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The level of DNA polymorphism in the ancestral species at the time of speciation can be estimated using DNA sequences
from many loci sampled from 2 or more extant species. The comparison between ancestral and extant polymorphism can
be informative about the population genetics of speciation. In this study, we collected and analyzed DNA sequences of
;60 genes from 4 species of Sonneratia, a common genus of mangroves on the Indo-Pacific coasts. We found that the 3
ancestral species were comparable to each other in terms of level of polymorphism. However, the ancestral species at the
time of speciation were substantially more polymorphic than the extant geographical populations. This ancestral
polymorphism is in fact larger than, or at least equal to, the level of polymorphism of the entire species across extant
geographical populations. The observations are not fully compatible with speciation by strict allopatry. We suggest that,
at the time of speciation, the ancestral species consisted of interconnected but strongly divided geographical populations.
This population structure would give rise to high level of polymorphism across species range. This approach of studying
the speciation history by genomic means should be applicable to nonmodel organisms.

Introduction

The pattern of genetic polymorphism at the time of
speciation can be useful for studying the population genetic
theory of speciation, sometimes referred to as ‘‘paleo-
population biology’’ (Takahata 1993). For example, if the
extant species are much less polymorphic than the ancestral
species, then the extant species may have experienced bot-
tlenecks or the ancestral species may be highly structured at
the time of speciation.

Methods for estimating the level of ancestral polymor-
phism can be classified into 2 categories, referred to as the
‘‘2-species’’ and ‘‘3-species’’ methods. The 2-species meth-
ods, proposed by Takahata and colleagues (Takahata 1986;
Takahata et al. 1995; Takahata and Satta 1997), utilize mul-
tilocus divergence data from 2 species. The distribution of
levels of neutral divergence across loci are used to estimate
the time of speciation as well as the effective population
size when speciation occurred. These methods assume neu-
trality and use either moment estimators or maximum like-
lihood estimators to make inference about the parameters.

The 3-species methods (Nei 1987; Pamilo and Nei
1988; Wu 1991; Yang 2002; Rannala and Yang 2003) take
advantage of a very different principle, namely the conflict
between gene tree and species tree. The conflict happens
when, for example, 3 species are of the ((A, B), C) phylog-
eny, whereas the genes sampled from them show the gene-
alogy of (A, (B, C)). The conflict between the 2 trees results
from the segregation of ancient polymorphism, which de-
pends on the effective population size of the ancestral spe-
cies. Some of the 3-species methods (Nei 1987; Pamilo and
Nei 1988; Wu 1991) use only the conflict in tree topology
to infer the ancestral polymorphism, whereas others (Yang
2002; Rannala and Yang 2003) use both the conflict in to-

pology and sequence divergence. The latter usually outper-
form the former because they take the full probabilistic
approach, and the parameters are estimated by either max-
imum likelihood method or Bayesian method. In particular,
the Bayesian method can deal with many species simulta-
neously (Rannala and Yang 2003).

For either category of methods, an outgroup can be
added to calibrate the difference in mutation rate across loci
(Yang 2002; Osada and Wu 2005). Thus, sequence data
from 4 closely related species, with one being a clear out-
group, are most versatile for the type of analysis presented
here.

These methods should be generally applicable in
studying nonmodel organisms as they require only
DNA sequences from a number of genomic regions with
no need for ‘‘hard-core’’ genetics. Despite that, these meth-
ods have been applied primarily to the human–chimpanzee
split (Takahata et al. 1995; Takahata and Satta 1997; Yang
1997; Chen and Li 2001; Yang 2002; Rannala and Yang
2003; Wall 2003; Satta et al. 2004; Osada and Wu 2005)
and, occasionally, Drosophila melanogaster and its rela-
tives (Li et al. 1999; Zeng K, unpublished data). A note-
worthy conclusion from these studies is that the effective
population size at the time of speciation appears to be
larger than the extant ones. This conclusion is intriguing
in that the actual population sizes of both humans and D.
melanogaster at present are large. This seemingly para-
doxical observation has motivated many hypotheses on
speciation and natural selection (Osada and Wu 2005;
Patterson et al. 2006). It may, therefore, be useful if the
same approach is applied to a wide range of species that
are not ‘‘model organisms.’’

