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Abstract

A versatile visual approach for detecting recombination and identifying recombination
breakpoints within a sequence alignment is presented. The method is based on two novel
diagrams - the highway plot and the occupancy plot - that graphically portray phylogenetic
inhomogeneity along an alignment, and can be viewed as a synthesis of two widely used but
unrelated methods: bootscanning and quartet-mapping. To illustrate the method, simulated data
and HIV-1 and influenza A datasets are investigated.

Background

Recombination is an important evolutionary process and is
one of the key factors shaping the structure of genes and
genomes. Moreover, it plays a major role in contributing and
maintaining genetic diversity in populations. Testing for
recombination is important since sequence analysis under
the assumption of a single underlying phylogeny can be
severely biased by the presence of recombination [1-4]. Con-
sequently, modeling and detection of recombination has
received great attention [3,5-8].

The fact that recombination breaks down the correlation
between the evolutionary history of different regions in a
genome provides the rationale used by most approaches to
identify recombination in molecular sequences. Generally,
these tend to fall into two different classes. One class is
based on the explicit reconstruction of gene trees for differ-
ent parts of a sequence alignment and subsequent compari-
son of tree topology and branch lengths. Any differences are
used as indicators for underlying recombination events. The
most widely used method of this kind is bootscanning [9].
The other class only aims to determine the presence or

absence of recombination, without trying to infer
recombination breakpoints. This is achieved by searching for
patterns in the sequence data that contradict the null-hypoth-
esis of a single evolutionary history and does not require
reconstruction of several gene trees along the sequence
[10,11]. All these methods for inferring recombination
involve a high degree of computation since full genealogies
have to be inferred and/or distributions for test statistics
have to be generated using, for example, the parametric [11]
or nonparametric bootstrap [9] or Markov chain Monte
Carlo simulations [12].

Here we introduce a novel and computationally inexpensive
visual approach for detecting recombination and inferring
breakpoints. This method emphasizes data exploration and
can be regarded as a synthesis of bootscanning [9] and the
quartet-mapping approach for analyzing the tree-likeness of
sequence data [13,14]. In particular, it employs quartet-trees
to rapidly scan for phylogenetic inhomogeneity along a
sequence alignment. The information gathered during the
scan is then condensed into two diagrams, which we have
dubbed the highway plot and the occupancy plot.
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These diagrams indicate whether and where recombination
has taken place. Some examples of these plots are illustrated
in Figures 1-5. In the highway plot (see for example,
Figure 4, bottom left, for a highway plot constructed for a
viral sequence alignment), the horizontal axis represents the
sites in the alignment, whereas the vertical axis indicates
changes of topology and branch length of the inferred
quartet-trees along the alignment. The fact that a quartet-
tree inferred for four sequences can have three possible
topologies is indicated by the three ‘lanes’ which lie between
the three horizontal lines in the plot. Each curve or ‘trajec-
tory’ in the plot basically represents changes in the inferred
quartet-tree along the alignment for a particular quartet of
sequences. To reduce noise we employ a filtering or pre-
screening procedure to the trajectories, which we call ‘trajec-
tory filtering’, that selects only those quartets which produce
a relatively high signal.

The occupancy plot is a complementary diagram to the
highway plot (see for example, Figure 4, bottom right, for the
plot complementary to the highway plot in Figure 4, bottom
left). This displays an ‘occupancy’ statistic which summa-
rizes the positions of the trajectories within the lanes along
the alignment. In particular, this indicates where substantial
changes in quartet-tree topology occur along the alignment.
The full mathematical details underlying construction of the
highway and occupancy plots are presented in the Materials
and methods section.

This approach to visual recombination detection is capable of
detecting both recent and ancestral recombination events and
allows the rapid exploration of an alignment for recombina-
tion. In the next section we demonstrate this by applying our
new approach to a number of simulated datasets and two viral
sequence alignments. Subsequently, we discuss the merits and
limitations of this method and in the final section present the
underlying mathematical principles and algorithms.

