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ABSTRACT

Motivation: Existing coalescent models and phylogenetic tools
based on them are not designed for studying the genealogy of
sequences like those of HIV, since in HIV recombinants with multiple
cross-over points between the parental strains frequently arise.
Hence, ambiguous cases in the classification of HIV sequences
into subtypes and circulating recombinant forms (CRFs) have
been treated with ad hoc methods in lack of tools based
on a comprehensive coalescent model accounting for complex
recombination patterns.

Results: We developed the program ARGUS that scores
classifications of sequences into subtypes and recombinant
forms. It reconstructs ancestral recombination graphs (ARGs) that
reflect the genealogy of the input sequences given a classification
hypothesis. An ARG with maximal probability is approximated
using a Markov chain Monte Carlo approach. ARGUS was able
to distinguish the correct classification with a low error rate from
plausible alternative classifications in simulation studies with
realistic parameters. We applied our algorithm to decide between
two recently debated alternatives in the classification of CRF02 of
HIV-1 and find that CRF02 is indeed a recombinant of Subtypes A
and G.

Availability: ARGUS is implemented in C++ and the source code is
available at http://gobics.de/software

Contact: ibulla@uni-goettingen.de

Supplementary Information: Supplementary data are available at
Bioinformatics online.
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1 INTRODUCTION

A coalescent model incorporating recombination was first introduced
by Hudson (1983). In the presence of recombination, the genealogy
of a set of sequences can be represented as a so-called
ancestral recombination graph (ARG) rather than a tree (Griffiths
and Marjoram, 1997). In human immunodeficiency virus (HIV)
recombination is frequent and recombinant forms of the virus
that spread are called circulating recombinant forms (CRFs). In
current nomenclature, sequences of the epidemiologically most

*To whom correspondence should be addressed.

relevant clade, HIV-1 Group M, are classified into 9 subtypes
and 43 CRFs [see Los Alamos National Lab (LANL)-database;
http://www.hiv.lanl.gov]. The CRFs have (usually multiple)
recombination breakpoints between unrecombined segments of the
‘pure’ parental subtypes.

Algorithms for subtype classification and breakpoint detection of
HIV-1 sequences are based on the classification system of HIV-1
(Robertson et al., 2000). Hence, their quality highly depend on this
system. But due to the evolution of HIV-1 nomenclature, developed
in real time in conjunction with emerging knowledge of the global
diversity of the virus, the current nomenclature has anomalies. E.g.
the phylogenetic distance between Subtypes B and D is relatively
small compared to that of other pairs of subtypes. In fact, it is more
like the distance of a pair of subsubtypes (Robertson et al., 2000).

Furthermore, several questions about the current classification
system of sequences are unanswered or debated: There are 8
complete and over 400 partial HIV-1 Group M genomes in the
LANL-database, which are ‘undefined’, i.e. belong neither to a
subtype nor to a CRF (this is due to many reasons, e.g. parental
sequences have not been identified yet). Additionally, in the
nomenclature system CRF02 is considered to be a recombinant of
subtype A and G, but recently some evidence has been presented
in the literature suggesting that CRF02 would actually be better
described as a subtype and subtype G as a recombinant (Abecasis
etal.,2007; Lemey et al., 2009). A few years ago it was also debated
whether CRFOL1 is in fact a pure subtype (Anderson et al., 2000).

Moreover, assignments in the database are reflected on diverse
classification strategies employed by different investigators in
the primary literature. Therefore, it is desirable to have tools
for classifying the HIV sequence set systematically based on
a comprehensive coalescent model accounting for complex
recombination patterns.

