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Intraspecific gene genealogies:
trees grafting into networks

David Posadaand Keith A. Crandall

Intraspecific gene evolution cannot always be represented by a bifurcating tree.
Rather, population genealogies are often multifurcated, descendant genes
coexist with persistent ancestors and recombination events produce reticulate
relationships.Whereas traditional phylogenetic methods assume bifurcating
trees, several networking approaches have recently been developed to
estimate intraspecific genealogies that take into account these population-

level phenomena.

take advantage of the unique characteristics of
intraspecific data. In this article, we summarize some
population genetics principles, explain why networks
are appropriate representations of intraspecific
genetic variation, describe and compare available
methods and software for network estimation, and

give examples of their application.

During the past decade, the explosion of molecular
techniques has led to the accumulation of a
considerable amount of comparative genetic
information at the population level. At the same time,
recent advances in population genetics theory,
especially coalescent theory, have generated powerful
tools for the analysis of intraspecific data. These two
developments have converted intraspecific
phylogenies into useful tools for testing a variety of
evolutionary and population genetic hypotheses.
Several phylogenetic methods, especially NETWORK
(see Glossary) approaches, have been developed to

Gene genealogies

Given a sample of cenes, the relationships among
them can be traced back in time to a common
ancestral gene. The genealogical pathways
interconnecting the current sample to the common
ancestor constitute a GeENE TREE or gene genealogy. A
gene tree is the pedigree of a set of genes and exists
independently of potential mutations. The only
portion of a gene tree that can generally be estimated
with genetic data is that portion marked by the
(potential) mutational events that define the different
ALLELEs (Box 1). This lower resolution tree is the allele
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Glossary

Additive tree: a tree on which the pairwise distances between
haplotypes are equal to the sum of the lengths of the branches on the
path between the members of each pair.

Coalescent event: the time inverse of a DNA replication event; that
is, the event leading to the common ancestor of two sequences
looking back in time.

Gene: asegment of DNA.

Gene tree: the representation of the evolutionary history of a group
of genes.

Haplotype or allele: a unique combination of genetic markers
presentinasample.

Haplotype space: the collection of points representing the possible
different haplotypes.The dimension of this space is the number of
characters (L).The number of points (haplotypes) included in the
haplotype space is the number of states raised to the number of
characters (i.e. for DNA sequences 4%).

Homoplasy: a similarity that is not a result of common history. Itis
caused by parallel, convergent or reverse mutations.

Interior haplotypes: those haplotypes that have more than one
mutational connection.

Minimum-spanning tree: graph theory construct that connects the n
haplotypes, thus a complete network of n-1 branches is built.The tree
is ‘minimal’ when the total length of the branches is the minimum
necessary to connect all the haplotypes.

Missing intermediate: an extant haplotype that was not sampled or
an extinct ancestral haplotype.

Network: a connected graph with cycles (Fig. la).

Patristic or phyletic distances: the distance between haplotypes as
inferred from the network. It does not have to be equal to the actual
distance (number of differences) between haplotypes.

Phylogeny: hierarchical genetic relationships among species. Arising
by speciation.

Robinsonian distance matrix: a matrix with the property that, for any

or HAPLOTYPE tree. Gene genealogies are approximated
by the estimation of haplotype or allele trees. Given
the abundance of methods available for phylogenetic
estimation?, which ones are most appropriate for
estimating haplotype trees?

Problems with interspecific methods at the intraspecific
level

Evolutionary relationships above and below the species
level are different in nature. Relationships between
genes sampled from individuals belonging to different
species (phylogeny sensu stricto) are hierarchical. This
is because they are the product of reproductive isolation
and population fission over longer timescales, during
which mutation combined with population divergence
led to the fixation of different alleles and, ultimately, to
nonoverlapping gene pools.

