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Abstract

Background: This study addresses the apportionment of genetic diversity between Cycas revoluta
and C. taitungensis, species that constitute the section Asiorientales and represent a unique, basal
lineage of the Laurasian genus Cycas. Fossil evidence indicates divergence of the section from the
rest of Cycas at least 30 million years ago. Geographically, C. taitungensis is limited to Taiwan

whereas C. revoluta is found in the Ryukyu Archipelago and on mainland China.

Results: The phylogenies of ribosomal ITS region of mtDNA and the intergenic spacer between
atpB and rbcl genes of cpDNA were reconstructed. Phylogenetic analyses revealed paraphyly of
both loci in the two species and also in the section Asiorientales. The lack of reciprocal monophyly
between these long isolated sections is likely due to persistent shared ancestral polymorphisms.
Molecular dating estimated that mt- and cp DNA lineages coalesced to the most recent common
ancestors (TMRCA) about 327 (mt) and 204 MYA (cp), corresponding with the divergence of cycad

sections in the Mesozoic.

Conclusion: Fates of newly derived mutations of cycads follow Klopfstein et al.'s surfing model
where the majority of new mutations do not spread geographically and remain at low frequencies
or are eventually lost by genetic drift. Only successful 'surfing mutations' reach very high
frequencies and occupy a large portion of a species range. These mutations exist as dominant
cytotypes across populations and species. Geographical subdivision is lacking in both species, even
though recurrent gene flow by both pollen and seed is severely limited. In total, the contrasting
levels between historical and ongoing gene flow, large population sizes, a long lifespan, and slow
mutation rates in both organelle DNAs have all likely contributed to the unusually long duration of

paraphyly in cycads.
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Background

The analysis of geographical structure and phylogeo-
graphical pattern has been a major focus in population
genetics and molecular ecology [1]. Populations descend-
ing from a common ancestral population are expected to
differentiate from each other and eventually show recipro-
cal monophyly. Reciprocal monophyly is a result of the
accumulated effects of genetic drift and selection when lit-
tle gene exchange occurs after divergence. In contrast,
populations may be genetically similar due to recent iso-
lation, continuous gene exchange, or secondary contact
[2]. Plant species on islands provide ideal subjects for teas-
ing apart the contrasting effects of geographical isolation
and gene flow on population differentiation. Island pop-
ulations are often genetically isolated from each other and
most island populations are small, thus facilitating ran-
dom genetic drift.

Coalescence studies provide information on the genealog-
ical processes (backwards in time) that have led to the cur-
rent apportionment of genetic variation within
populations or species. Coalescence-based phylogeogra-
phy uses haplotype networks, which trace the mutational
relationships among alleles within or among species in a
geographical context [3], to infer processes such as migra-
tion, divergence, and isolation [4-6]. Noncoding spacer
regions of organelle DNAs are often used as genetic mark-
ers because they are nearly neutral with low functional
constraints and are free of the complexities associated
with recombination for nuclear markers [6].

Cycads are a unique and ancient lineage of land plants
that have attracted much attention from evolutionary
biologists [7]. Cycas revoluta Thunb. and C. taitungensis
Shen et al. constitute the section Asiorientales which is a
basal lineage of this Laurasian genus [8]. Cycas revoluta
occurs in a scattered distribution pattern from the south-
ernmost part of Kyushu and throughout the Ryukyu
Islands in Japan, and is also distributed in Fukien Prov-
ince of China [9]; while C. taitungensis is the only extant
and endemic species with two endangered populations
along the eastern coast of Taiwan. The two species resem-
ble each other morphologically; a few characters such as
revolute vs. plane leaflet margins distinguish the species
from each other. An Eocene fossil, C. fujiana Yokoyama, is
much like C. revoluta; both the morphological similarity
and the occurrence of both taxa in Japan suggest that these
species are the same [10]. The divergence of the species in
section Asiorientales is thought to have occurred some 30
million years before present [10]. Asiorientales is allopatric
from other cycads.

Both species are agriculturally important. Each year thou-
sands of seeds and plants have been exported for use in
the nursery trade and in floral arrangements [11]. In the
early 20th Century, cycad seeds and stems were used for
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making cake and soup. Cycad flour is toxic and causes
neurological disorder [12]. Fermented seeds are used for
producing alcoholic drinks [13]. Unfortunately, human
overexploitation has led to the extinction of populations
of C. revoluta in Fukien Province of China [9], and only
two remaining populations of C. taitungensis occur in Tai-
wan [14,15]. Large specimens of C. revoluta are prized by
the nursery industry and natural populations of C. revoluta
in mainland China have been decimated by poachers [9].
In contrast, populations of C. revoluta are numerous
across the Ryukyu Archipelago and Kyushu [13,16]. On
the Island Amami-O-Shima, protected cycad forests con-
tain thousands of plants [17]. Despite the high morpho-
logical similarity, the two species differ in habitat
preference. Cycas revoluta usually grows along coasts, often
subject to salt spray. In contrast, C. taitungensis grows on
cliffs along riverbanks [18].

Island systems have long served as natural laboratories for
evolutionary studies [e.g. [19,20]]. Despite their often
small geographic size, islands can contain a diversity of
habitats suitable for the colonization of an array of plants
and animals. Once an island is colonized, population dif-
ferentiation between islands can be facilitated by isola-
tion, vicariance events and local extinction-recolonization
[21]. Taiwan and the Ryukyu islands lie at the boundary
between the Eurasian and Pacific plates and are a constit-
uent of the island-arc system along the western edge of the
Pacific Ocean [22]. In contrast to sequentially emerging
oceanic islands of volcanic origin, these continental
islands emerged almost simultaneously via collision
between the continental and oceanic tectonic plates and
are geologically young, estimated at 5-6 million years old
[23,24]. Since emerging from the Pacific Ocean, these
islands gradually acquired their floras and faunas from the
Eurasian mainland [25,26]. Most island species/popula-
tions thus have close phylogenetic links to their mainland
relatives.

Today, islands of the Ryukyu archipelago are isolated
from each other. In the past, sea level oscillated during
periodic glacial cycles (Milankovitch cycles) [27-29]. Dur-
ing glacial maxima, the global sea level dropped by some
100-120 meters, exposing land bridges that connected
islands [30] and thus providing migration corridors
between today's isolated islands. Repeated stepwise
migrations, plus occasional, long-distance colonization
[cf. [31-33]], would allow various plants to fill newly
available habitats on islands left by the expanding or
retreating glaciers. The glacial cycles of the Quaternary
played an important role in the evolution of species [cf.
[34,35]].

