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Abstract. Recombination is well known as a com-
plicating factor in the interpretation of molecular
phylogenies. Here we describe a maximum likelihood
sliding window method based on a likelihood ratio
test for scanning DNA sequence alignments for re-
gions of incongruent phylogenetic signals, such as
those influenced by recombination. Using this method,
we identify several instances of gene conversion be-
tween paralogous chaperonin genes in euryarchacote
Archaea, many of which are not detected by two
other widely used methods. In the Thermococcus/
Pyrococcus lineage, where a gene duplication pro-
ducing a and b paralogues predates the divergence of
Thermococcus strains KS-1 and KS-8, gene conver-
sion has homogenized portions of the ¢ and b genes in
KS-8 since the divergence of these two strains. A
region near the 3’ end of the ¢ and b paralogues in the
methanogen Methanobacterium thermoautotrophicum
also appears to have undergone gene conversion. We
apply the method to two additional test data sets, the
argF gene of Neisseria and a set of actin paralogues in
maize, and show that it successfully identifies all the
recombinant regions that were previously detected
with other methods. Our approach is relatively in-
sensitive to the presence of divergent sequences in the
alignment, making it ideal for detecting recombina-
tion between both closely and distantly related genes.
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Introduction

The advent of complete genome sequencing has fa-
cilitated large-scale comparisons of genomes from
evolutionarily diverse organisms. Such comparisons
have lead to the discovery that prokaryotic genomes
are evolutionary chimeras, i.e., they are composed of
genetic material from different sources, having ac-
quired “foreign” genes through the process of lateral
(or horizontal) gene transfer (Nelson et al. 1999,
Ochman et al. 2000). It is becoming increasingly clear
that genes themselves can also be chimeric in nature.
In Escherichia coli, for example, mosaicism has been
documented in the gnd (Bisercic et al. 1991; Dykhu-
izen and Green 1991) and phoA (DuBose et al. 1988)
genes, and extensive intragenic recombination has
also been observed within the genus Neisseria. The
IgA protease gene of N. gonorrhoeae (Halter et al.
1989) and the N. meningitidis argF gene (Zhou and
Spratt 1992) clearly possess mosaic structures, and
the adenylate kinase (adk) and 16S ribosomal RNA
genes of Neisseria species also appear to have been
influenced by recombination (Feil et al. 1996; Smith
et al. 1999). Interspecific recombination not only
poses a challenge to the concept of a bacterial species,
it can be of major biological significance. For exam-
ple, interspecific, intragenic recombination in the
penicillin-binding protein 2 (penAd) genes of N. gon-



orrhoeae, N. meningitidis, and N. lactamica has been
important in the evolution of penicillin resistance
(Smith et al. 1991; Spratt 1988; Spratt et al. 1989,
1992).

Gene conversion is a special form of recombina-
tion involving the non-reciprocal exchange of genetic
information between paralogous genes within a
genome. The process is well known as an important
force in the evolution of multigene families, mediat-
ing, for example, the concerted evolution of riboso-
mal RNA (rRNA) genes in Eubacteria, Archaea, and
Eukaryotes (Gangloff et al. 1996; Liao 2000; Scott
et al. 1984). Gene conversion can also result in mosaic
gene structures: this has been demonstrated in the
B-chain constant-region genes of the mouse T-cell
receptor (Rudikoff et al. 1992), the major histocom-
patibility complex multigene family in human
(Hughes 1995), and the actin paralogues of maize
(Moniz de Sa and Drouin 1996).

An assumption of most methods used to infer
phylogenetic trees from molecular data is that all
regions of a given gene have the same underlying
evolutionary history. However, intragenic recombi-
nation leads to a situation in which this assumption is
violated. In the interest of correctly inferring the
history of genes, it is thus important to be able to
detect when and where recombination events have
occurred. To this end, several methods for detecting
recombination have been developed and are diverse
in terms of their underlying approaches. The methods
of Stephens (1985) and Sawyer (1989) attempt to
determine whether the distribution of nucleotide
substitutions observed in an alignment of DNA se-
quences differs from a random distribution. McGuire
et al. (1997) and Grassly and Holmes (1997) have
developed sliding window-based methods for detect-
ing recombination within a phylogenetic context,
using the distance/least-squares and maximum like-
lihood methods of phylogenetic inference, respec-
tively. Other phylogenetic methods include the
“phylogenetic scanning” method of Fitch and
Goodman (1991), the parsimony-based approach of
Hein (1993), and a Bayesian method devised by
McGuire et al. (2000). Many of these and other
methods have been reviewed extensively elsewhere
(Drouin et al. 1999; Weiller 1998; Wiuf et al. 2001).

Huelsenbeck and Bull (1996) described a likeli-
hood ratio test for determining whether tree topolo-
gies estimated from different genes (for the same set
of taxa) differ significantly from one another. Here we
present a maximum likelihood method, based on a
likelihood ratio test, for scanning nucleotide sequence
alignments for intragenic regions of conflicting
phylogenetic signal. Although the likelihood-based
method of Grassly and Holmes (1997) is designed to
detect regions of low average likelihood (given a full
data set phylogeny) caused by recombination or
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positive selection, it does not distinguish between
these two phenomena. In contrast, our method un-
couples these factors and identifies only regions with
phylogenetically discordant signals, indicating
recombination. Our method uses a sliding window
approach to identify regions of the alignment with
phylogenies that are inconsistent with the phylogeny
inferred from the molecule as a whole. We demon-
strate its utility by focusing primarily on the evolu-
tion of archaeal chaperonins, a highly paralogous
gene family in which gene conversion has recently
been shown to be a significant factor (Archibald and
Roger 2002). To test the performance of the method,
we also examine the actin paralogues of maize and
the Neisseria argF genes, gene families shown by
others to have been influenced by gene conversion
and recombination (Drouin et al. 1999; Grassly and
Holmes 1997; Moniz de Sa and Drouin 1996; Zhou
and Spratt 1992). The method proved useful for
identifying regions of the alignments that were
inconsistent with the majority phylogenetic signal,
and examination of the phylogenies of such regions
allowed the nature of the conflicts to be elucidated.

