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Abstract
The possible hybrid origin of new species can usually be corroborated by molecular means. Here, we suggest that the segregation
patterns of the molecular markers be further analyzed. A true hybrid species should show the patterns under continuous breeding
among its members, at least beyond the F2 generation. We applied the guidelines to the putative hybrid species of Sonneratia, a
widespread mangrove genus, and concluded that all the observed hybrids in this genus are simple F1Õs. Thus, S. · gulngai and
S. · hainanensis are not true hybrid species. The segregation patterns of molecular markers should be heeded in interpreting the
existence of hybrid species.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction
Formation of new species by hybridization or introgression is a most interesting phenomenon (Coyne and
Orr, 2004; Rieseberg, 1997; Wu, 2001). Plant hybridization often results in the formation of hybrid zone, but
the formation of hybrid zone is not always accompanied
by hybrid speciation. It is important to diﬀerentiate the
process of hybrid speciation from the maintenance of
stable hybrid zones (Ungerer et al., 1998).
A good deal of research concerns whether a particular taxon is of hybrid origin (see Arnold, 1997). The answer is usually a demonstration that the hybrids in
question indeed possess the genetic materials from the
said parental species. Moreover, it has to be shown that
the admixture resulted from secondary hybridization,
rather than from shared polymorphisms inherited from
the common ancestors.
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In some other cases, the hybrid status of the specimen
can be strongly inferred on the ground of morphological
analysis and ecological context. For example, the collection may show morphological intermediacy and was
found in the zone of contact between the two putative
parental species. While such a collection has sometimes
been given a species designation, it is necessary to show
that the specimen represents a self-sustaining species of
hybrid origin. In other words, it has to be shown that
the putative hybrid species has the genetic materials
from the two parental species and those genetic materials can assort among themselves in a single genome. If
the hybrids collected are more advanced than, say, the
F3 generation, then the hybrids could potentially be
self-sustaining. Otherwise, they are merely regenerated
from the parental species repeatedly and should not be
considered new species.
The mangrove genus Sonneratia (Lythraceae sensu
lato) (Graham et al., 1993), comprising about ﬁve to
nine species (Duke and Jackes, 1987; Ko, 1985, 1993;
Wang and Chen, 2002), is widely distributed in the
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Indo-West Paciﬁc region. In China, Sonneratia is naturally distributed on Hainan Island and includes three
indigenous species, S. alba, S. ovata, and S. caseolaris
and an exotic species S. apetala introduced from Bengal
in the 1980s. Two new species, S. hainanensis and S.
paracaseolaris, were recently reported on the basis of
the morphological features in ﬂower and leaf that are
remarkably diﬀerent from other Sonneratia species
(Ko, 1985, 1993). However, they were both proposed
as natural hybrids S. · hainanensis and S. · gulngai, derived from hybridization between S. alba and S. ovata,
S. alba and S. caseolaris, respectively (Duke, 1984;
Wang et al., 1999). All the species and the putative hybrids in Sonneratia are diploid, with the same number
of chromosomes 2n = 22 (Wang et al., 1998).
An interesting phenomenon in Sonneratia hybrid
zones is that there is little morphological variation
among S. · gulngai or S. · hainanensis individuals.
The observation suggests that all hybrid individuals
are likely F1s and no advanced hybridization is taking
place. We wish to test this hypothesis in this study. To
that end, we cloned and sequenced the internal transcribed spacer (ITS) regions of nuclear ribosomal
DNA from the hybrids and their putative parental species. We further used AFLP markers to determine the
extent of admixture between the parental genomes.
Molecular criteria are proposed for such a determination. The absence of hybrid species in Sonneratia (and
mangroves in general) is discussed in light of mechanisms of reproductive isolation and ecological
speciation.