While the problem of recombination has been well documented
in HIV-1, recombination also occurs in the other lentiviruses.
Moreover, intra-segmental recombination has been reported from a
large variety of other viruses, e.g. coronaviruses, flaviviruses,
alphaviruses, rotaviruses, influenzaviruses, hantaviruses,
arenaviruses and avian oncoviruses (Bergmann et al., 1992;
Charrel et al,, 2001; Hahn et al., 1988; Jarvis and Kirkegaard,
1992; Lai, 1992; Leitner, 2002; Orlich et al., 1994; Shaikh et al.,
1978; Sibold et al., 1999; Worobey et al., 1999). Furthermore,
recombination plays also a role in other species, such as bacteria
(Feil and Spratt, 2001; Goss et al., 2005). Thus, it is possible that
many virus systems would benefit from a systematic classification
that explicitly includes recombination (Foley and Fauquet, 2008).
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Our work addresses the simpler subproblem to score
classifications of given input sequences of some virus species.
‘Classification’ here denotes a partitioning of the input sequences
into several subtypes and, if applicable, CRFs. To score a
classification, we reconstruct ARGs of the input sequences under
restrictions determined by the classification (see Fig. 2 for an
example or Supplementary Fig. 12 for a colored version). These
restrictions are imposed in order to ensure that the reconstructed
ARGs do not contradict the classification under consideration. Then,
we find the ARG with maximal likelihood by means of Markov chain
Monte Carlo (MCMC) methods. The likelihood of the most likely
ARG is interpreted as a score for the classification.

Finally, we apply ARGUS, the implementation of our algorithm,
to decide between the two main hypotheses regarding CRF02.

Although up to now ~50 tools for classification of HIV-1
genomes, identification of recombinants and precise breakpoint
detection have been developed—e.g. Recombinant Identification
Program (RIP) (http://www.hiv.lanl.gov/content/sequence/RIP/RIP.
html), REGA HIV-1 Subtyping Tool (referring to the Rega Institute
for Medical Research) (de Oliveira et al., 2005) and Recco (Maydt
and Lengauer, 2006)—, to our knowledge, our particular problem
fits only roughly into the scope of one algorithm (VisRD, described
in Lemey et al., 2009). A comparison with respect to performance
and scope between our algorithm and VisRD is carried out in
Section 3.3.

Moreover, the software package Lamarc (Kuhner ef al., 2000)
allows for sampling ARGs, but it assumes that recombination events
only involve one breakpoint. However, HIV recombinants usually
have more than one breakpoint. Moreover, Lamarc does not perform
an explicit breakpoint detection, but tries to find them by chance.
Although this approach is suitable for most situations, it will not
lead to satisfying results in case of highly recombining viruses with
multiple breakpoints.

Up to now, researchers confronted with the task to classify
genome sequence data strongly affected by recombination with
multiple crossovers normally segmented the aligned genomes in
recombination-free parts [Simplot (Lole et al., 1999) is a widespread
tool for this task] and analyzed these parts with traditional
phylogenetic tools. The information stemming from different parts
of the genome had to be assembled by ad hoc methods (Abecasis
et al., 2007; Bailes et al., 2003; Lukashev et al., 2005).

2 METHODS
A classification is a partition of the input sequences {s1,...,s,} into disjoint
sets P1,..., P, and Ry,...,R,, , where each set P; contains the sequences

belonging to the i-th (pure) subtype and each set R; contains the ones
belonging to the i-th CRF. An example of a classification is given in the
upper part of Figure 1 (see Supplementary Fig. 11). The algorithm takes the
input sequences and a hypothesis classification and scores the classification
by constructing a likely ARG for the sequences under this classification.

Notice that CRFs (in our notation) are allowed to be composed of less
than three epidemiologically independent sequences violating the definition
of a CRF (Robertson et al., 2000). Nevertheless, we will use the word ‘CRF’
as this is the most typical application.