Our analysis focuses on closely related species be-
tween which gene flow has ceased completely since some
time ago, as between humans and chimpanzees. These
‘‘good species’’ leave no doubt that we are studying speci-
ation events, rather than differentiation within a polytypic
species. An alternative is to study diverging populations
that are still exchanging genes. Such an approach has been
well explored by other investigators (Wang et al. 1997;
Nielsen and Wakeley 2001; Hey and Nielsen 2004).
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In this study, we focus on the paleo-population genet-
ics of Sonneratia, a genus of mangroves widely distributed
in the Indo-West Pacific region (Tomlinson 1986). It con-
sists of about 5–6 species, among which Sonneratia alba,
Sonneratia caseolaris, Sonneratia ovata, and Sonneratia
apetala are the better known ones and are the focus of this
study. Sonneratia alba, the most widespread species in this
genus, extends from tropical eastern Africa through Indo-
Malay to Australia and islands of the West Pacific. The
second most common species, S. caseolaris, has a similar
geographic distribution as S. alba, except that it does not
occur in eastern Africa. Sonneratia ovata and S. apetala
are only found in Southeast Asia and the Bengal Bay region,
respectively. Among the 4 species in question, S. alba,
S. caseolaris, and S. ovata have overlapping species ranges,
whereas S. apetala is allopatric from the other 3 species. All
species in this genus grow in the intertidal zones of estuary
systems, and the salinity gradient determines the fine-scale
habitats of these species—both S. alba and S. ovata are
downstream species, and S. caseolaris and S. apetala are
found upstream. The phylogeny of the 4 species has been
inferred previously using nr internal transcribed spacer
sequence data (Shi et al. 2000; Zhou et al. 2005).

In what follows, we will analyze sequence data of
about 60 homologous genes from the 4 species of Sonner-
atia. We will use 3 different methods (Takahata and Satta
1997; Yang 2002; Rannala and Yang 2003) to estimate lev-
els of ancestral polymorphism. The contrast between the
patterns of ancestral and extant polymorphisms could shed
some light on the speciation history of these species. We
suggest that this population genomic approach may be ap-
plicable to many nonmodel organisms.

Materials and Methods
Sampling

We collected samples from 11 subpopulations of
S. alba and 7 subpopulations of S. caseolaris in the Indo-
West Pacific region, including East Asia, Southeast Asia,
South Asia, and Australia. For S. ovata and S. apetala, we
sampled only one population in China because these 2
species are narrowly distributed and, where they can be
found are in relatively low abundance. In all, 2–12 individ-
uals were sampled from each subpopulation. Supplementary
tables S1 and S2 (Supplementary Material online) summa-
rize the sampling details.

DNA Sequencing

Sequence Data for Estimating Ancestral Polymorphism

We constructed a cDNA library from the leaves of S.
caseolaris using Creator Smart cDNA Library Construction
Kit (Clontech, Mountain View, CA) and sequenced 200
clones from the library. Based on these sequences, we de-
signed 67 pairs of primers to amplify the targeted genes
from the genomic DNA of the 4 species. The polymerase
chain reaction (PCR) products were purified and directly
sequenced. For 57 of the 67 sequenced loci, we obtained
sequences from all 4 species. For the remaining 10 loci, se-
quences from 1 or 2 species were missing. The average

sequence length of these genes is 1,019 bp. All these sequen-
ces have been deposited in GenBank with accession num-
bers EF585716–EF585975. The positions of exons and
introns of each gene were determined according to the cor-
responding cDNA sequences. Because the coding regions in
the amplified fragments are usually very short, we used only
noncoding regions (introns) in our analyses. The average
length of intron regions over these genes is 707 bp.