In the present study, phylogenies of the rITS region of
mtDNA and the intergenic spacer between atpB and rbcL
genes of cpDNA were used to trace phylogeographical
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relationships in C. revoluta and C. taitungensis. Organelle
DNAs are maternally inherited in cycads; they disperse
only via seeds [cf. [15]]. Most cycad seeds, including those
of C. revoluta and C. taitungensis, are heavy and sink reduc-
ing the possibility of water/current dispersal over long dis-
tances [36,37]. The fleshy outer seed coat of cycads attracts
animals, mainly rodents, small fruit-eating bats, and birds
which serve as dispersal agents [38]. In natural habitats,
seeds drop and occasionally disperse for a limited dis-
tance via gravity. Migration between islands is thought to
be very limited and such restricted dispersal has been doc-
umented in other island species [20,39]. Ocean straits
between large geographical regions (Fukien, Taiwan, and
Ryukyu), and channels between islands make migration
between islands unlikely in these cycads. Thus, genetic dif-
ferentiation between populations for maternally inherited
markers would be expected. Nevertheless, multiple colo-
nization and recent isolation can counter forces leading to
genetic differentiation between islands and monophyly
[20]. Many plants distributed on the island arcs of the
western Pacific Rim, including Cunninghamia [40],
Michelia [41], Kandelia [42], Trema [43] and Lithocarpus
[32,44], show little differentiation. Coalescence in island
populations can be a complicated process, determined by
counteracting effects of isolation (i.e., historical connec-
tion), gene flow, drift, selection and repeated coloniza-
tion.

Given the similar systems of mating and demography of
both cycad species, non-coding regions of organelle
DNA's should provide information on species/population
histories and demographic processes as well as gene flow
and colonization. In this study, we examine the genetic
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diversity within and between species and populations,
determine geographical associations and analyze phylo-
genetic relationships to infer the historical processes that
have lead to the current pattern of genetic structure. Sev-
eral specific questions are addressed:

1. Given the long time that these species have been iso-
lated, has reciprocal monophyly of sections and species
been attained?

2. Are populations and geographical regions genetically
differentiated?

3. Is the spatial apportionment of genetic variation con-
sistent with a stepwise model of colonization?

4. Is erosion of genetic diversity associated with popula-
tion decline? Are levels of genetic diversity in populations
of Fukien and Taiwan lower than those of Ryukyu?

Results

Genetic diversity within Cycas revoluta and C. taitungensis
The rITS region of mtDNA varies in length from 411 to
547 bp with a consensus length of 598 bp. The sequence
length of atpB-rbcL intergenic spacer of cpDNA varies from
762 to 830 bp with a 913 bp consensus length. In total,
105 and 97 haplotypes of cpDNA as well as 170 and 55
haplotypes of mtDNA were detected in populations of
Cycas revoluta (307 individuals) and C. taitungensis (102
individuals), respectively (Table 1). Haplotype sequences
of mt- and cpDNAs were deposited in the GenBank data-
base with accession numbers of FN397910-FN397954
and FM999745-FM999775, respectively.

Table I: Population localities, and number of samples (N) used for a phylogeographical analysis of Cycas revoluta and C. taitungensis in

Ryukyu, Fukien, and Taiwan.

Population Area Sampling size (N) Symbol Coordinate

INGROUPS:

Cycas revoluta

Japan: Kagoshima Kyushu, Japan 37 KO 31°05'N, 130°70' E
Amami-O-Shima Ryukyu, Japan 124 AM 26°90' N, 128°30' E
Okinawa Ryukyu, Japan 26 OK 28°15'N, 130°40' E
Iriomote Ryukyu, Japan 36 IR 24°19"N, 123°54' E
Ishigaki Ryukyu, Japan 43 IS 24°50' N, 123°30'E
Yonaguni Ryukyu, Japan 15 YO 24°45' N, 123°05' E

China: Fukien Fukien, China* 26 FU 24°26' N, 118°04' E

Cycas taitungensis

Taiwan: Red Leaf Conservation Area Taitung, Taiwan 8l RL 22°85' N, 120°95' E
Coastal Conservation Area Taitung, Taiwan 21 (@ 23°05'N, 121°30'E

OUTGROUPS:

Cycas taiwaniana Fukien, China** | CT 23°15'N, 113°35'E

Cycas thouarsii Pingtung, Taiwan™** | CK 21°95'N, 120°85' E

* Sampled from the South China Botanic Garden, transplanted from the Fukien wild population before extinction, which located in the Lienchiahg

County, Fukien.

** Sampled from the South China Botanic Garden, transplanted from Fukien, China.
*#* Sampled from the Taiwan Forestry Research Institute, transplanted form Pingtung, Taiwan.
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Higher levels of genetic diversity of mtDNA are detected in
C. revoluta, ¢ = 0.0500, than in C. taitungensis, ¢ = 0.0038
(Table 2). Among the Ryukyu Islands, populations from
Yonaguni and Ishigaki have the highest levels of mtDNA
diversity while the diversity in populations on Okinawa
and Amami-O-Shima is relatively low. Despite its extinct
status in the wild, the Fukien sample contains much
higher levels of mtDNA diversity than any of the Ryukyu
populations. The existence of the phylogenetically most
distant mitotype, G, that occurs only in the Fukien popu-
lation contributes to the high level of genetic diversity
(Fig. 1). In C. taitungensis the level of genetic diversity is
mostly associated with population size. Genetic diversity
of the Red-Leaf (RL) population is about twice that of the
Coastal (C) population. In contrast, the levels of genetic
diversity of cpDNA are much lower in C. revoluta, ¢ =
0.008, than in C. taitungensis, ¢ = 0.018 (Table 3). Fukien
has the lowest level of diversity among all populations,
while the populations of Ishigaki (¢=0.055) and Iriomote
(¢=0.022) have higher levels of genetic diversity.

Phylogenies of organelle DNAs in C. revoluta and C.
taitungensis

Knowledge of the process and pattern of nucleotide sub-
stitution is important for estimating the number of substi-
tutional events between DNA sequences and phylogenetic
reconstruction that incorporates models of DNA sequence
evolution. Transition bias results in a substitution pattern
that is characterized by transition/transversion (ti/tv)
ratios typically ranging between 2 and 10 [45-47]. In con-
trast, higher rates of tranversional substitutions resulting
in ti/tv ratios ~1 have often been equated with transitional
saturation, in which the same nucleotide position under-
goes multiple transitions, or considered indicative of high
levels of homoplasy [48]. In this study, the transition/
transversion ratios were detected to be 1.808 and 1.707
for mtDNA ITS and cpDNA, respectively, suggesting low
likelihood of saturation, although relatively low. The phy-
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logeny of the mtDNA ITS region was reconstructed by
maximum-likelihood (ML) and maximum-parsimony
(MP) analyses. Both analyses recover phylogenetic trees
with consistent topologies. The gene tree identifies seven
mitotypes, including haplotypes A to G (Fig. 2A). Recipro-
cal monophyly is not supported in either Cycas species.
Geographically, mitotypes A and B are widespread (Fig.
1), while four mitotypes are restricted to single popula-
tions, including C (YO), D (AM), E (IS), and G (FU).
Mitotypes C-G are absent in C. taitungensis while mitotype
G does not occur in Ryukyus. Sequences from the two out-
groups are mitotype A and do not form a monophyletic
group, indicating that sections of Cycas are also para-
phyletic for mtDNA (Fig. 2A and 3A). An ML tree based on
nucleotide variation of the cpDNA atpB-rbcL intergenic
spacer identifies six chlorotypes I-VI (Fig. 2B). Chloro-
types I, 1I, and IV are geographically widespread across
islands and Fukien, while chlorotype II is restricted to C.
taitungensis, and chlorotypes V and VI are found exclu-
sively in Iriomote and Ishigaki (Fig. 4). The hypothesis of
amolecular clock was not rejected at either locus based on
the relative rate test (data not shown).

