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Abstract.—Hybridization is an important evolutionary mechanism in plants and has been increasingly
documented in animals. Difculty in reconstruction of reticulate evolution, however, has been a longstanding problem in phylogenetics. Consequently, hybrid speciation may play a major role in causing
topological incongruence between gene trees. The incongruence, in turn, offers an opportunity to
detect hybrid speciation. Here we characterized certain distinctions between hybridization and other
biological processes, including lineage sorting, paralogy, and lateral gene transfer, that are responsible
for topological incongruence between gene trees. Consider two incongruent gene trees with three taxa,
A, B, and C, where B is a sister group of A on gene tree 1 but a sister group of C on gene tree 2. With a
theoretical model based on the molecular clock, we demonstrate that time of divergence of each gene
between taxa A and C is nearly equal in the case of hybridization (B is a hybrid) or lateral gene transfer,
but differs signicantly in the case of lineage sorting or paralogy. After developing a bootstrap test to
test these alternative hypotheses, we extended the model and test to account for incongruent gene trees
with numerous taxa. Computer simulation studies supported the validity of the theoretical model and
bootstrap test when each gene evolved at a constant rate. The computer simulation also suggested
that the model remained valid as long as the rate heterogeneity was occurring proportionally in the
same taxa for both genes. Although the model could not test hypotheses of hybridization versus
lateral gene transfer as the cause of incongruence, these two processes may be distinguished by
comparing phylogenies of multiple unlinked genes. [Gene tree; hybridization; phylogeny; species
tree; topological incongruence.]

Hybridization, especially when coupled
with polyploidization, is an important evolutionary mechanism in plants (Stebbins, 1950;
Grant, 1981). Masterson (1994) has suggested that » 70% of angiosperms are polyploids,
implying the possibility of a tremendous
amount of hybridization in the evolutionary history of owering plants. In animals,
hybrid species are increasingly being documented with the application of molecular
markers (Bullini, 1994).
Although hybridization has received considerable attention from evolutionary biologists (e.g., Arnold, 1997; Rieseberg, 1997),
accurate reconstruction of hybrid speciation
remains challenging. The reticulate nature
of hybrid speciation fails to meet the basic
assumption of cladistics that speciation occurs in a bifurcated manner (Hennig, 1966).
Consequently, a phylogenetic tree containing
unidentied hybrids remains an inaccurate
reconstruction of the phylogeny. Furthermore, including hybrids in a phylogenetic
analysis may result in an increased amount
of homoplasy and possibly disrupt relationships of the other taxa (McDade, 1995).
Because of theoretical and technical difculties involved in direct reconstruction of re-

ticulate evolution, efforts have been made to
explore alternative methods and new sources
of data for improving our ability to reconstruct hybrid speciation. Three approaches
have been used most frequently: (1) identifying hybrids before the phylogenetic analyses, (2) detecting hybrids according to
their cladistic behavior, and (3) reconstructing hybrid speciation by comparing discordant positions of hybrids between phylogenetic trees obtained from independent data
sets.
With the realization that inclusion of
unidentied hybrids in a cladistic analysis
may distort the relationships of other taxa, it
is logical to follow the approach of identifying hybridization before starting the analysis, excluding the hybrids from the analysis,
and adding the hybrids back onto the tree
by connecting them with the putative parents. Morphological and molecular intermediacy or combination (or both) have served
as criteria for identication of hybrids and
their putative parents. In particular, continued development of new molecular markers,
such as allozyme, restriction fragment length
polymorphism, RAPD, ISSR, and DNA sequences, has contributed enormously to the

