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Abstract:

We describe a Bayesian method for counting recom-
bination events in the evolutionary history of aligned
viral sequences when recombination is rare. Previ-
ous recombination detection methods have focused
on testing whether particular sequences are recombi-
nant. Our method, in constrast, examines multiple
recombinant sequences with the same recombinant
structure and seeks to place a lower bound on the
number of recombination events. Distinguishing the
number of recombination events in the history of se-
quences with similar structure will be necessary to
find recombination hotspots.

1. Introduction

Genetic recombination generates novel genetic mo-
saics that may be capable of rapidly adapting
to changing environmental conditions (Felsenstein,
1974). Recombination in viruses is common and has
been related to several medical concerns, including
virulence (Liitsola et al., 1998), drug resistance (Kel-
lam and Larder, 1995), vaccine development (Korber
et al., 2001), and probably virus co-species transmis-
sion (Rest and Mindell, 2003).

Much effort has focused on understanding the
mechanism of virus recombination through ex-
perimental approaches. Some have hypothesized
that specific primary sequence or RNA secondary
structure can promote recombination (Kohli, 1999;
Moumen et al., 2003; Galetto et al., 2004). For ex-
ample, recombination sites cluster within or close to
AU-rich regions in brome mosaic bromovirus (Nagy
and Bujarsi, 1997) and in vitro copy-choice recombi-
nation rates are high at several sites along the HIV-1
genome, including the R sequence (Moumen et al.,
2001).

It may also be possible to deduce information
about the mechanism of recombination by study-
ing naturally occurring recombinant sequences. Al-
though selection and evolution dilute sequence or
structure signals that promote recombination, in
vivo hotspots should be enriched for such signals
when they exist. In highly recombinogenic viruses,

it has been possible to identify in vivo hotspots. Re-
combination occurs more frequently near the dimer-
ization initiation sequence (Dykes et al., 2004) or
in certain genes (Magiorkinis et al., 2003) of HIV-
1. Preliminary evidence suggests a recombination
hotspot in the HBV C gene (Fang et al., 2005).

Identification of in vivo hotspots relies on the abil-
ity to detect historical recombination events. Since
recombination is easiest to detect when the recom-
bining parents are genetically divergent, recombi-
nants between different viral subspecies, called geno-
types, are most often studied. Two recombinant se-
quences with recombination crossover points (COPs)
located at the same position along a genome may be
the consequence of a recombination hotspot. When
the sequences are recombinants involving different
parental genotypes, they are obviously the product
of separate recombination events. It is common,
however, to observe multiple recombinant sequences
with the same COP locations and the same parental
genotypes (Sugauchi et al., 2002; Fang et al., 2005).
The conservative assumption is that these recombi-
nants descend from a single event that spread by
chance or selection (Robertson et al., 2003; Fang
et al., 2005). However it is also possible, particu-
larly when hotspots exist, that multiple, similar re-
combination events produced nearly identical mosaic
structures (Fang et al., 2005).

Here, we report a Bayesian phylogenetic-based
method for identifying multiple recombination
events from two or more putative recombinant se-
quences with similar recombination structure. Our
method is based on a dual multiple change-point
(DMCP) recombination detection model (Minin
et al., 2005). Although the DMCP model can detect
recombinant sequences accurately, it is not designed
to identify recombination events. In particular, it
is impossible, using the current priors, to place ap-
propriate prior probabilities on single vs. multiple
recombination events. Here, we define a novel prior
and test our methodology on simulated data. Fi-
nally, we analyze six HBV recombinants with simi-
lar mosaic structure and reveal at least two unique,
underlying recombination events.
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Figure 1: Polyphyletic and monophyletic recombi-
nants. Compared to reference genotype sequences
C1 and B1, the recombinant sequences q1 and q2 are
(a) polyphyletic indicating they were from different
recombination events, or (b) monophyletic, indicat-
ing either one or two recombination events. (c) In
the second case, if another representative sequence
C2 is added, it may be possible to establish that
there were two recombination events.