By contrast, relationships between genes sampled
from individuals within a species (sometimes called
TOKOGENY?) are not hierarchical, because they are the
result of sexual reproduction, of smaller numbers of
relatively recent mutations and, frequently, of
recombination (Fig. 1). More traditional methods
developed to estimate interspecific relationships,
such as maximum likelihood, maximum parsimony
and minimum evolution, cannot properly take
account of the fact that, at the population level,
several phenomena violate some of their
assumptions. This leads to poor resolution or
inadequately portrays genealogical relationships.

http://tree.trends.com

ordered triplet of sequences i, jand k, any distance d,, > max (d,-,-vd,-k)-
Singletons: haplotypes represented by a single sequence in the
sample.

Species tree: the representation of the evolutionary history of a
group of species.

Split: the division of the haplotypes into two exclusive sets. For n
sequences, there are 2n-1 possible splits.

Tip haplotypes: those haplotypes that have only a single mutational
connection to the other haplotypes within the network.

Tokogeny: nonhierarchical genetic relationships among individuals.
Arising by sexual reproduction.

Tree: aconnected graph without cycles (cycles are commonly called
reticulations or loops by evolutionary biologists) (Fig. Ib,c).

I (a) (b)

Loop or cycle

Network Multifurcate tree
(c)
Bifurcate tree
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Low divergence

By necessity, conspecific individuals diverge later
than individuals from different species.
Consequently, within-species data sets have fewer
characters for phylogenetic analysis, diminishing the
statistical power of traditional phylogenetic methods.

Extant ancestral nodes

In natural populations, most haplotypes in the gene
pool exist as sets of multiple, identical copies that
originated by DNA replication. When one of these
copies mutates to a new haplotype, it is extremely
unlikely that other copies of the ancestral haplotype
also mutate or that all copies of the ancestral
haplotype rapidly become extinct. Thus, the ancestral
haplotypes are expected to persist in the population
and to be sampled together with their descendants.
Traditional phylogenetic methods, based on a
bifurcating TrReg, can detect and artificially represent
persistent ancestral haplotypes as occupying a
branch of zero length at the basal node of a cluster.
However, this approach relies on modifying (e.g. by
estimation of branch lengths) an inappropriate model
—a bifurcating tree with all haplotypes occupying tips
or terminal branches.

Muiltifurcations

Afact related to the persistence of ancestral haplotypes
in the population is that a single ancestral haplotype
will often give rise to multiple descendant haplotypes,
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Box 1. Gene trees, haplotype trees and population trees

Gene trees versus haplotype trees

Gene trees are independent of the (neutral)
mutation process.They depend on
demographic factors such as population size
and geographical structure. Because, by
definition, neutral mutations do not affect
the number of offspring or migration |
patterns, they do not affect the gene
genealogy. Gene trees precisely represent
the gene genealogy of agiven sample.
However, such precise information is usually
unknown or even impossible to extract from
asample of extant genes. For example, in
Fig. |, there is no way to know thatgene Al is

haplotypes do not, in general, have the
same evolutionary history as population
lineages?. Disagreement among
haplotype trees and population trees can
arise from recombination (Fig. lla) and

deep coalescence or lineage sorting
(Fig. llb).

Reference
a Hudson, R.R. (1990) Gene genealogies and the
coalescent process. Oxf. Surv. Evol. Biol. 7, 1-44

Individual genes Haplotypes

. E1Ci1C2_F1 12_A3 Gi1As5A2

A_H B 1_EC_F_1 G

-Present—

Mutations Time

Common
ancestor

Past

more closely related to A4 than either is to ofallthe  Gene tree Haplotype tree
A2. Unless detailed pedigree information is genes .

. . : sampled Haplotype Frequency DNA alignment
available, which usually is not the case, the (haplotype A) A 4 A AAAAAAA
only branches of the gene tree that we can c 2 c ...C
estimate are those marked by amutation Sample: E 1 E .GT
and that therefore define haplotypes. 12 individuals, 8 haplotypes ~ F 1 F cG

We must be able to see genetic (H; i GH _— TG
differences (mutations) to determine | 2 I .G.C

relationships; therefore, we use haplotype
trees most often. With haplotype trees, we
cannot see all the coalescent events and can
only group genes by their similarities and
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o Il (a) (b)
haplotype classes. Whereas traditional Pop. A Pop. B Pop.C Pop. D Pop. A Pop. B Pop. C Pop. D
methods often lack the power to solve (hap.A  (hap. (hap.E)  (hap. E) (hap.A  (hap. (hap.E) (hap.E)
intraspecific relationships, network and B) C and D) and B) C and D)
approaches offer an appropriate % \Y%4

representation of the haplotype
relationships, including extinct (Fig. I,
haplotype D) or unsampled (Fig. |, haplotype
B) haplotype variants.