422

2000

SANG AND ZHONG—HYBRIDIZATION AND INCONGRUENT GENE TREES

accuracy of identication of hybrids and
their parentage (Rieseberg and Ellstrand,
1993; Sang et al., 1995; Campbell et al., 1997;
Wolfe et al., 1998). Difculty arises, however,
when the hybrid is too ancient to maintain
recognizable morphological or molecular intermediacy/combination.
Instead of avoiding the potential problems
caused by hybrids in a cladistic analysis, the
second approach chooses to identify a hybrid based on its behavior on a cladogram
(Funk, 1985). Similar to the rst approach, it
relies on the assumption that a hybrid maintains morphological or molecular intermediacy/combination between the parents. The
intermediacy or combination can be reected
in cladistic characters that are intermediate or
polymorphic relative to those of the parents.
Consequently, inclusion of the hybrid will increase the amount of homoplasy, largely because of parallelism between the hybrid and
the parents (Funk, 1985). It is expected, therefore, that homoplasy can be considerably diminished by removing the hybrid from the
data matrix. A computer program, RETICLAD, has been designed to implement this
approach (Rieseberg and Moreeld, 1995).
This approach, however, may also be problematic when dealing with ancient hybrids
in which morphological or molecular intermediacy/combination has been obscured. In
addition, other factors, such as ancestral
polymorphism or convergent evolution, can
introduce homoplasy.
Extensive uses of chloroplast DNA
(cpDNA) in plant phylogenetic studies
have led to the third approach, which
detects hybridization by comparing phylogenetic trees. In the majority of angiosperm
species, cpDNA is maternally inherited
(Mogensen, 1996). In the case of biparental
inheritance, the polymorphism can be xed
relatively rapidly because of the small
effective population size of cpDNA, which
is one-quarter of a nuclear gene (Moore,
1995). Therefore, a cpDNA tree will most
likely represent a uniparental phylogeny, in
most cases, the maternal genealogy. When
the cpDNA phylogeny is compared with
another phylogenetic tree (morphology
or molecular), conicting positions of a
taxon between these trees may be viewed
as evidence for the hybrid origin of this
taxon. A taxon possessing the cpDNA from
a morphologically distinct taxon is known
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as cpDNA capture (Rieseberg and Soltis,
1991).
Besides cpDNA, nuclear ribosomal DNA
(nrDNA) has been used most frequently in
molecular phylogenetic studies of plants.
When a species has substantially discordant
positions between the cpDNA and nrDNA
phylogenies, there is a possibility that the
species may be a hybrid (Soltis and Kuzoff,
1995; Kellogg et al., 1996). The hybrid could
have inherited cpDNA form the maternal
parent and xed nrDNA sequences of the
paternal parent by way of concerted evolution and thus would have different sister group relationships between the cpDNA
and nrDNA trees (Wendel et al., 1995; Sang
et al., 1997). Comparing incongruence between gene trees thus opens the opportunity
of reconstructing ancient hybridization, an
event for which morphological intermediacy
and molecular additivity in the hybrid subsequently have been obscured.
However, factors other than hybridization, such as random sorting of ancestral
polymorphism (lineage sorting), gene duplication/deletion (paralogy), lateral gene
transfer, or erroneous phylogenetic reconstruction, can also cause topological incongruence between gene trees. For example,
paralogy in nrDNA repeats could potentially
lead to inaccurate phylogenetic reconstructions in some plant groups, although nrDNA
evolves together through concerted evolution (Buckler et al., 1997). Understanding
and dealing with incongruence among gene
trees are among the most acute theoretical
issues in phylogenetics and have attracted
considerable attention (e.g., de Queiroz
et al., 1995; Huelsenbeck et al., 1996; Doyle,
1997; Maddison, 1997; Wendel and Doyle,
1998). Determining whether topological
incongruence is caused by hybridization
or by other factors, therefore, represents a
major challenge to the approach of detecting
hybridization by gene tree comparison.
Here we will focus our discussion on incongruence caused by different phylogenetic
histories of data sets and leave out the issue
of erroneous phylogenetic reconstruction.
Maddison (1997) developed a theoretical
model to distinguish the biological processes
that may potentially cause incongruence between gene trees, including lineage sorting, gene duplication/extinction, and lateral gene transfer/hybridization. He used
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a cladistic approach in which the number
of events required to convert a gene tree
to the species tree by assuming a certain
process was counted; the process that required the fewest events was considered to
be the cause of the incongruence between
gene trees. However, at least two practical
problems are associated with this model: the
algorithmic difculty of assessing all the possible topologies for a large number of species,
and the determination of the appropriate
weight of each event of different processes
(Maddison, 1997).
In this paper, we attempt to depict patterns
of topological incongruence between gene
trees. Then, we focus on characterization of
certain distinctions between hybridization
and other processes as causes of topological
incongruence. At rst, to develop theoretical
models, we contrast hybridization and lineage sorting, two processes often considered
to be competing hypotheses for the incongruence of gene trees at lower taxonomical levels. Then we discuss how the models can be
extended for testing other hypotheses, such
as paralogy and lateral gene transfer, and ultimately how the hybridization hypothesis
can be tested versus the rest of the hypotheses responsible for topological incongruence
between gene trees.

VOL. 49

Three-Species Model

FIGURE 1. Gene trees and species trees of threespecies model, where A, B, and C are ingroup species
and O is an outgroup species. Ti , Tj , Tk , and Tm represent
divergence times between genes A1 and (B1 , C1 ), B1 and
C1 , C2 and (A2 , B2 ), and A2 and B2 , respectively. Th and
Th 0 represent times when the lineages that hybridized to
give rise to B diverged from A and C, respectively. T0 , T1 ,
and T2 represent times of speciation. Tp represents time
of occurrence of polymorphic alleles. (a) Tree of gene 1.
A1 , B1 , C1 , and O1 are sequences of gene 1 of species A,
B, C, and O, respectively. (b) Tree of gene 2. A2 , B2 , C2 ,
and O2 are sequences of gene 2 of species A, B, C, and
O, respectively. (c) Species tree inferred based on the hypothesis that B is a hybrid species. (d) Species tree (outlined by thin solid lines) inferred on the basis that gene 2
has undergone lineage sorting. Phylogeny of gene 2 is
illustrated by thick solid and broken lines representing
two ancestral alleles.