Results and discussion

We used several simulated and biological datasets to test the
utility of visual recombination detection using highway and
occupancy plots. We present a series of representative simu-
lated datasets as well as two biological datasets as illustra-
tion of our findings. In all cases plots were similar to those
we present here. Our program VisRD (see Materials and
methods) was used with standard settings, that is, window
size 200 base-pairs (bp), step size 10 bp, maximal change in
0 = 0.2 m, unless stated otherwise. All data discussed here
are included in the VisRD distribution (file names *.vse are
given in parentheses).

Simulated data

To simulate data we follow the procedure described in [15].
Simulated alignments of nine sequences are generated by
seq-gen [16] version 1.2.5, which basically evolves a
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sequence along two or more distinct trees with the same
number of leaves and concatenates the resulting alignments.
In the results presented here alignments of total length
1,000 bp were generated using the HKY model of sequence
evolution and a transition/transversion ratio (k) of 4.

Results for several representative simulated datasets are
depicted in Figures 1-3. In Figure 1, data were generated
along a single underlying tree to simulate absence of recom-
bination (testno.vse). In the data for Figures 2 and 3, a
recombination breakpoint was introduced by altering the
underlying tree topology at position 500 (see Figure 6 of [15]
for more details). In each case we employed trajectory filter-
ing (as described in Materials and methods), using the top 5
quartets, top 20 quartets, and all possible 126 quartets (cor-
responding to the three rows in Figures 1-3).

As expected, the topology of the underlying tree was an
important factor. In Figure 2a a nearly balanced (symmetric)
underlying tree (bbc8.vse) was used, whereas for Figure 3 we
used a completely unbalanced (skewed) underlying tree
(bud.vse). In the case where the underlying tree is unbal-
anced (so that the possibility of many quartet trees with small
internal branch lengths is increased) it is necessary to remove
a greater number of low-ranking quartets to reduce noise.

In the absence of recombination (Figure 1) both the highway
and occupancy plots clearly indicate a homogeneous phy-
logeny along the alignment, whereas in the other plots a
breakpoint is clearly indicated. Note that the estimated posi-
tions of breakpoints shift somewhat from their actual posi-
tion when the alignment scanned has been generated using
an unbalanced tree (Figure 3). This shift was also observed
when a bootscan analysis was made on the same alignments,
and thus it is probably a general phenomenon rather than an
artifact of our method.

As can be seen in all of the plots, the number of quartets
used in the scan significantly affects results. Unlike occu-
pancy plots, highway plots can display the evidence of
recombination even if a large number of quartets are
selected (see row 3 in Figures 2 and 3). However, they tend
to be less exact than occupancy plots. If there is a recombi-
nation breakpoint, then using a small number of quartets or
even a single quartet will typically result in a very clear occu-
pancy plot from which the breakpoint position can be
detected easily (for example, see the first rows in Figures 2
and 3). Larger numbers of quartets lead to a gradual weak-
ening of this signal. However, when a small number of quar-
tets is chosen, the plots may give rise to false positives as
phylogenetically insignificant point movements may be
selected by the trajectory-filtering algorithm, which can
dominate the plot.

We also investigated inference of ancestral recombination and
multiple recombination events (data not shown). In ancestral
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Figure |
Highway and occupancy plots for simulated data with no recombination.

recombination only an ancestor is recombinant (that is, an
internal node in the tree/network) and none of the investi-
gated sequences is. We found that highway and occupancy
plots consistently identified breakpoints for such data. The
plots for multiple breakpoints were very similar to those
shown in Figures 2 and 3, except that they indicated more
breakpoints. Note that - as with all sliding window approaches

- the window size has to be adjusted according to the number
of expected breakpoints along the sequence (that is, the more
recombination breakpoints the shorter the window).

Choosing suitable parameters
From the simulation studies we can also derive some guide-
lines for choosing the optimal setting for the number of
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quartets and the windows used by the VisRD program. In
our experience the default values (window size 200 bp and
20 quartets) are practical for many datasets but often also
need to be adjusted.

Generally, it is desirable to use fewer rather than more quar-
tets as this will increase the signal accuracy and remove noise
connected with underlying unbalanced trees (see simulations
above). However, to avoid the risk of relying on the ‘wrong’
quartets it is best not to use too few quartets. Similarly, in the
interest of phylogenetic accuracy the window size should also
be chosen to be as large as possible. To be able to locate the
breakpoints more precisely and to detect multiple break-
points the window size should not be too small.