Haplotype trees versus population trees
Itis often assumed that the haplotype
trees represent exactly the history of the
populations sampled. However,

Pop. Population
Hap. Haplotype

yielding a haplotype tree with true multifurcations.
Indeed, population genetics theory predicts that the
older the haplotype, the more descendant haplotypes

will be associated with it (Box 2).

Reticulation

Evolutionary processes commonly acting at the
population level, such as recombination between
genes and hybridization between lineages, and

HomopLAsY (Box 1), generate reticulate relationships
within the population. Traditional methods, based on
bifurcating trees, make no explicit allowance for such
reticulations. Instead, for instance, maximum
parsimony deals with ambiguities arising from
homoplasy by simply selecting a tree that minimizes
the number of assumptions of parallel, convergent or
reversing mutations without showing where these

http://tree.trends.com
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Population tree
Haplotype tree
Mutation

Extinct or not sampled
Recombination
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might have occurred. Recombinants are also typically
forced into a nonreticulating tree topology, in which, in
some fortunate instances, they might occupy positions
intermediate between two clusters. In other cases, the
recombinant will be placed in a basal lineage to the
clade that includes its most derived parent34.

Large sample sizes

Appropriate sampling can be crucial to phylogenetic
studies®. Typically, intraspecific studies involve many
individuals for comparison, whereas many
interspecific phylogenetic studies tend to be based on
one representative individual per species. Because of
the density of sampling, especially when coupled with
low divergence, intraspecific data sets reach
considerable sample sizes (>100). These large sample
sizes would require excessive computational time for
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Fig. 1. Tokogeny versus phylogeny. (a) Processes occurring among sexual species (phylogenetic
processes) are hierarchical. That is, an ancestral species gives rise to two descendant species.
(b) Processes occurring within sexual species (tokogenetic processes) are nonhierarchical. That is,
two parentals combine their genes to give rise to the offspring. (c)The split of two species defines a
phylogenetic relationship among species (thick lines) but, at the same time, relationships among
individuals within the ancestral species (species 1) and within the descendant species (species 2 and
3) are tokogenetic (arrows).

most methods that have been developed for

interspecific comparisons.

Solution: network methods

Phylogenetic methods that allow for persistent
ancestral nodes, multifurcations and reticulations are
needed to take these population phenomena into
account. The advantage of networks over strictly
bifurcating trees for estimating within-species
relationships now becomes obvious. Networks can
account effectively for processes acting at the species
level and they might be able to incorporate
predictions from population genetics theory (Box 2).
In addition, networks provide a way of representing
more of the phylogenetic information presentin a
data set (Fig. 2). For example, the presence of loops in
a network might indicate recombination. In other
cases, loops are the product of homoplasies and
precisely indicate the occurrence of reverse or parallel
mutations. Most network methods are distance
methods, with the common idea of minimizing (with

http://tree.trends.com

some specific restrictions) the distances (number of
mutations) among haplotypes. In other cases, the
likelihood function is maximized.

Pyramids

The pyramids technique® is an extension of the
hierarchical clustering framework. Whereas
traditional hierarchical methods such as Unweighted
Pair Group with Arithmetic Means (UPGAM)
represent a nested set of nonoverlapping clades,
pyramids represent a set of clades that can overlap
without necessarily being nested. The inputdataisa
(Robinsonian) distance matrix (Box 1). The pyramid
is obtained by using agglomerative algorithms. By
allowing overlapping clusters, pyramids can be used
to represent reticulate events, although these events
are only allowed to be placed among terminal nodes
that are sister taxa.

