. In contrast, the po! sequence coding for the
RNase and Integrase are strikingly cold. The 37 end of the
HIV-1 genome also has higher recombination activity, par-
ticularly at both ends of the emv gene. Overall, in vive re-
combination breakpoints in sequences sampled from around
the world are most dramatically clustered in the 5 portion
of the pol gene.

1-4244-1509-8/07/$25.00 ©2007 IEEE

710

AR
Correlation

013+

0,104

007+

1
1000

T
800

L S A S S S B S T T T T T
—1000 —-800 -&00 —400 -200 Q 200 400 G00

Phase Difference

(@

-005+

Correlation -0.10

-0.164

-0z
-0254

e

—G3s

r T T T T T T T T 1
=500 —400 =300 =200 -100 Q 00 200 300 400 500

Phase difference
(b

Figure 2. Lag correlation of recombination
and (a) entropy and (b) GC content for win-
dow sizes 20,50, and 100.

We have performed a preliminary analysis to determine
whether conservation and GC content are associated with
heightened incidence of recombination. Negative lag refers
to the sequence feature (entropy or GC content) 3” of the
strand transfer site, while positive lag implies 5 sequence
features. During minus strand synthesis, 37 features are
transcribed before strand transfer occurs. Fig. 2a shows
the correlation of recombination probability p; with en-
tropy H, computed at each site s. Sequence variability is
positively correlated with recombination both upstream and
downstream of the strand transfer site. Fig. 2b shows cor-
relation of GC content with recombination rate for different
window sizes. There is a negative association of GC content
and strand transfer, especially 50-100 nucleotides upstream
of the transfer site. No correlations are large, especially
considering the fact that the data points are not independent
along the genome. Effective sample sizes estimated with
CODA [8] suggest the correlations are not statistically sig-



nificant (data not shown).

We reran the hierarchical model for three local regions
of interest: gag, pol, and env. By focusing on recombinant
sequences with known breakpoints in the selected genes,
we expected to obtain better resolution on the location of
recombination activity in these genes. The recombination
profile for the gag gene (Fig. 3a) reveals the blip seen in the
full genome analysis is significant. The hotspot appears in
p24, which encodes the Capsid protein. As compared to the
peak in gag, the pel peak is more dramatic, with less overlap
in credible intervals (Fig. 3b). Also shown in this plot are
the locations of all in vive drug resistance mutations map-
ping to pol [13]. These mutations cluster in the common
drug target, Protease, and the first half of the other com-
mon drug target, RT. Interestingly, the hotspot is squarely
centered on the cluster of drug resistance mutations associ-
ated with RI inhibitors. To investigate whether the hotspot
is associated with resistance mutations soley because these
mutations represent the only variability in an otherwise con-
served gene, we computed average pairwise similarity be-
tween dataset sequences. Similarity peaked just upstream
of the recombination hotspot and was lowest in the 37 of
pel (data not shown). Finally, the env analysis focused on
the portion of env encoding gpl20 (Fig. 3¢) and revealed a
concentrated recombination hotspot in the V3 loop.

4 Discussion

Our analysis of spatial variation in recombination rate
combined the data from hundreds of unique HIV-1 recom-
binants and revealed a distinctly non-uniform distribution
of recombination breakpoints along the genome. The over-
whelmingly dominant hotspot for recombination was in the
reverse transcriptase gene, part of the pol open reading
frame. Other hot regions include p24 in the gag and es-
sentially all of the env open reading frame.

The spread of antiretroviral drug treatment around the
world has placed the pol gene under increasing selective
pressure. Given reports that recombination contributes to
multi-drug resistance in vive [10, 43], the hotspot in pol may
result from intense selection of random recombinants that
happen to combine multiple drug resistance mutations in a
single recombinant product. On the other hand, only 28%
of the people needing treatment in low- to middle-income
countries were estimated to be receiving antiretroviral treat-
ment by the end of 2006, which itself represents a dramatic
increase in the last three years [1]. Since subtypes tend to
co-circulate mostly in low- to middle-income countries, it
remains unclear if selection can be a driving force in pro-
ducing pol inter-subtype recombinants. Of the three pre-
vious reports of a hotspot in pol [28, 36, 57], two [36, 57]
are also based on #r vive recombinants isolated at least three
years ago. The third found 5° po! to be the hottest site for re-
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combination in a single round infection assay [28], although
the viruses studied excluded the erv gene. It is unlikely that
widespread retroviral drug selection can fully explain the
hotspot in pel, but whether the pol gene includes sequence
with high strand transfer potential can be assessed in the
laboratory, and such experiments are currently underway.