2.1 Preparing step

All input sequences are aligned and only positions composed entirely of non-
gaps are further considered. Then, the breakpoints of the input sequences
designated as recombinants are identified and the subtypes of the resulting

A A A B C C CRF1 CRF1 CRF2
LB B [ e R e— ] —— [Saaaw

apply jpHMM to CRFs

N BN B T ] ] T D e

Fig. 1. Example of a classification of nine sequences into three subtypes
(A-C) and two CRFs (CRF1, CRF2). At the bottom the recombinants have
been segmented and the segments assigned a subtype by jpHMM.

segments are classified by jumping profile hidden Markov model (jpHMM),
introduced by Schultz et al. (2006) and Zhang et al. (2006). An example
of this step is shown in the lower part of Figure 1. We use jpHMM for
breakpoint detection since we need a fully automatically working tool.

jpHMM is a probabilistic generalization of the jumping-alignment
approach introduced by Spang et al. (2002). Given a partition of the
aligned input sequence family into known sequence subtypes (in our case
P1,...,Py,), this model can jump between states corresponding to these
different subtypes, depending on which subtype is locally most similar
to a query sequence. Jumps between different subtypes are indicative of
intersubtype recombinations.

More strictly, assume the subtypes occurring in the considered
classification are denoted by Si,...,Sn, and the length of an alleged
recombinant sequence is €. Then, jpHMM provides a mapping f:N;, —
{S1,-..,Sm, 1, i.e. f assigns a subtype to each position of the query sequence.
This mapping will also be called the segmentation of the query sequence.

For each CREF, a single segmentation is calculated by applying jpHMM
to one of the sequences of the CRF. See Supplementary Section 3.1 for
additional details.

2.2 Coalescent model

The non-recombinant coalescent genealogy was introduced by Kingman
(1982a, b) and extended to the recombinant case by Hudson (1983). Apart
from Hudson’s back-in-time algorithm, the spatial algorithm of Wiuf and
Hein (1999) allows for constructing the coalescent with the recombination
process. We apply a formulation of the recombinant genealogy similar to
the one introduced in Kuhner et al. (2000). Like Kuhner et al. (2000),
we discard lineages not contributing at least one site to the sample and
we discard recombination events that do not separate at least two sites
contributing to the sample. The difference of our formulation consists in
allowing for multiple breakpoints. L.e., the probability of a recombination
event taking place is the same as in Hudson (1990) and Kuhner et al.
(2000), but multiple breakpoints can occur due to the recombination event.
Adapting the framework of Hudson (1990) and Kuhner et al. (2000) to our
setting is a simplification, but justified by the fact that the affected quantities
play a very minor role in our algorithm. Using jpHMM with a sufficiently
low jump probability to predict the breakpoints prevents the recombination
events from yielding too many breakpoints, which would lead to strongly
fragmented sequences. As customary (Hein e al., 2005; Wakeley, 2008), we
call a recombinant genealogy an ARG.

The likelihood of an ARG G is the product of the probability of the
(sequence) data D with respect to the ARG, P(D|G), and the probability of
the ARG given the evolution parameters, P(G|©,r). Here, ®=2Np and r=
C/n, where N is the effective population size, C the per-site recombination
rate and p the per-site neutral mutation rate. See Supplementary Section 3.2
for additional details.

2.3 Restrictions to the genealogy

We approximate the most likely ARG G of the input HIV sequences,
where we impose restrictions to the approximating ARG G according to
the classification to be scored. The score of the classification is then given
by P(D|G). In detail, the restrictions are given in the following (see Fig. 2
and Supplementary Fig. 12 for the symbols).
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Fig. 2. A legal ARG corresponding to the classification given in Figure 1. At the bottom, the nine input (tip) sequences with their classification are shown.
The tip sequences are defined to be generated at time zero. Looking from bottom to top (i.e. into the past), two nodes coalescing to one (parental) node,
represent the event of these two nodes finding their most recent common ancestor. A node splitting into two parental nodes represents a recombination event.
Single-color boxes show the subtype of the node. Horizontally segmented boxes show for a recombinant sequence the parental subtypes of each segment.
Diagonally shaded boxes show the different subtypes the node belongs to. White parts in boxes indicate positions not contributing to the tip sequences and,
hence, of which we do not keep track. For recombination events, they also illustrate the positions of the recombination breakpoints. For further details, see

Section 2.3.