Hence, both for the number of quartets and the window size,
a trade-off between two contradictory aims must be found.
In any analysis it is therefore recommended to investigate
several plots with different settings and to choose those con-
sistently giving rise to the clearest signal.

Molecular data

Recombinant HIV-| sequence 93BR029

The human immunodeficiency virus 1 (HIV-1) 93BR029
sequence is known to be a mosaic of HIV-1 subtypes B and F
[17]. We analyzed the alignment shipped with the program
SimPlot v.3.2b [18], which contains nine sequences of length
1,690 bp from subtypes A-H and 93BR029 using the gag
region of the HIV-1 genome (file gagtest.vse). Figure 4 shows
several highway and occupancy plots for this alignment. We
used a window size of 300 bp and took the best 5, 10 and 20
quartets to obtain the plots.

From both the highway and the occupancy plots it is evident
that the sequences in this dataset underwent recombination,
resulting in two observed recombination breakpoints around
positions 580 and 890. Note that the trajectories of the
highway plot change lanes simultaneously in all three lanes
at the breakpoints.

As well as detecting breakpoint positions, the highway plots
may be wuseful for identifying putative recombinant
sequences. In particular, after trajectory filtering, a rela-
tively small set of quartets typically remains. By looking at
the frequencies with which the various taxa appear in this
set of quartets - extending a similar approach for identifying
recombinant sequences in a given alignment that was pre-
sented in [15] - it is possible to identify the taxa that most
obfuscate a uniform phylogenetic signal across the align-
ment. For instance, when 20 quartets were chosen as the
basis of the highway plot, the recombinant sequence
93BR029 appeared in all of the 20 quartets. The next most
frequent sequence (B) was represented only in 14 of the 20
selected quartets. Similarly, 93BR029 was also the only
sequence that was always present when 10 or 5 quartets
were selected.
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Influenza 1918 pandemic

Gene sequences from the influenza virus that caused the 1918
pandemic were analyzed in [19], where it was concluded that
these sequences had been subject to recombination, and it
was posited that this may have contributed to the virulence of
the virus. Subsequently, these results were disputed in [20]
with the argument that there is no evidence for a recombina-
tion event and that the putative recombination signal in the
data was an artifact of differing evolutionary rates.

In Figure 5 we present highway and occupancy plots for the
influenza alignment with 26 sequences of length 1,695 bp
(influenzaA.vse). We fixed the number of quartets at 20 and
explored the dataset using different window sizes between
400 bp and 800 bp. Two main things can be seen from
Figure 5. First, the data contain a large amount of phyloge-
netic noise, and hence a large window size has to be used to
increase signal quality. Second, in accordance with [20],
there is no observed concerted change in trajectories in the
highway plot and thus no overall evidence for a recombina-
tion breakpoint in the data.

However, there are some insular trajectories that sporadi-
cally cross lanes in the highway plot (for example, at position
850 bp) and the occupancy plot is also very noisy. Therefore
we further assessed the possibility of a recombination event
in the 1918 influenza sequence (South Carolina 1918) by
examining the taxon frequencies in the selected 20 quartets.
The South Carolina 1918 sequence was present in only 4 of
the 20 quartets, whereas other sequences (for example, Kiev
1979 and Mongolia 1988) were found in 9 quartets. There-
fore recombination in the South Carolina 1918 sequence can
be excluded with high degree of certainty.

Comparative bootscanning, PLATO, and RecPars
analysis

For validation and comparison purposes we also analyzed
the molecular datasets using PLATO [21], RecPars [22] and
bootscanning [9]. These three methods were chosen from
the set of methods studied in [6] because all of them are -
like the highway and occupancy plots introduced here -
explicitly based on phylogenetic trees. Bootscanning is a
visual exploratory method, and PLATO and RecPars are ana-
Iytical approaches.

To analyze the data with PLATO v.2.11 we first reconstructed
maximum-likelihood gene trees using TREE-PUZZLE 5.0
[23], where the best binary tree found in the set of interme-
diate puzzling-step trees was chosen as the candidate tree for
PLATO. In the subsequent analysis, PLATO inferred six
recombinant regions for the HIV-1 dataset and one recombi-
nant region for the 1918 influenza dataset.