We have previously reported a recombination hotspot in
the p24 region of gag based on the analysis of 42 AG recom-
binants [38]. Here, we analyzed 93 recombinants with all
combinations of parents. Although different subtypes may
vary in the preferred strand transfer sites [5], we detected a
recombination hotspot again in the p24 region of gag. In the
previous analysis, no attempt was made to screen for circu-
lating recombinant forms (CRFs), but two CRFs are known
have an AG breakpoint in the gag gene [33]. Here, by clus-
tering recombinants on their recombinant profile structure,
we remove both recognized CRFs [33] and those not yet re-
ported. This discrepancy may explain why the hotspot is
less sharply located in our analysis. This portion of gag
was not a hotspot in an in vitro study of recombination, al-
though a gag region just downstream was quite recombino-
genic [40].

Recombination rates in the env gene were generally high
(Fig. 1). Interestingly, the 5° end and extending into the ac-
cessory proteins vpr, faf, and vpu was hottest, along with
the 3° gp41 region. This pattern of recombination activ-
ity corroborates the finding that the subtype of env, espe-
cially gpl120, tends to be swapped in both CRFs and unique
recombinants [33, 49, 54]. Our gp120-focused results re-
vealed a hotspot in V3, which is not visible in the full
genome. It is possible that the different datasets have pro-
duced distinct results. However, the local analysis is un-
likely to detect breakpoints at the edges of env because there
is insufficient upstream or downstream information to infer
a topological change [53], so V3 is left as the sole source of
supported breakpoints in this region. Also, the specific lo-
cation of the V3 hotspot could be an artifact of the extreme
diversity of this region. Breakpoints may actually locate in
the conserved regions C2 or C3, which surround V3 and are
confirmed hotspots in experiment [5]. The poor alignment
plus the effects of the GMRF smoothing hyperprior could
draw C2/C3 breakpoints into V3. In summary, although we
found evidence of recombination near the heavily reported
C2 hotspot, it was by no means the most active spot in vivo.

We briefly examined the correlation of sequence conser-
vation and GC content with the inferred full genome recom-
bination rate estimates (Fig. 2). While correlations were not
strong and probably not significant in our dataset, we dis-
cuss here possible reasons for the observed trends. Entropy,
a measure of sequence diversity, was positively correlated
with recombination rate, in contrast to previous findings of
a positive association between # vive recombination and
pairwise subtype similarity [36]. We actually observed a
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negative association between average pairwise subtype sim-
larity and recombination rate (data not shown). All the ex-
perimental evidence contradicts the idea that recombination
is promoted by sequence diversity [3, 24]. Instead, we hy-
pothesize that the association results because breakpoints
are easier to detect and localize in regions of higher diver-
sity. In other words, the results may reflect the fact that
the underlying methodelogy (and any method) will increas-
ingly fail to detect recombination as sequence conservation
increases [47]. In contrast, we observed that GC content
was negatively correlated with recombination rate. This
finding is odd considering that RT pausing occurs on GC
runs during minus strand synthesis [30]. On the other hand,
AT excess may facilitate the dissociation and reassociation
required for strand transfer, independent of other predispos-
ing features.

We have revealed that the in vive pattern of recombi-
nation breakpoints along the HI'V-1 genome is highly non-
uniform. We restricted our analysis to simple recombinants
involving at most two parental sequences, and we did not
consider CRFs as parents, which would allow detection of
second generation recombinants [58]. Inclusion of more
recombinants in the future will allow better resolution of
spatial recombination variation. While we tried to control
for the presence of repeatedly sampled recombinants by
clustering on recombinant structure, we cannot guarantee
that every one of the 1, 701 breakpeints in our final dataset
represents a unique recombination event. However, if a
breakpoint appears repeatedly in multiple contexts, then it
is likely selected. Ultimately, separation of mechanism and
selection requires additional experimentation and theoreti-
cal models. These results highlight more interesting regions
to target in such future study.
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