In the lower part of the ARG, sequences of subtypes that are composed
of more than one sequence or are present in the genome of a CRF are only
allowed to coalesce and only with sequences of the same subtype. Sequences
of multi-sequence CRFs (light gray ‘x’ in Fig. 2 and orange ‘x’ in the
Supplementary Fig. 12) are only allowed to coalesce and only with sequences
of the same CRF. Sequences from different subtypes can only coalesce if they
are the only sequence of their subtype left ((black ‘%’ in Fig. 2, brown *k’
in the Supplementary Fig. 12)). Furthermore, coalescing sequences of the
same subtype (black ‘x’ in both figures) generate a sequence belonging to
the same subtype as their children.

The last (or only) sequence of a CRF (gray ‘x’ in Fig. 2, purple ‘x’in the
Supplementary Fig. 12) is obliged to recombine. Breakpoints (multiple) have
to be chosen such that the parental subtypes get separated and recombination
events have to take place until all parental subtypes are separated. The final
sequences generated by this process only contain one subtype. This subtype
is interpreted as the subtype of these (final) sequences. They are allowed to
coalesce with other sequences of the same subtype. No sequence of their
subtype is allowed to coalesce with a sequence of another subtype before
having coalesced with these sequences.

This set of restriction rules (a more formal description is given in
Supplementary Section 1) is imposed in order to enforce ARGs, which are
plausible under the condition that the underlying classification is a reasonable
one. This would not be the case, e.g. if Subtype A sequences coalesced with
Subtype C sequences before coalescing within their respective subtype or
the two CRF1 sequences recombined independently of each other without
coalescing first.

These rules imply the assumption that intra-subtype recombinations and
the recombinations occurring before the subtypes were formed are negligible.
The negligence of the first type of recombination simply means that we
do not aim to obtain a classification resolving finer than the level of
subtypes. Neglecting the second type can be justified by the HIV subtypes
being separated by founder effects (Rambaut et al., 2004). Since alternative

methods are restricted by far stronger assumptions, we refrain from analyzing
our simplifications in more detail.

24 MCMC

After having constructed an initial ARG, the likelihood of the ARG is
iteratively maximized using MCMC methods. More precisely, in a first step
an initial ARG G is sampled from the conditional coalescent distribution.
Thereafter, by modifying the ARG slightly and accepting or rejecting these
modifications based on how they affect the likelihood of the ARG, a Markov
chain {Gi};en is generated. If no significant improvement of the likelihood
seems achievable any more, the chain is stopped at the current chain position
n and the probability of the data D given the most likely ARG

max P(DIG)) ey

n

=l1,...,
is interpreted as a score for the classification (see Supplementary Section 3.3
for details). We stop the MCMC algorithm at step n> M if
maxi=i,...n P(D|G)P(Gi|O,r,R)

..... n-m P(DIG)P(Gi|©,r,R)
with M =1000 and §=10"3 (chosen by rule of thumb). Here, P(G|®,r,R)
denotes the probability of the ARG G given the parameters ® and r, and
restricted to our rules R. Due to the small influence of this quantity, we
used P(G|®,r) instead of P(G|®,r,R) for the sake of simplicity where
appropriate. Normally, the MCMC algorithm is carried out several times
for different initial ARGs. Details about the MCMC algorithm are explained
in the Supplementary Material (Section 2). The parameter ® was estimated
with Lamarc 2.1.3 (Kuhner, 2006).

<146
max;—1

2.5 Extension to unknown subtypes

In the genome of several CRFs, segments are commonly classified to
belong to an unknown subtype. To address classification problems involving
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unknown subtypes, we have to adapt our algorithm appropriately as described
in Supplementary Section 3.6.