2. Methods

2.1 The phylogeny of recombination events

We examine the phylogenetic relationship of mul-
tiple recombinants by aligning them to nonrecom-
binant genotype sequences representing possible
parental gentypes. We borrow the terms monophyly
and polyphyly from general molecular phylogenet-
ics to characterize the resulting phylogenies. In our
model, the term monophyly is used to describe trees
where all the recombinants form a monophyletic
group. If the group of recombinants is disrupted by
representative sequences the trees are polyphyletic.

Monophyly is consistent with either single or mul-
tiple recombination events, and polyphyly can only
imply multiple events. We use an example to demon-
strate the argument. Let C1 and B1 be representa-
tive sequences for genotypes C and B. Suppose q1

and q2 are two sequences that share a COP where
their genotype switches from C to B. Figure 1 shows
the evolutionary relationships between the recombi-
nants and representative sequences for the portion
of the genome where both recombinants belong to
genotype C. In Figure 1(a), q1 and q2 are poly-
phyletic. It is obvious that two distinct parents
produced the recombinants, and thus there were
two distinct recombination events. In Figure 1(b)
another possible phylogeny is displayed where the
two recombinants are monophyletic. Unfortunately,

C1 C2 C3 C4 C5

Figure 2: Selecting representative genotype se-
quences. C1, . . . , C5 are genotype C non-
recombinant sequences. The filled circles represent
the most recent ancestors of two parents involved in
separate recombination events.

given the current reference sequences, it is impos-
sible to determine how many recombination events
occured in Figure 1(b).

2.2 Choosing representative sequences

The choice of representative genotype sequences de-
termines whether multiple recombination events can
be detected. If representative sequence C1 is unable
to confirm that the recombinants in Figure 1(b) re-
sulted from two events, then another choice of rep-
resentative C sequence, e.g. C2 in Figure 1(c), may
be able to resolve the events. Thus, including more
representative sequences can increase the chance of
detecting multiple recombination events when they
exist.

Unfortunately, both computational difficulty and
statistical uncertainty rise rapidly as more repre-
sentative sequences are included. In recombination
detection, a collection of aligned representative se-
quences is summarized most commonly by a sin-
gle consensus sequence consisting of the majority
nucleotide at each position. However, the consen-
sus sequence is not a real sequence and since the
branching order completely determines monophyly
vs. polyphyly, the consensus sequence cannot be
used to identify recombination events. Instead, we
select a limited number of nonrecombinant, exem-
plar sequences to represent each genotype.

While the number of exemplars per genotype may
be limited by computational burden, exemplars can
be selected to increase the chance of detecting mul-
tiple events. Consider Figure 2, where the phylo-
genetic relationships of five exemplars for genotype
C are shown. Let two polyphyletic recombinant se-
quences descend from the ancestors marked by cir-
cles on the tree. Polyphyly can be detected with
fewer representative sequences as long as at least one
descendent of the more ancient of the two ancestors,
i.e. at least one of C2, C3, or C4, is selected.
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Generally the recombinant branch points will not
be known prior to the analysis. In this case, a sim-
plistic strategy is to select exemplars that cover as
much of the tree structure as possible. Given a topol-
ogy as in Figure 2, we select one exemplar from each
of the two subclades of the root, i.e. select one from
{C1, C2, C3, C4} and one from {C5}. When recombi-
nant branch points are distributed randomly in the
genotype tree, this strategy is the most likely to de-
tect polyphyly. In Figure 2, given sufficient statisti-
cal power to resolve phylogenies, this strategy would
to detect polyphyly 75% of the time.

A second benefit of the strategy is that it can be
applied recursively. If, for example C1 and C5 are
selected, the recombinants would appear as mono-
phyletic, closest neighbors of C1. A recursive analy-
sis could now select two sequences, one each from the
two clades, {C1} and {C2, C3, C4}. Assuming the
correct phylogeny is inferred, there is now a 100%
chance to detect polyphyletic recombinants.

The recursive strategy outlined above relies on a
properly rooted genotype tree. We root genotype
trees by included one exemplar sequence from an-
other genotype, but it is worth noting that rooting
is notoriously error-prone. Other taxon-sampling
strategies are possible, but we attempt no thorough
analysis of this problem here.