Materials and Methods
DNA Sequence Alignments

From a master alignment of archaeal chaperonin genes (Archibald
et al. 1999), smaller alignments containing subsets of sequences
were constructed. The alignment of Euryarchaeotes used for
phylogenetic analysis contained 22 sequences and 1482 unambi-
guously aligned nucleotide positions. An alignment of chaperonin
genes from the Thermococcus/Pyrococcus clade consisted of six
sequences and 1554 positions. For methanogens, the alignment
contained five sequences and 1557 sites, as did the alignment of
four Thermoplasma sequences (o and B paralogues from 7. acido-
philum and T. volcanium). Finally, an alignment of five sequences
from the halophiles Haloferax volcanii and Halobacterium NRC-1
contained 1530 unambiguously aligned sites.

A DNA alignment of a large diversity of plant actin genes was
obtained by anonymous FTP from G. Drouin (University of Ottawa,
Canada) at ftp://bio01.bio.uottawa.ca/pub/actin. A smaller align-
ment of eight Zea mays paralogues [Macl (J01238), Maz56
(U60514), Maz63 (U60513), Maz81 (U60511), Maz83 (U60510),
Maz87 (U60509), Maz89 (U60508), and Maz95 (U60507)] was con-
structed from this data set and contained 975 unambiguously aligned
positions. Finally, a partial sequence alignment containing a large
diversity of Neisseria arg F gene fragments was provided by E. Holmes
(University of Oxford, England). This was used as a template to
construct an alignment of eight full-length argF sequences (787 sites)
from the following Neisseria species: N. gonorrhoeae FA19 (Gen-
Bank accession No. X64860), N. meningitidis HF46 and HF116
(X64865 and X64866, respectively), N. polysaccharea 11858
(X64870), N. lactamica 10617 (X64871), N. cinerea LNP1646
(X64869), N. mucosa LNP405 (X64873), and N. flavescens LNP444
(X64872). All alignments are available from A.J.R upon request.

Phylogeny

Phylogenetic analyses were performed using PAUP” version 4.0b8
(Swofford 1998). Maximum likelihood (ML) and ML-distance
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trees were inferred with a general time reversible plus I plus in-
variable sites (GTR + I'+ Pyny) model using the heuristic search
option. Starting trees for TBR branch swapping were obtained by
the neighbor-joining method and distance trees were selected based
on the minimum evolution criterion. A T" distribution was ap-
proximated by four rate categories and the I' shape parameter o,
the proportion of invariable sites parameter, and the base fre-
quencies were estimated from the data in PAUP". Support for ML
and ML-distance trees was obtained by bootstrapping with 100
resampling replicates.

Sliding Window Analyses

To identify discrete regions of alignments containing anomalous
phylogenetic signal, we employed a ML sliding window method in
which the ML tree obtained from the full alignment was com-
pared to trees inferred from subsets of the data. Using “‘character
set definitions” in PAUP", a 100-nucleotide window was system-
atically advanced across the alignment in 10-nucleotide incre-
ments. For each window, the log-likelihood of the best tree from a
heuristic ML search was obtained, as was the log-likelihood of the
data present in the window given the a priori phylogenetic hy-
pothesis, i.e., the ML tree obtained from the analysis of the
complete alignment. The difference between these two log-likeli-
hoods (AlnL) reflects the degree of conflict between the phyloge-
netic signal present in a given window and that in the molecule as
a whole. A faster approximation was also performed in which log-
likelihoods were inferred from ML-distance (minimum evolution)
trees. AlnL values were analyzed and plotted using Microsoft
Excel.

To determine the significance of the AlnL profiles, Seq-Gen
version 1.2.4 (Rambaut and Grassly 1997) was used to simulate
nucleotide sequence evolution over user-defined trees with the
GTR + T' + Py (=REV + T’ + Pyy) model. A null distri-
bution was determined by simulating 500 data sets over the ML (or
ML-distance) topology inferred from the full alignment and per-
forming a sliding window analysis on each. The largest AlnL value
from each simulated data set was taken to form a distribution of
maximal AlnZ values under the null hypothesis of no recombina-
tion with which empirical values were compared. For 500 simula-
tions, the sixth highest AlnL value is an estimate of the 0.99th
quantile of the null distribution, and AlnL values from the observed
data greater than this value were considered significant at p < 0.01.
This form of parametric bootstrapping is used because, in our
method, the ML sliding window analyses are completed first, and
regions of the alignment producing high AlnL values are selected a
posteriori as potentially discordant areas. Thus, to generate an
appropriate null distribution, an a posteriori selection procedure
must also be applied during parametric bootstrapping by selecting
the highest AlnL value (AlnL,,,,) from each bootstrap replicate. A
similar parametric bootstrapping procedure was described for the
least-squares method of McGuire and Wright (2000).

Discrete regions of alignments identified as containing incon-
gruent phylogenetic signal were investigated with additional
phylogenetic analyses. The boundaries of such regions were taken
as the first nucleotide of the first window and the last nucleotide of
the last window possessing a AlnL value greater than that of the
null distribution.

A set of Perl scripts were written to implement the maximum
likelihood sliding window (LIKEWIND) method described above
(available at http://hades.biochem.dal.ca/Rogerlab/Software/soft-
ware.html). Likewind.pl generates the PAUP" commands block
used to perform the ML or ML-distance sliding window analyses,
getlikes.pl obtains the AlnL values from the /ikewind.p/ outfiles, and
simblock.pl produces the commands block containing the simulated
data sets used in the determination of null distributions.

Additional Tests for Gene Conversion and
Recombination

Two other programs were used to scan alignments for regions of
incongruent phylogenetic signal. GENECONV (http://lado.wus-
tl.edu-/~sawyer/geneconv/index.html) was used to perform Saw-
yer’s (1989) statistical tests for detecting gene conversion. Briefly,
Sawyer’s method detects regions between pairs of sequences in an
alignment that share more consecutive identical silent polymor-
phisms than would otherwise be expected by chance. For protein
coding genes, it is possible that a given pair of sequences in an
alignment exhibits significant similarity due to functional (selective)
constraints on the protein sequences, rather than gene conversion.
To control for this, GENECONYV provides the option of focusing
on ‘‘silent polymorphic sites”—degenerate sites in an alignment
whose codons all specify the same amino acid (Drouin et al. 1999).
Each of the alignments described above was used as input to
GENECONYV considering all polymorphic sites, as well as silent
site-only (synonymous) polymorphisms (-seqtype = silent). Mis-
match penalties of 0 (default) or 1 (gscale = 0-1) were used.
N = 10,000 (default) random permutations of the polymorphic
sites were performed in each analysis to assess the significance of
putative gene conversion tracts.