Sequence Data for Estimating Extant Polymorphism

We obtained polymorphism data of 6 nuclear loci.
These loci, all having long introns, are genes encoding large
subunit 9 of ribosomal protein (rpl9), cytochrome B6-F
complex iron–sulfur subunit (cci), iron-deficiency–respon-
sive protein (idr), cysteine proteinase inhibitor (cpi), pep-
tidyl–prolyl cis–trans isomerase (ppc), and phosphatase
inhibitor (phi). DNA sequences were obtained by PCR am-
plification and direct sequencing (GenBank accession num-
bers: EF593405–EF593948 and EU035558–EU035590).
Coding and intronic regions were determined by aligning
our sequences against the original cDNA sequences. Be-
cause the mangrove species in question are diploid, we
counted the 2 alleles of each sampled individual and treated
a site as polymorphic if there was a ‘‘double peak’’ in the
chromatogram. Haplotypes were inferred via ‘‘haplotype
subtraction’’ (Clark 1990; Olsen and Schaal 1999). Due
to the low level of diversity, such inference is likely to
be very accurate. Furthermore, when using only intronic
sequences for the analysis in which haplotype information
was not required, we obtained very similar results. Sequen-
ces were aligned using ClustalW (Thompson et al. 1994).
For the first 3 loci, samples were taken from the subpopu-
lations listed in supplementary table S1 (Supplementary
Material online), and for the last 3 loci, samples were taken
from the subpopulations listed in supplementary table S2
(Supplementary Material online). In general, the sampling
schemes for these 2 sets of loci are very similar (supplemen-
tary tables S1 and S2, Supplementary Material online). An-
alyzing these 2 sets of genes separately, we obtained very
similar results. Thus, we present them together for clarity.

Estimating Divergence between Species

We used Kimura’s 2-parameter model (Kimura 1980)
to estimate genetic divergence. For phylogenetic recon-
struction, we concatenated the sequences and used the
Neighbor-Joining method (Saitou and Nei 1987) imple-
mented in the PHYLIP package (Felsenstein 2005).

Estimating Levels of Polymorphism of the Ancestral
Species

We first used the Takahata and Satta (1997) method to
estimate levels of ancestral polymorphism. This method
uses data from 2 species. It assumes neutrality and allopat-
ric speciation. Let t be the divergence time between the 2
species, l be the rate of neutral mutation per base pair per
generation, N be the effective population size of the ances-
tral species, and li and ki be the length and the number of
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difference at the ith locus, respectively. If we have n inde-
pendent orthologous loci, the log-likelihood function can be
expressed in terms of the scaled divergence time (s 5 2tl)
and the population mutation rate (h 5 4Nl):

Lðs; hÞ5
Xn
i51

"
� lis� lnð1þ lihÞ

þ ln
Xki
d50
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#
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(Takahata and Satta 1997). In our implementation, we
estimated the number of differences at a locus by
multiplying its length by the estimated divergence. No loci
show extreme levels of divergence between species
(supplementary fig. S1, Supplementary Material online),
and the lengths and positions of exons and introns of a gene
in different species are quite conserved. Moreover, we
selected 5 loci randomly and used additional primers that
anchored different locations of the coding regions and
obtained the same sequences. Thus, these loci are likely to
be truly orthologous.

The model assumes that all loci have the same muta-
tion rate. It has been shown that violation of this assumption
can affect the accuracy of the estimate (Yang 1997). Taking
advantage of our 4 species system, we calibrated the mu-
tation rate by using outgroup sequences (S. caseolaris;
see fig. 1). Following the treatment of Osada and Wu
(2005), let si,1 be the scaled divergence time between spe-
cies A and the outgroup at the ith locus and, similarly, let si,2
be that between species B and the outgroup at the same lo-
cus. Further, let T* 5 T þ 2N0, where T is the time when
the outgroup species and the ancestral species leading to
species A and B diverged and N0 is the effective population
size of the common ancestor of the 3 species. Then si,0 5
2T*li can be approximated by si,0� (si,1 þ si,2)/2. In prac-
tice, si1 and si2 can be estimated by the divergence between
the 2 ingroup species (i.e., species A and B) and the out-
group species. By defining a 5 t/T* and b 5 2N/T*, the

local scaled divergence time (si) and the population muta-
tion rate (hi) for the ith locus can be written as si 5 asi,0 and
hi 5 bsi,0. Then equation (1) can be rewritten as:
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Simulation studies suggest that this method can effec-
tively account for the variation in mutation across loci,
even when 2N0 is relatively large (Zeng K, unpublished
data).