2.3 Choosing recombinant sequences

Before we can test for multiple recombination events,
it is necessary to identify a group of recombi-
nants with identical recombinant structure. Any
method that can identify recombinants, including
the parental genotypes and crossover point loca-
tions, can be used to find groups. A method for
clustering recombinant sequences based on inferred
recombinant structure is described in Fang et al.
(2005).

In some cases there may be many more recombi-
nants with the same structure than can be feasibly
included in the analysis. If these recombinants result
from multiple events, then the descendents of each
event should form separate clades in a phylogenetic
tree. Thus, to choose recombinants, we align all re-
combinants, infer a phylogenetic tree with statistical
support (e.g. bootstrap support or posterior branch
probabilities), and randomly select one recombinant
from some or all of the statistically supported clades.

2.4 Multiple recombination events model
(MREM)

Following the DMCP model (Minin et al., 2005),
MREM assumes the alignment is divided into an

unknown number of independent, non-overlapping
segments separated by change points. An unknown
numberM of these change points represent crossover
points where the topology changes because of recom-
bination. Within the same segment, sites are inde-
pendent and identically distributed.

The goal is to test for multiple recombination
events by searching for polyphyly among the recom-
binant sequences. If any region of the alignment
supports polyphyletic recombinants, then we con-
clude that at least two recombination events have
occurred. To quantitate the support for multiple
events, we compute the Bayes’ factor in favor of
polyphyletic recombinants

BPM =
p(polyphyletic | D)

p(monophyletic | D)
× q(monophyletic)

q(polyphyletic)
,

where p(· | D) is the estimated posterior probabil-
ity, q(·) is the prior probability, and the hypothe-
sis “polyphyletic” means the recombinants are poly-
phyletic anywhere along the aligned data.

The data D are N representative genotype se-
quences aligned with R recombinants. Like the
DMCP model, MREM, assumes a fixed genotype
topology for computational reasons, but allows the
R recombinants to branch out anywhere, producing

Ttotal =
(N − 2)![2(N +R)− 5]!

(2N − 4)!2R−1(N +R− 3)!

possible topologies for N > 2 and R > 0. For R > 2
there are

Tmono =
(2N − 3)(2R− 5)!

(R− 3)!2R−3

topologies with monophyletic recombinants. Oth-
erwise, Tmono = 2N − 3. These formulae make it
clear that polyphyletic phylogenies radically domi-
nate monophyletic phylogenies as N or R increases.

Bayes factors can be sensitive to choice of priors
(Kass and Raftery, 1989). To minimize the sensi-
tivity, the prior odds should not stray far from one
(Kass and Raftery, 1995; Suchard et al., 2005). In
the original DMCP model (Minin et al., 2005), a uni-
form prior on topologies leads to a high prior proba-
bility on polyphyly and multiple events. For exam-
ple, when N = 6 and R = 2, there are Ttotal = 99
total topologies possible and Tmono = 9 are mono-
phyletic. When there are M = 3 crossover points,
the prior probability of polyphyly is > 0.9999, pro-
ducing prior odds well above 104 � 1.

To control the prior probability of polyphyly, we
modify the DMCP model prior on topologies τ =
(τ1, · · · , τM+1) with the help of a supplemental vec-
tor G = (G1, · · · , GM+1). Let Gk = 1 when the
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Figure 3: HBV B/C recombinants. Neighbor-joining tree of 50 B/C recombinants with the same recombinant
structure. Branches supported by all 100 bootstrap datasets are labeled. The tested branch is the one
separating the accessions in red from the accessions in black.

topology τk for region k is monophyletic. Otherwise,
Gk = 0. A priori, we assume segments are indepen-
dently assigned monophyly status with probability
βM . To control the prior probability of complete
monophyly at level a, we set

βM = e−
log(a)
M+1 ,

for all M = 0, 1, . . . . Given G, topologies τ are se-
lected uniformly from the appropriate class (poly-
phyletic or monophyletic) of trees with the con-
straint that topologies differ across topology change
points. The resulting (G, τ) can be viewed as the
realization of a Markov chain with state (Gi, τi) in
region i. The initial state distribution is uniform

p(τ1, G1) =

{
βM

Tmono
if G1 = 1

1−βM
Ttotal−Tmono

if G1 = 0,

over all possible monophyletic or polyphyletic trees.