3 RESULTS

Test settings:  to test ARGUS, three different settings are tested:

T1 a representative selection of 40 HIV-1 Group M sequences
from Subtypes A to K (presented in Supplementary
Section 5.1)

T2 a classification involving all features offered by ARGUS
except unknown subtypes

T3 two classifications corresponding to the situations that
e CRFO02 is a CRF and G a subtype or

* CRFO02 is a subtype and G a CRF,

The first test setting is intended to show the ability of
ARGUS to construct a phylogenetic tree (without recombination).
This is a subproblem also arising when reconstructing an ARG
and, hence, must be accomplishable by ARGUS. The second
setting demonstrates the ability of ARGUS to differentiate
between similar classifications of real-world complexity. We refrain
from incorporating unknown subtypes, since this would prohibit
performing the test fully automatically. Finally, the last setting shows
the applicability of ARGUS to the task of further analyzing subtype
G and CRFO02, to determine whether they are more likely to be
recombinants or ancestral subtypes; this question was raised by
earlier analysis in Abecasis ef al. (2007) and Lemey et al. (2009).

Parameter estimation: the model uses two different mutation rates
since increasing their number does not improve the results, whereas
a constant mutation rate performs considerably worse (data not
shown). The per-site recombination rate C is set to 1074 (Zhuang
et al., 2002). The parameter ® is estimated by applying Lamarc
2.1.3 to 10 randomly chosen HIV-1 Group M sequences, classified
as pure subtypes in the LANL HIV sequence database. Disabling
recombination and growth, Lamarc yields ® =1.25. The gamma
distribution parameter of the General Time-Reversible (GTR) model
is estimated to be «=0.416 by Findmodel. The length of the
simulated sequences is 8500 bp, which is approximately the length
of the HIV-1 Group M sequences used in the application in Section
3.2 (after removal of gap-affected positions).

3.1 Simulation studies

3.1.1 T2—with recombination This test setting is composed of
two parts, for each we choose an original classification and a
number of alternative classifications for testing. Then, we perform
the following steps for each part:

(1) Simulate an ARG according to the original classification;
(2) Simulate the mutation process on the ARG (from the root
downwards), thereby obtain simulated tip sequences;

(3) Score both the original as well as one or more plausible
alternative classifications using the simulated tip sequences.

When the original classification scores higher than the test
classifications, this indicates that ARGUS works for the analyzed
setting.

A-. -6 . . H ) 02 ;
WA ) 777 NN GG
2x N2t 2x 2% 2x ;

A G H R -
[ W ]| | w777 EEIED P C02
2x 2x 2x 2x ‘\_ ‘2x ‘_),‘

Fig. 3. Classifications used in Section 3.2 for deciding whether Subtype
G or CRF02 (=02) is a pure subtype or a recombinant form, respectively.
The white segment in the lower segmentation of CRF02, indicates a part
of the genome designated to stem from an unknown subtype. Above the
classifications, the segmentation of the alleged CRFs is shown magnified.

The details are given in Supplementary Section 5.2. In short, we
obtain the following results:

e In the first part, we compare nine classifications (including
the original classification), in the second one 6. In both parts,
15 sequences are to be classified.

* Simulating nine ARGs and the mutation process five times per
ARG (in both parts), our algorithms succeeds to rate the original
classification highest in 43, respectively, 44 out of 45 cases.

3.1.2 T3—simulation of CRF02 case In Section 3.2, we will
apply ARGUS to the question whether Subtype G is actually a
pure subtype and CRFO02 is a recombinant form (like assumed in
Robertson et al., 2000) or G is a recombinant form and CRF02
is a pure subtype (like claimed in Abecasis et al, 2007). The
classification systems that best describe the genealogical situation
assumed in Robertson et al. (2000) and Abecasis et al. (2007),
respectively, are given in Figure 3 (see Supplementary Fig. 13).
We choose to use two sequences per subtype and CREF, respectively,
since at the time of the beginning of our project, only two full-length
sequences of Subtype J were available and jpHMM occasionally
experience difficulties in case of varying number of sequences per
subtype or CREF, respectively.

To verity whether ARGUS can theoretically distinguish between
these two concrete classifications, we first simulate the data and
apply the same testing method as in Section 3.1.1. This simulation
test is in preparation to the application using the real sequences in
Section 3.2. More precisely, our test is composed of two parts: in the
first one, C.02 is the original classification, whereas in the second
one C.G is the original classification. For both parts C.02 as well
as C.G are used as test classifications. We generate 10 ARGs and
simulate 5 sets of tip sequences for each ARG (for both parts).