Note that the Takahata and Satta method (as well as the
3-species method described below) also assumes that every
locus evolves in a clock-like manner. It seems that this as-
sumption is well supported by our data (see Results). Fur-
thermore, simulation studies suggest that moderate
violation of this assumption does not have much effect
on the results (Zeng K, unpublished data).

The two 3-species methods derived using the full
probabilistic approach (Yang 2002; Rannala and Yang
2003) can be seen as an extension of the 2-species method
(referred to as Yang’s method and Rannala and Yang’s
method, respectively). They combine merits of the 2-
species method and the tree-mismatch method (Pamilo
and Nei 1988; Wu 1991) and models substitution using
the Jukes and Cantor model (1969). Having to take into
account all these factors, the 3-species models are more
complex than the 2-species methods; therefore, we omit
the details here.

Estimating the Patterns of Extant Polymorphism

We used p (nucleotide diversity; Hartl and Clark
1997) to measure extant polymorphism. For S. alba and
S. caseolaris, samples were collected from hierarchically
structured populations. We referred to each collection from
the same location as a subpopulation and those subpopula-
tions from the same geographical area/country (usually
within one degree latitude and longitude) as a region (sup-
plementary tables S1 and S2, Supplementary Material on-
line). The entire collection of each species is then
designated as ‘‘Total.’’ We calculated pS, pR, and pT for
each locus, where pS is the nucleotide diversity averaged
across subpopulations; pR is the nucleotide diversity aver-
aged across regional samples; and pT is the nucleotide di-
versity calculated using all sampled sequences. To measure
the level of differentiation, the following common defini-
tions are used:

FSR ¼ 1� pS=pR;
FRT ¼ 1� pR=pT;

ð3Þ

where pS; pR, and pT are, respectively, mean values of pS,
pR, and pT averaged across the 6 loci (e.g., Hudson et al.
1992; Nagylaki 1998). When calculating the F-indices
using other definitions (Hedrick 1999, 2005), very similar
results were obtained (data not shown).

S. ovata (spp 4)
0.0 /-

S. apetala (spp 3)
0.0 /-

S. alba (spp 2)
0.105 / 0.432 

S. caseolaris (spp 1)
0.142 / 1.00 

Node3
1.08   0.201

Node2
0.87   0.197

Node1
1.05   0.198

FIG. 1.—Patterns of extant and ancestral polymorphisms. Ancestral
species on the phylogeny are denoted as Node 1, Node 2, and Node 3.
The numbers beneath the node names are the estimated nucleotide
diversity of the ancestral species (table 2). For S. caseolaris and S. alba, 2
different measures of extant polymorphism are shown (pR � 102 and
pT � 102, separated by a slash sign; see text and table 4).
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Results
Divergence and Phylogeny of the Sonneratia Species

Table 1 summarizes the levels of divergence among
the 4 species based on 57–67 loci. Sonneratia ovata and
S. apetala are the most closely related species; the mean
divergence between these 2 species is 2.06%. Sonneratia
caseolaris is an unambiguous outgroup; the genetic dis-
tance between S. caseolaris and the other 3 species fluctu-
ates around 3.65%. These results are supported by
phylogenetic analysis (fig. 1). The phylogeny shown in fig-
ure 1 agrees well with that reported in a previous study
(Zhou et al. 2005) and has very high bootstrapping support:
97.7% for Node 3 and 100% for Node 2. The pattern of
divergence between species also suggests a clock-like rate
of substitution. For example, the level of divergence be-
tween S. alba and S. apetala (i.e., 2.65%) is close to that
between S. alba and S. ovata (i.e., 2.44%). In fact, using
Tajima’s relative rate test (1993) and S. caseolaris as the
outgroup, very few loci show significant deviation from
the molecular clock hypothesis. For example, between S.
apetala and S. ovata, 2 out of the 59 genes deviate from
a clock-like pattern at the significance level of 5%, but none
is significant after Bonferroni correction.

