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■ Abstract Recombination can be a dominant force in shaping genomes and as-
sociated phenotypes. To better understand the impact of recombination on genomic
evolution, we need to be able to identify recombination in aligned sequences. We review
bioinformatic approaches for detecting recombination and measuring recombination
rates. We also examine the impact of recombination on the reconstruction of evolution-
ary histories and the estimation of population genetic parameters. Finally, we review
the role of recombination in the evolutionary history of bacteria, viruses, and human
mitochondria. We conclude by highlighting a number of areas for future development
of tools to help quantify the role of recombination in genomic evolution.
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INTRODUCTION

The comparative analysis of genome sequence data is transforming evolutionary
biology. Not only does genomic analysis allow us to reconstruct phylogenetic pat-
terns and processes with more accuracy than ever before, but it also provides new
insights to the fundamental mechanisms of evolutionary change. One such mech-
anism is recombination. Already, the bioinformatic analysis of genome sequence
data has revolutionized our understanding of this central evolutionary process, in-
cluding its impact on genome structure (104) and on phenotypic variation (146),
and its relationship to the study of genetic disease (12). Further, there is now
a greater understanding of how recombination confounds our attempts to infer
phylogenetic history and other key evolutionary parameters, and that lateral gene
transfer has been a common occurrence in the evolutionary history of many species,
so that taxa cannot always be related by single phylogenetic tree (73).

Given the central importance of recombination in evolutionary biology, it is
crucial that we have bioinformatic tools that are able to accurately detect its occur-
rence and understand how it affects the inference of phylogenetic relationships.
Our review covers current tools available for detecting recombination and dis-
cusses the impact of recombination on phylogeny estimation. For this purpose,
it is important to distinguish between homologous recombination, which affects
related gene sequences, from nonhomologous recombination, which does not.
Although both conform to a broad definition of recombination—an evolutionary
event that has as a consequence the horizontal exchange of genetic material—our
discussion of the phylogenetic impact and detection of recombination implicitly
assumes that we are dealing with homologous sequences. We also consider re-
combination in both prokaryotes and eukaryotes, where traditionally the process
of recombination is thought to act differently. This distinction is significant be-
cause the concept of recombination prevalent in evolutionary genetics is based
on meiosis in eukaryotic organisms, where recombination is a complex molecular
process by which a fragment of DNA is reciprocally exchanged between homol-
ogous chromosomes. On the other hand, prokaryotes provide several possible
pathways of recombination—conjugation, transformation, and transduction—that
are more accurately denominated lateral gene transfer or gene conversion, as they
involve the nonreciprocal replacement or addition of sequences rather than their
exchange, involving either homologous or nonhomologous sequences (although
gene conversion is also a frequent process in eukaryotic multigene families). It is
also important to distinguish between recombinational events that occur between
different genes (intergenic recombination) or between alleles of the same gene
(intragenic recombination). Hence, whereas there are many different mechanisms
to generate recombinant genomes (in our broadly defined sense), the evolutionary
outcomes of recombination are largely the same in whichever system is analyzed.
It is the impact of these outcomes that we address here.
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Figure 1 Recombination may generate different phylogenies for different regions of
a gene or alignment. (a) A recombinational event between the ancestor of B&C and
D generates a recombinant R that is present in the sample. (b) This recombinant will
cluster with the ancestor of B&C in the region 3′ to the recombination breakpoint,
whereas in the 5′ region it will cluster with D. (c) The fact that there is more than one
history underlying the data is often represented as loops or reticulations (and therefore
the term “reticulate evolution” is frequently used).

A central theme of our review is the impact of recombination on phylogenetic
inference. The reconstruction of phylogenies has been the subject of considerable
and often intemperate debate for many years, and more recently, the accumula-
tion of molecular data has added a new level of interest and analytical power
(47). Although there are many examples of the myriad uses of molecular phy-
logenies (40), most of these applications rely on an accurate estimation of the
phylogenies themselves. Traditional methods of phylogeny estimation, such as
maximum parsimony (MP), minimum evolution (ME), or maximum likelihood
(ML) [see (125)], assume that only one evolutionary history underlies the sample
under study. However, this assumption is violated by the occurrence of recombi-
nation, which can lead to samples with several underlying phylogenies, in which
case it is more accurate to describe relationships in terms of reticulate evolution
(Figure 1). Indeed, it is important to remember that a bifurcating tree is a hypoth-
esis about how taxa are related, not a truism. In those studies that have explored
the possibility of recombination, it has had a significant impact in our understand-
ing of the history of gene genealogies and arguments based on these phylogenies
(14, 16, 38, 48, 49, 97, 108, 110, 143, 147). Technological advances have allowed
for even larger regions of DNA to be sequenced, thereby increasing the chances
for recombination to have occurred in the sample under study. A clear understand-
ing of how we can detect and estimate the rate at which recombination occurs is
therefore essential.