When C.02 is scored in the first part, the position of the segment
belonging to the unknown subtype has to be provided manually. Of
course, this implies that ARGUS is provided with a part of the true
classification instead of having to estimate it, which facilitates its
task. Nevertheless, the introduced bias is most likely small as the
unknown region is only short.

To characterize the ARGs with respect to how feasible the task
is to decide which classification is the original one, we introduce
two simple measures, explained in Figure 4 (separating and noise
distance).

The results are shown in Figures 5 and 6. Apparently our
theoretical considerations about the explanatory power of the ratio
of separating and noise distance is supported by these testing
results: In the first part (C.02 being the original classification),
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separating |
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Fig. 4. ARG illustrating the ‘separating distance’ and the ‘noise distance’.
To be able to detect the recombination event, the nodes labeled 1 and 2 have
to be sufficiently different. That is, the ‘separating distance’ needs to be large
enough. Contrariwise, the larger the ‘noise distance’, the less precisely the
sequences of Nodes 1 and 2 can be reconstructed from the tip sequences.
That is, the ‘noise distance’ should be small. The definition of the separating
and noise distance is given in Supplementary Section 4. For details about
the symbolism used in the ARG, see Figure 2.

0.0

Score difference in 1000

T T T T T T T T T T
(0.52,0.49) (0.72,0.35) (1.37,0.65) (0.99,0.33) (1.26,0.33)

(0.84,0.67) (0.84,0.41) (0.91,0.42) (1.88,0.51) (1.15,0.26)

(separating distance, noise distance)

Fig. 5. Results for the test setting preparing for the application with
C.02 being the original classification. On the vertical axis, log(P(D|Gt)—
logP(D|Gp))-1073 is given, with Gr the most likely ARG for the test
classification C.G and G the most likely reconstructed ARG for the original
classification C.02. On the horizontal axis, the separating and noise distance
is given for each of the 10 generated ARGs. The ARGs are sorted by their
ratio of separating to noise distance (increasing from left to right). All points
on a vertical represent tests conducted for the same ARG with different tip
sequence data (for clarity, points with very similar y-values were shifted
slightly horizontally). In case jpHMM was not able to detect the CRF in
C.G (i.e. the alleged CRF was diagnosed to belong to a pure subtype), the
test results are omitted. For the MCMC algorithm, 20 different initial ARGs
were used.

ARGUS fails for 1 out of 10 simulated ARGs to always (i.e. for all
simulated tip sequences sets) score the original classification highest
(applying ARGUS to C.G, for 4 ARGs jpHMM does not predict
any recombination in Subtype G for any simulated tip sequences
set). The ARG yielding misclassifications is the one with the lowest
distance ratio. For this ARG, ARGUS fails for four tip sequences
sets with the wrong classification scoring at most 26 points better
than the original one.

In the second part (C.G being the original classification), ARGUS
also fails for 1 out of 10 simulated ARGs to always score the
original classification highest. The ARG yielding misclassifications
is the one with the second lowest distance ratio, with the ones with
the lowest and the fifth lowest ratio being quite close to failing.
For the second ARG, ARGUS fails for four tip sequences sets with
the wrong classification scoring at most 11 points better than the
original one. For both parts, jpHMM always succeeds in detecting
breakpoints in the alleged CRF of the original classification.

0.0
-0.2 7] .
-0.4 ] 3

-0.6 7
-0.8 7 *

Score difference in 1000

-1.0 7 .

-1.2 7

T T T T T T T T T T
(0.77,0.48) (1.2,0.67) (1.91,0.6) (1.72,0.48) (0.92,0.2)
(0.61,0.36) (0.77,0.27) (0.91,0.28) (1.5,0.33) (1.76,0.32)

(separating distance, noise distance)

Fig. 6. Results for the test setting preparing for the application with
C.G being the original classification. On the vertical axis, (logP(D|G7)—
logP(D|Gp))- 1073 is given, with Gr and G, respectively, the most likely
(reconstructed) ARG for C.02 and C.G, respectively. For more details (with
the role of C.G and C.02 switched), see Figure 5.