We also employed the likelihood method of Grassly and Holmes
(1997) using the program PLATO (http://evolve.zoo.ox.ac.uk/
software.html). PLATO uses a sliding window approach to identify
regions with “spatial phylogenetic variation.” To do this, PLATO
calculates a Q value that is defined as the average log-likelihood per
site for a given window of the alignment divided by the average log-
likelihood per site for the rest of the alignment. Log-likelihoods are
calculated under the ML tree for the full data set. This Q value is
calculated for all windows (>5 positions but £50% of the alignment
length) for all positions in the alignment. Maximum values of Q are
associated with regions of low average site likelihood. Regions of
significantly high Q are then evaluated by simulating the null dis-
tribution (parametric bootstrapping) of Q and flagging windows
with observed values that fall above the null distribution as con-
taining “spatial phylogenetic variation” (SPV). Parts of the align-
ment which exhibit SPV either possess a topology different from
that of the null phylogenetic hypothesis (indicating that recombi-
nation has occurred) or have undergone changes in relative branch
lengths or positive selection. The latter two explanations suggest
that different branch lengths or Markov model parameters are
optimal for the region, but not a different tree. Thus, PLATO
detects model violations and/or recombination but does not
uniquely identify which of these phenomena have occurred.

PLATO was run on each of the six data sets described above
using the GTR (=REV) model of nucleotide substitution, taking
into account among-site rate variation (ASRV) with an eight-rate
category discrete approximation to the I" distribution. The I" shape
parameter o and GTR rate matrix values were estimated from the
data in PAUP". Minimum sliding window sizes of 5, 50, and 100
nucleotides were used, and for each data set, the ML tree inferred
from the complete alignment was used as the null hypothesis. Re-
gions of our alignments that were identified by PLATO as anom-
alous but were not flagged as phylogenetically contradictory by
LIKEWIND were tested for deviation from the optimal
GTR +T'+ Py model for the whole data set by likelihood ratio
tests. Briefly, the log-likelihood for the optimal phylogeny for the
given window was maximized under the GTR +TI'+ Py model
with base frequency, rate matrix, rate variation, and branch-length
parameters optimized for the window. The log-likelihood was then
calculated for the window under the same tree with the
GTR + I' + Pnv model parameters optimized for the full data
set (with branch lengths optimized for the window). As these are
nested models, to determine whether the difference between these
log-likelihoods (AlnL) is significant, 2AInL can be compared to the
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Results
Euryarchaeal Chaperonins

The chaperonins are a ubiquitous family of ATP-
dependent molecular chaperone that form oligomeric
double-ring complexes and mediate the folding of
nascent proteins (for review see Bukau and Horwich
1998; Gutsche et al. 1999; Ranson et al. 1998). The
evolution of archaeal chaperonins, which has been
described extensively elsewhere (Archibald et al.
1999, 2001) is one in which gene duplication has
played a prominent role. Archibald and Roger (2002)
recently demonstrated that gene conversion has also
been a factor. Gene conversions have occurred be-
tween two divergent crenarchaeal chaperonin para-
logues independently in four lineages. Here we focus
on identifying conversions between duplicate genes in
euryarchaeal genomes.

A phylogenetic tree constructed from a DNA se-
quence alignment containing the full diversity of
known euryarchaeal chaperonin genes is shown in
Fig. 1. The most striking feature of the tree is the
presence of numerous lineage-specific gene duplica-
tions. For example, in the Thermococcus/Pyrococcus

- Methanococcus thermolithotrophicus

55,100 Haloferax volcanii 1
% sg‘?ﬁi Halobacterium sp. NRC-1a *

Haloferax volcanii 3

43 X 100 l: Haloferax volcanii 2
10 Halobacterium sp. NRC-1 b *
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Fig. 1. Phylogeny of euryarchaeal chapero-
nins. The tree shown is a maximum likelihood
(ML) tree (-InL, 10,058.76) inferred from the
first and second positions of an alignment
containing 22 sequences and 1482 unambigu-
ously aligned sites. The tree is arbitrarily rooted
with the Thermoplasma sequences, consistent
with previous analyses using amino acid se-
quences (Archibald et al. 1999, 2001). Asterisks
appear next to sequences from organisms whose
genomes have been completely sequenced, and
inferred gene duplications are highlighted with
an arrowhead. ML and ML-distance bootstrap
values are provided for all branches in the tree
(plain text and italics, respectively). The
nomenclature used to identify the lineage-spe-
cific paralogues (e.g., Haloferax volcanii 1, 2,
and 3, Thermoplasma acidophilum o and B) is
consistent with their use in the literature. The
scale bar represents the expected number of
nucleotide substitutions per site.

clade, Thermococcus strains KS-1 and KS-8 each
have two chaperonin paralogues, a and b, while two
closely related Pyrococcus species (P. horikoshii and
P. abyssi) each possess a single chaperonin gene.
Phylogenetic analysis suggests that while the dupli-
cation producing the Thermococcus a and b genes
predates the divergence of the KS-1 and KS-8 lin-
eages, it occurred after the divergence of Thermo-
coccus and Pyrococcus (Fig. 1). This is because the a
and b paralogues branch together to the exclusion of
the Pyrococcus genes. This result is in contrast to
previous analyses performed using amino acid
sequences which showed the Pyrococcus sequences
branching specifically with the Thermococcus b
paralogue (Archibald et al. 1999, 2001). Such a to-
pology would suggest that the duplication producing
the a and b paralogues of Thermococcus predates the
Thermococcus/Pyrococcus split and that the Pyro-
coccus lineage has lost the a gene.