The transition probabilities are

p(τk, Gk|τk−1, Gk−1)

=





βM
Tmono−1 if Gk = 1, Gk−1 = 1

1−βM
Ttotal−Tmono

if Gk = 0, Gk−1 = 1
βM

Tmono
if Gk = 1, Gk−1 = 0

1−βM
Ttotal−Tmono−1 if Gk = 0, Gk−1 = 0,

which leads to the joint prior

q(τ,G |M)

=
βG1

M (1− βM )1−G1

TG1
mono(Ttotal − Tmono)1−G1

×
(

βM
Tmono − 1

)nMM
×
(

1− βM
Ttotal − Tmono

)nMP

×
(

βM
Tmono

)nPM
×
(

1− βM
Ttotal − Tmono − 1

)nPP
,
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where counting over all k > 1,

nMM = # changepoints with Gk−1 = 1, Gk = 1

nMP = # changepoints with Gk−1 = 1, Gk = 0

nPM = # changepoints with Gk−1 = 0, Gk = 1

nPP = M − nMM − nMP − nPM .

2.5 Simulation study

Carr et al. (2001) report 16 HIV B/F recombinants
sampled from three South American countries. Two
of these recombinants (accessions AY037275 and
AY037277) have identical recombinant structures
and were isolated from transmission-linked sexual
partners. It is very likely that these recombinants
result from the same recombination event. Analy-
sis with our model and additional phylogenetic tests
found the two transmission-linked recombinants are
monophyletic throughout the genome.

We extract a 2000 base pair region from the align-
ment where both recombinants belong to genotype
F and use this data set to test the sensitivity of
MREM. Artificial polyphyletic data sets are gener-
ated by swapping a middle segment of one represen-
tative F sequences with one recombinant to produce
a small region of polyphyly. The advantage of us-
ing these artificial data sets is that the region of
polyphyly is known a priori, but the properties of
the sequences are otherwise authentically HIV-like.
Ten data sets with a simulated polyphyletic segment
varying in length from 100 to 180 were tested using
MREM.

Figure 4: HBV fixed parental tree. Neighbor-joining
tree of the six selected non-recombinant HBV geno-
type sequences. Bootstrap support for each branch
is included.

2.6 Analysis of HBV B/C recombinants

Sugauchi et al. (2002) identified 41 HBV recombi-
nants with the same mosaic structure C-B. Fang
et al. (2005) not only confirmed the earlier result,
but identified 68 additional recombinants with the
same structure. A phylogenetic analysis of all these
recombinants identifies several clades with 100%
bootstrap support. Figure 3 shows a pruned version
of the tree including only 50 of the total 109 B/C re-
combinants for clarity. We select the longest branch
with 100% bootstrap support and use MREM to test
the hypothesis that this branch defines two, distinct
recombination events.

There are too many recombinants to include
in a single analysis, so we randomly select four
recombinants (AY206380, AB073836, AB073835,
AY033073), two from each group. We also select
four recombinant sequences (AB073836, AY206380,
AY206383, AB073841) from the larger group as a
rough control for monophyly. Both data sets were
aligned to HBV genotypes A,B,C, and D. We
chose two representative sequences from each geno-
type as described in the methods. The fixed parental
tree relating these selected representative sequences
is shown in Figure 4.

3. Results

3.1 Simulation study

We generate six data sets, five with a simulated poly-
phyletic regions of varying length 100 to 180 and one
fully monophyletic. Table 1 reports the Bayes fac-
tor in favor of polyphyletic recombinants, as well as
the bias and length of the 95% Bayesian confidence
intervals for the estimated COP locations. The sig-
nificance of Bayes factors are assessed according to
the scale presented by Kass and Raftery (1995). As
the length of the polyphyletic region increases above
120, there is decisive evidence of polyphyly. The
accuracy of crossover point estimation lags behind
sensitivity for polyphyly. Confidence intervals for
the COP locations did not vary much for the range
of simulated data.