It should be stated that for the setting presented in Section 3.1.1,
no significant relation between separating and noise distance and
the reliability of ARGUS was observable (data not shown). Due
to the simplicity of these distance measures and their obvious
shortcomings, it has to be expected that they fail their purpose for
some settings.

3.2 Empirical data

To decide which classification from Figure 3 describes the real
situation better, we randomly choose two full-length sequences from
Subtype A, G, H and J and from CRF02. Applying ARGUS to them
(performing 30 runs of the MCMC algorithm for each classification),
yields a maximum score of —33513 for C.02 and —33714 for
C.G. During the tests in Section 3.1.2, we saw that—even under
worse circumstances—the difference between the score of the wrong
classification and the score of the right one never exceeded 26
(in case of a misclassification). Since the score of C.02 is higher
than the one of C.G by more than 200, ARGUS indicates that the
classification currently in use is the preferable one. We, therefore,
conclude that the sequences of CRF02 are indeed recombinants of
the Subtypes A and G rather than the sequences of Subtype G being
recombinants of the ‘Subtypes’ H, J and CRF02.

Since P(D|G)=]];P(D;|G) where D; is the tip sequence data at
position i, we can easily analyze which part of the genome supports
which classification better. To this end, we plot logP(D;|G)—
logP(D;|G’) with G and G’ the most likely reconstructed ARGs
of the two considered classifications (Fig. 7). Moreover, ARGUS
provides the option to visualize the most likely ARG found by the
MCMC algorithm using Graphviz (http://www.graphviz.org). For
C.02, this visualization is shown in Supplementary Figure 10 in a
processed form.

Abecasis et al. (2007) applied monophyly rules to determine
whether G or CRF02 is a subtype. They obtained conclusive results
for the region corresponding to positions 4393—4802 in HXB?2,
favoring CRFO02 to be a subtype. This region corresponds to positions
3494-3928 in our analysis. Figure 7 shows that our results do
not support this conclusion. One has to keep in mind that our
method strongly differs from the one used by Abecasis et al. (2007).
Moreover, on the one hand, Abecasis’ method makes use only of a
small part of the available information and applies a model of low
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Fig. 7. Moving average of D(i):=logP(D;|G)—logP(D;|G’) with an
averaging period of 200 positions. Here, G and G’ are the most likely
reconstructed ARGs of the classifications C.02 and C.G, respectively. (see
Fig. 3 for the classifications). At position i, the average of position i until
i+199 is given.

complexity. On the other hand, our method is only able to test two
alternative classifications fitting into the framework of ARGUS. In
particular, the genome of CRFs is not allowed to be composed of
other CRFs but only subtypes and no recombination events near to
the root of the ARG are allowed. Both simplifying assumptions are
violated in the real evolutionary history of HIV-1.

3.3 Comparison

We restrict our comparison to the version 3.0 of VisRD since, to
our knowledge, VisRD is the only software tool that is suitable to
address the task carried out by ARGUS. For the comparison, we
use the first five ARGs generated according to classification C1.1
in Section 3.1.1. Due to the fact that VisRD has to be operated
interactively, we restrict ourselves to a smaller test setting than the
ones used in Section 3.1. For each ARG, we simulate three sets of
tip sequences with a genome length of 8500 bp, using the simpler
Jukes—Cantor model since VisRD does not allow for a GTR model.
We apply the taxon ranking analysis of VisRD to these 15 sets of
simulated tip sequences (with default windows and step size and—
using Random Shuffling—default number of generated replicate
datasets per set). VisRD finds no recombination at all. Moreover,
the sequence triple VisRD determines to be the most likely to be a
recombinant is not one of the two recombinant triplets for 11 out of
15 sets of simulated tip sequences.