2. Materials and methods
2.1. Plant materials
In Hainan, S. alba and S. caseolaris overlap geographically in Qionghai and Wenchang where two hybrid zones are formed. S. alba and S. ovata coexist
only in Wenchang, and altogether only four S. · hainanensis individuals were found in our ﬁeld survey. Three
indigenous species S. alba, S. caseolaris, and S. ovata,
an introduced species S. apetala, and two putative hybrids S. · gulngai and S. · hainanensis were sampled
from Qionghai and Wenchang. Eight to 10 individuals
were collected for each taxon except S. · hainanensis.
Leaves harvested from individual trees were dried with
silica gel until DNA extraction. Reference specimens
were deposited in Herbarium of Sun Yat-Sen University
(SYS).
2.2. DNA extraction, nr ITS cloning, and sequencing
Total genomic DNAs were extracted from dried leaf
tissues using CTAB method according to Doyle

(1991). For ITS cloning experiments, two accessions
were randomly selected for each taxon. Complete ITS
region (including ITS-1, 5.8 S rRNA gene and ITS-2)
was ampliﬁed using ITS-4 and ITS-5 primers (White
et al., 1990). PCR products were puriﬁed by electrophoresis through 1.2% agarose gel followed by use of E. Z.
N. A. Gel Extraction Kit (Omega). Puriﬁed PCR products were cloned into plasmids using the pGEM-T Easy
Vector System (Promega). Six to eight positive clones
were selected for each ampliﬁcation product and cultured for isolating plasmids. Isolated plasmids were digested with EcoRI to determine whether they
contained the inserts of correct size. The plasmids with
correct inserts were sequenced using universal T7-promoter and SP6-promoter primes. Sequencing was conducted in ABI 3700 DNA automated sequencer with
Big Dye Taq Terminator Cycle Sequencing Kit (Applied
Biosystems). The boundaries of the ITS sequences were
determined by comparison with those of carrot
(X17534). All the sequences had been submitted to the
GenBank with Accession Nos. AY680865–680950.
2.3. Phylogenetic analyses
ITS sequences were aligned in Clustal X with some
corrections manually. Those clones with identical sequence within a taxon were treated as one operational
taxonomic unit (OTU) in the phylogenetic analyses.
We analyzed two data sets, which were constructed for
the two putative hybrids, respectively. Parsimony, as
implemented in PAUP 4.0b (Swoﬀord, 1998), was used
to infer phylogenies based on nucleotide substitutions
in aligned sequences. Parsimony analyses were performed by using heuristic search with TBR swapping,
MULTREES option, ACCTRAN optimization, and
100 random addition replicates for the two data sets. Indels were treated as missing data. Standard measures of
homoplasy such as consistency index (CI), retention index (RI), and level of internal support (bootstrap values)
were calculated. Bootstrap analyses were carried out
with 1000 replications of heuristic search with simple
taxon addition and maxtrees set to 500. Duabanga grandiﬂora (AF208695), Lagerstroemia speciosa (AF201688),
and Trapa maximowiczii (AY035757), which are closely
related to Sonneratia (Huang and Shi, 2002; Shi et al.,
2000), were used as outgroup species.
2.4. AFLP assay and data analysis
The AFLP technique is based on the selective PCR
ampliﬁcation of restriction fragments from total digests
of genomic DNA (Vos et al., 1995). AFLP fragments are
distributed over all genomic locations in the way restriction fragments are. Therefore, AFLP fragments generally correspond to unique and random positions in the
genome. By using diﬀerent combinations of primers

R. Zhou et al. / Molecular Phylogenetics and Evolution 35 (2005) 595–601

and a series of AFLP ampliﬁcations, we can screen a sizable fraction of the whole genome.
The AFLP assay was conducted according to Vos
et al. (1995), except that EcoRI selective primers were labeled with ﬂuorescent 6-carboxy ﬂuorescein (6-FAM)
on the 50 nucleotide. The selective ampliﬁcation primer
pairs in this study were E1M1 (E-AAG, M-CAG),
E1M7 (E-AAG, M-CAT), E3M8 (E-AGC, M-CTT),
E4M7 (E-ACA, M-CAT), E5M4 (E-AAC, M-CAA),
and E6M4 (E-ACC, M-CAA). The ampliﬁed products
were run on an ABI Prism 377 DNA sequencer using
4.25% denaturing sequencing polyacrylamide gel in 1·
TBE running buﬀer.
Total ampliﬁed bands, common bands, and monomorphic parent-speciﬁc bands were scored. Co-migrating bands within a gel between diﬀerent individuals
were considered to be homologous. Bands were considered monomorphic species-speciﬁc if they were present
in all samples of one species and absent in all samples
of the other species. The inherited patterns of parentspeciﬁc bands in the putative hybrids were analyzed as
reported by Teo et al. (2002).