Statistical geometry

This was one of the first network approaches for
intraspecific phylogenetics to be developed’. In this
method, haplotypes are considered as geometric
configurations in the HAaPLOTYPE space. Numerical
invariants (some function of the data whose value
remains constant) related to the length of the
connections (pairwise differences) among haplotypes
are assigned to the haplotypes and statistical
averages of these invariants are then calculated.
Given the value for the invariants, the optimal
network connecting the four haplotypes in each
quartet is derived. Finally, an average quartet
geometry representative of the whole data set is
constructed by integrating all the quartet networks.
This geometry and the associated statistics can be
used, for example, to deduce the degree of tree-
likeness of the data, to detect varying positional
substitution rates in sequences or to estimate the
relative temporal order of haplotype divergence.
However, they do not offer an estimate of the
sequence genealogy. The statistical geometry
incorporates a model of nucleotide substitution
through the estimation of haplotype distances and its
statistical nature allows a reliable assessment of the
derived conclusions.

Split decomposition

Any data set can be partitioned into sets (not
necessarily of equal size) of sequences or ‘splits’. A
network can be built by taking in turn those splits
defined by the characters and combining them
successively8. Each split will define abranch
connecting the two partitions delimited by the split.
When splits are incompatible (i.e. they define
contradictory groupings) a loop is introduced to
indicate that there are alternative splits. The split
decomposition method is fast, which means that a
reasonable number of haplotypes (>50) can be
analyzed; that it can be applied to nucleotide or
protein data; and that it allows for the inclusion of
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Box 2. Predictions from coalescent theory and application to intraspecific phylogenetics

The ancestry of arandom sample of n
genes is often modeled by a stochastic
process known as the coalescent.
Coalescent theory describes the
genealogical process of a sample of
selectively neutral genes from a
population, looking backwards in time2.
Several results from coalescent theory
related to the frequency and geographical
distribution of the haplotypes are relevant
to intraspecific phylogenetics.

There is a direct relationship between
haplotype frequencies and the ages of the
haplotypesP<. Specifically, the probability
thatan allele represented n;timesina
sample of size nis the oldest allele in the
sample is n,/n, and the expected rank of
the alleles by age is the same as the rank of
alleles by frequency.Therefore, high-
frequency haplotypes have probably been
present in the population for along time.
Consequently, most of the new mutants
are derived from common haplotypes,
implying that rarer variants represent
more recent mutations and are more likely
to be related to common haplotypes than
to other rare variants?.The expectation for
the number of alleles in common between
the samples® implies that the immediate
descendents of a new mutation are more
likely to remain in the original population
than to move to a distant population,
unless high levels of gene flow occur.
These results can be summarized in five
explicit predictions.

» Older alleles (those of higher frequency
in the population) have a greater

probability of becoming interior

haplotypes (those haplotypes that have

more than one mutational connection)
than younger haplotypes.

* Onaverage, older alleles will be more
broadly distributed geographically.

» Haplotypes with greater frequency will
tend to have more mutational
connections.

» Singletons are more likely to be
connected to nonsingletons than to
other singletons.

» Singletons are more likely to be
connected to haplotypes from the
same population than to haplotypes
from different populations.

These theoretical predictions make
intuitive sense and have been shown to be
valid in empirical data setsf. However, they
assume neutral evolution (and lack of
population subdivision) and might not be
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accurate in the presence of selection.
These predictions can also be used to root
the network. Some loops or reticulations
in the networks can be the result of
homoplasies, thus representing the
consequence of a lack of power to decide
among alternative connections.These
loops could be broken at any place,
resulting in different networks.

The above predictions can be used to
establish which one of the alternative
networks is more plausiblefs. For
example, in Fig. |, if the frequency of
haplotype 2 is lower than the frequency of
the other haplotypes, resolutions aand b
are favored because they resultin
haplotype 2 as a tip. (Dotted lines
represent ambiguous connections.)
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models of nucleotide substitution or amino acid
replacement. The method is suitable also to bootstrap
evaluation.