Estimating Levels of Ancestral Polymorphisms, pA

Table 2 summarizes the estimates of ancestral poly-
morphism using the 2 maximum likelihood methods
(Takahata and Satta 1997; Yang 2002). Despite the differ-
ences between the 2 methods, they produced very similar

results. Indeed, the 95% confidence intervals for the esti-
mates overlap extensively. Furthermore, variation in muta-
tion rate across loci does not seem important in our data set
because the results obtained by using an outgroup are very
close to those obtained without an outgroup. For each an-
cestral species, we calculated the weighted average of dif-
ferent estimates of its level of polymorphism (weighting
different estimates according to the inverse of their vari-
ance) and obtained an approximate standard error for this
weighted average (table 2 and fig. 1). Overall, Node 1 and
Node 3 appear to have similar levels of polymorphism, and
Node 2 is slightly less polymorphic (table 2 and fig. 1).

To further investigate the reliability of the estimates
presented above, we analyzed our data by the Bayesian
method (Rannala and Yang 2003; performed using the pro-
gram MCMCcoal). Here data from all 4 species were used,
and the results are shown in table 3. We used 2 kinds of
prior distributions: in one, the 95% threshold is about 4
times of the mean (high-variance priors), and in the other,
the 95% threshold is twice of the mean (low-variance pri-
ors). In most cases, the results given in table 2 fall in the
95% credible intervals of the Bayesian estimates (table
3). Thus, the estimates obtained by different methods are
consistent. Similar results were obtained when very differ-
ent prior distributions were used (supplementary table S3,
Supplementary Material online).

Estimating Patterns of Extant Polymorphism

Genetic diversity of the extant species is measured by
nucleotide diversity p (Hartl and Clark 1997). Because the
Sonneratia species have fragmented distributions, we cal-
culated p in 3 levels of hierarchical structure: subpopulation
(denoted as pS), region (pR), and the entire species (pT). In
general, subpopulations refer to mangrove stands and are of
less relevance to the modes of speciation. Genetic variations
in a geographical region (pR) and across the entire species
range (pT) are of greater interest here.

For both S. alba and S. caseolaris, the level of diver-
sity increases significantly each step going up the hierarchy
(table 4). For instance, the mean level of regional diversity

Table 1
Mean Levels of Divergence between the 4 Sonneratia Species

S. ovata (%) S. apetala (%) S. alba (%)

S. apetala 2.06 (0.14)
S. alba 2.44 (0.15) 2.65 (0.15)
S. caseolaris 3.61 (0.15) 3.65 (0.16) 3.75 (0.18)

NOTE.—The mean and standard error of the estimated divergence across loci

are shown. Divergence was estimated using Kimura’s 2-parameter method.

Table 2
Ancestral Polymorphisms of Sonneratia Estimated by Various Methods

Method

[pA ± SE] � 102 (species compared)

Node 1 Node 2 Node 3

Without outgroup
Takahata and Satta (1997) 1.42 ± 0.26 (1, 2) 0.82 ± 0.18 (2, 3) 1.02 ± 0.15 (3, 4)

1.09 ± 0.20 (1, 3) 0.99 ± 0.19 (2, 4) —
1.03 ± 0.17 (1, 4) — —

Yang (2002) 1.11 ± 0.21 (1, 2, 3) 0.40 ± 0.35 (1, 2, 3) 1.17 ± 0.28 (1, 3, 4)
1.11 ± 0.21 (1, 2, 4) 0.90 ± 0.30 (1, 2, 4) 1.92 ± 0.85 (2, 3, 4)
0.80 ± 0.17 (1, 3, 4) 0.92 ± 0.16 (2, 3, 4) —

Weighted average ± weighted SE 1.05 ± 0.198 0.87 ± 0.197 1.08 ± 0.201
With outgroup
Takahata and Satta (1997) — 0.97 ± 0.16 (2, 4) 1.05 ± 0.17 (3, 4)

— 0.69 ± 0.19 (2, 3) —
Yang (2002) — 0.92 ± 0.17 (2, 3, 4) 2.35 ± 1.15 (2, 3, 4)
Weighted average ± weighted SE — 0.87 ± 0.174 1.08 ± 0.191

NOTE.—SE, standard error; pA is the estimated level of ancestral nucleotide diversity. Species used for estimating the ancestral polymorphism are given in parentheses.