3. Results and analyses
We ﬁrst chose two individuals (accessions) from each
of the putative hybrid species, S. · hainanensis and S. ·
gulngai, as well as two individuals from each of their
possible parents S. alba, S. caseolaris, S. ovata, and S.
apetala for phylogenetic analysis using cloning nr ITS
sequences. Once their hybrid status was conﬁrmed, we
surveyed more individuals from the hybrids and their
parents by the AFLP analysis. The objective of the
AFLP analysis is to determine the degree of hybridization in the hybrids—i.e., intercross hybrids (F1, F2,
and so on) or backcross hybrids at any generation. We
conclude that all hybrids collected in the hybrid zones
are F1Õs. There is no advanced hybridization among
these Sonneratia species.
3.1. Phylogenetic analysis based on nr ITS sequences
Within each non-hybrid species, S. alba, S. caseolaris,
S. ovata, and S. apetala, a high degree of similarity
among clones was observed; many in fact have identical
sequences. Minor variations exist because homogenization by concerted evolution is not complete. In contrast,
two distinct classes of ITS sequences were obtained in
both S. · gulngai and S. · hainanensis, each corresponding to those of each of their putative parental species.
The aligned sequences of S. · gulngai data set are
657 bp in length, of which 103 are parsimony-informative. Phylogenetic analysis of this data set yielded a single most parsimonious tree of 352 steps, with a
consistency index (CI) of 0.861, and a retention index
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(RI) of 0.921 (Fig. 1). All clones of both accessions of
each non-hybrid species form their own species clades,
most with strong bootstrap support. S. ovata and S.
apetala have the closest genetic relationship among these
species of Sonneratia. Both accessions of S. · gulngai
have two distinct types of ITS sequences. One type
forms a well-supported monophyletic group with S.
alba, and the other type was clustered with S. caseolaris.
S. · gulngai is clearly a hybrid between these two parental species.
The aligned sequences of S. · hainanensis data set
were 654 bp in length, of which 106 were parsimony-informative. Phylogenetic analysis gave rise to a single
most parsimonious tree of 359 steps, with a consistency
index (CI) of 0.872, and a retention index (RI) of 0.930
(Fig. 2). Again, two distinct types of ITS sequences were
obtained from both accessions of S. · hainanensis, each
clustered with either the S. alba or S. ovata clade.
3.2. AFLP pattern in S. · gulngai and in the parental
species, S. alba and S. caseolaris
The results are shown in Table 1. AFLP assay generated 340 bands from the three taxa using six primer
combinations. Among them, 82 bands were shared by
all the samples of the three taxa. The patterns of ampliﬁed bands using primer pair E1M7 are shown in Fig. 3.
In total, there were 113 monomorphic species-speciﬁc
bands present in S. alba samples and 114 monomorphic
species-speciﬁc bands in S. caseolaris samples. No taxon-speciﬁc bands existed in any of the eight samples of
S. · gulngai. All these samples of S. · gulngai exhibited
the 113 S. alba-speciﬁc bands and 104–112
(mean = 107.0) of the S. caseolaris-speciﬁc bands.
3.3. AFLP pattern in S. · hainanensis and in the parental
species, S. alba and S. ovata
The results are shown in Table 1. Six primer combinations produced 286 bands from S. · hainanensis, S.
alba, and S. ovata. One hundred and two bands were
common to all the samples of the three taxa. There were
91 monomorphic species-speciﬁc bands present in S.
alba and 82 monomorphic species-speciﬁc bands in S.
ovata. No taxon-speciﬁc band existed in any of S. ·
hainanensis samples. All four samples of S. · hainanensis
possessed 85–86 (mean = 85.8) S. alba-speciﬁc bands
and 78–82 (mean = 80.8) S. ovata-speciﬁc bands.
3.4. Analysis
The results of Table 1 unambiguously support the
hypothesis of hybrid origin of both S. · gulngai and S.
· hainanensis. All bands from either hybrid taxon were
derived from the putative parents; there were no
hybrid-speciﬁc bands. Moreover, both hybrid taxa
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Fig. 1. A most parsimonious tree (352 steps) constructed from nr ITS sequences (CI = 0.861; RI = 0.921) to show the phylogenetic position of S. ·
gulngai. The numbers above the branches are bootstrap values. The numbers following the taxon name are the accession number and clone
number(s), respectively.