Let us rst compare incongruent gene trees
with only three ingroup species. Figures 1a
and 1b show two gene trees generated from
sequences of gene 1 and gene 2 of the ingroup
species A, B, and C and the outgroup O.
A1 , B1 , C1 , and O1 are sequences of gene 1
from species A, B, C, and O, respectively; A2 ,
B2 , C2 , and O2 are sequences of gene 2 from
species A, B, C, and O, respectively. The two
gene trees have incongruent topologies because of the discordant positions of the genes
of species B; that is, B1 forms a sister group
with C1 on gene tree 1, whereas B2 is a sister
group of A2 on gene tree 2 (Figs. 1a, 1b).
Based on this simple example, a basic theoretical model can be constructed for testing the likelihood of hybridization versus
lineage sorting or paralogy as the cause of
the incongruence between the gene trees. On
both gene trees, let T0 be the time (million
years before present) when genes of the in-

group species diverged from those of the outgroup species. T0 is also the time when the
ingroup species diverged from the outgroup
species on the species tree, if the outgroup is
selected in such a way that its relationship
with the ingroup is most likely to represent a
true species relationship. On gene tree 1, let
Ti be the time when gene A1 diverged from
genes B1 and C1 , and Tj be the time when B1
diverged from C1 . On gene tree 2, let Tk be the
time when gene C2 diverged from genes A2
and B2 , and Tm be the time when A2 diverged
from B2 .
If this incongruence is caused by hybridization, then the species tree, with B being the hybrid and A and C being the parental
lineages, can be inferred (Fig. 1c). The hybrid
species B xed sequences of gene 1 that are
similar to those of species C, and thus genes

M ODELS FOR COMPARING I NCONGRUENT
G ENE TREES
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B1 and C1 form a sister group on gene tree 1.
Meanwhile, the hybrid B inherited gene 2
from a parental lineage that is closely related
to A, resulting in a sister group relationship
between B2 and A2 . Let T1 be the time when
species A and C diverged, and Th and Th 0 be
the times when the lineages that hybridized
to give rise to B diverged from A and C,
respectively. Th will not equal Th 0 when the
hybridization is ancient and the parental lineages that hybridized to produce B are extinct
and diverged from A and C at different times.
Alternatively, lineage sorting of one gene
may be the cause of the incongruence between the gene trees. Assume that gene tree 1
represents the species tree and gene 2 has undergone lineage sorting. The species tree and
the phylogeny of gene 2 are illustrated in Figure 1d. Two polymorphic alleles of gene 2
arose in the common ancestor of species A,
B, and C. Subsequently, one allele is maintained only in A and B, and the other is maintained only in C (Fig. 1d). Gene tree 2, reconstructed from these alleles, thus differs from
the species tree. Let Tp be the time when the
polymorphic alleles of gene 2 arose, T1 be the
time when species A diverged from species B
and C, and T2 be the time when species B
and C diverged.
Under the hybridization hypothesis, Ti =
T1 and Tj = Th 0 ; Tk = T1 and Tm = Th
(Figs. 1a–c). Then, Ti = Tk . Under the lineage sorting hypothesis, Ti = T1 and Tj = T2 ;
Tk = Tp , Tm = T1 (Figs. 1a, 1b, 1d). Because
Tp > T1 , then Tk > Ti . Therefore, we can test
hypotheses of hybridization versus lineage
sorting by testing Tk = Ti , or Tk ¡ Ti = 0.
Dening D (x, y) = Tx ¡ Ty , we can test:
8
< 0,
D (k, i ) = a (a > 0),
:

if hybridization;
if lineage-sorting (1)
for gene 2.

In the real case, we do not know which
gene has undergone lineage sorting before
the test. If D (k, i ) < 0, lineage sorting may
have occurred in gene 1.
To calculate D (k, i ), the following expressions can be dened and inferred.
Dene d(Ui , Vi ) as the estimated number of
nucleotide substitutions between sequences
Ui and Vi of gene i of species U and V,
respectively. Dene ri as the rate of nucleotide substitutions of gene i. Assuming
the existence of a molecular clock, that is, a
constant rate of nucleotide substitutions for
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both genes (Li, 1997), the substitution rates
of gene 1 and gene 2 can be calculated as
follows (Figs. 1a, 1b):
r1 =

d(O1 , A1 ) + d(O1 , C1 )
d(A1 , C1 )
, (2)
=
4T0
2Ti

r2 =

d(O2 , A2 ) + d(O2 , C2 )
d(A2 , C2 )
. (3)
=
4T0
2Tk

From Equations 2 and 3, we obtain
Ti =

2d(A 1 , C1 )T0
,
d(O1 , A1 ) + d(O1 , C1 )