Nodes 1–3 and species 1–4 are labeled in figure 1. Sonneratia caseolaris was used as the outgroup. The calculation of the weighted average is described in text.
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of S. alba (0.105%) is 2.8 times higher than that of the sub-
population level (0.038%), whereas the mean level of the
entire species (0.432%) is 4.1 times higher than that of
the regional level. This hierarchical structure is reflected
in the large F-indices (i.e., FSR and FRT) as shown in table
4. Very similar results were obtained when we analyzed the
6 loci individually (data not shown). Thus, in both S. alba
and S. caseolaris, there exists a hierarchy of population
structure. Each species is divided into geographical regions
connected by very limited gene flow. In fact, we cannot rule
out zero migration across geographical regions. Within
each region, the species is further subdivided into many
subpopulations that are loosely connected by gene flow.
Such population structure has also been observed in other
mangrove species (e.g., Duke et al. 1998; Maguire et al.
2000; Dodd et al. 2002; Su et al. 2006).

Sonneratia ovata and S. apetala show no variation in
our collections. For these 2 species, we only have samples
from one location in China. These 2 species are narrowly
distributed and, where they can be found, are in relatively
low abundance.

Contrasting Ancestral and Extant Polymorphisms

The results of this study are summarized in figure 1,
which shows the values of pR and pT in contrast with the
estimated ancestral polymorphism, pA. It seems clear that 1)
pA values are generally similar and are much larger than pR
and 2) pA is as large as, or larger than, pT.

Discussion
Accuracy of the Estimation

The methods we used to estimate levels of ancestral
polymorphism are based on a number of assumptions

(see Materials and Methods). Violation of these assump-
tions can affect the accuracy of the estimation, often result-
ing in an overestimation of ancestral polymorphism (Yang
1997; Arbogast et al. 2002; Takahata and Satta 2002).
Some of the assumptions such as the molecular clock, ho-
mogeneous mutation rate across loci, and the loci being or-
thologous appear to be well supported by our data (tables 1
and 2 and supplementary fig. S1, Supplementary Material
online). The methods also assume the absence of intragenic
recombination. Although recombination does not affect the
mean number of polymorphic sites at a locus, it neverthe-
less reduces the variance (Hudson 1983). The methods thus
incorrectly fit the data with a smaller effective population
size, resulting in an underestimation of the level of ancestral
polymorphism (Takahata and Satta 2002; Wall 2003; Zeng
K, unpublished data). Because it is likely that recombina-
tion have occurred during the course of evolution, violation
of this assumption tends to make our results conservative.

Although the methods used in this study are different
from each other, the main conclusions reached by different
methods are similar. The assumptions on which the meth-
ods are based are compatible with our data. Therefore, the
conclusion on the contrast between the ancestral and extant
polymorphisms appears well supported.

Allopatric Model Without Gene Flow

A main observation of this study is that the levels of
ancestral polymorphism (pA) are much higher than the lev-
els of regional polymorphism (pR). In the standard vicariant
model of allopatric speciation (Mayr 1954, 1963), the an-
cestral population was split into 2 geographically isolated
populations (or regional populations) with no gene flow. At
the moment of the split, each of the regional population
should resemble the ancestral one in the level of polymor-
phism, hence pA; p�R ; p�T. We shall use ‘‘*’’ to denote the
level of polymorphism right after the time of geographical
isolation. These regional populations eventually become re-
productively isolated and evolve to become new species.
When that happens, each new species may undergo range
expansion and, again, experience geographical isolation.
This process may also be accompanied by secondary con-
tact with the other new species. (The scenario can be com-
pared with the model portrayed in fig. 2 except that, in the
allopatric model, there is no gene flow between regions.)
The process repeats itself in cycles of speciation. In this

Table 3
Estimates of the Levels of Ancestral Polymorphism Obtained
by Bayesian Analyses

Node

[pA (2.5 percentile,
97.5 percentile)] � 102

Prior Posterior

High-variance priors
Node 1 1.05 (0.031, 3.793) 1.13 (0.789, 1.546)
Node 2 0.87 (0.083, 2.557) 1.27 (0.825, 1.864)
Node 3 1.08 (0.035, 3.855) 1.87 (0.385, 4.243)

Low-variance priors
Node 1 1.05 (0.514, 1.774) 1.14 (0.831, 1.489)
Node 2 0.87 (0.391, 1.536) 1.15 (0.802, 1.576)
Node 3 1.08 (0.514, 1.774) 1.14 (0.831, 1.489)