We used the LIKEWIND method described above
to scan an alignment of Thermococcus and Pyrococ-
cus chaperonin genes for regions of anomalous
phylogenetic signal, such as those affected by gene
conversion. The results are presented in Fig. 2A.
When the ML topology inferred from the full align-
ment is used as the null hypothesis imposed on each
of the windows, several AlnL peaks are readily ap-
parent, two of which exceed the estimate of the 0.99th
quantile of the null distribution (and are thus signifi-
cant at p <0.01). These peaks highlight regions of the
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Fig. 2. Maximum likelihood (ML) sliding
window (“LIKEWIND”) analysis of chap-
eronin genes in Thermococcus and Pyrococcus.
A AlnL profiles obtained from the analysis of
an alignment containing six Thermococcus/
Pyrococcus sequences and 1554 unambiguous-
ly aligned nucleotide positions. The AlnL pro-
file obtained when the full molecule ML
topology was used as the null phylogenetic
hypothesis is plotted against that obtained
when the tree constructed from nucleotide
positions 1-150 was used. The dashed line in-
dicates the estimate of the 0.99th quantile of
the null distribution (AlnL = 6.10), obtained
by parametric bootstrapping with 500 repli-
cates. The arrowhead highlights the approxi-
mate position of a three-nucleotide deletion
present in the a and b paralogues of Thermo-
coccus strain KS-8 (see Fig. 3). Three regions
(data sets 1-3) of the alignment selected for
phylogenetic analysis are also highlighted.
Data set 1 contained the full alignment (1554
sites), while data sets 2 and 3 contained 150
and 120 positions, respectively. B ML trees
inferred from the three data sets highlighted in
A. Identical topologies were obtained using
ML-distance. Branch support is provided (ML
bootstrap values). Scale bars indicate the ex-
pected number of substitutions per site.

alignment that possess phylogenetic signal contra-
dictory to that present in the molecule as a whole. To
investigate this further, portions of the alignment
corresponding to the two peaks were analyzed sepa-
rately by phylogenetic analysis using ML and ML-
distance methods. For reference, tree 1 in Fig. 2B
shows the ML topology inferred from the complete
alignment. This phylogeny clearly separates the
Thermococcus a and b paralogues irrespective of or-
ganism and is identical to that obtained from analysis
of the whole molecule minus the small regions pro-
ducing the significant AlnL peaks (data not shown).
In contrast, phylogenies constructed from the 150-
nucleotide region corresponding to the AlnL peak at
the 5 end of the alignment show the a and b para-
logues of Thermococcus KS-8 branching together
(albeit weakly) to the exclusion of the other sequences
(Fig. 2B, tree 2). This suggests that partial gene
conversion has occurred between the a and the b
paralogues in strain KS-8 in this region. Interestingly,

the KS-1 a and b sequences are paraphyletic with
respect to the other sequences in Fig. 2B, tree 2.
The region of the alignment corresponding to the
AlnL peak near the 3’ end of the gene is somewhat
smaller than that at the 5 end, approximately 120
nucleotides in length. Nevertheless, phylogenetic trees
inferred from this region (Fig. 2B, tree 3) were also
inconsistent with the “whole molecule” topology. As
in tree 2 (Fig. 2B), the a and b paralogues of Ther-
mococcus KS-8 branch together with reasonable
bootstrap support, suggesting that an additional
small-scale gene conversion has occurred in this re-
gion between the two sequences. A three-nucleotide
deletion in the Thermococcus KS-8 a and b genes
(Fig. 3) is also consistent with this interpretation.
This deletion, whose distribution is at odds with the
topology shown in Fig. 2B, tree 1, exists in a highly
conserved region of the molecule, and is absent from
the other Thermococcus and Pyrococcus sequences as
well as all other archaeal genes (data not shown).
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Thermococcus KS-1a AAGAGCGCCAGCGAAGCAGCT
» Thermococcus KS-8 a AAGAGCGCC===-AGGGCTGCA =
Thermococcus KS-1b AAGAGCGCCACGGAGGCCGCC
» Thermococcus KS-8 b AAGAGCGCC=---AAGGCCGCC =
Pyrococcus horikoshii AAGAGTGCCAGTGAAGCTGCT

Pyrococcus abyssi AAGAGCGCCAGCGAGGCAGCT

Fig. 3. A three-nucleotide deletion shared between the ¢ and the »
paralogues of Thermococcus strain KS-8. The approximate position
of the deletion is highlighted in Fig. 2A. The coordinates provided
are with respect to the complete Thermococcus KS-1 a gene se-
quence.

We also inferred a AlnL profile from the Thermo-
coccus|/ Pyrococcus data set using the alternate topol-
ogy shown in Fig. 2B, tree 2, as the null phylogenetic
hypothesis (Fig. 2A). As expected, most of the win-
dows spanning the molecule produce AlnL values well
above the estimate of the 0.99th quantile, confirming
the hypothesis that the bulk of the alignment contains
phylogenetic signal that is strongly contradictory to
that present in the first 150 nucleotides. Significantly,
the AlnL profile dips below the 0.99th quantile in
most (but not all) of the regions corresponding to
spikes in the “full molecule” profile (see Discussion).

To compare the ML sliding window method
utilized above with existing methods for detecting
recombination, the Thermococcus/Pyrococcus chap-
eronin data set was analyzed using Sawyer’s (1989)
method and the likelihood method of Grassly and
Holmes (1997). Under the silent sites-only criterion,
Sawyer’s GENECONYV program failed to detect the
gene conversions identified above between the a and
the b paralogues of Thermococcus, even allowing for
gaps (see Materials and Methods). Using Grassly and
Rambaut’s PLATO program, two regions of the
Thermococcus/ Pyrococcus alignment were identified
as being regions of significantly low likelihood, al-
though, curiously, these regions did not correspond to
those identified with the method described here. To
investigate this further, we reanalyzed the Thermo-
coccus|/Pyrococcus data set in LIKEWIND without
an invariable sites parameter (Piny), such that the
models of DNA sequence evolution used in the
LIKEWIND and PLATO analyses were the same
(i.e., GTR + T). The results were almost identical to
those presented in Fig. 2A (data not shown), indi-
cating that the difference in the performance of the
two methods is not due to the use of slightly different
model parameters. Likelihood ratio tests show that
the regions identified by PLATO (but not LIKE-
WIND) correspond to areas which produced esti-
mates of the parameters of the GTR + I + Piny
model significantly different from those inferred from
the full alignment (e.g., positions 396450,
AlnL = 11.31, p = 0.0042; positions 1506-1554,
AlnL = 3249, p < 1x107%. The results of the
GENECONYV, PLATO, and LIKEWIND experi-
ments are summarized in Table 1.
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Another euryarchaeal lineage in which chaperonin
gene duplication has occurred is the methanogens.
Methanobacterium thermoautotrophicum possesses an
a and a b paralogue, unlike the other methanogens,
Methanopyrus kandleri, Methanococcus jannaschii,
and M. thermolithotrophicus, which each possess a
single chaperonin gene [the presence of a single gene
is confirmed in the case of M. jannaschii, whose ge-
nome has been completely sequenced (Bult et al.
1996)]. Phylogenetic analyses reveal that the dupli-
cation producing the a and b paralogues in M. ther-
moautotrophicum occurred after this organism
diverged from the two Methanococcus species (Fig. 1)
(Archibald et al. 1999, 2001).