Cycas species are not monophyletic for cpDNA. Haplo-
types of outgroups belong to chlorotype I and are also
found in C. revoluta and C. taitungensis (Fig. 2B and 3B),
again reflecting paraphyly of the section Asiorientales. In
both phylogenies numerous mutations are located at tips
of the network, and are derived from ancestral haplotypes
at the interior nodes in the network. This pattern results in
a star-like phylogeny. Furthermore, tip haplotypes are
mostly confined to a single population while the interior
haplotypes are geographically widespread.

Genetic differentiation and population demography

Almost all dominant cytotypes of both organelle genes are
shared among cycad populations. For mtDNA, mitotype A
(95.3%) is common and widely distributed across popu-

Table 2: Haplotype diversity (h), the number of segregating sites (S), the average number of pairwise difference (k), and nucleotide

diversity (), and neutrality tests at mtDNA within cycad populations

h S k T Fu and Li's D* Tajima's D Fu's Fs
C. revoluta:
Overall: 0.932 240 1.9 0.0500 + 0.00600
Japan: AM 0.923 340 22.4 0.0392 + 0.00382 -4.653 1% -2.4548++* -58.223 #¥k
IR 0.962 199 243 0.0423 + 0.00533 -3.2490 -2.0509* -5.908 *#*
IS 0.908 399 433 0.0876 + 0.02082 -3.9556%* -2.4527+F* -0.656
KO 0.941 209 247 0.0429 + 0.00523 -2.9419% -2.0702* -4.24 | #F¢
OK 0.886 110 19.4 0.0335 + 0.00437 -1.6804 -1.4166 -0.225
YO 0.933 211 56.2 0.1050 + 0.02041 -1.0720 -1.0007 0.462
China: FU 0.982 440 108.3 0.2597 + 0.04094 -1.6974 -1.0465 -0.326
C. taitungensis:
Overall: 0.978 293 21.8 0.0383 + 0.00470
Taiwan: C 0.967 64 9.9 0.0197 + 0.00598 -0.4979 -1.6527 -1.482
RL 0.975 271 23.8 0.0419 + 0.00553 -0.0325 -2.1674% -13.788%**
*P < 0.05, P < 0.02; ¥*P < 0.0l
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Table 3: Haplotype diversity (h), the number of segregating sites (S), the average number of pairwise difference (k), nucleotide
diversity (), and neutrality tests at cpDNA within cycad populations

h S k T Fu and Li's D* Tajima's D Fu's Fs
C. revoluta:
Overall: 0.959 245 5.2 0.0581 + 0.00316
Japan: AM 0.912 165 134 0.0154 + 0.00328 -4.5405%* -1.8676* -41.080%**
IR 0.955 105 19 0.0216 + 0.00520 -0.1257 -1.0012 -1.879
IS 0.833 328 42 0.0551 +0.01876 -1.7192%* -1.7929%%* 4.265%*
KO 0.951 69 9 0.0101 + 0.00359 -0.3475 -1.66227* -7.98 ¥
OK 0.797 85 12.3 0.0142 + 0.00717 -0.9808 -1.7768%* 0.674
YO 0.971 59 89 0.0100 + 0.00558 -2.9824%* -2.1975%¥* -3.635%*
China: FU 0.939 17 23 0.0026 + 0.00030 -2.4588++* -1.4785%* -5.67 3%
C. taitungensis:
Overall: 0.998 336 16.5 0.0181 + 0.00279
Taiwan: C 0.999 127 13 0.0148 + 0.00646 -4.0436** -2.5904%%* -16.787%**
RL 0.999 307 17.4 0.0196 + 0.00309 -5.2128%* -2.59] |k -113.774%*

*P < 0.05, ¥P < 0.02; **P < 0.0l

I
100%
Ryukyu Islands

RL

oI IV
II 205,4%
2%

n

92% 03% - 78% 86%

Figure |
Map showing the spatial distribution of genetic polymorphisms of mtDNA in populations of Cycas revoluta (cir-
cles), and C. taitungensis (squares).
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lations, while rare mitotypes C, D, E, and G occur in single
populations (Fig. 1). Likewise, for the cpDNA intergenic
spacer, chlorotype 1 (90.1%) is the most common and
widespread in all populations, while rare chlorotypes 1I,
V, and VI are restricted to single populations (Fig. 4).
Despite the lack of physical linkage between the two
organelle genomes, high levels of linkage disequilibrium
are detected in both Cycas species (P < 0.05). All rare mito-
types (4.7%), including B-G, are associated with chloro-
type I; while all rare chlorotypes II-VI (9.9%) are
associated with the mitotypes A, in the pooled data reflect-
ing a nonequilibrium state.

Since common haplotypes are shared among popula-
tions, cycads show little genetic differentiation at the two
organelle DNA markers. Nm values obtained from Fst esti-
mates in C. revoluta vary among pairwise comparisons
between populations (Tables 4 and 5). High levels of dif-
ferentiation between Japan and China populations are
detected for all comparisons, e.g., Fst of 0.115 (P < 0.01)
between OK and FU based on mtDNA, and Fst = 0.159
between IR and FU (P < 0.01) based on cpDNA (Tables 4
and 5). For example the estimated number of migrants per

generation is high between populations C and R of C. tai-
tungensis, Nm = 90.41 and 23.18 based on cp- and mtD-
NAs, respectively (60). The Nm values based on
Fst estimates from mtDNA average 106.10 which is
greater than the average from cpDNA data, 10.95 (Tables
4 and 5).

The program IM defined six demographic parameters esti-
mated by the MCMC (Markov chain Monte Carlo) multi-
ple loci simulations and tested for an ‘isolation with
migration' model in cycads. Of these demographic param-
eters, the distribution of migration parameters reveals a
peak at the lower limit of resolution in one direction from
Japanese populations to the Chinese population in C. rev-
oluta (Table 6). When the MLE (maximum likelihood esti-
mates) for the migration parameters are transformed into
the population migration rates, M; = 2N;m; = m;*(6,/2)
estimated from Japanese populations to the Chinese pop-
ulation in C. revoluta is higher than the estimate, M2 =
2N,m, = m,*(0,/2), from China to Japan, i.e., 8.0134 vs.
0.5431 based on the combined data (Table 6). The Net
(the product of effective population size and the genera-
tion time in years) value is also assessed; a higher effective
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Network of haplotypes of Cycas revoluta and C. tai-
tungensis. Numbers at arrows indicate the mutational
changes between mitotypes. A) mtDNA, B) cpDNA, C) com-
bined data.

population size is detected for Japan's populations than
China population, i.e., Net = 4.753*10¢ vs. 1.437*105
based on the combined data (Table 6).