(4)

Tk =

2d(A 2 , C2 )T0
.
d(O2 , A2 ) + d(O2 , C2 )

(5)

Therefore,
³

D (k, i) =

2d(A2 , C2 )
d(O2 , A2 ) + d(O2 , C2 )

´
2d(A1 , C1 )
T0 ,
¡
d(O1 , A1 ) + d(O1 , C1 )

(6)

or

D (k, i ) = D

0 T0

(7)

where

D

0

2d(A2 , C2 )
d(O2 , A2 ) + d(O2 , C2 )

=

2d(A1 , C1 )
.
d(O1 , A1 ) + d(O1 , C1 )
¡

(8)

Four-Species Model
The four-species model contains an additional ingroup species, D. The times of gene
divergence are labeled on the two gene trees
(Figs. 2a, 2b). The two genes of species C, C1
and C2 , have discordant positions on the two
gene trees, which leads to incongruence between the gene trees. Like the three-species
model, the incongruence can be explained by
either hybridization or lineage sorting. The
species tree of hybridization (C is a hybrid
between A and D) and the times of speciation
and hybridization are shown in Fig. 2c. Under this hypothesis, Ti = Tm = T1 , Tj = Tn =
T2 , Tk = Th 0 , and Tq = Th .
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FIGURE 2. Gene trees and species trees of fourspecies model, where A, B, C, and D are ingroup species
and O is an outgroup species. (a) Tree of gene 1. (b) Tree
of gene 2. (c) Species tree inferred based on the hypothesis that species C is a hybrid. (d) Species tree inferred
on the basis that gene 2 has undergone lineage sorting.

Alternatively, the incongruence between
the gene trees is caused by lineage sorting. Assuming that gene 1 represents the
species tree and gene 2 has undergone lineage sorting, the species tree and the contained phylogeny of gene 2 are illustrated
in Figure 2d. Under this hypothesis, Ti =
Tq = T1 , Tj = Tn = T2 , Tk = T3 , and Tm = Tp .
Because Tp > T1 , then Tm > Ti .
Similar to the three-species model, these
two hypotheses can be tested by testing
D (m, i ) = 0, where
³

2d(A 2 , D2 )
d(O2 , A2 ) + d(O2 , D2 )

D (m, i ) =
¡

´
2d(A1 , D1 )
T0 .
d(O1 , A1 ) + d(O1 , D1 )

FIGURE 3. Gene trees and species trees of ve-species
model, where A, B, C, D, and E are ingroup species and
O is an outgroup species. (a) Tree of gene 1. (b) Tree of
gene 2. (c) Species tree inferred based on the hypothesis
that species D is a hybrid. (d) Species tree inferred on
the basis that gene 2 has undergone lineage sorting.

of gene 2 (Fig. 3d), it is necessary to assume
that polymorphic alleles of the gene arose
twice, at times, Tp1 and Tp2 , in the common ancestor of the ingroup species. Under
this hypothesis, Ti = Ts = T1 , T j = T2 , Tk =
Tq = T3 , Tm = T4 , Tn = Tp1 , and Tr = Tp2 . Because Tp1 > T1 and Tp2 > T2 , then Tn > Ti and
Tr > Tj .
In this model, alternative hypotheses can
be tested at two branching points of the gene
trees: D (n, i) = 0 and D (r, j ) = 0. The differences are calculated as follows:
³

2d(B 2 , C2 )
d(O2 , B2 ) + d(O2 , C2 )

D (n, i ) =

´
2d(B 1 , C1 )
T0 , (10)
¡
d(O1 , B1 ) + d(O1 , C1 )

(9)

Five-Species Model
The observed gene trees and hypothetical
species trees of the ve-species model are
shown in Figure 3. Genes of species D, D1
and D2 , display discordant positions on the
two gene trees. Under the hybridization hypothesis, in which D is a hybrid between
B and C (Fig. 3c), Ti = Tn = T1 , Tj = Tr =
T2 , Tk = Tq = T3 , Tm = Th 0 , and Ts = Th . To
explain the incongruence by lineage sorting

³

2d(A2 , B2 )
d(O2 , A2 ) + d(O2 , B2 )

D (r, j ) =
¡

´
2d(A1 , B1 )
T0 . (11)
d(O1 , A1 ) + d(O1 , B1 )