THE DETECTION OF RECOMBINATION

Given the importance of recombination in the evolutionary analysis of sequence
data and as a potentially dominant force in the rearrangement of genetic variation, it
is essential to be able to identify whether a given set of sequences has been affected
by recombination, to identify the boundaries of the recombinational units, and to
evaluate the impact of recombination on our ability to reconstruct evolutionary
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histories and estimate population genetic parameters. In the following sections
we summarize different methods for detecting the presence of recombination and
their relative performance. By detecting recombination we mean just to answer
the question of whether recombination has occurred or not. How to measure the
amount of recombination is discussed in the next section.

Statistical Methods for Detecting Recombination

During the past 15 years numerous methods have been developed to test for the
occurrence of recombination, to identify the parental and recombinant individ-
uals, and to determine the location of the recombinational break-points. These
techniques differ greatly in approach and applicability, but may be (tentatively)
classified into five nonexclusive general categories: similarity, distance, phylo-
genetic, compatibility, and nucleotide substitution distribution methods. Here we
provide a brief overview of current methods within each of these categories. For
a more detailed review of these methods see Crandall & Templeton (11), or the
supplementary material in Posada & Crandall (101). David Robertson (Depart-
ment of Zoology, University of Oxford) also offers a web site with links to the
implementations of these methods at http://grinch.zoo.ox.ac.uk/RAPlinks.html.

(a) Similarity Methods These methods infer gene conversion when synony-
mous substitutions at variable regions exceed those at conserved regions
(85, 94). However, they have not been used extensively, in part because they
are most useful for detecting gene conversion in multigene families and can
be applied only to coding regions.

(b) Distance Methods Several methods look for inversions of distance pat-
terns among the sequences (138). In general, they use a sliding window
approach and the estimation of some statistic based on the genetic dis-
tances among the sequences. Because the phylogeny does not need to be
known, these methods are highly computationally efficient.

(c) Phylogenetic MethodsOther methods infer recombination when phylo-
genies from different parts of the genome result in discordant topologies or
when orthologous genes from different species are clustered. When compar-
isons of adjacent sequences yield topological incongruence, there is good
reason to suspect the involvement of recombination (3, 29, 35, 41, 42, 49,
55, 56, 64, 75, 79–82, 107–109, 116, 117). Such phylogeny-based methods
are currently the most common in use to detect recombination.

(d) Compatibility Methods Compatibility methods test for partition phyloge-
netic incongruence on a site-by-site basis. These methods do not require a
phylogeny of the sequences under study (14, 17, 59, 60, 120).

(e) Substitution Distribution This family of methods include strategies that
examine sequences for a significant clustering of substitutions or fit to an
expected statistical distribution (5, 11, 16, 32, 57, 77, 83, 111, 112, 118, 119,
121, 127, 131, 142).
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Performance of Recombination Detection Methods

The performance of several methods for detecting recombination has been evalu-
ated through the analysis of simulated (7, 76, 101, 141) and empirical data (15, 99).
These studies have focused on the detection of the presence of recombination rather
than on the identification of parentals and recombinant individuals, or on the lo-
cation of the specific break-points, and hence give an incomplete picture of our
ability to accurately detect every aspect of recombination.

Recombination detection methods differ in performance depending on the
amount of recombination, the genetic diversity of the data, and the degree of
rate variation among sites. Most methods are efficient, showing more power with
increasing recombination rates, although some methods are more efficient than
others. Most methods also show better performance at higher levels of divergence,
most likely because of an increase in the amount of signal for recombination present
in the data. For the majority of methods, a minimum nucleotide diversity of 5%
seems necessary to obtain substantial power, and several recombination events are
needed to infer the presence of recombination. Recombination is also difficult to
detect when the phylogeny has long terminal, and short internal, branches (141).
Rate variation among sites (145) can also be confounded with recombination, and
in some cases it leads to false positives (99, 101, 114, 142). Perhaps the most inter-
esting consensus result from these studies is that methods that use the substitution
patterns or incompatibility among sites seem to be more powerful than methods
based on phylogenetic incongruence. This might be partially explained by the fact
that, in general, phylogenetic methods can only detect recombination events that
change the topology of the tree, and at high recombination rates there should be
many such events.