Median networks

In the median-network approach®0, sequences are
first converted to binary data and constant sites are
eliminated. Each splitis encoded as a binary
character with states 0 and 1. Sites that support the
same split are grouped in one character, which is
weighted by the number of sites grouped. This leads
to the representation of haplotypes as 0-1 vectors.
Median or consensus vectors are calculated for each
triplet of vectors until the median network is
finished. For >30 haplotypes, the resulting median
networks are impractical to display, owing to the
presence of high-dimensional hypercubes.
Fortunately, the network can be reduced (i.e. some
loops can be solved) using predictions from
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coalescent theory (Box 2). All the most parsimonious
trees are guaranteed to be represented in a median
network. Although mainly aimed at mtDNA data,
median networks can be estimated from other kinds
of data, as long as the data are binary or can be
reduced to binary data.

Median-joining networks

The median-joining network method!*12 begins by
combining the MmiNnIMUM-sSPANNING TREES (MSTS) within a
single network. With a parsimony criterion, median
vectors (which represent MISSING INTERMEDIATES) are
added to the network. Median-joining networks can
handle large data sets and multistate characters. Itisan
exceptionally fast method that can analyze thousands of
haplotypes in a reasonable amount of time and can also
be applied to amino acid sequences. However, it requires
the absence of recombination, which restricts the
application of this method at the population level.
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Fig. 2. Phylogenetic Statistical parsimony

estimation. Different
phylogenetic
reconstruction
techniques, including
network techniques,
were applied to the data
setdescribed inBox 1,
Fig. I. (@) UPGMA.

(b) Maximum parsimony.
(c) Pyramid. (d) Statistical
geometry (provides an
estimate of average
quartet topology rather
than of the actual
genealogy). (e) Split
decomposition.

(f) Minimum spanning
network. (g) Median-
joining network.

(h) Statistical parsimony.
(i) Reticulogram.

The statistical parsimony algorithm?3 begins by
estimating the maximum number of differences
among haplotypes as a result of single substitutions
(i.e. those that are not the result of multiple
substitutions at a single site) with a 95% statistical
confidence. This number is called the parsimony limit
(or parsimony connection limit). After this,
haplotypes differing by one change are connected,
then those differing by two, by three and so on, until
all the haplotypes are included in a single network or
the parsimony connection limitis reached. The
statistical parsimony method emphasizes what is
shared among haplotypes that differ minimally
rather than the differences among the haplotypes and
provides an empirical assessment of deviations from
parsimony. This method allows the identification of
putative recombinants by looking at the spatial

Table 1. Properties of networking algorithms

distribution in the sequence of the homoplasies
defined by the network.

Molecular-variance parsimony

The overall strategy in the molecular-variance
parsimony technique?® is to use some population
statistics as criteria for the choice of the optimal
network. Each competing MST is translated into a
matrix of PATRISTIC DISTANCES among haplotypes.
These matrices are used to compute a set of relevant
population statistics: functions of haplotype
frequencies, squared patristic distances among
haplotypes and geographic partitioning of
populations. The optimal MSTs are those from which
optimum estimates of population statistics are
obtained (e.g. minimizing the molecular variance or
the sum of square deviations). This method makes
explicit use of sampled haplotype frequencies and
geographic subdivisions, and presents the solution in
the form of a set of (near) optimal networks.

Netting

This is a distance method that represents all the
equally most parsimonious trees for agiven datasetin
asingle network?6. The underlying idea is to join the
closest pair of sequences (the pair with the fewest
differences). The next sequence that is closest to the
first two is joined so that the three pairwise differences
are satisfied. Thus, patristic distances necessarily
equal the number of differences. If a homoplasy is
encountered, a new spatial dimension is added to the
graph. Gaps and invariant positions are excluded from
the analysis. Because the method tries to satisfy all
the distances among haplotypes, the number of
dimensions might be high and the display of the
network thus becomes complex and difficult. This
problem becomes worse as data sets become larger.