If both differences are not signicantly different from 0, the hybridization hypothesis
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is favored. The lineage-sorting hypothesis
is supported if both differences are signicantly larger than 0.
Numerous-Species Model
If incongruence between two gene trees is
caused by one species, the incongruent gene
trees with any given number of species can
be simplied to t one of the three-, four-,
or ve-species models. In other words, these
simple models can be extended to accommodate topological incongruence between gene
trees with any given number of species after
a simplication process, that is, converting
a monophyletic or paraphyletic group into
an individual species. For example, species h
has different positions between two gene
trees of 11 ingroup species, a, b, c, d, e, f, g,
h, i, j, and k (Fig. 4). First, positions of some
of the sister groups were switched without
altering the topology of the gene trees. Second, the monophyletic groups, (d, e) and (a,
(b, c)), are designated as single species, A
and B, respectively; the paraphyletic group,

FIGURE 4. Simplication of incongruent gene trees
with eleven ingroup species (a–k). (Top) Incongruence
between two gene trees caused by conicting positions
of species h. Dashed branches represent different positions of h on two gene trees, whereas relationships of the
remaining species are the same between the gene trees.
(Bottom) Simplied gene trees that t the ve-species
model.
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(f((j,k),g)), is designated as E. With these rearrangements and conversions, the new trees
t the ve-species model (Figs. 3, 4).
With regard to hypothesis testing, one or
more species can be chosen from a reduced
group to represent this group. If two or more
species are chosen, the hypotheses can be
tested multiple times. Conducting the test
over all possible combinations of the species
may increase the amount of condence of
the hypothesis testing. Sequences that do
not evolve in a clocklike fashion, however,
should not be chosen to represent the group.
S TATISTICAL TES T
A statistical test was designed to test
hypotheses of hybridization versus lineage
sorting, based on the theoretical models described above. For the three-species model,
we need to test whether D (k, i ) is signicantly larger than 0 (Equation 1). According
to Equation 7, testing D (k, i ) = 0 is equal to
testing D 0 = 0.
The number of nucleotide substitutions, d,
can be estimated directly from sequence divergence when the sequence divergence is
low. Otherwise, correction models, such as
the Jukes–Cantor (1969) model or the Kimura
(1980) two-parameter model, should be used
to correct for possible multiple hits. Each estimated number of nucleotide substitutions
has a variance that can be calculated depending on which model is used. However,
calculation of the variance of D 0 based on
these individual variances and their covariances (e.g., by using Taylor progression) remains difcult. The variance of the ratio of
nucleotide substitutions tends to be too large
to permit any reasonable power of a significance test (B. Gaut, pers. comm.; Z. Yang,
pers. comm.).
Therefore, we chose the bootstrap method
to carry out the statistical test (Efron, 1979;
Felsenstein, 1985; B. Gaut, pers. comm.; Z.
( j)
Yang, pers. comm.). Dene D 0 as a D 0 calculated from the jth bootstrapped data sets,
where j = 1, 2, . . . , n. To estimate the deviation of D 0 from the resampled information,
( j)
the absolute values of D 0 were used in the
( j)
following calculation. The mean of j D 0 j can
( j)
be estimated as M = R j D 0 j / n. The vari( j)
( j)
ance of j D 0 j is calculated as V = R (j D 0 j ¡
2
M) / n. The statistics of the signicance test
can be calculated as Z = [j D 0 j ¡ M] / V 1 / 2 .
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TABLE 1. Combinations of changes of parameters studied by computer simulation when T0 = 15. In the case
of the lack of a molecular clock, a correlation of rate heterogeneity is assumed between two genes; that is, the
substitution rates of both genes in species A are either 1.5 times faster or 0.8 times slower than in the other species.
Without molecular clock
r1 = 1, r2 = 1