NOTE.—pA is the nucleotide diversity at a particular node in the phylogenetic

tree (fig. 1). We used 2 different sets of prior distributions, labeled ‘‘high-variance

priors’’ and ‘‘low-variance priors,’’ respectively. The means of the prior distributions

are equal to the MLEs given in table 2. Results obtained by using very different

priors are similar and can be found in supplementary table S3 (Supplementary

Material online). When running the Markov Chain Monte Carlo (MCMC) algorithm,

we discarded the first 200,000 samples (burn-in), and then sampled every 20 iterations

until 100,000 data points were obtained. Furthermore, for each set of prior

distributions, 2 (or more) independent runs of the MCMC algorithm were performed

with different random seeds. In all cases, for a given set of priors, the results are very

similar across different runs. For each of the prior and posterior distributions, the

mean, 2.5% percentile, and 97.5% percentile were shown.

Table 4
Extant Polymorphisms of the Sonneratia Species

Species pS � 102 pR � 102 pT � 102 FSR FRT

S. alba 0.038 0.105 0.432 0.639 0.757
S. caseolaris 0.093 0.142 1.003 0.345 0.859
S. ovata — 0.000 — — —
S. apetala — 0.000 — — —

NOTE.—pS is the nucleotide diversity of a locus averaged across subpopula-

tions, and pS is the mean pS averaged across loci. pR and pT are similarly defined

but are calculated using the regional samples and samples from the entire species,

respectively. FSR51� pS=pR and FRT51� pR=pT. The F-indices for S. ovata and

S. apetala are not available because neither species is widely distributed and, hence,

only one sample was obtained for each of them. See supplementary tables S1 and S2

(Supplementary Material online) for detailed sampling information.
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ongoing process, we may consider comparable stages in
different cycles as equivalent and, hence, pR ; p�R. In
the allopatric model, pT is less relevant as it is a measure
of the total diversity across current species and is generally
much larger than pR.

In the simplest allopatric model described above, the
expected pattern may be summarized as pA (;p�R); pR ,
pT. Our observation that pA is often 5–10 times greater than
pR suggests that, if simple allopatry is indeed true, these
regional populations must have become smaller after geo-
graphical isolation and have remained so for a long time. It
has often been suggested that severe bottlenecks might be
conducive, or even necessary, for the formation of species
(Mayr 1954; Carson 1970, 1971; Nei et al. 1975; Templeton
1980; Harrison 1991). Specifically, successive glacial

periods during the Pleistocene (Chappell and Shackleton
1986; Wang et al. 1995; Saenger 1998; Voris 2000) may
have induced such population bottlenecks.

The hypothesis of severe population bottleneck under
strict allopatry is plausible but is not fully compatible with
ancillary observations. Sonneratia alba and S. caseolaris
are both very abundant species in each geographical region
of the present day. Furthermore, the main effect of past gla-
ciations should be the fragmentation of populations, but this
effect should have abated after the retreat of glaciers. In-
deed, S. alba and S. caseolaris are not particularly low
in total genetic variation among woody plants. For exam-
ple, the level of polymorphism is 0.38% in Cryptomeria
japonica (Kado et al. 2003), 0.49% in Pinus sylvestris
(Dvornyk et al. 2002), 0.64% in Pinus taeda (Brown

Geographical populations without
Reproductive Isolation (RI) 

Gene flow restricted by partial RI

Extant
Polymorphism

No gene flow under complete RI

High FSTHigh FST

New
Species 

New
Species 

Range expansion and
population subdivision 

Ancient
Polymorphism 

FIG. 2.—A model that explains the high level of polymorphism at the time of speciation. In this model, subdivided ancestral population with
continual gene flow that ceases only after reproductive isolation has evolved to completion. The vertical bar indicates geographical isolation which can
be either ‘‘porous’’ or complete. The horizontal dark bars denote the time after which there is no gene flow between populations. The cycle of
population subdivision and speciation continues as new species form.