Likelihood network

The likelihood-network procedure?!” is based on a
directed graphical model for the evolution of
sequences along a network. Graphical models are
graphs in which nodes are stochastic variables,
whereas branches indicate correlations between these

aDetails of software programs given in Box 3; PDistances estimated from gene frequency data.

Methods Category? Software Speed Inputdata  Model of Reticulations  Statistical
evolution assessment
Pyramids Distance Pyramids Fast Distances Yes Yes No
Statistical geometry Distance invariants Geometry, Statgeom  Fast Multistate Yes Yes Yes
Split decomposition Distance parsimony  SplitsTree Fast Multistate  Yes Yes Yes
Median networks Distance No Slow Binary No Yes No
Median-joining networks Distance Network Very fast  Multistate No No No
Statistical parsimony Distance TCS Fast Multistate No Yes Yes
Molecular-variance parsimony  Distance Arlequin Fast Multistate Yes Yes Yes
Netting Distance No Slow Multistate No Yes No
Likelihood network Likelihood PAL Slow Multistate Yes Yes Yes
Reticulogram Least squares T-rex Fast Distances No Yes Yes
Reticulate phylogeny Least squares No Slow Distances®  Yes Yes Yes

http://tree.trends.com
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Several software packages implement some
of the network methods described in this
article.

PYRAMIDS estimates pyramids from
distance matrices. Executables for
Windows and Unix are available
(http://genome.genetique.uvsq.fr/Pyrami
ds/).There is also a convenient online
implementation (http://www.bioweb.
pasteur.fr/seqanal/interfaces/pyramids.
html). PYRAMIDS was written by
J.C.Aude et al. (INRA, France).
STATGEOM calculates the statistical
geometry indistance and in sequence
space of a set of aligned DNA, RNA,
amino acid or binary sequences. Source
code with documentation and a Sun
SPARC executable are available (http://
gwdul7gwdg.de/~kniesel/statgeom.html).
STATGEOM was written by K. Nieselt-
Struwe (Dept of Physics, University of
Auckland, New Zealand).

GEOMETRY is a package for nucleotide
sequence analysis using the method of
statistical geometry in sequence space?.
The program is available as a DOS
executable (http://molevol.bionet.nsc.ru/
soft.htm; ftp://ftp.bionet.nsk.su/incoming/

molevol/; ftp://ftp.ebi.ac.uk/pub/software/
dos/).

SPLITSTREE implements the split
decomposition method®. This program is
currently available as a Mac executable
or as a Unix version (ftp:/ftp.uni-
bielefeld.de/pub/math/splits/).
NETWORK is a program for estimating
median-joining networks.The program is
available as a DOS executable
(http:/iwvww.fluxusengineering.com/shar
enet.htm) and was written by A. Rohl
(Mathematisches Seminar, Universitét
Hamburg, Germany).

ARLEQUIN is a Java program that
implements the method of molecular
variance parsimony (http://Igb.unige.ch/
arlequin/index.php3). ARLEQUIN was
written by S. Scheneider et al. (Dept of
Anthropology, University of Geneva,
Switzerland).

TCSis aJava program for estimating
statistical parsimony networkse (http:/
bioag.byu.edu/zoology/crandall_lab/tcs.
htm). Itallows the estimation of root
probabilities.

PAL is an open-source Java library for
molecular evolution and phylogenetics

(http:/Awvww.pal-project.org/). Its >120
modules allow the fast prototyping of
special-purpose analysis programs. PAL
has been used to compute likelihoods for
networks.The PAL projectis led by

K. Strimmer (Dept of Zoology, University
of Oxford, UK) and A. Drummond (School
of Biological Science, University of
Auckland, New Zealand).

T-REX is a C++program implementing
the reticulogram estimationd. Windows,
Macintosh and DOS executables are
available (http:/Avww.fas.umontreal.ca/biol/
casgrain/en/labof/t-rex/index.html).
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variables. A graph might be directed by rooting the
network at a specific node and directing all branches
away from this node. A given network can be turned
into directed acyclic graphs, which allows the
computation of its likelihood. Arbitrary phylogenetic
networks are evaluated by likelihood and the network
with the best likelihood is chosen as the final solution.