With molecular clock
r1 = 1, r2 = 1

Hybridization
Lineage sorting

r1 = 1, r2 = 2

r1 = 2, r2 = 1

rA = 1.5

rA = 0.8

Ti

Tk

Ti

Tk

Ti

Tk

Ti

Tk

Ti

Tk

10
10
10

10
11
12

10
10
10

10
11
12

10
10
10

10
11
12

10
10
10

10
11
12

10
10
10

10
11
12

COMPUTER S IMULATION
Computer simulation increasingly has
been applied to exploration of theoretical issues in phylogenetics (e.g., Hillis et al., 1994;
Huelsenbeck, 1995). A computer simulation
is performed here to examine the validity of
the theoretical models and the power of the
statistical test under various evolutionary
assumptions. Only the three-species model
is examined with the computer simulation
study. The implications of the simulation
results should apply to the four- and vespecies models, however, because of the
similar nature of the test for all the models.
Two 1-kb DNA sequences, S1 and S2 , were
randomly generated and assigned to gene 1
and gene 2 of the most recent common ancestor of the outgroup and ingroup species
(Figs. 1a, 1b), respectively. The G–C content
of each sequence was set at 50%. Rates of nucleotide substitutions (ri ) were assumed to
be 1 or 2 substitutions per l,000 sites per million years. This corresponds to 1 (or 2) £ 10 ¡ 9
substitutions per site per year, which is biologically reasonable (Li, 1997). When ri = 1,
one substitution was generated randomly for
a sequence during a one-million-year interval along a gene tree. All types of substitutions were treated at an equal probability.
Through this process, gene sequences of the
species A1 , B1 , C1 , O1 , A2 , B2 , C2 , and O2 were
generated.
The simulation experiment, with the same
initial sequences of S1 and S2 , was performed
20 times for testing hypotheses of hybridization versus lineage sorting and for testing the
impact of several parameters on the model.
The parameters, which were tested under the
hypotheses of hybridization (Tk ¡ Ti = 0) or
lineage sorting (Tk ¡ Ti = 1, 2), include relative substitution rates between genes 1 and 2,
the time of divergence between ingroup and

outgroup, and the molecular clock. With the
molecular clock engaged (constant substitution rates for both genes), we tested hypotheses of hybridization and lineage sorting when the relative substitution rates of
the genes were the same or when one gene
evolved twice as fast as the other (Table 1).
We also tested the hypotheses when substitution rates were not constant for either gene,
but with the restriction that the rate heterogeneity was correlated between two genes;
that is, the substitution rates of both genes
increased or decreased proportionally in the
same taxa (Table 1). These tests were done under the conditions of T0 = 15 and Tj = Tm = 5
(Fig. 1; Table 1). Assigning different values
to Tj and Tm would not affect testing results
(data not shown).
We explored the impact of increasing the
overall sequence divergence on the hypothesis testing. When the overall divergence was
doubled—T0 = 30 and Tj = Tm = 10—we
tested the following combinations under
condition of r1 = r2 = 1: Ti = 20 and Tk =
20; Ti = 20 and Tk = 21; Ti = 20 and Tk = 22;
Ti = 20 and Tk = 23; and Ti = 20 and Tk = 24.
Using sequences generated from the computer simulation, each D 0 was calculated
with Equation 8. Given the relatively low
divergence between the sequences (up to
3%), the number of nucleotide substitutions
was estimated directly from the sequence divergence. The difference between each D 0
and 0 was tested through 100 bootstrap
replications.
R ESULTS AND D ISCUSSION
The computer simulation study demonstrated that the statistical test is able to support either hybridization or lineage-sorting
hypotheses predicted by the theoretical
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model. If each gene evolves at a constant rate,
then D 0 equals the ratio of (Tk ¡ Ti ) / T0 (see
proof in Appendix). Thus, when T0 is xed,
the model predicts that the greater the difference between Tk and Ti , the greater the
D 0 value, that is, the more likely that lineage sorting has occurred. When T0 was set
at 15 and the hybridization hypothesis is engaged (Ti = Tk = 10), the D 0 values uctuate
around 0 (Fig. 5a), and >80% of D 0 values
are not signicantly larger than 0 (P < 0.05)
(Fig. 6a). Therefore, the hybridization hypothesis was conrmed by the test in > 80%
of simulation runs.
Under the lineage-sorting hypothesis and
when Tk ¡ Ti = 1, almost all the D 0 values
are >0 (Fig. 5a), and 45% (P < 0.01) to 85%
(P < 0.05) of the values are signicantly >0
(Fig. 6a). These results imply that when the
ingroup has diverged from the outgroup for
15 million years and when the ancestral polymorphic alleles occurred one million years
before the divergence of species A and C,
the chance that the test is able to conrm
the lineage sorting is » 50% or more. When