Note also that there are two different contexts in which we may wish to detect
recombination: rare, sporadic recombination or frequent, repeated recombination
(76). Not surprisingly, most methods have trouble detecting rare recombinational
events, especially when sequence divergence is low. Indeed, recent events should
be more easily identifiable than older events, as the latter may be obscured by
subsequent mutation. On the other hand, when recombination rates are extremely
high, leading to situations close to linkage equilibrium, we would expect substi-
tution methods to have difficulty in identifying site patterns (76), although this is
not what is observed with real data sets (99). Indeed, we are interested in maxi-
mizing the chances of detecting recombination while minimizing the chances of
false positives. In order to do so, we need to take into account levels of variation.
For example, for data sets with very low divergence (1%), the homoplasy test
(77) appears to be a reasonable method, as long as there is little among-site rate
variation. For higher levels of divergence the homoplasy test is not adequate, and
methods like the modified maximum chi-square (101, 141), GENECONV (113)
or RDP (75) are more powerful. However, perhaps the key conclusion from simu-
lation and analytical studies is that one should not rely on a single method to detect
recombination (101, 141).
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The Proportion of Undetectable Recombination

In general, our ability to detect recombination depends on the amount of ge-
netic variation in the population. If recombination occurs between two identical
strands of DNA, then this event is undetectable. Therefore, estimates of recombi-
nation will always be underestimates due to our inability to detect recombination
between identical or nearly identical sequences. Hudson & Kaplan (54) studied
the theoretical sampling distribution of the number of recombination events that
have occurred during the history of a sample of DNA sequences. Through com-
puter simulation they compared the known number of recombination events with
the number inferred by a detection technique based on parsimony (four-gamete
test), and found that only a small fraction of known recombination events were
detected. In this context, recombination events can be divided in two categories
(122): those that do not result in any observable effect on the DNA sequences and
hence are undetectable with any analytical method, and those that do affect the
DNA sequence and here are potentially detectable. The first category includes re-
combination events between identical sequences (Figure 2a), between sequences
that differ at a single site (Figure 2b,c) and between sequences that differ at sev-
eral sites with the crossover point flanking the segregating sites (Figure 2d,e). The
number of nucleotide differences,d, between a random pair of DNA sequences is
related to the quantityθ = 4Neµ, whereNe is the effective population size andµ
the mutation rate. Stephens (122) has shown that even for relatively high values
of θ , a substantial fraction of the recombination events cannot be detected, even
with d ≥ 2. Undetected recombinant events occur mainly because of inefficiency
in the detection, and less commonly because of redundant recombination events.
Quite clearly, attempts to estimate recombination rates should take into account
the fraction of undetectable events (122). Similarly, and from a phylogenetic point
of view, recombination events can be classified with respect to their effect on tree
topology, as (a) events that do not change the branch lengths, (b) events that do
change the branch lengths, but do not change the tree topology, and (c) events that
change the tree topology (Figure 3). Wiuf et al. (141) give theoretical expectations
for the tree types of events.

Figure 2 Different types of recombination events depicted in substitution patterns.
Eventsa–ebelong to the category of undetectable events. Eventf is a detectable event
and so belongs to the category of detectable events. Sites with the∗ symbol are variable
sites. A triangle indicates the location of the recombination break-point.
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Figure 3 Different types of recombination events and how they affect tree topology
and branch lengths. CA indicates a coalescent event, while RE indicates a recombina-
tion event. (a) No change in topology nor in branch lengths. (b) No change in topology
but a change in branch lengths. (c) A change both in topology and branch lengths. Events
of type (a) and (b) can occur in samples of any size, but events of type (c) can only
occur in samples of size≥4. Most events in samples of large size are of type (c) (141).

Recombination in Polymerase Chain Reaction

Once recombination is detected, questions of the validity of the recombination
event in vivo remain because recombination can also be produced in vitro during
the polymerase chain reaction (PCR) used to amplify the desired region of DNA
(6, 87, 93). Recombination is a particular concern when attempting to amplify long
products by PCR, as has been demonstrated with HIV-1 sequences. Phylogenetic
analyses offer a way to distinguish between PCR-induced recombination events
and actual in vivo recombination events. If mutational events are mapped along
the branches of the reconstructed histories, recent and historical recombination
events can be differentiated by the number of accumulated mutations after the
recombination event. In PCR recombination, we do not expect to accumulate
additional substitutions, so that if such additional substitutions are present along
the recombinant branch, then the inferred event most likely occurred in vivo.

ESTIMATING RECOMBINATION RATES

Recombination can play a dominant role in the generation of novel genetic variants
through the rearrangement of existing genetic variation generated through muta-
tion. Recombination also plays a role in the dissipation of linkage disequilibrium.
Hence, when coupled with selection, recombination can be a key evolutionary force
(26, 46). To understand the role of recombination in the generation of genetic di-
versity relative to the role of mutation we need to be able to accurately estimate
recombination rates. Whereas in the previous section we focused on detection of
the presence of recombination, here we focus on the rate of recombination. In-
deed, recombination rate estimators can be used to build tests for the presence of
recombination (7).