In the study, the demographic scenarios for the two spe-
cies and populations of Japan and China of C. revoluta are
represented by the Bayesian skyline plot (Fig. 5 and 6).
Based on the pattern of variation in mtDNA, a long his-
tory of constant population size of C. revoluta, followed by
a slight decline (bottleneck) with subsequent demo-
graphic expansion, is recovered (Fig. 5A). At the popula-
tion level, in C. revolute, the Japanese and Fukien
populations also display similar patterns (Fig. 5C and
5D). In contrast, slow population growth is detected in C.
taitungensis based on the Bayesian skyline plot (Fig. 5B).
Based on cpDNA, a scenario of population expansion is

http://www.biomedcentral.com/1471-2148/9/161

suggested for both C. revoluta and C. taitungensis, while a
weak bottleneck event may have occurred in C. revoluta
(Fig. 6A and 6B). Likewise, Japan's populations of C. revo-
luta almost remain nearly constant before a recent popu-
lation expansion, whereas, the Fukien's population did
not undergo large fluctuations in population size until its
recent extinction (Fig. 6C and 6D).

We also use mismatch distribution analyses to infer the
long-term demographic history of populations. Mismatch
distribution analyses (Fig. 7 and 8) show different pat-
terns between the cp- and mtDNA genomes. In most
cycad populations, cpDNA has a unimodal mismatch dis-
tribution (Fig. 8), while multimodal and very ragged dis-
tributions are detected in mtDNA within all populations
(Fig. 7). Nevertheless, when sequences from all popula-
tions are pooled together, both cp- and mtDNAs have uni-
modal mismatch distributions in C. revoluta, while only
cpDNA displays a unimodal mismatch distribution in C.
taitungensis. Unimodal mismatch distributions are often
the result of past demographic expansions [50,51];
whereas, multimodal mismatch distributions usually
indicate stationary population structure. Since the data
used to produce mismatch distributions are not inde-
pendent [52], Tajima's D, Fu and Li's D* and Fu's Fs sta-
tistics can be used to detect departure from population
equilibrium. In this study, values of Fu and Li's D* based
on cpDNA sequences for C. revoluta and C. taitungensis are
significantly negative, except for populations IR, KO, and
OK (Table 3); while Tajima's D statistics are all signifi-
cantly negative, except for the population IR. Fu's Fs statis-
tics are significantly negative, except for populations IS,
IR, and OK (Table 3). Likewise, Fu and Li's D*, Tajima's
D, and Fu's Fs statistics are significantly or marginally sig-
nificantly negative based on mtDNA data in most popula-
tions (Table 2).

Coalescence of lineages and molecular dating

Bayesian estimates of the mutation rates and the age of the
most recent common ancestor (TMRCA) of the cycad
sequences were obtained using BEAST v. 1.3. For mtDNA,
all the haplotypes coalesced at about 327.3 MYA, while all
chlorotypes could be traced back to a common ancestor
about 204.0 MYA (Fig. 9). In the mtDNA haplotype tree,
clusters (A, B, C) vs. D split at some 74.1 MYA; and the
clusters A and (B, C) coalesced at about 30.6 MYA. Like-
wise, in the cpDNA tree, clusters I and (II, V) split some
25.6 MYA, while cluster (I, II, V) diverged from its sisters
(II1, IV) an estimated 43.9 MYA. Almost all coalescences of
the major lineages predate the formation of the section
Asiorientales. Coalescent events occurred much earlier in
mtDNA than in cpDNA. On the other hand, most tip hap-
lotypes in both gene trees coalesced recently to their com-
mon ancestors.
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Figure 4

o

Map showing the spatial distribution of genetic polymorphisms of cpDNA in populations of Cycas revoluta (cir-

cles), and C. taitungensis (suqares).

Discussion

Highly polymorphic organelle DNAs in Cycas revoluta and

C. taitungensis

Genetic variation in the two cycad species is high, compa-
rable to or higher than many tree species (such as Quercus
[31,49]; Fagus [50]; Lithocarpus [32,44,51]. Such high lev-
els of genetic variation within mt- and cpDNAs suggest
that these are ancient lineages with enough time for muta-
tions to accumulate within lineages, given the slow rate of
organelle evolution [52]. Evidence of the deep splits in
both phylogenetic trees (Fig. 2) and the estimated dates of
divergence support this scenario. Moreover, star-like phy-
logenies with a mixture of long and short branches, which
represent recently evolved haplotypes, illustrate the high
levels of variation.

Although the two cycad species have high levels of genetic
diversity at both loci, the loci do not vary in concert. For
example, the C. revoluta population YO possesses the

highest level of mtDNA variation while having the lowest
level of cpDNA diversity. Similarly, the Fukien China C.
revoluta population is highly diverse for mtDNA haplo-
types while containing lower than average of cpDNA hap-
lotypes. The large native cycad population on the island of
Amami-O-Shima (AM) has genetic diversity at both loci
comparable to or even lower than most populations.

In this study, genetic diversity tends to be higher in the
south than in the north. A cline-like distribution of
genetic diversity from south to north occurs in many con-
tinental plants of the Northern Hemisphere and is
thought to be related to colonization history over glacial
cycles [cf. [34,53]]. Considering the geological history of
the Taiwan-Ryukyus Archipelago, one expects a similar
pattern for these cycad species where colonization occurs
in a stepwise manner from China northwards through the
Archipelago. Genetic diversity should decrease to the
north, assuming that a small number of individuals colo-
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Table 4: Pairwise comparisons of Fst (below diagonal) and Nm values (above diagonal) between populations of Cycas revoluta deduced

from mtDNA sequences.

Fst\Nm AM IR IS KO OK YO FU
AM 44.16 89.16 90.17 45.15 12.29 4.19
IR 0.011 105.02 111.27 1030.15 18.48 4.00
IS 0.006* 0.005 47591 70.97 24.17 731
KO 0.006 0.005 0.001 51.75 17.8 4.13
OK 0.01I* 0.001 0.007 0.010%* 1.7 3.87
YO 0.039* 0.026 0.020 0.027 0.041 6.52
FU 0.107%** 0.111%* 0.064** 0.108** 0.115%* 0.071

Probability value associated with the Fst is shown. The Fst values significantly greater than zero are noted by adding *P < 0.05 and **P < 0.01

nize each subsequent island in a stepwise manner. How-
ever, the occurrence of highly diverse organelle DNAs
across the range of Cycas revoluta and C. taitungensis, and
many other tree species of the Taiwan-Ryukyus Archipel-
ago suggests that single stepwise colonization events may
not be the sole determinant of the overall pattern of
genetic diversity [cf. [33]].