For the RecPars analysis we submitted the datasets to the
online analysis tool at [24]. However, only the HIV-1 dataset
was analyzed; the influenza dataset could not be investigated
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Figure 2

Highway and occupancy plots for simulated data with recombination and balanced trees.

because of its size (26 sequences). For the HIV-1 datasets,
RecPars found 34 recombinant regions.

The results obtained from the PLATO and RecPars analysis
seem to indicate at first sight that both datasets are highly
recombinant. However, in both cases all inferred recombinant

regions were fairly small, having lengths between 4 and
40 bp. Moreover, it is well-known that both methods suffer
from the problem of false positives [6]. At the same time,
they also give reliable results only for strong recombination
signals. It therefore seems likely that the observed recombi-
nant regions are artifacts due to the phylogenetic noise in
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Figure 3

Highway and occupancy plots for simulated data with recombination and unbalanced trees.

our example datasets. This is further confirmed by noting
that none of the recombinant regions found by PLATO and
RecPars corresponds to each other, or to those detected by
VisRD. However, note that the relative assessment - that the
HIV-1 data are more recombinant than the influenza data -
is in agreement with our analysis using VisRD.

We also analyzed the datasets using bootscanning as imple-
mented in SimPlot v.3.2b [18]. This method detects recom-
bination breakpoints under the explicit assumption that a
certain sequence has been generated by recombination.
Several values for the setting parameters were tried with
very similar results. The scans presented here make use of
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Figure 4

Highway and occupancy plots for an HIV-1 gag region alignment containing the recombinant sequence 93BR029. The red vertical lines indicate the two
putative breakpoints.

the default settings with a window length of 200 bp and a  approximate sequence positions 580 and 89o. This result is
step length of 20 bp. nearly identical to that obtained by quartet-scanning.

The bootscan graph of the putative recombinant HIV-1  Bootscanning was also applied to the influenza A set. The
sequence 93BR029 is displayed in Figure 6a. The graph indi-  resulting graphs (Figure 6b) show no clear sign of any

cates one recombinant region with breakpoint positions at ~ recombination in the suggested recombinant sequence
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Figure 5

Highway and occupancy plots for the 1918 influenza virus dataset. The window size varies from 400 to 800 bp.

(South Carolina 1918) or in any other. Again, the results are

consistent with the quartet-scanning results.

Conclusions

There are many methods available for detecting recombina-
tion [3,5-7]. Most of these approaches are based on explicit

statistical models and are also computationally intensive.
The highway and occupancy plots presented in this paper
provide a complementary approach. In the tradition of
exploratory data analysis [25], these plots identify recombi-
nation by appropriately visualizing the data. Using simu-
lated and molecular data we have shown that this approach
promises to give fast and accurate results.
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Figure 6
Bootscan plots. (a) HIV-I data; (b) 1918 influenza virus data.

We have compared our visual method with some other widely
used approaches. The most similar method is bootscanning
[9], which works by detecting shifts in the bootstrap support
for clades in trees computed along the sequence alignment.
Generally, using our method we obtain results that are in

accordance with those from bootscanning. However, our
approach has some features that are complementary to
bootscanning. First, our plots have the benefit that no
hypothesis regarding which sequences are recombinant is
required a priori. Second, the highway and occupancy plots
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can be used for datasets with a larger number of sequences
than bootscanning as we investigate only quartet trees rather
than full-sized genealogies along the alignment. Third, we
are able to identify not only breakpoints but, by looking at
the taxon frequencies in the sampled quartets, putative
recombinant sequences also.

However, one potential drawback of our method is that the
visualization process can break down if the dataset contains
too many recombinant sequences. In this case it is hard to
separate noise from recombination signal, both for visual
and statistical approaches. Furthermore, processes other
than recombination, such as rapid change of evolutionary
rates, could cause phylogenetic inhomogeneity, and thus
lead to false positives. Finally, it may be difficult to choose
suitable parameters (that is, window size and number of
quartets used) when there is a lot of noise in the data. In
practice it is therefore probably best to verify breakpoint
estimations using several methods, combining visualization
with more traditional analyses.