The population recombination parameter is defined asρ = 4Ner, whereNe

is the effective population size andr is the per-locus (or per-site) recombination
rate per generation. The population mutation parameter (genetic diversity) can be
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similarly defined asθ = 4Neµ, whereµ is the per-locus (or per-site) mutation rate
per generation. If we can accurately estimate bothρ andθ , we can then define the
relative rate of recombination compared to mutation as

ε = ρ

θ
= 4Ner

4Neµ
= r

µ
. 1.

On the rare occasion that this quantity has been estimated from nucleotide sequence
data, it has provided keen insights into the population dynamics of the organism
under study (e.g., 23, 103).

Recombination Rate Estimators

As there are a variety of methods to estimateθ (19, 28, 31, 66, 126, 132, 136), there
are also a number of methods to estimate recombination rates in populations. Like
recent methods for estimatingθ , most approaches for estimatingρ are based on
neutral coalescent theory (62) [reviewed in (52)] with recombination (37, 50). The
estimators of recombination generally take one of two approaches, either quanti-
fying recombination as a summary statistic or estimating recombination rates by
considering all the data. Hudson (51) took the former approach to derive an estima-
tor ofρ based on the observed variance of the number of pairwise differences. The
expected variance in pairwise differences decreases with decreasing amounts of
linkage disequilibrium between segregating sites as a result of increasing recom-
bination. Therefore, this observed variance in pairwise differences is a measure
of the amount of linkage disequilibrium and hence also of the recombination rate
(134). Wakeley (133) improved this estimator by considering only nonidentical
pairs of sequences, which reduces the bias and standard error on this estimator of
recombination rate.

The second approach is to use a maximum likelihood framework to provide
a joint estimate of mutation and recombination rate that uses the maximal infor-
mation in the sample, rather than a summary statistic. The first such estimator
was developed by Griffiths & Marjoram (36); they used a coalescent process
with recombination resulting in a genealogy with reticulations that they termed
an “ancestral recombination graph.” Kuhner et al. (67) also used a “recombi-
nant genealogy” to co-estimate the recombination rate and mutation rate (ourε;
Equation 1) using a Metropolis-Hastings sampling strategy across genealogies.
Fearnhead & Donnelly (24) similarly present a full-likelihood–based approach to
the joint estimate of recombination and mutation rates. Their method develops
an improved importance sampling scheme, which should result in more accurate
estimates. The advantage of these methods is that they use all the data to estimate
recombination rate instead of a summary statistic. However, they accomplish this
at the expense of computational efficiency. A compromise solution was proposed
by Hey & Wakeley (45) whose approach averages likelihood estimates of recom-
bination rate for subsets of sequences. An alternative approach proposed by Wall
(134) uses the number of distinct haplotypes to estimateρ by using maximum like-
lihood on summary statistics. A Bayesian approach to estimating recombination
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rate was recently proposed by Falush et al. (23), but the statistical properties of
this method are unexplored. An alternative Bayesian approach was suggested by
Nielsen (91), and the statistical foundation of this approach is much better laid
out. This method is similar to that of Kuhner et al. except that a Bayesian ap-
proach is used in parameter estimation instead of importance sampling. Hudson
(53) recently proposed an alternative approach that considers polymorphic sites
in pairs and then utilizes likelihood methods appropriate for analyzing a pair of
polymorphic sites. This composite-likelihood estimator has the advantage of being
more computationally efficient relative to the full-likelihood methods but without
summarizing the data in a single statistic. McVean et al. (83) extended this to ac-
commodate different models of evolution (including, importantly, rate variation)
and to relax the infinite-sites assumption (typically violated by many empirical
data sets). All of these approaches assume constant population sizes, indepen-
dence of sites, neutral evolution, and an infinite-sites model of evolution (with the
exception of McVean et al.’s method). However, they differ considerably in terms
of the required population sampling, level of nucleotide polymorphism, and num-
ber and type of nucleotide positions surveyed.