Speciation in Sonneratia 2751



et al. 2004), 0.39% in Picea abies (Heuertz et al. 2006), and
1.6% in the European aspen, Populus tremula (Ingvarsson
2005). At 0.43% and 1.00%, respectively, S. alba and S.
caseolaris are not particularly low in polymorphism. (Son-
neratia ovata and S. apetala are narrowly distributed and
have the typical low diversity of endemic species.)

An Alternative Model of Gene Flow between Ancestral
Populations

An alternative explanation for the contrasting patterns
of polymorphism of figure 1 is depicted in figure 2. In this
model, the ancestral species were composed of intercon-
nected geographical populations, which would differentiate
into separate species. During this process, gene flow con-
tinues for an extended period of time (Wu 2001; Osada and
Wu 2005; Patterson et al. 2006). Gene flow is depicted as
the 2-headed arrow in figure 2 between diverging popula-
tions with high FST.

The estimated ancestral diversity would reflect the
level of polymorphism at the time when the 2 intercon-
nected populations were about to become reproductively
isolated species (‘‘ancestral polymorphism’’). The total ge-
netic diversity of interconnected regional populations (i.e.,
pT) can be expressed approximately as pR/(1 � FRT) (Nei
1973; Slatkin 1991), where pR is regional polymorphism
and FRT is the level of differentiation between regions.
To account for the large ancestral polymorphism, pR does
not have to be large because the total diversity is augmented
by a factor of 1/(1 � FRT) over the local diversity. In the
model of figure 2, the population structure at the time of
speciation mirrored that of the extant species. The
species-level polymorphism is a reflection of the level of
subdivision among populations, and this population struc-
ture leads to large estimates of ancestral polymorphism
(Takahata and Satta 2002; Teshima and Tajima 2002).

Following the notation above, we use ‘‘*’’ to denote
the ancestral level of polymorphism (i.e., at the time when
the estimated pA applies). The expected pattern under the
model of figure 2 is thus pA ; p�T ;

�
p�R=

�
1� F�

RT

��
�

pT ; ½pR=ð1� FRTÞ�. (The pattern of pA ; p�T ; pT
can be easily understood and we shall explain pA ; p�T
. pT in the next paragraph.)

Comparisons of the 2 Models and the Implications

In the strict allopatric model without gene flow, the
estimated pA should reflect regional polymorphism, present
or past. In the model figure 2, pA should be closer to
species-level polymorphism at the time of speciation. Be-
cause pA is closer to pT of the extant population (see fig. 1),
a structured population with gene flow shown in figure 2
should be a reasonable approximation for the populations
both at the time of speciation and at present. This model of
figure 2 can also account for the pattern of pA . pT as
follows: Structured populations at the time of speciation
may be more strongly divided than at any other time; hence,
F�
RT � FRT. As a result, pA may be as large as, or larger

than, the observed pT.
Although the model of figure 2 appears to be compat-

ible with the parapatric model of speciation, which posits

continual (but restricted) gene flow during speciation, it
is not by itself a rejection of the allopatric model of speci-
ation. To reject allopatry, it is necessary to rule out a period
of geographical isolation. The model of figure 2 suggests
that complete geographical isolation may not be necessary
(i.e., the genic view of speciation; see Wu 2001) but does
not prove that it is indeed absent. Proponents of the allopat-
ric model may still argue that, without such a period, these
populations cannot make the transition to fully reproduc-
tively isolated species. The presence or absence of a period
of complete geographical isolation has to be determined by
other means.

In summary, the allopatric model requires complete
geographic barriers between populations to stop gene flow.
In the parapatric model, gene flow is gradually reduced as
more and more loci of local adaptation become differenti-
ated. Genetic exchanges near these loci are restricted by
linkage to them. Differential adaptation of geographical
populations of mangroves is possible, for example, by salt
tolerance. Indeed, substantial genetic differentiation be-
tween adjacent inland and littoral populations of amangrove
species has been shown by amplified fragment length poly-
morphism markers (Tang et al. 2003). Given the proximity
of these populations, the observed genetic differentiation
might be driven by adaptation to different environments.
Finally, the approach outlined in this study can potentially
be widely applicable to nonmodel organisms. It would be
most interesting to see if the differences between patterns of
ancestral and extant polymorphism reported in this study
are generally true.

Supplementary Material

Supplementary tables S1–S3 and fig. S1 are available
at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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