Tk ¡ Ti = 2, all the D 0 values are >0 (Fig. 5a),
and >90% of test results are signicant at
P < 0.01 (Fig. 6a). This suggests that the
chance of detecting lineage sorting increases
rather rapidly as the time of origination of
the ancestral polymorphism becomes more
ancient relative to the time of the divergence
of species A and C (Figs. 1d, 6a).
A slight uctuation of D 0 during 20 runs
of simulation for each combination is due
to the small number of parallel substitutions
and multiple hits. We tried to correct each of
the sequence divergence by using the one parameter model (Jukes and Cantor, 1969), but
the degree of uctuation of D 0 values was
not reduced signicantly thereby (data not
shown). This is probably a result of the calculation of the ratio of the sequence divergence, which canceled the effect of the correction. The fact that the simulation studies
supported the theoretical models in the presence of multiple hits suggests that the models
and statistical test can tolerate a certain number of multiple hits.
The computer simulation study demonstrated that doubling the overall divergence
did not alter the test results markedly. When
T0 was increased to 30, the number of signicant test results when Tk ¡ Ti = 2 was
comparable with that for when Tk ¡ Ti = 1
and T0 = 15 (Figs. 5a, 5d, 6a, 6d). Because D 0 remains the same when Tk ¡ Ti
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and T0 increase or decrease proportionally,
the model should work at various values
for sequence divergence, which correspond,
in most cases, to various taxonomical values. However, if the divergence of the ingroup is xed, that is, if Tk ¡ Ti remains
constant, increasing T0 (choosing a more distantly related outgroup) will lead to a smaller
D 0 . The number of signicant test values
when T0 = 30 and Tk ¡ Ti = 1 is intermediate between those of Tk ¡ Ti = 0 and Tk ¡
Ti = 1 when T0 = 15 (Figs. 5a, 5d, 6a, 6d),
which suggests that choosing an outgroup
that is more closely related to the ingroup
will permit a more sensitive test for lineage
sorting.
Because rates of nucleotide substitution
vary widely among genes (Li, 1997), one
must determine whether the theoretical
model can still hold when two genes evolve
at different rates. Theoretically, D 0 should not
be affected by rate differences between the
two genes, as long as the substitution rate
of each gene is constant (see proof in Appendix). The simulation results supported
this prediction. In the case where the substitution rate of either gene 1 or gene 2 was
doubled, the test results were similar in both
cases and were also similar to that obtained
by assuming the equal substitution rate of the
two genes (Figs. 5a–c, 6a–c).
However, the lack of constant substitution
rates of one or both genes among the studied species will violate the basic assumption of the model. Using simulation studies,
we explored the validity of the model when
the rate heterogeneity was correlated between the two genes; that is, rates increased
or decreased proportionally in both genes
of the same species. Satisfying this condition should extend application of the model,
given that the rate heterogeneity caused by
factors such as generation time effect can be
correlated between genes or even across different genomes (Wu and Li, 1985; Gaut et al.,
1992). For example, grasses evolve more
rapidly than palms at synonymous sites in
a mitochondrial, a nuclear, and a chloroplast
gene, and the rate increases in grasses are
correlated among these genes (Eyre-Walker
and Gaut, 1997). The results of the simulation study (Figs. 5e–f, 6e–f), in which substitution rates of both genes of species A
were proportionally higher or lower than
those of species C and O, suggested that
the model should be valid under such a
condition.
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FIGURE 5. D 0 values generated from computer simulation. Each D 0 value is represented by an abscissa; D 0
values resulting from 20 simulation runs for a combination of a hypothesis and various parameters are connected
by a certain type of line for clearer visualizatio n (Table 1). (a) T0 = 15, r 1 = r 2 = 1. (b) T0 = 15, r 1 = 1, r 2 = 2. (c) T0 =
15, r 1 = 2, r2 = 1. (d) T0 = 30, r 1 = r2 = 1. (e) T0 = 15, r 1 = r 2 = 1, r A = 1.5. (f) T0 = 15, r 1 = r 2 = 1, r A = 0.8.
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FIGURE 6. Test results of computer simulation study. (a), (b), (c), (d), (e), and (f) show test results of D 0 presented
in Figures 5a, 5b, 5c, 5d, 5e, and 5f, respectively. Histograms illustrate percentages of probabilities of the test results of
20 simulation runs for each combination of a hypothesis and various parameters; P > 0.05 (open), 0.05 > P > 0.01
(shaded), and P < 0.01 (solid). Numbers 0, 1, 2, 3, 4, and 5 below the histograms represent corresponding values of
(Tk ¡ Ti ) in Figure 5.