Performance of Estimators of Recombination Rate

At least two studies have extensively compared different estimators of recombi-
nation rate. The first compared ten estimators and found that their relative perfor-
mance depended greatly on the amount of genetic diversity (θ ), with most methods
performing poorly at low levels of genetic diversity (134). The best performing es-
timator in these simulations was that of Kuhner et al., which had the smallest mean
squared error, the greatest proportion of estimates within a factor of two of the
actual value, and the second smallest bias (134). The second study compared the
relative performance of the full-maximum–likelihood methods. In this simulation
study, the authors distinguish between two possible comparisons. One can either
compare how accurately the methods approximate the likelihood surface or the
properties of the methods’ ability to estimateρ andθ (24). While the former study
based comparisons on the second criterion, these authors argue that the first is
more fundamental and therefore report results from this approach. They show that
their new sampling method is up to four orders of magnitude more efficient than
the previous method of Griffiths & Marjoram (36). In addition, they showed their
approach outperformed Kuhner et al.’s method and also that this method often gave
misleading results. The discrepancy between these results and those obtained by
Wall and Kuhner et al. are presumably due to the different criterion of assessment
(likelihood surface instead of the parameter estimates themselves) and the differ-
ence in the relative amount of recombination to mutation (Kuhner et al. simulated
data with mutation rates much higher than recombination rates, whereas Fearnhead
& Donnelly simulated under the opposite conditions) (24). Clearly, the compar-
isons of these methods have just begun. As new methods emerge from our better
understanding of existing methods, further research is needed to discern how robust
such estimators are to violations of the standard coalescent assumptions (135).
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RECOMBINATION AND PHYLOGENETIC INFERENCE

Phylogenetic studies typically ignore the potential occurrence of recombination,
which may produce sequence regions with different evolutionary histories. An
accurate history of such mosaic sequences cannot be estimated by traditional phy-
logenetic methods that assume a single nonreticulate tree. If recombination is
present and we have ignored it, can we expect the inferred phylogeny to represent
any of the underlying evolutionary histories? Furthermore, what happens if we
then use these trees to estimate relevant evolutionary parameters? Partial answers
to these questions have been only recently investigated, and in this section we
outline our current understanding of the impact of recombination in phylogenetic
studies.

The Effect of Recombination on Phylogeny Estimation

Recombination has long been recognized as a serious confounding factor for phy-
logeny estimation. However, only a few studies have explicitly addressed this
question. Wiens (140) carried out a simulation study to explore the effect of com-
bining data sets with different phylogenetic histories. This problem is identical
to the problem of recombination, only that when we combine data sets we have
already defined the potential partitions of the data. Wiens explicitly investigated
the effect of combining genes generated under different genealogies on the estima-
tion of the true “species tree.” The main conclusion was that a combined analysis
provides a poor estimate of the species tree in areas where the gene genealogies
are very different, but an improved estimate in regions where the gene genealogies
agree. Wiens also provides a simple strategy to deal with such situations, consisting
of (a) defining the data partitions (e.g., by gene), (b) performing a separate analysis
on each partition, and (c) undertaking a combined analysis, with caution directed
toward nodes not supported in the analyses of separate partitions (i.e., stepb).

However, in many cases we only have a single data set with no obvious partitions
and the question then becomes what happens when recombination has occurred,
but is ignored? In such a case can we expect the inferred phylogeny to represent any
of the underlying evolutionary histories? Posada & Crandall (102) examined this
question by applying traditional phylogenetic reconstruction methods to mosaic
sequence alignments. Their results suggest that the effect of recombination on
phylogeny estimation is dependent upon the relatedness of the sequences involved
in the recombination event and on the relative size of the regions with different
phylogenetic histories. When recombination occurred between closely related taxa,
or when recombination was ancient, one of the histories underlying the data was
inferred. In these cases, the phylogeny under which the majority of sites were
evolved was generally recovered. On the other hand, when recombination occurred
recently among divergent taxa and the recombinational break-point divided the
alignment in two regions of similar length, a phylogeny that was very different from
any of the true phylogenies underlying the data was inferred. Hence, recombination
can be very misleading, resulting in the inference of wrong topologies, but only
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in some circumstances. More extensive simulations are needed to determine the
generality of these conclusions.

Estimating Parameters from Recombinant Trees

While recombination can have a major impact on phylogenetic trees, the tree is
seldom the endpoint of a phylogenetic analysis. Indeed, trees are now used to infer
many relevant evolutionary parameters and to test different evolutionary hypothe-
ses. Schierup & Hein (114) characterized some of the consequences of ignoring
recombination when using phylogenies to make demographical, chronological, or
substitutional inferences. Long terminal branches appear in a more star-shaped
phylogeny, which suggests apparent exponential growth when the population size
is actually constant. Further, parallel mutations are postulated to fit the data to a
single tree and the extent of rate heterogeneity among-sites is wrongly inferred.
Crucially, however, recombination affects different phylogenetic methods in dif-
ferent ways. While distance methods underestimate the time to the most common
ancestor, maximum likelihood leads to an overestimate of the total number of
mutations. The amount of recombination needed for these effects to be evident is
not high, and such effects were found with just 100 bp inDrosophila, or 2000 bp
in humans, although obviously the recombination rate varies extensively over the
genome.