3.2 Analysis of HBV B/C recombinants

Recombinants involving genotypes B and C with
a crossover point near the end of the S gene have
been observed frequently in HBV-infected individu-
als (Sugauchi et al., 2002). To determine whether
these recombinants might have descended from mul-
tiple events, we select four recombinants and six rep-
resentative genotype sequences for MREM analysis.
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Segment log10 Significance COP 1 COP 2
Length BPM Bias BCI Bias BCI

none −0.98 strong support monophyly NA NA NA NA
100 −0.25 barely in favor NA NA NA NA
120 −0.18 barely in favor NA NA NA NA
140 1.34 strongly support polyphyly 28 123 9 75
160 1.33 strongly support polyphyly 28 123 10 75
180 2.57 decisively support polyphyly 5 126 0 44

Table 1: Simulation results. We report the length of the simulated polyphyletic segment, the log base 10
Bayes factors in favor of polyphyly, and the Kass and Raftery (1995) interpretation of the Bayes factor
significance. Columns 4 and 6 give the average posterior bias for the first and second COP, respectively.
Columns 5 and 7 give the widths of the 95% Bayesian confidence intervals for the first and second COP,
respectively.
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Figure 5: MREM analysis of four HBV B/C recombinants from different subgroups. Gene locations are
plotted at the top. In the top plot, we report the combined marginal posterior probability of all topologies
assigning genotype B (solid line), genotype C (dashed line), or other genotypes (dotted line) to the four
recombinants at each position along the genome. The bottom plot shows the posterior support for polyphyly
(gray line) or monophyly (black line) at each genome position.

Figure 5 plots a rough map of the genes along
the HBV genome as well as the marginal posterior
distribution of τ and the posterior probability of
polyphyly or monophyly at each position along the
genome. The plot of τ clearly indicates that all four
recombinants share the C-B recombinant structure,
with a crossover point near position 500. The plot

of polyphyly vs. monophyly indicates that all four
recombinants are monophyletic in the 5′ C region,
but distinctly polyphyletic in the 3′ B region. The
same data when analyzed with the DMCP model
are consistently 100% polyphyletic throughout the
alignment, including the 5′ region (data not shown).

We also test whether four recombinants selected
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from the larger group (upper clade in Figure 3) show
any evidence of polyphyly. The log10 Bayes factor
BPM = −0.873, supporting monophyly. Further
analysis with additional recombinants and represen-
tative sequences may produce support for polyphyly,
but we did not undertake an exhaustive search.

4. Discussion

MREM tests for the possibility that multiple recom-
bination events produced a group of identical re-
combinant structures. Our simulations show that
polyphyletic regions as small as 140 nucleotides are
detectable with high support for data derived from
HIV-1 sequences. In general, however, sequence di-
versity and relationships will determine the power to
detect monophyly.

We examine six HBV B/C recombinants with
identical structures and find strong support for poly-
phyly. Closer analysis of the phylogeny supported in
the polyphyletic region indicates two recombinant
clusters, thus at least two recombinant events. The
appearance of at least two events in the history of
these sequences supports the observation that the
location of the single crossover point in this recombi-
nant is a possible recombination hotspot (Fang et al.,
2005). Assuming these are the only two recombina-
tion events in this dataset, it is clear that the de-
scendents of one of these events have been inordi-
nately successful, having been sampled 102 times in
the public databases.

MREM controls the prior probability of polyphyly
at any arbitrary level. Given a uninformative prior
on polyphyly, the method supports monophyly in
the genotype C region of the HBV B/C recom-
binants shown elsewhere to descend from multiple
events. Evidently, there is unresolved polyphyly in
this region that the selected genotype C representa-
tive sequences are unable to detect. Interestingly,
the DMCP model, which generously favors poly-
phyly a priori, exclusively supports polyphyly at
all positions of the alignment. It is impossible to
compute a Bayes factor given this kind of result.
Even for cases where the data allow computation
of a Bayes factor, DMCP results should be treated
with caution. Since the DMCP prior odds for poly-
phyly are often very large, Bayes factors computed
by the DMCP model are expected to be less accurate
than those computed by MREM (Kass and Raftery,
1995).
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