Austerlitz et al. [51] suggest that the level of diversity in
tree species that recolonize glaciated regions is affected by
restricted gene flow but is also tempered by their demog-
raphy. In tree populations, the genetic effects of founder
events are reduced due to overlapping generations and
delayed reproduction associated with long life spans.
These are traits found in most long lived trees including
these cycads, which are characterized by great longevity,
overlapping generations, age structured populations and a
juvenile phase of 30 to 50 years. During the juvenile
period when cycads grow vegetatively, newly founded
cycad potentially populations can increase in number for
many years only through the arrival of new migrants,
especially when migration corridors across islands for
migration are available. This pattern of colonization and
reproduction effectively acts to increase in the number of
initial colonizers of a given population and in turn
decreases any founder effects. Even given a high likeli-
hood of stepwise colonization along the Taiwan-Ryukyu
Archipelago, as observed in the Pinus luchuensis complex

Table 5: Pairwise comparisons of Fst (below diagonal) and Nm
values (above diagonal) between populations of Cycas revoluta
deduced from cpDNA sequences.

FsttNm  AM IR IS KO OK YO FU
AM 6.02 1358 1786 763 371 7.3
IR 0.077%* 38.08 3.07 738 389 264
IS 0.036* 0.013 8.06 1257 858 649
KO 0.027 0.140** 0.058 359 234 1025
OK 0.061 0.063  0.038 0.122 6262 2.66
YO 0.119 0.114% 0.050 0.176 0.008 1.87
FU 0.066 0.159* 0.072* 0.047 0.158 0.211

Probability value associated with the Fst is shown. The Fst values
significantly greater than zero are noted by adding *P < 0.05 and **P <
0.0l

[52,33], multiple colonization events could compensate
for potential reduction in genetic diversity during each
founder event.

Secondary contact of ancestral lineages can be another fac-
tor that contributes to high genetic diversity. The coales-
cence-based analysis reveals that mitotypes F and G
diverged some 327.3 and 295.3 million years ago, respec-
tively. Today these haplotypes exist exclusively in the
mainland Fukien (mitotype G), and in the Fukien and Ish-
igaki (mitotype F) populations. Mitotype F is common in
the Fukien population, suggesting an origin most likely
on the Asian mainland with subsequent dispersal north-
ward onto Ishigaki. Such secondary contact of divergent
lineages is consistent with a U-shaped site-frequency dis-
tribution according to Wakeley and Aliacar's simulations
(Fig. 8) [54].

Isolation and lack of geographical subdivision

Current gene flow between islands is greatly restricted due
to their geographical isolation and the low dispersability
of cycad seeds in water [36]. Thus, one expects that island
populations should be significantly differentiated from
each other. But, like many other tree species of the Tai-
wan-Ryukyu Archipelago [33], no significant geographical
differentiation is detected between cycad populations
among islands. Fst values are small and all pairwise Nm
values, deduced from Fst values, are much greater than
one (Tables 4 and 5). The Nm values based on mtDNA
data are about ten-fold greater than those based on
cpDNA sequences, 106.10 vs. 10.95. While both
organelles are transmitted only via seeds, the difference in
Nm values determined from cp- and mtDNAs coupled
with deviation from an isolation-by-distance model, and
the lack of geographical subdivision and genetic differen-
tiation, suggest that the two loci are responding to differ-
ent evolutionary forces.

Clearly, Nm values cannot be interpreted as current gene
flow between populations. These high Nm values likely
represent either ancient migration events or shared ances-
tral polymorphisms [55,56]. For example, the Nm values
between Chinese and Japanese populations range from
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Table 6: Scaled parameter estimates for IM model as inferred from the combined data of cpDNA and mtDNA.

0,2 0,2 0,2 m,b myP Nt N,te N 2N|m, 2N,m,

A. HiPtd 8.9914 0.2426 10.9320 1.4500 3.5500 4.517*106 1.210%10% 5.492%| 06 6.5188 0.4306
95%HPDLo® 6.4040 0.2426 5.4983 0.6500 1.3500
95%HPDHie 51.8138 2.6683 70.9610 14.0500 7.4500

B. HiPtd 10.0668 0.2860 10.3903 1.9978 4.1023 5.057*10¢ 1.426*10% 5.219*%10¢ 10.0557 0.5867
95%HPDLo® 7.8028 0.2860 5.2962 0.8820 1.5548
95%HPDHie 79.2004 2.5066 36.1031 16.1243 7.8965

C. HiPtd 9.3231 0.3356 10.6652 1.6345 3.6577 4.683%106 1.674%10% 5.358%|0¢ 7.6193 0.6138
95%HPDLo® 7.2336 0.3356 5.3365 0.7586 1.4723
95%HPDHie 68.5891 2.4523 65.2581 15.4572 7.6894

Average 9.4604 0.2881 10.6634 1.6941 3.7700 4.753*| 06 1.437%10% 5.358*0¢ 8.0134 0.5431

Note: Values are presented for each of the three runs with different seed numbers (A, B and C).

2 The population size parameters for the Japan population (8,) and Fukien population (8,) of C. revoluta, and ancestral population (8,).

bMigration rate estimate (m, — from Japan to Fukien population; m, — from Fukien to Japan population).

¢ Effective population size estimate (NT: population size x generation time) for Japan population (N,7) and Fukien population (N,t) of C. revoluta,
and ancestral population (NAT).
dThe value of the bin with the highest count (HiPt).
€The lower (HPD95Lo) and upper (HPD95Hi) bound of the estimated 95% highest posterior density (HPD) interval.
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axis: population size X generation time; Y axis: time (million years ago). A) Cycas revoluta; B) C. taitungensis; C) all Japanese pop-
ulations of C. revoluta; D) the Fukien population of C. revoluta (black line, median estimations; area between gray lines, 95% con-

fidence interval.

3.87 to 7.31 (mtDNA) and 1.87 to 10.25 (cpDNA)
(Tables 4 and 5). Testing of 'isolation with migration'
(IM), nevertheless, reveals asymmetrical, historical gene
flow with more migrants of C. revoluta from Japan to
China than vice versa, 8.0134 vs. 0.5431 based on com-
bined data. These results suggest long periods of isolation
with limited genetic exchange between the two geograph-
ical regions. C. taitungensis shows a similar asymmetric
pattern of ancient gene flow. Migration is estimated to be
more frequent from population C to population RL
(3.86445 vs. 41.10288, cpDNA, and 2.25430 vs.
48.99630, mtDNA), contributing to the lack of genetic
differentiation between populations, as indicated by Fst
values of 0.0056 (cpDNA) and 0.021 (mtDNA) [cf. [55]].