The results of an ML sliding window analysis
performed on the methanogen chaperonin alignment
(Fig. 4A) suggest that the phylogenetic signal is rel-
atively homogeneous across the full length of the
molecule, as no regions of the AlnL plot extend above
the null distribution. To a certain extent, this is to be
expected, given that the a/b gene duplication in M.
thermoautotrophicum does not predate the divergence
of this organism from other methanogens. Partial
gene conversions would not result in an alternate tree
topology, as the @ and b paralogues are already more
similar to each other than to any of the other
sequences.

Gene conversions would, however, be expected to
produce a situation in which the a and b paralogues
appeared to be much more closely related to one an-
other in discrete parts of the alignment. To test this
hypothesis, a AlnL profile was inferred under the
“fixed-branch lengths” option, i.e., by evaluating the
likelihood of the data in each window with the branch
lengths of the null phylogenetic hypothesis imposed.
Under this criterion, several regions of the AlnL pro-
file clearly exceeded the 0.99th quantile estimate (Fig.
4A). Most notably, a large peak near the 3’ end of the
gene was identified, corresponding to nucleotides
1221-1480 (Table 1). Phylogenetic trees inferred from
this portion of the alignment showed differences in
branch lengths compared to those inferred from the
rest of the molecule. The branches leading to the M.
thermoautotrophicum a and b paralogues in tree 1, Fig.
4B, are much longer than those in tree 2, which was
constructed from the putative gene conversion tract.
Significantly, these results closely match those ob-
tained with GENECONYV under the silent site-only
criterion (see Materials and Methods), which detected
nucleotides 1207—1464 as an area of gene conversion
between the M. thermoautotrophicum a and b para-
logues (Table 1). PLATO did not detect this area as
anomalously evolving, although it did flag several
others (nt 792-805 and 1509-1533) as areas of low
likelihood. As was the case for the regions identified
by PLATO in the Thermococcus/Pyrococcus data set,
the GTR + I + Pynv model parameters estimated
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Table. 1.  Results of GENECONYV, PLATO, and LIKEWIND analyses using euryarchaeal chaperonin, Neisseria argF, and Zea mays
actin alignments

Data set GENECONV* PLATOP LIKEWIND®
Chaperonins
Thermococcus|Pyrococcus None detected nt 396450, Z = 4.15, nt 1-150, 1371-1490
nt 15061554, Z = 7.96
Methanogens M. thermoauto. a & b, nt 792-805, Z = 5.13, nt 791-890, 851-960,
nt 1207-1464, p = 6.64 x 107> nt 1509-1533, Z = 14.06 1011-1120, 1221-1480¢
Halophiles None detected nt 900-1007, Z = 6.12 nt 1311-1420
Thermoplasmas T.aci. o & T. vol. B, nt 1528-1557, Z = 8.96 none detected
nt 52-147, p = 2.65 x 107>
ArgF None detected None detected® nt 1-220
Actin Z. mays 56 & Z. mays 81" nt 870-972, Z = 4.54 nt 831-975

nt 847-975, p = 7.23 x 107*

Note: M. thermoauto., Methanobacterium thermoautotrophicum; T. aci., Thermoplasma acidophilum; T. vol., Thermoplasma volcanium;
Z. mays, Zea mays.

# Results are shown for analyses considering only silent-site polymorphisms and a gap penalty =1 (see text).

® Results are shown only for analyses using a minimum sliding window size of 5 (default).

¢ Boundaries determined as described under Materials and Methods.

4 Detected using the “fixed-branch lengths” option (see text).

¢ Using an HKYY model without accounting for among-site rate variation, three regions near the 5’ end of the gene (nt 7-19, 60-64, and 171—
181) were detected as regions of low likelihood, similar to that observed by Grassly and Holmes (1997).

A longer gene conversion tract (nt 1-852) was also detected between the Z. mays 56 and the Z. mays 63 paralogues, although with marginal
significance (see text).

A B No fixed branch-lengths
Chaperonins - Methanogens [ Fixed branch-lengths
* p=<0.01
254 - P< 0.01
20 .‘LI Fig. 4. Maximum likelihood (ML) sliding
2 ' window analysis of chaperonin genes in meth-
5151 : - - anogenic euryarchaeotes. A AlnL profiles in-
104 [ J/\r\ ferred from an alignment of five sequences and
j \ '\/\N m r.j 1557 nucleotide positions. Two profiles are
547~ AL Y ey Z\:\:ﬁ’"'{/' lr"::,j' 5 _\cw ----- plotted against one another (both obtained
2424 3 using the full ML topology as the null phylo-

§§ §§ genetic hypothesis), one inferred with the
Nucleotide Window T ©7  “fixed-branch lengths” option and the other
without (see text). The dashed lines indicate the
estimates of the 0.99th quantiles of their re-
spective null distributions, obtained by para-
200 poitions metric bootstrapping (AlnL = 14.02 for the
B fixed-branch lengths plot, and AlnL = 5.44
o L] without fixed branch lengths). Two regions of
the alignment selected for phylogenetic analysis
Mec. thermol. M. thermol. are highlighted (data sets 1 and 2). B ML trees
Mb. therm. a inferred from the two data sets in A (ML
Mec. jann.  Mb. ﬂmmﬂ',"“'gs 66 Me. jann.  bootstrap values are provided). Scale bars in-
97. dicate the expected number of substitutions per
Mb. therm. b nucleotide position. Mb. therm., Methanobac-
terium thermoautotrophicum; Mc. thermol.,
Methanococcus thermolithotrophicus; Mc. jann.,
— Methanococcus jannaschii; Mp. kandleri,
o1 Mp. kandlen 21 Mp. kandleri Methanopyrus kandleri.