To summarize, the highway and occupancy plots are two ver-
satile tools for performing a preliminary exploratory analysis
of data. Both can be employed quickly with a minimum of
prior assumptions. To analyze a dataset, the best approach
may be to first use highway plots with different numbers of
quartets to ascertain the presence of breakpoints and then
estimate their positions more precisely using occupancy
plots with smaller numbers of quartets. Putative recombi-
nants may then be identified using these quartets. Not least
because of the pervasiveness of recombination, we believe
that visual recombination detection will have an important
role in sequence analysis.

Materials and methods

Outline

Our new method for visualizing and detecting recombina-
tion consists of two main steps. First, the mode of evolu-
tion along a given sequence alignment is measured by
applying quartet-mapping [13,14] to successive parts of the
alignment using a sliding window approach. In this way
phylogenetic (in-)homogeneity over sites is quickly
assessed without requiring possibly expensive estimation
of full-sized genealogies. Second, the data so generated are
filtered and visualized. In particular, the highway and
occupancy plots (introduced in the Background section)
are constructed. These allow detection of recombination
by inspection.

Quartet-mapping

Quartet-mapping is a technique for visualizing the tree-like-
ness of a set of aligned sequences that was introduced in
[14], and is a generalization of likelihood-mapping [13]. Both
quartet- and likelihood-mapping are related to the method
of statistical geometry [26].

Strimmer et al.

http://genomebiology.com/2003/4/5/R33

With four taxa there are exactly three possible fully resolved
topologies: T,, T, and T,. For each quartet of aligned
sequences a support o; is computed for each of the quartet
trees T}, 1 = 1 = 3. This support can be either the likelihood
of the sequences given the tree, a measure that is used in
likelihood-mapping [13], or it can be computed using dis-
tance or parsimony techniques [14], as we do here. A relative
support s; is also computed for each tree T; defined by:

so that 0 = s5; = 1. The main idea behind quartet-mappings is
to represent the relative support values s, s,,, s, as a vector in
two-dimensional space (noting that the three components s;
are dependent on each other, as s, + s, + S, = 1). In the
quartet-mapping, each vector is represented by a point in an
equilateral triangle using a barycentric coordinate system
(Figure 7a). For instance, the three vectors (1, 0, 0), (0, 1, 0)
and (o, 0, 1), corresponding to the perfect tree topologies T,
T,, and T, respectively, are represented by the three vertices
of the triangle, whereas the vector (1/3, 1/3, 1/3), assigning
equal weight to all three quartet trees and hence correspond-
ing to the star tree, is represented by the central point of the
triangle. For an alignment of n sequences, there are (7} possi-
ble quartets of sequences, so that a complete quartet-
mapping triangle contains (}) points. The distribution of
these points in the triangle provides an intuitive picture of
how the sequences might have evolved [13].

Visual detection of recombination

The basic strategy for visual detection of recombination is to
first slide a window along the alignment in a stepwise, over-
lapping fashion, computing at each step a quartet tree for
each quartet of sequences and its corresponding point in the
quartet-mapping triangle. Subsequently, the trajectories that
the resulting points along the alignment follow in the trian-
gle are analyzed. If recombination is present, the evolution-
ary history of the sequences changes along the alignment
and, as a consequence, the support of the topology of some
of the quartet trees will change. This causes movements of
the corresponding points in the quartet-mapping triangle. In
general, positions in the alignment where there are large
deviations will result in fluctuations that can indicate possi-
ble breakpoints.

Because there is a wealth of data in even a single quartet-
mapping triangle, it is not possible to display the informa-
tion gathered along the alignment without some amount of
data reduction. In our approach we visualize the trajectories
that the points follow in the quartet-mapping triangle in a
two-dimensional graph called the highway plot, which is
constructed as follows. Polar coordinates (r, 6) are chosen
for the triangle, as shown in Figure 7b. A point in the triangle
corresponding to a window in a sequence alignment starting

Genome Biology 2003, 4:R33
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Figure 7

The quartet-mapping triangle. (a) Barycentric coordinate system; (b) polar representation. In both (a) and (b), C denotes the centroid (1/3, 1/3, 1/3) and

P some general point (s, s,, 53).

at position x is then represented by a point (x, ) in a graph
which has x along the horizontal axis and 6 along the vertical
axis. This point is plotted on a gray scale with a darkness that
increases with r. Points in the center of the triangle are trans-
parent whereas those at its vertices are black. As many quar-
tets are plotted simultaneously, a technique called saturation
brushing is used to ensure that there is a cumulative effect on
the darkness of the points of the highway plot [27,28].