Like other island species, cycad populations were colo-
nized via founders from neighboring islands or the main-
land. Today, deep water channels hinder seed dispersal
among islands and most seed dispersal occurs only within
islands. However, during the glacial maxima [cf. [29]], sea
levels were much lower and migration could have
occurred among islands. The rise of sea levels during gla-

cial retreats terminated between-island seed exchange and
isolated cycad populations of the Ryukyu Archipelago
from each other [57]. The time since isolation approxi-
mates 200-400 cycad generations. Given the very short
time that populations have been isolated and the low rate
of molecular evolution for both organelle lodi, it is not
surprising that populations show genetic coherence. A
recent simulation study [51] indicates that tree popula-
tions can remain genetically similar even with an isola-
tion-by-distance pattern of colonization and can yield a
phylogeographical pattern with little differentiation, here
for the cycads of the Taiwan-Ryukyu Archipelago. The
high levels of nucleotide diversity in both organelle DNAs
and the existence of the highest number of private cyto-
types suggest that population IS of the south Ryukyu and
population RL of Taiwan may have acted as glacial refugia
for C. revoluta and C. taitungensis, respectively.

Paraphyly of loci in Cycas species and sections

Although cycad populations are undifferentiated from
each other due to recent historical gene flow (Table 6),
given that the generic sections of cycads sections have
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Figure 7

Mismatch distributions of mtDNA haplotypes based on pairwise sequence differences against the frequencies

of occurrence for cycad species and populations.

been isolated for very long periods of time, one would
expect monophyly at the sectional level. Nevertheless,
both mt- and cpDNAs are paraphyletic or polyphyletic
between section Asiorientales and its sisters. Such lack of
reciprocal monophyly between taxa may result from selec-
tion, e.g., the S locus of Brassica [58], and o-tubulin genes
of Miscanthus [59], lineage sorting [60], or hybridization/
introgression [61]. Genetic exchange among species via
hybridization and introgression introduces foreign alleles
into a species or population and can result in a genetic
admixture. In contrast, lineage sorting occurs when popu-
lations or species are recently diverged and retain ancestral
polymorphisms [cf. [5,52]].

Hybridization and/or lineage sorting are likely causes of
shared polymorphisms in Cycas given that these are neu-
tral loci and thus not under strong selection. Discerning
between hybridization and lineage sorting can be difficult
[61-64], since most statistical analyses have limited
power. However, in this study neither hypothesis can by
itself explain the current patterns of genetic variation
among sections. First, all four Cycas species are allopatric
which greatly reduce the possibility of recent recurrent
interspecific hybridization. Lineage sorting can result in
shared polymorphism but requires a relatively short time

of isolation. The fossil record indicates that the sections of
Cycas have been diverged for 30 million years, making
such a scenario unlikely [10].

The pattern of coalescing DNA segments provides infor-
mation on the genealogical processes that occur within
populations [4,65,66]. The star-like phylogeny of the
organelle trees shows that recently derived haplotypes are
numerous, external on the networks and are geographi-
cally restricted. Ancestral haplotypes are found at interior
nodes, and are geographically more widespread than the
recently derived tip haplotypes. This pattern is consistent
with a birth-and-death model where most mutations go
extinct with only very few ancestral polymorphisms sur-
viving to become dominant [67]. If the dynamics of muta-
tions and fixation do not follow a birth and death model,
one expects topologies with deep splits for most haplo-

types.

The pattern of mutations in cycads follows a 'surfing'
model [68], which predicts that a majority of new muta-
tions do not spread geographically and either remain at
low frequencies or are lost by genetic drift. Only successful
'surfing mutations' can reach high frequencies and even-
tually occupy a large geographical region [69]. In this
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model both population size and migration rate determine
the success of new mutations. Deme size not only affects
the probability of a mutation to 'surf but also determines
its final frequency and spatial distribution. When the
effective population size is small, a mutation within a
population has a high probability of extinction due to
genetic drift and it is able to spread only if it reaches a very
high frequency by chance. In contrast, large effective pop-
ulation sizes counter genetic drift while a large number of
exchanged migrants between neighboring demes prevents
a mutation from reaching high local frequencies [68].
Accordingly, as most cycad populations were probably
large (Fig. 5 and 6), one expects to observe numerous
recently derived mutations that were derived from a single
ancestral haplotype, and the observation that few haplo-
types appear to survive over long periods (Fig. 2). Most of
the new mutations appear to be ephemeral and can be lost
from a population or species during population contrac-
tion (the glacial maximum). As a consequence, very few
cytotypes, e.g., mitotypes A, and B, and chlorotypes I, and
111, survived and became dominant across the cycad pop-
ulations. Such a birth-and death process corresponding to
demographic fluctuations may have occurred regularly in
cycads over repeated glacial cycles. As a result, the exist-

ence of rare and geographically restricted cytotypes con-
tributes to the high levels of genetic diversity within
populations and within species, whereas, they played very
minor roles in differentiating populations or species from
each other due to their rarity.

While the surfing phenomenon explains the dominance
of widespread haplotypes and low genetic differentiation
between cycad populations, it does not explain shared
ancestral polymorphisms between sections. Both genetic
drift and changes in population size have most likely
influenced polymorphism as well. Population contrac-
tion-expansion, which has occurred regularly in the Qua-
ternary, provides an opportunity for rapid stochastic loss
or fixation of alleles (haplotypes). Rapid population
growth and expansion in cycads is suggested by the star-
shape phylogenies found in most lineages of both
organelle genomes, or the Bayesian skyline plot and by
the observation that DNA sequences are saturated with
singletons at both the population and species levels (Fig.
3 and 4) [cf. [70,71]], as well as the Bayesian skyline plot-
ting. A mixture of long and short branch lengths in the
star-like phylogenies could also be caused by heterogene-
ous mutation rates. The significant values for Tajima's D
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Coalescence-based analyses of lineages. Time coalesced to the most recent common ancestor (TMRCA) of major line-
ages are indicated. A) mtDNA, B) cpDNA.

Page 14 of 19

(page number not for citation purposes)



BMC Evolutionary Biology 2009, 9:161

and Fu and Li's D* statistics, nevertheless, favor a demo-
graphic expansion hypothesis [72].