3.4 Running time

For the test settings discussed in Section 3.1.1 and 3.1.2 of the article,
the running time (on a Dell PowerEdge 2650 2, 80GHz/512 KB
Xeon) of the MCMC algorithm lies between 6.9 and 394 min with
a mean of 45 min and quartiles of 26, 37 and 55 min. The running
time moderately depends on the data: considering all tested pairs
of original and test classifications separately, the minimal mean of
the running time is 28 min, the maximal 61 min. See Supplementary
Section 3.5 for further details on the running time of ARGUS.

The running time of jpHMM is described in Schultz et al. (2006).

4 DISCUSSION

We presented ARGUS, a classification tool for recombining viruses,
particularly HIV. Up to now, researchers intending to classify
sequences of strongly recombining viruses had to analyze the

sequences separately by segmenting their genome in recombination-
free parts and applying traditional phylogenetic tools to them. The
information stemming from different parts of the genome had to be
assembled by ad hoc methods (if even possible at all). Here, ARGUS
offers an alternative by applying sophisticated coalescent theory and
MCMC-based methods and incorporating much larger parts of the
available information in an integrated and model-based way.

The recently developed version 3.0 of VisRD does not perform
well on the datasets analyzed in this article. Nevertheless, one has
to keep in mind that the approach used by VisRD is in principle
not adequate for a small number of sequence groups. In fact our test
setting is the smallest possible for which the taxon ranking of VisRD
can be applied. Since applying ARGUS on a very large number of
sequence groups is prohibitive with respect to running time (at least
in the current implementation), we can conclude that the scopes of
VisRD and ARGUS are roughly exclusive.

Moreover, the application range of ARGUS is limited in
two directions: first, ARGUS is not designed to rank different
classifications not containing any recombinants. This is due to
the fact that the two classifications assigning the same subtype to
all sequences and assigning a different subtype to each sequence,
respectively, achieve the highest likelihood among all CRF-free
classifications by definition. Second, when applying ARGUS
one has to keep in mind that there might be very plausible
classifications that do not fit into the framework of ARGUS,
i.e. classifications incorporating intra-subtype recombination and
recombination events in the early history of the ARG.

In this study, we first verified in different test settings that ARGUS
possesses the ability to reliably identify the most appropriate
classification in most investigated cases. Due to the character of the
test method, we can conclude that for input sequences stemming
from (sub-)species well separated by founder effects—such as
HIV-1—ARGUS classifies correctly with very high probability.
Afterwards, we applied ARGUS to real-world HIV-1 Group M data
in order to address the intensively debated question whether CRF02
is truly a CRF or rather the alleged Subtype G is one. Our results
show that the former classification explains the data better.

The fact that we had to run the MCMC algorithm with up to 50
initial ARGs to achieve satistying results, shows that the MCMC
algorithm is not often able to find the global maximum directly,
very probably due to getting trapped in a local maximum. We plan
to overcome this problem by applying Metropolis-coupled MCMC
(MC?) methods (Altekar et al., 2004).

A standard task after sequencing a new HIV genome is subtyping
as performed by jpHMM and other tools: The genome is segmented
into regions that are each related to one known pure subtype of
HIV. A future application of ARGUS will be to vote between the
results of several subtyping tools in case they disagree on the correct
classification of the query sequence (easily carried out by replacing
the recombination prediction of jpHMM by the ones of the other
subtyping tools). This application is a special case for the model in
which two or more classifications are compared that differ only in the
recombination pattern of one sequence, the other sequences all being
pure subtypes. While ARGUS does not search for a recombination
pattern itself, its comprehensive model is well suited to compare
such patterns.

In the near future, we plan to incorporate additional rules (such
as intra-subtype recombination and recombination near to the root)
into ARGUS and allow for growth of the population and temporally
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spaced sequence data. In the long run, we will generalize our
approach and perform an unconstrained search of the space of ARGs
without requiring prior classification of the input sequences into
subtypes and recombinant forms.

We would like to encourage users to contact us for assistance in
assessing running time and suitability of ARGUS for their purposes.
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