“8 28 RE 3% %8 3% ¢ B8 &3 §§ §§ §§

Mb. therm. a

for nucleotides 1509—1533 were significantly different were investigated for instances of recombination, us-
from those estimated from the complete alignment ing the same methods as above. Within the halophilic
(AlnL = 16.50, p = 0.00011). euryarchaeotes, a pair of gene duplications occurred in

Two additional areas of the euryarchaeal chap-  the common ancestor of Haloferax volcanii and
eronin tree in which lineage-specific paralogies exist  Halobacterium sp. NRC-1. While H. volcanii has three



chaperonin paralogues, the complete Halobacterium
sp. NRC-1 genome (Ng et al. 2000) encodes only two
chaperonin genes (4 and B). The strong phylogenetic
association of the 4 and B genes for H. volcanii para-
logues 1 and 2 (Fig. 1) suggests that Halobacterium sp.
NRC-1 at one time had, but subsequently lost, the
third gene. Using LIKEWIND we identified a 120-
nucleotide region (nt 1311-1420) of anomalous
phylogenetic signal. Unlike the topology shown in Fig.
1, phylogenetic analysis of this region of the alignment
yielded trees in which the Halobacterium B paralogue
branched strongly with paralogue 3 of Haloferax
volcanii, to the exclusion of the other sequences (data
not shown). This suggests that intra- or intergenomic
recombination has occurred between paralogue 3 and
the B paralogue of Halobacterium. While GEN-
ECONYV did not detect any gene conversion regions in
the halophile data set, PLATO identified nucleotides
900-1007 as an anomalously evolving region. Phylo-
genetic analysis of this portion of the alignment pro-
duced trees with the same internal topology as shown
in Fig. 1 (data not shown). Again, likelihood ratio tests
confirmed that significantly different GTR +
I' + Pinv model parameters were estimated for this
window versus those estimated from the whole align-
ment (AlnL = 8.45, p = 0.023). Analysis of an
alignment containing the o and B paralogues of the
two Thermoplasma lineages (T. acidophilum and
T. volcanium) using our method produced no evidence
for recombination. However, both GENECONYV and
PLATO identified small (although different) areas as
possible recombinant regions (Table 1).

Neisseria argF

The argF gene encodes the protein ornithine trans-
carbamoylase, an enzyme in the arginine biosynthetic
pathway. Zhou and Spratt (1992) showed that in-
tragenic recombination has occurred in the argF gene
of Neisseria species, and more recently, Grassly and
Holmes (1997) analyzed the same data set using their
PLATO program. Figure 5A shows the results of an
ML sliding window analysis performed on an align-
ment containing eight argF sequences from a variety
of Neisseria species and strains. The AlnL profile re-
veals a large peak at the 5 end of the gene. The
phylogenetic tree inferred from the first 220 nucleo-
tides of the alignment (Fig. 5B, tree 2) differs from the
tree constructed from the whole molecule (Fig. 5B,
tree 1) in that the N. meningitidis strains (HF46 and
HF116) branch with N. gonorrhoeae in the “whole
molecule” phylogeny, but with N. cinerea in the
phylogeny constructed from the recombinant region.
This is consistent with the results of Zhou and Spratt
(1992) and and should Grassly and Holmes (1997).
The bulk of the phylogenetic incongruence in the
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argF data set is due to the fact that the 5’ end of the
N. meningitidis genes appear to be derived from a .
cinerea-like sequence.

We also inferred a AlnL, profile using the topology
shown in Fig. 5B, tree 2, as the null hypothesis. As
expected, elevated AlnL values were observed for
most regions of the alignment, except at the 5 end
(Fig. 5A), indicating that the signal present in most of
the alignment is inconsistent with that present in the
recombinant region. Interestingly, the area between
nucleotide window 501-600 and nucleotide window
601-700 possesses elevated AlnL values in both of the
profiles shown in Fig. 5A. This area roughly corre-
sponds to anomalous regions identified using May-
nard-Smith’s maximum »* test (Zhou and Spratt
1992) and PLATO (Grassly and Holmes 1997) [nt
803-833 and 728-818, respectively, following the
numbering system of Zhou and Spratt (1992)].
Phylogenetic analysis of this region yielded a third
topology (tree 3, Fig. 5B) in which the N. cinerea, N.
mucosa, and N. lactamica sequences formed a well-
supported clade and the N. gonorrhoeae and N.
meningitidis sequences did not cluster together. This
indicates that recombination may also have occurred
near the 3’ end of some of the Neisseria argF genes,
although Grassly and Holmes (1997) suggest that this
region is simply a highly polymorphic area.

Our analysis of the Neisseria argF data set using
PLATO differed from the earlier study of Grassly and
Holmes (1997) in taking into account among-site rate
variation. When the GTR + I' model was used,
PLATO did not flag any regions of the Neisseria argF
alignment as areas of significantly low likelihood.
However, when a constant rates model was used (in
our case, HKY with no rate heterogeneity), three short
regions near the 5’ end of the gene were identified as
having a low likelihood (Table 1), as observed previ-
ously (Grassly and Holmes 1997). These were con-
tained within the recombinant region identified using
LIKEWIND. GENECONYV did not detect any re-
gions of the alignment as being recombinant (Table 1).

Maize Actin

Drouin and colleagues have shown that gene con-
version has been a factor in the evolution of the actin
multigene family in the angiosperm Zea mays
(Drouin et al. 1999; Moniz de Sa and Drouin 1996).
These authors used Sawyer’s method to identify two
gene conversion tracts involving three different
Z. mays paralogues. We analyzed an alignment of
eight Z. mays actin genes using GENECONYV,
PLATO, and LIKEWIND.