Mismatch distribution analyses are also used to infer the
long-term demographic history of populations. In this
study, contrasting patterns of unimodal vs. multimodal
mismatch are found for mt- and cpDNAs (Fig. 7 and 8).
Usually, unimodal mismatch distributions are interpreted
as the result of past demographic expansions [73,74],
whereas multimodal mismatch distributions indicate sta-
tionary population sizes. These contrasting patterns in
cycads are difficult to interpret although a mismatch
inconsistency between different data sets is not unprece-
dented. A well-known example of contrasting mismatch
patterns occurs between expanding human Neolithic and
hunter-gatherer populations [75]; the unimodal distribu-
tion for Neolithic populations is interpreted as the result
of greater Nm values [76]. Even with a multimodal distri-
bution, demographic expansion cannot be rejected, espe-
cially if the Nm values are small. In this study, the
contrasting mismatch patterns between unlinked
organelle genomes seem to be uncorrelated with Nm val-
ues. The ragged distributions in mtDNA are more likely
attributable to the low 1 (fig. 5). In cycads, a very recent
population expansion about 200-400 generations, a slow
evolutionary rate, and putative intramolecular recombi-
nation [data not shown; cf. [55]], may preclude mismatch
distribution analyses from assessing recent population
expansion. Nevertheless, Tajima's D, Fu and Li's D*, and
Fu's Fs statistics provide independent estimates for spatial
expansion, especially considering that the DNA sequences
are from neutral noncoding spacer regions.

Coalescence-based analyses measure the time of coales-
cence to the most recent common ancestor (TMRCA). In
both organelle DNAs, the divergence time is estimated at
327.3 MYA in mtDNA and 204.0 MYA in cpDNA, agree-
ing with the divergence of major sections of cycads in the
Mesozoic [77]. Moreover, the split of the common haplo-
types, mitotype B and chlorotype I, from their sister hap-
lotypes occurred about 21.0 and 25.6 MYA, respectively in
the Tertiary period when cycads were diversifying and
when divergence of section Asiorientales (30 MYA)
occurred. Since then the two dominant cytotypes have
persisted in cycads [cf. [55]]. The sharing of common cyto-
types in both genomes is consistent with range contrac-
tion-expansion during glacial cycles where common
haplotypes could persist, while most rare, newly derived
haplotypes were lost. Consequently, both phylogenies
show topologies with few ancient coalescence events vs.
numerous recent coalescence events.

The evolution of these two cycad species is complex,
affected by range expansion and contraction, fluctuations
in population size, widespread historical and current

http://www.biomedcentral.com/1471-2148/9/161

restricted gene flow during complex glacial cycles as well
as low rates of molecular evolution in organelle DNA. All
of these processes result in a pattern of genetic similarity
among populations, a lack of reciprocal monophyly, and
long coalescent times.

Conclusion

In summary, paraphyly at both organelle DNAs has been
long maintained in Cycas section Asiorientales ever since
the split from its sisters some 30 million years ago. Large
population sizes of the constituting species C. revoluta and
C. taitungensis contributed to the lack of reciprocal mono-
phyly betwen Cycas sections. Providing limited current
seed dispersal across oceans, unexpected low levels of geo-
graphical subdivision are attributable to the sharing of
common haplotypes among island populations. Demo-
graphic expansion and contraction with fluctuating popu-
lation sizes, widespread historical vs. current restricted
gene flow during complex glacial cycles, and low rates of
molecular evolution in organelle DNA all have to be
aroused to explain such population structuring.

Methods

Plant materials, PCR, and nucleotide sequencing

We assessed levels of sequence variation for cp and mt-
DNAs among individuals and populations of Cycas revo-
luta and C. taitungensis in Taiwan, Fukien, and Ryukyus
(Table 1, Fig. 1 and 4). A total of 307 and 102 plants of C.
revoluta and C. taitungensis, respectively, were sampled.
Cycas revoluta is extinct from the wild in Fukien; only old
trees were collected from public gardens or nurseries to
avoid sampling from recently introduced material. The
samples of C. revoluta in China were collected from South
China Botanic Garden, which had plants collected from
the Fukien wild population before extinction, which
located in the Lienchiahg County, Fukien. An additional
six native island populations were collected in Ryukyus
for C. revoluta and two populations of C. taitungensis. Two
species, C. taiwaniana Carruthers (Section Stangerioides)
and C. thouarsii R. Brown (Section Rumphiae) [cf. [8]],
were chosen as outgroups. C. taiwaniana was obtained
from the South China Botanic Garden, transplanted from
a native population in Fukien, China, and C. thouarsii was
sampled from the Taiwan Forestry Research Institute,
transplanted from a native population in Pingtung, Tai-
wan. Young and healthy leaves were collected in the field,
rinsed with tap water and dried in silica gel. All samples
were stored at -70°C until they were processed. The
voucher specimens (Hsu s.n.) of this research are depos-
ited in the Herbarium, Endemic Species Research Insti-
tute, Nantou, Taiwan. Leaf tissue was ground to a powder
in liquid nitrogen and stored at -70°C. Genomic DNA was
extracted from the powdered tissue following a CTAB pro-
cedure [78]. The atpB-rbcL noncoding spacer of cpDNA
and the rDNA internal transcribed spacer (rITS) of
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mtDNA were amplified and sequenced. PCR amplifica-
tion was carried out in 100 pL reaction using 10 ng of tem-
plate DNA, 10 pL of 10x reaction buffer, 10 puL. MgCI2 (25
mM), 10 uL ANTP mix (8 mM), 10 pmole of each primer,
10 puL of 10% NP-40, and 2 U of Taqg polymerase
(Promega, Madison, USA). The reaction was programmed
on a MJ Thermal Cycler (PTC 100) as one cycle of dena-
turation at 95 °C for 4 min, 30 cycles of 45 s denaturation
at 92°C, 1 min 15 s annealing at 52°C, and 1 min 30 s
extension at 72 °C, followed by 10 min extension at 72°C.
A pair of universal primers for cpDNA atpB-rbcL. spacer
[79] or mtDNA (IS (mito 18 s F 5'-
GTG,AAG,TCG,TAA,CAA,GGT,AGC-3'; mito 5 s R 5'-
TCG,AGG,TCG,GAA TGG,GAT,CGG-3') [cf. [80]], ANTP
and Taq polymerase were added to the above ice-cold mix.
The reaction was restarted at the first annealing at 52°C.

PCR products were purified by electrophoresis in 1.0%
agarose gel using 1 x TAE buffer. The gel was stained with
ethidium bromide and the desired DNA band was excised
and eluted using QIAquick Gel Kit (QIAGEN). For all
individuals, purified amplicons were ligated to a pGEM-T
easy vector system (Promega). Five clones were randomly
selected and purified using the Plasmid Mini Kit (QIA-
GEN). Purified cloned ampicons were sequenced in both
directions using BigDye chemistry (Perkin Elmer) on ABI
377A automated sequencer (Applied Biosystems). Prim-
ers for sequence determination were T7-promoter and
SP6-promoter located on p-GEM-T easy Vector termina-
tion site. As no within-individual variation was detected
for either DNA marker, direct sequencing with eluted PCR
products was also conducted to all individuals.