Within this framework, the use of ancestral
recombination graphs!® when recombination is
present has recently been suggested?®. The likelihood-
network algorithm also allows the simultaneous
estimation of parameters (e.g. the recombination
rate). The use of a likelihood framework offers the
possibility of hypothesis testing, and the statistical
comparison of both trees and networks. However, a
difference compared with the other methods is that
the amount of computing time can be excessively
large. Effective search strategies need to be devised
before large data sets can be analyzed.

Reticulogram

This procedure? is based on the addition of
reticulations to a bifurcating tree. The method uses as
input a distance matrix and an apoiTive TRee inferred
from the same distance matrix using one of the classical
reconstruction algorithms. An optimality criterion is
used to estimate the minimum number of reticulations
required to maximize the fit of the network to the data—
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a least squares loss function computed as the sum of the
squared differences between the original and the
patristic distances. The minimum of this criterion
provides a stopping rule for the addition of reticulation.
The computations are repeated recursively for all pairs
of nodes (except those already connected) in the
network to obtain a globally optimal solution.

Reticulate phylogenies from gene frequencies

This method infers reticulate phylogenies using
genetics distances estimated from gene frequency
data?l. The mean squared error (MSE) of a least
squares function is used as the optimality criterion to
select among possible reticulate phylogenies.
Theoretically, all possible phylogenies must be
evaluated, and the inferred phylogeny is the one that
has the minimum MSE. The use of a least-squares
function allows the estimation of the branch lengths in
the phylogeny. Two models are defined: a drift model
and an extended model with mutation. The drift model
is best used in short-term evolution, in which mutation
has not played an important role, whereas the
mutation model is applicable to long-term evolution.

Strengths and weaknesses of network methods
The comparison of different networking
strategies is not straightforward. Comprehensive
simulation studies are needed to evaluate the
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accuracy and robustness of different methods. In
general, distance methods might imply a loss of
information by summarizing the difference between
haplotypes with one value. Optimality criterion
methods (likelihood and least squares) offer a reliable
statistical assessment, hypotheses testing and, in
some cases, parameter estimation. Most of these
methods are conveniently implemented in computer
programs, which are in some cases capable of
handling many sequences. Several properties of
different methods are summarized in Table 1.

Rooting intraspecific phylogenies

In many cases, the problem of biological interest
requires a root, or at least some knowledge of the
relative ages of haplotypes??. Rooting networks is
especially difficult because outgroups are often
separated from the ingroup by many mutational steps
and because individuals within a species are similar to
each other. This leads to a lack of power to decide where
the rooting should take place. However, predictions
from coalescent theory can be applied in intraspecific
phylogeny reconstruction to root the network. By
definition, the oldest ancestral haplotype is the root of
the phylogeny. Given coalescent criteria, this ancestral
haplotype is identified as the most frequent. The
number of connections and the position of a haplotype
in the network can also be used to assign root
probabilities. The likelihood-network method provides
away to root a phylogenetic network by choosing a
node that produces the most likely network.

Conclusions and future directions
Traditional methods for estimating phylogenies
were not designed and might not be adequate for
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within-species phylogeny. Network approaches can
incorporate population processes in the construction
or refinement of haplotype relationships. Moreover,
networks allow a more detailed display of
populational information than strictly bifurcating
trees. Although we have focused on the application
of networks to sequence data, most methods
described here can be applied to proteins or
restriction-fragment length polymorphism data. In
general, the main interest of intraspecific
phylogenies is not in themselves but rather in their
applications. They have been used for detecting
recombination?324, delimiting species?®, inferring
modes of speciation?®, partitioning population
history and structure?’, and studying genotype and
phenotype associations?8.