Recombination and the Molecular Clock

Ignoring recombination may lead to the false rejection of the molecular clock if
phylogenetic methods like the likelihood ratio test (27) are used (115). To appro-
priately test the clock hypothesis in the presence of recombination, we need to use
a test that is independent of tree topology. Muse & Weir (89) proposed a triplet
likelihood ratio test to test for equality of evolutionary rates for two species at a
time using a third species as an outgroup. Posada (98) has shown that this can be
used as a conservative test for recombinant sequences if an outgroup is selected
that did not recombine with the ingroup.

REPRESENTING RETICULATE EVOLUTION

The presence of recombination in an evolutionary history presents a significant
problem for the representation of that history. A typical representation of an evo-
lutionary history consists of a bifurcating evolutionary tree. However, with recom-
bination, the true underlying history is reticulate in nature. Therefore, a bifurcating
tree is, at best, only a partial representation of the actual evolutionary history. To
better represent the actual reticulate evolutionary history, researchers have devel-
oped network approaches for estimating phylogenetic trees. Similar to standard tree
estimation approaches, network approaches employ a variety of optimality criteria,
including parsimony, distance, and likelihood approaches. Many combine parsi-
mony, distance, and/or likelihood approaches into a single method. One of the first
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methods developed for comparing sequences in a network fashion was statistical
geometry (18). This approach considers quartet combinations of nucleotide se-
quences and then develops a geometric configuration to represent the combination
of quartets. Statistical parsimony (129), implemented in the software package
TCS (10), makes minimum pairwise connections among sequence variants up to a
point determined by the calculation of a probability of parsimonious connections.
Netting (30) is an approach that represents all the most parsimonious trees in a
single network by presenting homoplasies as networked connections in different
dimensions. Molecular variance parsimony (20) takes into account haplotype fre-
quencies and their geographic distributions to estimate network relationships. Split
decomposition (4) takes sequence characters and divides them into partitions of
mutually exclusive sets and then compares these splits across characters. When
the splits are incompatible, loops are formed in the graphical representation of ge-
nealogical relationships. Finally, a likelihood network procedure (123, 124) allows
for a directed graphical model (where nodes are stochastic variables and branches
indicate correlation between these variables) to represent the evolutionary history
of sequences along a network. These methods and their theoretical advantages over
standard bifurcating approaches for the representation of gene genealogies have
been recently reviewed in detail (100). However, much work remains in terms of
testing the accuracy of these methods in reconstructing evolutionary histories and
their relative performances.

THE IMPACT OF RECOMBINATION: EMPIRICAL EXAMPLES

The detection and estimation of recombination has led to major biological insights
in a variety of cases. These studies have been particularly important in microbiol-
ogy where the application of the bioinformatic tools described in this review to the
growing data base of gene sequences has radically changed our perspective on how
frequently recombination occurs in both bacteria and viruses. Such findings have
wide-ranging implications, from the successful reconstruction of evolutionary and
epidemiology history, to preventing the development of drug resistance and the
evolution of virulence. Moreover, the high levels of genetic variation in many
microbial species, particularly RNA viruses, also mean that they constitute ideal
model organisms to assess the reliability of different estimators of the presence
and rate of recombination.

Recombination in Bacteria

Because bacteria reproduce by binary fission, it was generally assumed that they
evolved entirely by asexual mechanisms. Such a view was initially confirmed
by studies ofEscherichia coliusing multilocus enzyme electrophoresis (MLEE),
which indicated that populations were characterized by high levels of linkage dise-
quilibrium and phylogenetic congruence [reviewed in (78)]. However, the growing
availability of genetic data gradually shifted opinion toward the view that recom-
bination could occur, sometimes frequently, among bacterial species other than
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E. coli (78). A more radical overhaul came with the availability of large-scale
nucleotide sequence data, either in the guise of multilocus sequence typing [MLST
(74)] or large regions of bacterial genomes. The bioinformatic analyses of these
data indicated that recombination rates in bacterial species can be both extremely
high and extremely variable, and that lateral gene transfer can occur among very
distantly related species, even between bacteria and eukaryotes (43). This last ob-
servation has important implications for reconstructing the evolutionary history of
cellular life forms (W. F. Doolittle, personal communication).