Data analysis

Sequence alignment and phylogenetic analyses

Nucleotide sequences were aligned with the program Blas-
tAlign [81]. After the alignment, the indels were coded as
missing data. Phylogenetic trees were reconstructed using
maximum likelihood (ML) analyses of the nucleotide
sequences with software PHYML v2.4.5 [82] and boot-
strap consensus values calculated using 1,000 replicates.
The general time reversible GIR + I + G model with 6 sub-
stitution categories was determined to be the most suita-
ble model by Modeltest v3.6 [83] and was used for all
subsequent nucleotide analyses. Maximally parsimonious
(MP) trees were also sought using PAUP heuristic search
strategies [84]. The length of the shortest trees was
obtained by initiating 1,000 heuristic searches, each using
random addition starting trees, with tree bisection-recon-
nection (TBR) branch swapping. The equally MP trees
were then used as starting trees for TBR branch swapping.
In all analyses, the maximum number of trees to be saved
was set at 5000. Bootstrap values [85] were calculated
from 1,000 replicate analyses using a heuristic search
strategy, simple addition sequence of the taxa, and TBR
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branch swapping. The values of random number seed set
as 64238 and 70189 for mtDNA and cpDNA data sets,
respectively, were used to start the random number gener-
ator. Relationships among haplotypes were determined
and displayed as nested phylogenies. In order to visualize
the phylogeographical relationships, a network of each
locus based on statistical parsimony was constructed with
the computer program TCS [86]. A distance matrix was
composed of all pairwise comparisons of haplotypes, for
which the maximum number of mutations was deter-
mined that did not exceed the probability of parsimony
by 0.95 [as defined in [87]]. All haplotypes satisfying this
parsimony criterion were then connected to a single net-
work, while those of which the probability exceeded 0.95
were resolved as a separate network. According to coales-
cent theory, tip nodes of a network are likely to represent
descendents derived from ancestral, interior nodes |[cf.
[88,89]].

The hypothesis of a molecular clock was tested by relative
rate tests [90,91]. The null hypothesis of a molecular clock
suggests that the number of nucleotide substitutions
between two lineages would be the same. Based on the
assumption of a normal distribution of nucleotide substi-
tutions [91], the hypothesis of a molecular clock will be
rejected with 95% significance, when the difference of
substitution rates between two lineages is greater than
1.96 times the standard error.

Population genetic analysis

Summary statistics such as the number of segregating sites
(S), and the average number of pairwise difference (k)
between haplotypes were determined. The level of genetic
diversity within populations was quantified by measures
of nucleotide divergence, 8 [92] and ¢ [93], using DnaSP
Version 4.10 [94]. In order to make inferences about
demographic changes in the cycads, we employed both
mismatch distributions and statistical tests of neutrality.
We calculated Tajima's D [91], Fu and Li's D* statistic
[95], and Fu's Fs statistics [96], which is powerful for
detecting population growth [97], in the noncoding DNA
fragments as indicators of demographic expansion in
DnaSP. We also investigated the historical demographics
of populations by plotting mismatch distributions [73]
and comparing them to Poisson distributions. Mismatch
distributions for each sample were used to distinguish
between models that invoke past exponential growth and
historical population stasis. Parameters of demographic
expansion were estimated using the methods of Schneider
and Excoffier [98]. The validity of the demographic expan-
sion hypothesis was tested using a parametric bootstrap
approach, in which the sum of squared deviation (SSD)
between the observed distribution and the expected distri-
bution was compared to the SSD between the simulated
distributions and the expected distribution (Arlequin ver-
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sion 3.0 [99]). Patterns of geographical subdivision and
genetic differentiation were estimated hierarchically in
DnaSP. Statistical significance of Fst estimates was
assessed using software Arlequin with 10,000 permuta-
tions.

Estimation of coalescence times of cp and mtDNA lineages

We estimated the coalescence time of the the sister line-
ages of C. taitungensis and C. revoluta split for both mt- and
cpDNAs. To estimate divergence between lineages a well-
supported rate of evolution is required. In seed plants,
evolutionary rates are estimated at 1.01 x 10 and 4.50 x
10-10 substitutions per site per year for synonymous sites
of cp- and mt-DNAs, respectively [cf. [52,100]]. These val-
ues approximate the evolutionary rates of introns and
noncoding spacers of organelle DNAs. Bayesian estimates
of the mutation rates and the ages of the most recent com-
mon ancestor (TMRCA) of the cycad sequences were
obtained using BEAST v. 1.4, available from http://
beast.bio.ed.ac.uk|101]. We used the GTR+I+G model of
nucleotide substitution with estimated base frequencies,
gamma shape distribution (with six categories), propor-
tion of invariant sites, and a strict molecular clock with
uncorrelated log normal distribution of branch lengths.
Posterior estimates of the mutation rate and age of the
TMRCA were obtained by Markov chain Monte Carlo
(MCMC) analysis, with samples drawn every 500 steps
over a total of 25,000,000 steps. The BEAST program was
also used to create a Bayesian skyline plot with 10 steps.
The analysis was run for 107 iterations with a burn-in of
10¢ under the GTR+I+G model with estimated base fre-
quencies, gamma shape distribution (with six categories),
proportion of invariant sites, and a strict molecular clock
with uncorrelated log normal distribution of branch
lengths. Genealogies and model parameters were sampled
every 1000 iterations. All operators were automatically
optimized. Convergence of parameters and mixing of
chains were followed by visual inspection of parameter
trend lines and checking of ESS values by three pre-runs.
The effective sampling size (ESS) parameter was found to
exceed 100, which suggests acceptable mixing and suffi-
cient sampling. Adequate sampling and convergence to
the stationary distribution were checked using TRACER v.
1.3 [102]. Posterior estimates of parameters were all dis-
tinctly unimodal (although with wide 95% highest poste-
rior densities), and all parameters were identifiable,
despite the relatively low information content in the
sequences and the small age range of the sequences.

Isolation by migration and estimating of ancestral population size

We used the simulation program IM [1,103] to investigate
isolation with a migration model. By applying coalescent
simulations and Bayesian computation procedures, IM
yielded six demographic parameters, including popula-
tion-split time, effective population size for the ancestral
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and two current populations, and migration rates. The
posterior probability densities of these parameters are
generated by MCMC simulations, and simulations were
run with individual simulations being updated 50 million
times. Within each simulation, we used the procedure to
swap among 10 heated chains (Metropolis coupling) and
observed sufficient swapping rate while the simulation
was running. These simulations were carried out using
several independent runs, with each chain started at a dif-
ferent starting point and initiated with a burn-in period of
100,000 updates. Convergence upon the stationary distri-
bution was assessed by estimating the effective sample
size (ESS) for the parameters, based on the autocorrela-
tion of parameter values measured over the course of the
run. The analysis was considered to have converged upon
a stationary distribution if the independent runs gener-
ated similar posterior distributions with a minimum ESS
of 100. Each simulation yielded a marginal density histo-
gram for the six parameters of interest. The peaks of the
resulting distributions were considered as the maximum
likelihood estimates (MLE) of the parameter with credi-
bility intervals equaling the 95% highest posterior density
(HPD) intervals.
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