The development of networks in a likelihood
framework, which allows hypothesis testing with a
sound statistical basis, is particularly interesting.
However, the computational tractability of likelihood
networks remains a drawback. Coalescent theory is
an active area of research that is likely to yield new
predictions that could be used in the development of
more refined network approaches, which currently
are not based on the coalescent. Most of the methods
described here are implemented in computer
programs (sox 3), and other network methods have
been reviewed recently?®. Given the recent interest in
intraspecific phylogenies and their applications, we
expect to see increased interest in the development
and application of intraspecific phylogenetics using
network approaches to depict genealogical
relationships. Future work will involve comparing
methods and testing the robustness of their
assumptions.
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Ecology of sprouting in woody plants:

the persistence niche

William J. Bond and Jeremy J. Midgley

Many woody plants can resprout and many ecosystems are dominated by
resprouters.They persist in situthrough disturbance events such as fire, flooding
or wind storms. However, the importance of ‘persistence’ in plant demography
has been neglected in favour of ‘recruitment’Thus much research on plant
regeneration, conservation and evolution has focused on the importance of safe
sites, seed and seedling banks, dispersal and germination with the implied
importance of de novoreplacement rather than persistence. Recent research
shows a growing appreciation for the role of sprouting as a form of persistence in
a diversity of ecosystems and tradeoffs between the two regeneration modes.

In aseminal paper in 1977, Peter Grubb! introduced
the concept of the ‘regeneration niche’ to help explain
the coexistence of similar species. Grubb noted that
species that share much the same life form,
phenology and habitat range might nevertheless
have different seedling requirements. For example,
‘when a whole large tree is blown over’ the large gap
thus formed would favour light-demanding
seedlings, whereas smaller gaps would favour shade-
tolerant recruits. The literature on the ecology of
seeds and seedlings has expanded enormously since
this time. Seed ecology is widely studied because of
its assumed importance in the population growth of
plants. Seed traits are included in general systems
for classifying plant functional types23. The same
broad recognition has not been given to the mode of
persistence of established plants. When a tree is
blown over, gaps might not be filled by seedlings but
by shoots sprouting from the fallen tree. Sprouts
grow much faster than seedlings and can quickly
reoccupy their own gaps. Sprouting ability can have
major impacts on plant populations: turnover of
populations is reduced; the effects of disturbance are
minimized; and dependence on seeds for population
maintenance might become negligible. Species differ
in their sprouting ability, and both strong and
weakly sprouting species occur in diverse
ecosystems*>. Here, we review studies of the
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The ecology of sprouting has analogies to
clonality®. However, although clonal plants generally
sprout, only a small fraction of woody sprouters are
clonal and capable of vegetative spread. Sprouting
response is difficult to quantify partly because there
is a continuum of responses to disturbances of varying
severity’. This could partly account for its absence
from general plant strategy schemes (Box 1). After
the least severe disturbance, such as damage caused
by caterpillar feeding, plants replace lost tissues by
sprouting from buds. As the severity of disturbance
increases, plants diverge in their ability to recover by
sprouting (Fig. 1). Most interest has been in
disturbances that can potentially kill plants such as
fire, hurricane damage, drought, flooding, herbivory
and landslides, as well as anthropogenic disturbance
such as forest clearing. In Mediterranean type
shrublands, where crown fires are relatively frequent,
shrub species are often either killed outright by
burning (nonsprouters or ‘seeders’) or recover
vegetatively from roots or stems (sprouters)*8.
Classifying sprouting behaviour is harder in forests
and woodlands because species often diverge in their
sprouting response at different life history stages®7°.
Some species never sprout; in some species, sprouting
ability increases with size to reach a maximum in
adult stages, although in other species sprouting is
common in juveniles but adults are unable to sprout
(Fig. 2). Some forest trees retain a bud bank,
sprouting continuously with or without disturbance
and thus come close to immortality. Examples include
Tilia cordata (small-leaved lime) in Britain, whose
northern populations have survived by sprouting
since climates cooled and reproduction ceased 5000
years ago'®. Ginkgo biloba (maidenhair tree) might
owe its survival in China to the extraordinary
persistence of trees that resprout from specialized
basal swellings on the trunk?®?.

Sprouting is common, and might be the ancestral
state, in woody angiosperms?2. Most conifers do not
sprout although there are exceptions in several
unrelated lineages, including species of Pinus in the
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