MLST data provide a genome-wide subsample of housekeeping genes, but
from a very large number of isolates. This makes it possible to measure a range
of evolutionary parameters, including recombination frequency. This can be done
indirectly by assessing the degree of incongruence between phylogenies of differ-
ent genes within MLST data sets. Using a maximum likelihood method, in which
the differences in log likelihood between the trees estimated for each gene are
compared to a null distribution generated using random tree topologies, very high
rates of recombination were inferred inNeisseria meningitidis, Staphylococcus
aureus, Streptococcus pneumoniae, andStreptococcus pyogenes, as tree topolo-
gies from different genes were no more similar than random (25, 48). As expected,
less incongruence was found inE. coli (25, 105), indicating that the rate of recom-
bination is far lower in this species. In some cases, it has also been possible to
estimateε (see above) from MLST data,∼5 for N. meningitidis(25), and∼1 for
bothN. gonorrheae(103) andHelicobacter pylori(23), that are broadly similar to
the recombination rates estimated for human genes. In contrast, the evidence that
lateral gene transfer can occur between very distantly related bacterial species has
more often been obtained through studies of aberrant G+ C content than incon-
gruence (71, 92). Such studies have revealed lateral gene transfer to be a recurrent
evolutionary event; inE. coli, for example, foreign DNA is estimated to have been
imported at a frequency of up to16 Kb per million years (71).

Despite the growing evidence that recombination is a fundamental process in
bacterial evolution, the precise mechanisms by which it occurs, and why rates vary
so extensively, are less clear. In species that are competent for the uptake of naked
DNA from the environment, such asNeisseriasp., transformation clearly plays a
major role. In many other cases, conjugation, usually involving the transfer of plas-
mids between bacteria that have come into physical contact, has been described.
A role for bacteriophage-mediated transduction is also a frequent suggestion (92).
At present, the best evidence for this latter process is that known attachment sites
of bacteriophage integrases are frequently found next to imported regions of bac-
terial DNA, such as the LEE pathogenicity island ofE. coli (39). However, as
bacteriophages from natural environments have received little study, their overall
role in bacterial recombination remains uncertain.

Recombination in Viruses

Recombination in DNA and RNA viruses occurs by very different processes. In
DNA viruses recombination is likely to take place in the same manner as in other
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DNA genomes, i.e., involving an enzyme-mediated breakage-reunion mechanism.
This appears to be a relatively common process and can also result in the capture
of host genes, which may allow the virus to mimic or block host proteins, thereby
assisting in the development of persistent infection (9). Recombination in RNA
viruses can occur through either reassortment or “copy-choice” replication. Reas-
sortment describes the process by which viruses with segmented genomes shuffle
those segments during mixed infection. This has been described in detail in in-
fluenza A virus, where it is associated with the production of novel strains that can
evade pre-existing immunity through an “antigenic shift” (137). In copy-choice
replication, the viral RNA-dependent RNA polymerase switches from one RNA
molecule to another during replication, generating mosaic genomes (90). This pro-
cess is now thought to occur in a wide variety of positive-sense RNA viruses and
retroviruses (143).

As with bacteria, much of the evidence for homologous RNA virus recombina-
tion involves the detection of phylogenetic incongruence (143). Such topological
mismatching has been documented at a variety of phylogenetic levels, from within
single species, to different viral families, in one case between a RNA and a DNA
virus (33). However, it is equally clear that RNA viruses vary greatly in their ability
to undergo recombination, although, to date, rates of recombination relative to that
of mutation have not been estimated through sequence comparisons. For exam-
ple, hepatitis C virus (HCV) and GBV-C are members of the same viral family
(theFlaviviridae), yet recombination in HCV is rare, whereas GBV-C appears to
recombine at high frequency (144).

It is possible that recombination rate in RNA viruses is a selectively deter-
mined trait. Indeed, recombination has been shown to result in direct fitness in-
creases, for example by bringing together different genomes carrying individual
drug-resistance mutations in HIV (88), and there is also evidence that reassort-
ment can allow viruses to escape from deleterious mutation accumulation (8).
Conversely, it is also possible that recombination rate is simply an outcome of
mechanistic constraints set by genome structure and is not a selected entity at
all. For example, the highest rates of recombination are found in retroviruses,
which carry two copies of their genome within each mature virion, so making
recombination easier, and in viruses that can frequently reassort their segmented
genomes. Far lower rates of recombination are found in positive-sense, single-
strand RNA viruses, where it is easily detected as mosaic sequences, and more so
in negative-strand RNA viruses, which have genomes packaged into filamentous
ribonucleoprotein (RNP) structures, greatly limiting their ability to recombine.
Furthermore, most recombinants, unless they are very similar in sequence, will
be deleterious and hence removed by purifying selection. This further emphasizes
how estimates of recombination rate based on sequence comparisons are likely to
be underestimates of the actual number of recombination events. Determining the
basis for the variation in viral recombination rates, and whether they correlate with
other biological features such as virulence, is clearly an important area for future
study.
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Recombination in Human Mitochondrial DNA

One of the most controversial claims in evolutionary genetics in recent years is that,
contrary to mainstream opinion, the human mitochondrial genome may undergo
recombination. Although signals of genetic exchange have been found in other
animal mitochondria (68, 69), the claim that it can occur in human mtDNA has
provoked intense debate (21, 44), not least because it has serious implications for
our attempts to infer the origin and migration of modern humans.