Because the validity of the theoretical models relies on the molecular clock for both
genes, a relative rate test must be performed
before the hybridization hypothesis can be
tested. However, the degree of sensitivity to
rate heterogeneity may differ between the

relative rate test (Wu and Li, 1985) and the
present bootstrap test. Problems may arise
if the bootstrap test is more sensitive than
the relative rate test to rate heterogeneity. In
other words, the rate heterogeneity can be
small enough to pass the relative rate test
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TABLE 2. Comparison of probabilities obtained from
relative rate (Wu and Li, 1985) under the Jukes–Cantor
(1969) model and bootstrap tests based on the threespecies model. For both gene trees, T0 = 15 and Ti = Tk =
10; r1 = r 2 = 1 for all the sequences except r A2 , which
varies from 1.2, 1.3, or 1.4 to 1.5, meaning that the substitution rate of sequence A2 is 1.2, 1.3, 1.4, or 1.5 times
faster than those of the remaining sequences.
r A2

Relative rate test
Bootstrap test

1.5

1.4

1.3

1.2

0.16
< 0.01

0.21
< 0.01

0.27
0.04

0.34
0.20

but large enough to affect the results of hypothesis testing with the bootstrap test. To
address this question, computer simulation
was designed to assess the relative sensitivity of the two tests to the degree of rate
heterogeneity. Under the hybridization hypothesis (Tk ¡ Ti = 0), the substitution rate
of gene A2 was increased while those of the
other genes were kept the same (Table 2).
The probabilities obtained from both tests are
compared in Table 2.
When substitution rates are variable
among the species and the rate variation is
not correlated between the two genes, the
model is rather sensitive to rate heterogeneity. We explored the extent to which rate
heterogeneity misleads the test results. Under the hybridization model (Tk ¡ Ti = 0),
the hybridization hypothesis was rejected
(P < 0.01) when gene A2 evolved >1.4 times
more rapidly than the other genes (Table 2).
When A2 evolved 1.3 times more rapidly, the
hybridization was still rejected (P = 0.04).
When the substitution rate of A2 was 1.2
times greater than that of the other genes,
the hybridization hypothesis could not be
rejected.
Therefore, although our model and test can
tolerate a certain degree of rate heterogeneity, they appear to be quite sensitive to rate
heterogeneity, at least more sensitive than the
relative rate test of Wu and Li (1985). Consequently, the results of the bootstrap test may
not be free of bias attributable to the rate heterogeneity, even though the molecular clock
is not rejected by the relative rate test. Future
work should explore further the impact of
the degree of rate heterogeneity and the
way of measuring it on the efciency of the
bootstrap test. For example, a maximum likelihood method represents another approach
to reconstructing a phylogeny and estimating branch lengths. If sequences of two genes
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are determined by a likelihood ratio test to
have evolved among the studied species in a
clocklike fashion (Huelsenbeck and Rannala,
1997; Baldwin and Sanderson, 1998), then
the branch lengths estimated by maximum
likelihood can be used in the bootstrap test.
So far we have discussed lineage sorting
only as an alternative explanation to hybridization in causing incongruence between
gene trees. Now we extend our discussion
to account for the other two biological processes that are also responsible for the departure of gene trees from the species tree:
gene duplication/extinction (paralogy), and
lateral gene transfer (de Queiroz et al., 1995;
Doyle, 1997; Maddison, 1997; Wendel and
Doyle, 1998).
Paralogy has an impact on the topology of
gene trees similar to that of lineage sorting
and can be tested by using the same model:
D (k, i) > 0. In these models, paralogy is analogous to lineage sorting when Tk is viewed
as the time of duplication of two loci instead
of two alleles of the same locus. The subsequent extinction of one allele from a species
under the lineage-sorting hypothesis is analogous to extinction or incomplete sampling
of one of the loci in the paralogy hypothesis. The same species tree can be inferred no
matter which of the two processes caused the
incongruence.
Despite the similar behavior of lineage
sorting and paralogy in the models, they
are different biological processes that can be
distinguished in certain aspects (Maddison,
1997; Wendel and Doyle, 1998). Basically,
the occurrence of lineage sorting depends
on a persistence of ancestral alleles through
a common ancestor of the diverged species.
Therefore, lineage sorting can often be found
when an ancestral branch leading to the
species is short (few generations) and wide
(large effective population size) (Pamilo
and Nei, 1988; Hudson, 1992; Maddison,
1997). Therefore, lineage sorting is topologydependent and is expected to occur often
along the short branches of a gene tree. The
occurrence of paralogy, on the other hand,
depends largely on the dynamics of gene duplication and extinction during its evolution
(Morton et al., 1996). Understanding molecular evolution of individual genes can help
assess the likelihood of occurrence of paralogy at each locus.
Lateral gene transfer follows the same
test result as hybridization, D (k, i ) = 0, for
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the theoretical model. However, lateral gene
transfer often happens to transposable elements (Clark et al., 1994; Syvanen, 1994).
It is also very unlikely that many unlinked genes can be transferred from one
species to the other in parallel. In contrast,
hybridization, particularly by way of allopolyploidy, combines two entire genomes.
Therefore, if D (k, i ) = 0 is the test result for multiple unlinked genes, the incongruence is much more likely to result
from hybridization than from lateral gene
transfer.
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APPENDIX
The branch length (the number of nucleotide substitutions) of the gene trees 1 and 2 of the three species model
can be calculated as follows (Figs. 1a, 1b):
d(A1 , C1 ) = 2Ti r1 , d(O1 , A1 ) = d(O1 , C1 ) = 2T0 r1 ;
d(A2 , C2 ) = 2Tk r 2 , d(O2 , A2 ) = d(O2 , C2 ) = 2T0 r 2 .
According to Equation 8,

D

0

=

4Tk r 2
¡
4T0 r 2

Dene r 2 = a r 1 , where a
then

D

0

=

4a Tk r 1
¡
4a T0 r 1

4Ti r 1
.
4T0 r 1
> 0 (r 2 = r 1

4Ti r1
Tk ¡ Ti
=
.
4T0 r 1
T0

if
a

= 1),