The results of the ML sliding window analysis are
shown in Fig. 6A. When the ML topology inferred
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from the complete molecule (the “full molecule to-
pology”) is used as the null phylogenetic hypothesis,
the AlnL profile is largely a flat line, with the exception
of a single large peak at the 3’ end of the alignment.
When the reciprocal experiment is performed, i.e.,
using the ML topology inferred from the 3’ end of the
alignment (below) as the null hypothesis, large AlnL
values are obtained for all regions of the alignment
except at the 3’ end. Phylogenies were inferred from
three discrete portions of the alignment and are shown
in Fig. 6B. The topology obtained from analysis of the
complete alignment (tree 1) was the same as that in-
ferred from the full alignment, minus 145 nucleotides
at the 3’ end (tree 2). Significantly, these topologies
were inconsistent with trees inferred from only the 3
end of the alignment (tree 3). The three trees are
identical except that the Z. mays 56 paralogue clusters
strongly with paralogue 63 in trees 1 and 2, while
branching with paralogues 81 and 83 in tree 3. These
results are consistent with those of Moniz de Sa and
Drouin (1996) and Drouin et al. (1999). GENECONV
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Fig. 5.  Maximum likelihood (ML) sliding
window analysis of Neisseria argF genes.

A AlnL profiles inferred from an alignment
containing eight Neisseria sequences and 787
sites. Two AlnL profiles are shown: one in-
ferred with the full molecule topology as the
null hypothesis, the other using the tree ob-
tained from analysis of positions 1-120. The
dashed line indicates the estimate of the 0.99th
quantile of the null distribution

(AlnL = 8.77), obtained by parametric boot-
strapping. The approximate regions (and sizes)
of three data sets (1-3) selected for phyloge-
netic analysis are shown. B Phylogenetic ana-
lyses of the three data sets highlighted in A. All
three trees were constructed using the ML
method. ML (plain text) and ML-distance
(italics) bootstrap values are provided. Scale
bars indicate the expected number of substi-
tutions per nucleotide position.

identifies nucleotides 847-975 (our coordinates) as a
possible conversion tract between Z. mays 56 and
Z. mays 81, or, alternatively, suggests that most of the
coding region (nt 1-852) of paralogues 56 and 63 has
been homogenized by gene conversion (Table 1). It is
not clear which of these scenarios is correct. PLATO
identifies a region near the 3’ end of the gene as having
a significantly low likelihood (nt 870-972, Z = 4.54)
but does not detect the area corresponding to the
possible large-scale conversion event between para-
logue 56 and paralogue 63 (Table 1) (Drouin et al.
1999). The latter result is expected, given that the null
hypothesis inferred from analysis of the complete
alignment suggests that paralogues 56 and 63 are re-
cent duplicates of one another.

An M L-Distance Approximation

The use of ML to infer phylogenetic trees is compu-
tationally prohibitive for large data sets. We thus
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examined the efficacy of obtaining AlnL profiles from
trees constructed with an ML-distance approxima-
tion. ML-distance AlnL profiles for the Thermococcus/
Pyrococcus chaperonin, Neisseria argF, and maize
actin data sets are shown in Fig. 7, plotted against
those obtained from full ML analysis (Figs. 2, 5, and
6, respectively). On the whole, the results are very
similar. A noticeable exception is the presence of the
occasional negative AlnL value in the ML-distance
profiles (e.g., the last window of the Thermococcus/
Pyrococcus chaperonin data set; Fig. 7A). We ex-
amined these areas in isolation by phylogenectic
analysis and determined that they correspond to re-
gions of the alignment in which the ML and ML-
distance trees conflict with one another (data not
shown). As expected, the ML-distance method was
much faster. For the Neisseria argF data set, the ML-
distance approximation took 7 s on a 667-MHz
Compaq EV6 (21160) Alpha processor, compared to

number of substitutions per site.

64 s for the full ML analysis. Null distributions in-
ferred under the ML-distance approximation were
similar to those obtained using ML (data not shown).

Discussion

We have presented an ML sliding window method that
detects conflicting phylogenetic signals in nucleotide
sequence alignments. A wealth of molecular data now
suggests that intragenic recombination has been a
major factor in the evolution of genes, and from the
results presented here and elsewhere, it is clear that a
well-resolved whole gene phylogeny cannot be taken
as evidence that no recombination has occurred. Our
method is meant to complement “‘standard” phylo-
genetic analyses by providing a statistically rigorous
visual way of identifying anomalously evolving re-
gions. As we have shown, subsequent analysis of such
regions can provide insight into the nature of the
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evolutionary processes that have given rise to the
anomaly. Using the ‘““fixed-branch lengths” option,
the method can also be used to detect gene conver-
sions that do not result in changes in topology, as
demonstrated for the methanogen chaperonin data
set.

Our approach is similar to that of Grassly and
Holmes (1997) in that we employ a sliding window
method to identify regions of an alignment which do
not fit with the ML topology inferred from the
complete sequence. However, PLATO identifies re-
gions that exhibit the lowest average likelihood rela-
tive to the rest of the molecule under a single null
phylogeny. In contrast, we use a likelihood ratio test
in which the difference between the log-likelihood of
the ML tree for a given subset of the alignment and
the log-likelihood of this region given a null phylo-
genetic hypothesis is used as a measure of conflict.
Therefore, unlike PLATO, our method is relatively
insensitive to regions of alignments with inherently
low likelihoods, such as those evolving under positive
selection or those that deviate significantly from the

likelihood model used in the analysis. It is interesting
that in three of the four euryarchaeal chaperonin data
sets examined independently, PLATO—but not
LIKEWIND—identified an area at the extreme 3’
end of the alignment as an anomalously evolving
region (nt postions 1506—1554, 1509-1533, and 1528—
1557 in the Thermococcus/Pyrococcus, methanogen,
and Thermoplasma data sets, respectively; Table 1).
The GTR rate matrix, Py, and I" shape parameter
estimates inferred from these regions did in fact differ
significantly from those obtained from their respec-
tive complete alignments. As discussed above, the
differences in the results obtained with LIKEWIND
and PLATO are not due simply to the fact that
LIKEWIND uses a slightly more complex model of
sequence evolution.