In the highway plot, most trajectories will usually cluster in
the middle of one of three lanes that correspond to the three
corners of the triangle. In the presence of a recombination
breakpoint, many trajectories within some or all of these
lanes will simultaneously cross into neighboring lanes (see
for example, Figure 2).

As a supplement to the highway plot, we provide an occu-
pancy plot, which is another two-dimensional graph that is
constructed as follows. For each window in a sequence align-
ment starting at position x the quartet-mapping triangle is
divided into three equally sized regions, as indicated by the
dashed lines in Figure 7a (just as in quartet- or likelihood-
mapping (see Figure 3 of [13]). Subsequently, for each region
the percentage of points p in this region is computed and
represented by a point (x,p) on a graph that has x along the
horizontal axis and p along the vertical axis. This results in a
graph consisting of three curves that indicate the percentage

of points occupying each region for each window along the
alignment (see for example, Figures 2 and 3). Recombina-
tion events are usually indicated by rapid changes in the
occupancy distribution.

Trajectory filtering

The behaviors described above for the highway and occu-
pancy plots in the presence of recombination are rather sim-
plistic. In reality, there are several comparatively strong
sources of noise that can obscure any recombination signal.
Thus one of the main obstacles in detecting recombination
utilizing quartet-mappings is devising suitable filters for this
intrinsic noise. This may explain why our success in detect-
ing recombination using method proposed in [15] was
extremely limited (data not shown). The only other attempt
to detect recombination using a quartet approach that we
know of [29] also lacked an explicit quartet filtering step.

Our approach to filtering consists of several elements. For an
alignment of n sequences we either analyze all possible (%)
quartets or, if n is large (n = 10), we make a random selec-
tion of (1) quartets and use these in all subsequent analysis.

We begin by ranking the quartets according to how far their
corresponding trajectories deviate along the alignment as
follows. An initial scan is made using all possible quartets in
which the position of every point in the triangle is recorded
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for each window. Subsequently, for each quartet the mean
position of all of its corresponding points in the triangle
along the alignment is computed, and, using the Euclidean
metric [14], the maximum distance from each of these points
to the mean position is computed. The quartets are then
sorted so that those with the largest such distance come first.
A recombination event will be visible mainly in the trajecto-
ries of the highest-ranking quartets, whereas the lower-
ranking quartets contribute noise that can obscure the
signal. Thus, when visualizing recombination signals, best
results are usually achieved by selecting only a relatively
small number (5-20) of top-ranking quartets (compare
Figures 2 and 3, and see Results).

A second filter is implicit in the color scheme adopted for the
highway plot. Points near the center of the triangle represent
quartets that are nearly star-like, and thus contain little phy-
logenetic information. However, owing to their proximity to
the center these points will have low intensity in the highway
plot, so that phylogenetically weak quartets do not make a
high visual contribution to the resulting plot.

Third, because of the use of polar coordinates, points near
the center of the triangle can have disproportionately large
effects on the highway plot, as a small change in position
near the center can lead to a large variation in the 6 coordi-
nate. Further random variation can also arise as a result of
sampling error when quartet-trees are reconstructed from
finite-length sequences. This error depends on the window
size and can also lead to large random jumps in the value of
6. To eliminate these two sources of noise, we impose a user-
defined threshold that fixes the maximum allowed change in
0 between the positions of the points corresponding to the
quartet trees computed for two consecutive windows. The
quartets removed in this step are ignored only for the
current window, where they are phylogenetically uninforma-
tive, leading to little loss of relevant information.

Computer program

The highway and the occupancy plots, as well as trajectory
filtering and animated quartet-mappings, are implemented
in a user-friendly program called VisRD (Visual Recombina-
tion Detection or ‘Wizard’). VisRD can be downloaded from
[30] and is distributed under the terms of the GNU General
Public License. VisRD requires Java 2, version 1.3 (or later).
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