appear to be the F1Õs between the parental species (S.
alba and S. caseolaris for S. · gulngai; S. alba and S.
ovata for S. · hainanensis). No hybrid individuals represent a stage of hybridization beyond the simple F1Õs, as
reasoned below.
Let us designate the genetic contribution to the hybrids from either parental species as p and q
(p + q = 1), respectively. If there is no backcross to
either parent, then p = 0.5 = q. With one backcross,

p = 0.75 and q = 0.25. p and q can range between 0
and 1 for more complex scenarios. In the F2 generation,
the expected proportion of bands in the hybrids that are
homozygous for either parent is 0.25. Homozygosity for
the allele from parent 1 means the absence of the band
from parent 2. For example, if the S. · gulngai samples
were F2Õs, we expect 113 · 0.25 = 28.3 bands from S.
alba and 107 · 0.25 = 26.8 from S. caseolaris would be
missing in S. · gulngai. The results of Table 1 show
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Fig. 2. A most parsimonious tree (359 steps) constructed from nr ITS sequences (CI = 0.872; RI = 0.930) to show the phylogenetic position of S. ·
hainanensis. The numbers above the branches are bootstrap values. The numbers following the taxon name are the accession number and clone
number(s), respectively.

Table 1
The AFLP patterns in the parental species (P1 and P2) and the
individuals of the putative species hybrids (H)

P1-P2 shared
P1-P2-H shared
P1 (unique)
P1-H shared
P2 (unique)
P2-H shared
H (unique)

P1 = S. alba
P2 = S. caseolaris
H = S. · gulngai

P1 = S. alba
P2 = S. ovata
H = S. · hainanensis

82
82
113
113
114
107.0 (104–110)
0

102
102
91
85.8 (85–86)
82
80.8 (79–82)
0

the numbers to be 0 and 7, respectively (P < 0.001 by the
binomial test). Clearly, the samples from neither S. ·
gulngai nor S. · hainanensis are F2Õs.
We shall consider the more general cases where the
hybrids have an arbitrary degree of genetic contribution from either parent. They have also crossed
among themselves for a number of generations to
achieve a degree of inbreeding, F, where F is the
inbreeding coeﬃcient between 0 and 1 (Crow and
Kimura, 1970). In those cases, the proportion of
homozygotes for alleles from parent 1, heterozygotes,
and homozygotes for alleles from parent 2 would be,
respectively,
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S. · hainanensis, the proportion is 3.7%. In contrast,
the smallest number from Eq. (1) is 25% for F2Õs, when
p = q = 0.5 and F = 0. Because the total proportion of
missing bands is too small for gene assortment under
any degree of hybridization, we can safely conclude that
neither S. · gulngai nor S. · hainanensis can be anything
other than F1 hybrids.

4. Discussion

Fig. 3. Ampliﬁed bands of Sonneratia · gulngai and its parental
species S. alba and S. caseolaris using primer pair E1M7. Lanes 1–8, S.
alba; lanes 9–16, S. · gulngai; and lanes 17–24, S. caseolaris.

½p2 ð1  F Þ þ pF  : ½2pqð1  F Þ : ½q2 ð1  F Þ þ qF :
Therefore, the total proportion of missing bands would
be half the sum of the two proportions for homozygotes:
½ð1  F Þðp2 þ q2 Þ þ F =2:

ð1Þ

The division by 2 is due to the fact that one of the two
parental bands would be missing at each homozygous
locus.
We should note that the speciﬁc nature of AFLP
bands does not aﬀect the validity of Eq. (1). In other
words, whether the allelic form of a species-speciﬁc band
is a missing band, or another band on the gel, does not
matter. As long as the two parental species have comparable numbers of species-speciﬁc bands, then at each
homozygous locus, half of the total number of speciesspeciﬁc bands would be missing. Indeed, there is a small
fraction of bands, at less than 10% in each of the three
parental species, which are not ﬁxed within species. We
excluded these possibly heterozygous bands from our
analysis and scored only monomorphic, species-speciﬁc
bands. Within each species, these monomorphic, species-speciﬁc bands represent homozygous loci (or sites).
In the case of S. · gulngai, the proportion of missing
species-speciﬁc bands is 3.1% [(0 + 7)/(113 + 114)]. For

Natural hybrids are relatively common in ﬂowering
plants (Arnold, 1997; Rieseberg and Ellstrand, 1993).
In this report, we suggest the molecular criteria for
determining the species status of the putative hybrids.
Both ITS sequences of nr DNA and AFLP markers provide compelling evidence for the hybrid origins of S. ·
gulngai and S. · hainanensis. However, all hybrid individuals in Sonneratia collected appear to be F1 plants
and no advanced hybridization events have been observed. Neither hybrid type appears to be a self-sustaining entity to deserve the species status.
While we corroborated the F1 status of all morphologically hybrids collected in the wild, there is a distinct
possibility that some backcross hybrids may resemble
either parent morphologically and may have escaped
detection. Nevertheless, we have analyzed in total 190
individuals from eight S. alba populations by the AFLP
assay. We have not observed any sample that is morphologically S. alba but is molecularly a hybrid with many
S. alba bands missing. The presence of F1 hybrids,
and only F1 hybrids, in nature has also been observed
elsewhere. When we analyzed the S. · gulngai samples
from Daintree River (Australia) using AFLP markers,
all hybrid individuals were again found to be F1s (data
not shown).
Sonneratia hybrids are restricted in the overlapping
areas of parental speciesÕ geographic distribution. In
China, individuals of S. · gulngai can only be found in
Qionghai and Wenchang where S. alba and S. caseolaris
coexist. No individual of S. · gulngai is found in Sanya,
Lingshui, and Wanning where only one of the parents
can be found. S. ovata exists only in Wenchang, so does
S. · hainanensis. No individual of S. · hainanensis is
found in places where only S. alba occurs. The geographic distributions are consistent with the hypothesis
that hybrids are merely regenerated from parental species and cannot expand their range by their own seed
dispersal.
Why are the Sonneratia hybrids not able to propagate? Some highly sterile F1 hybrids become successful
species by adopting a vegetative mode of reproduction
(Brysting et al., 2000; Sang et al., 1995), but in Sonneratia as in many other species, the mode of asexual reproduction is absent. Homoploid hybrid speciation in
nature may be a rare phenomenon, and fewer than 10
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cases have been rigorously documented in plants (Ferguson and Sang, 2001; Rieseberg, 1997). In many cases,
postmating reproductive isolation plays a large role in
preventing hybridization to proceed beyond F1 or F2.
This is, however, only partially true in these two hybrids. The proportion of sterile pollen in either S. · gulngai (95.62%) or S. · hainanensis (54.43%) is indeed much
higher than that of the parental species, S. alba (8.76%),
S. caseolaris (5.68%), and S. ovata (3.25%) (Wang et al.,
1999). Furthermore, the seed germination rate for S. ·
gulngai and S. · hainanensis is 22.9 and 64.0%, respectively, lower than that of S. alba (90.0%), S. caseolaris
(94.0%), and S. ovata (74.0%) (Wang et al., 1999).
On the other hand, partial fertility does permit the production of F2 and backcross progeny and allow introgression of genetic materials across nascent species
boundaries (Wu, 2001). At least between S. alba and S.
ovata which produce the relatively ﬁt S. · hainanensis, advanced hybridization seems plausible. Its absence may
thus be connected to the narrow ecological niches in mangroveÕs habitat. Since these hybrids may often be ecologically maladapted, even when they are physiologically ﬁt,
reproductive isolation between Sonneratia species may be
considered a case of ecological speciation (Schluter,
1998). In studying interspeciﬁc hybrids, it is necessary
to analyze the segregation patterns of the molecular
markers in order to determine the stage of hybridization
(F1, F2, etc.). We suggest that other putative hybrid species may also beneﬁt from analyses of this type.
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