Similarly, LIKEWIND identified a number of re-
gions with demonstrably incongruent phylogenetic
signals that PLATO did not detect. Two portions of
the Thermococcus|/Pyrococcus chaperonin alignment
were flagged as anomalous by LIKEWIND but not
PLATO, as were three regions of the methanogen



chaperonin data set, one region in the halophile
chaperonin data set, and one area in the argF data set
(see Table 1). Although the reason for the failure of
PLATO in these instances is not clear, in some cases
it may be related to the program’s reliance on finding
discrete regions of an alignment which have a much
lower average site likelihood within a given window
than outside it. This procedure makes it inherently
more difficult to identify anomalous regions when
there is more than one such region. When multiple
regions of “‘spatial phylogenetic variation’ are pre-
sent in an alignment, the average site likelihoods both
inside and outside a window can be aberrantly low
under the ML tree, and their ratio need not be par-
ticularly high. Indeed, in two of the cases where
PLATO did not identify the phylogenetic discordant
regions, there were multiple such regions (Table 1). In
any case, a recent simulation study of recombination
detection methods indicated that of the four methods
tested (one of which was GENECONYV), PLATO was
the least powerful in detecting recombination over a
wide range of recombination rates in a coalescent
model (Brown CIJ et al. 2001). For this reason, it is
perhaps not surprising that PLATO failed to identify
several clear cases of phylogenetic incongruence in
the data sets analyzed in this study.

Our method clearly works best on alignments in
which a dominant phylogenetic signal is present.
However, the approach is not limited to the analysis
of “‘well-resolved” phylogenies, since AlnL profiles
can be inferred under any a priori null hypothesis. If
AlnL profiles that are inferred under two null hy-
potheses possess peaks in the same region of an
alignment, this suggests that a third topology is more
consistent with the data in that region. This was
found to be the case near the 3’ end of Neisseria argF
alignment (see Figs. SA and B). On the other hand,
the converse situation in which AlnL plots inferred
under completely different null hypotheses have low
AlnL values in the same region suggests that the data
in this portion of the alignment are phylogenetically
uninformative. This could be due to either an ex-
tremely high or an extremely low degree of sequence
conservation.

We found that LIKEWIND is largely unaffected
by the presence of distantly related sequences in
the alignment. Drouin et al. (1999) noted that
GENECONYV may perform poorly when one or more
divergent sequences are present, as their presence
masks the presence of silent polymorphic sites that
would otherwise be selected for analysis. Indeed,
GENECONYV failed to detect recombination in the
Thermococcus/Pyrococcus and halophile chaperonin
data sets identified using LIKEWIND and/or PLA-
TO, as well as in the Neisseria argF data set. This was
also found to be the case in a recent analysis of
chaperonin paralogues in crenarchaeotes. The method
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described here was used to identify gene conversions
between paralogues sharing less than 50% sequence
identity (Archibald and Roger 2002), conversions
that were not detected using PLATO or the least-
squares method (TOPAL) of McGuire and Wright
(2000).

It is often desirable to be able to determine pre-
cisely the boundaries of anomalously evolving re-
gions. In this respect, our approach is less precise
than that of Grassly and Holmes (1997) or McGuire
et al. (1997), the primary purpose of which is to
detect putative recombination breakpoints. We used
a sliding window size of 100 nucleotides for the
LIKEWIND analyses, as this proved to be a rea-
sonable balance between maximizing the ability to
pinpoint anomalous regions and retaining sufficient
phylogenetic signal for accurate results. Neverthe-
less, in cases where results were directly comparable,
the boundaries predicted using the ML sliding win-
dow approach were often within 20 nucleotides of
those predicted by GENECONYV and PLATO (see
Table 1).

At present, the method described in this paper is
limited only by the large computational burden as-
sociated with full maximum likelihood. While we
have performed ML sliding window analyses on data
sets containing as many 21 sequences (data not
shown), determining the significance of the resulting
AlnL profiles with a sufficient number of parametric
bootstrap replicates is a daunting task. Such analyses
often took between 24 and 48 h to complete on a 667-
MHz Compaq EV6 (21160) Alpha processor, com-
pared to seconds or minutes for an analysis of the
same data set using PLATO or GENECONV.
However, we found that inferring likelihoods from
ML-distance trees produced AlnL profiles compara-
ble to those obtained with a full ML analysis, and as
expected, these analyses were much faster. This
should allow the method to be used in the analysis of
much larger data sets, e.g., more than 40 sequences.
At present, a data set-dependent bug in the latest
release of PAUP™ (b8) prevents us from investigating
the ML-distance approximation in a rigorous fash-
ion; once this problem is circumvented, the reliability
and performance of the ML-distance option will be
pursued further.

With respect to the phylogeny of chaperonins, the
lineage-specific gene duplication pattern inferred for
euryarchaeotes (Fig. 1) (Archibald et al. 1999, 2001)
should, in light of the data herein, be seen as com-
patible with a scenario of somewhat fewer gene du-
plications combined with periodic complete gene
conversion. Complete gene conversions would not be
detected by any of the methods used here and would
be indistinguishable from recent duplication. Never-
theless, the highest degree of amino acid identity
shared between subunits encoded in the same archa-
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eal genome is only 80.6% (Thermococcus sp. KS-1 a
and b), suggesting that, if complete gene conversions
between duplicate genes have occurred, they have not
happened recently. It certainly appears to be the case
that, as has been observed for numerous other gene
families, small-scale intragenic recombination has
played an important role in the evolution of the
chaperonins.

The inability of many single-gene analyses to re-
solve important phylogenetic issues has led to the
current trend of analyzing concatenated datasets (e.g.,
Baldauf et al. 2000; Brown JR et al. 2001). However,
the lateral transfer of genes among genomes (Ochman
et al. 2000) and underlying differences in the processes
of molecular evolution from gene to gene (Huelsen-
beck and Bull 1996) suggest that concatenation
should be performed with caution. It is also now clear
that intragenic recombination is a major concern: not
only should some genes not be analyzed as part of a
single data set, but discrete regions of individual genes
may be incompatible with a single underlying evolu-
tionary history. It is thus essential that the methods
used to detect recombination or conflicting phyloge-
netic signals within and between genes and genomes
continue to be improved.
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