Two pieces of evidence have been cited in support of mtDNA recombination:
that there is excessive homoplasy at polymorphic sites, as revealed in the homo-
plasy test (22), and that there is a decrease in linkage equilibrium (LD) with phys-
ical distance in the mtDNA genome (2). Because recombination creates conver-
gent/parallel evolutionary change, the occurrence of widespread homoplasy at face
value represents strong evidence for this process. However, homoplasy can also
occur through excessive multiple substitution at single sites, such as those that are
known to be hypervariable in mtDNA. Indeed, if the complex pattern of among-site
rate heterogeneity is taken into account through the use of the gamma distribution,
the evidence for recombination in mtDNA seemingly disappears (142).

The evidence for some degree of linkage equilibrium in the mitochondrial
genome has also been questioned. In particular, LD values appear to be highly
dependent on the analytical method used, with different estimates obtained withr2

and|D′| (86), and also the particular data in question. Most notably, a recent survey
of 53 complete mitochondrial genome sequences from a variety of geographical
regions provided no evidence for any decline in LD with physical distance (58).
What causes these conflicting signals is unknown but clearly requires explanation
(84). More fundamentally, there is as yet no evidence for incongruence in mtDNA
phylogenies. In sum, the evidence for recombination in human mtDNA appears to
be weak on current data.

CONCLUSIONS

Several important messages regarding the detection of recombination stem from
our review. First, the fact that many recombinational events cannot be detected
implies that current methods detect less recombination than is possible. As a con-
sequence, we are consistently underestimating the number of recombination events
that have occurred among sequences, and therefore also the overall recombination
rate. In addition, we should keep in mind that the power to detect recombination
decreases with the degree of genetic variation. Significantly, no single recombi-
nation detection strategy seems to perform optimally under all scenarios, so that
using a combination of methods currently appears to be the best strategy.

It is also important to distinguish between frequent recombination happening
within a population and rare recombination generating mosaic sequences. In the
first case, nonrecombinant regions may be very difficult to identify, and therefore
genealogies or phylogenies will be difficult to reconstruct. In such cases, network
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approaches may offer a general idea of the (reticulate) evolutionary history.
Indeed, population genetic estimates should be interpreted with care in the light of
assumptions made regarding the presence of recombination. When recombination
is rare, mosaic and parental sequences can be identified, as well as recombination
break-points. In this case, independent phylogenies can be reconstructed for the
nonrecombinant regions and then compared to decipher the recombinant history.
Alternatively, recombinants can be “peeled off” the tree to reveal the underlying
phylogenetic structure (1, 128, 130).

Still outstanding are issues regarding our ability to measure and depict the action
of recombination. First, it is not known how robust the estimators for recombina-
tion rate are to violations in the key assumptions, particularly that real populations
are subdivided and not panmictic, and that natural selection, as well as genetic drift,
may have shaped patterns of genetic diversity. The impact of natural selection may
be particularly important because most estimators ofε available at present make
use ofθ , a measure of genetic diversity that assumes exclusively neutral evolu-
tion. Whether natural selection can seriously bias estimates of recombination rate
is clearly an area that needs urgent attention. Second, although there is a grow-
ing appreciation that network methods are a more appropriate representation of
evolutionary relationships when recombination is relatively frequent, the accuracy
and power of the network methods proposed to date has yet to be tested. Studies
using both simulated and real data, such as those used to determine the accuracy
of recombination detection models, are clearly a goal for the immediate future.

Recombination clearly plays a significant role in shaping the genetic architec-
ture of organisms. As a case in point, recombination within introns allows for the
shuffling of exons and domains (63, 72, 96), and provides a powerful mechanism
for the evolution and adaptation of genomes. Over the next few years, we will see an
increasing application of “genome shuffling” techniques to rapidly generate “im-
proved” organisms (146). Another of the most exciting promises of the genomics
era is the mapping of genes for common human diseases. Here, again, studies of
recombination have a key role to play. Whole-genome association studies have
been proposed as an indirect strategy to find genes for disease (70, 106) and within
these strategies, whole-genome linkage disequilibrium (LD) scans seem to be the
most feasible approach (65). Understandably, this has raised considerable interest
in revealing the patterns of LD in human populations. Recently, it has been sug-
gested that human haplotypes are structured into discreet blocks of high LD and
low diversity, separated by hot spots of recombination (12, 34, 61, 95), although
whether this block structure is a general property of human genomes across pop-
ulations is still to be demonstrated. In any event, the usefulness and completion of
a haplotype map (or maps) [see (139)] of the human genome will be dependent
upon a good understanding and description of recombination at every level.
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