@’PLOS | ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Xiao L-Q, Méller M (2015) Nuclear
Ribosomal ITS Functional Paralogs Resolve the
Phylogenetic Relationships of a Late-Miocene
Radiation Cycad Cycas (Cycadaceae). PLoS ONE
10(1): €0117971. doi:10.1371/journal.pone.0117971

Academic Editor: Nico Cellinese, University of
Florida, UNITED STATES

Received: September 25, 2013
Accepted: January 6, 2015
Published: January 30, 2015

Copyright: © 2015 Xiao, Mdller. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Funding: This work was supported by National
Natural Science Foundation of China [grant number
31070209], the Yunnan Province Natural Science
Foundation [grant number 0755051K01], and the
Rural and Environment Science and Analytical
Services division in the Scottish Government. The
funders had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Nuclear Ribosomal ITS Functional Paralogs
Resolve the Phylogenetic Relationships of a
Late-Miocene Radiation Cycad Cycas
(Cycadaceae)

Long-Qian Xiao'*, Michael Méller?

1 Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Garden, Chinese Academy
of Sciences, Mengla, Yunnan, China, 2 Science Division, Royal Botanic Garden Edinburgh, Edinburg,
Scotland, United Kingdom

* xlg@xtbg.ac.cn

Abstract

Cycas is the most widespread and diverse genus among the ancient cycads, but the extant
species could be the product of late Miocene rapid radiations. Taxonomic treatments to
date for this genus are quite controversial, which makes it difficult to elucidate its evolution-
ary history. We cloned 161 genomic ITS sequences from 31 species representing all sec-
tions of Cycas. The divergent ITS paralogs were examined within each species and
identified as putative pseudogenes, recombinants and functional paralogs. Functional para-
logs were used to reconstruct phylogenetic relationships with pseudogene sequences as
molecular outgroups, since an unambiguous ITS sequence alignment with their closest rel-
atives, the Zamiaceae, is unachievable. A fully resolved and highly supported tree topology
was obtained at the section level, with two major clades including six minor clades. The re-
sults fully supported the classification scheme proposed by Hill (2004) at the section level,
with the minor clades representing his six sections. The two major clades could be recog-
nised as two subgenera. The obtained pattern of phylogenetic relationships, combined with
the different seed dispersal capabilities and paleogeography, allowed us to propose a late
Miocene rapid radiation of Cycas that might have been promoted by vicariant events associ-
ated with the complex topography and orogeny of South China and adjacent regions. In
contrast, transoceanic dispersals might have played an important role in the rapid diversifi-
cation of sect. Cycas, whose members have evolved a spongy layer in their seeds aiding
water dispersals.

Introduction

Cycadales, commonly known as cycads, represent the oldest living seed plants that have been
in existence for more than 200 million years [1]. They exhibit some morphological characteris-
tics intermediate between ferns and angiosperms, such as dichotomous branching; pollen tubes
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that release motile sperm; and ovules, borne on the margins of leaf-like megasporophylls, that
contain a large, free-nuclear megagametophytic stage [2-5]. These characteristics imply that
cycads constitute a key group in plant evolution, and Norstog (2003) referred to them as the
“Rosetta Stone” in understanding the origin and early evolution of seed plants [6].

Nowadays, cycads are restricted to tropical and subtropical regions occurring in highly iso-
lated populations, in spite of an almost worldwide distribution in the Mesozoic era [7]. The
majority of species are either threatened, critically endangered, or on the brink of extinction
[8], and all species have been listed in the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES). Cycads comprise three living families, Cycadaceae,
Stangeriaceae, and Zamiaceae [9], though the monophyly of Stangeriaceae has been challenged
[10-12]. Within Cycadaceae, the genus Cycas is currently recognized as the sole genus with
107 species [13], though a separate Asian genus Epicycas was once described [14]. Within
Cycas, taxonomic relationships remain quite controversial, and multiple competing classifica-
tion schemes have been proposed [15-18]. All these taxonomic treatments place importance
on the shape of the megasporophyll, but differ in the degree to which the megasporophyll is
emphasized compared to other characteristics of the leaf, stem, and ovule [17]. Despite the pre-
historic appearance of Cycas, molecular dating analyses pointed to a rapid speciation for the ex-
tant species in the Miocene [19-22]. This suggested that taxonomic confusion within this
genus could result from rapid speciation, rather than the conservative morphological evolution.
Lineages experiencing rapid radiations represent a challenge for reconstructing their molecular
systematics, because of the difficulty of resolving short branches from successive cladogenic
events, retention of ancestral polymorphisms or the occurrence of hybridization [23]. Indeed,
there are still no independent molecular phylogenies addressing clearly the debated delimita-
tions and evolutionary relationships of intra-generic taxonomic units of Cycas. This could have
been hampered by the low phylogenetic differentiation in DNA sequences [19, 20, 24], and the
confounding effect of spurious phylogenetic relationships of nuclear ribosomal DNA (nrDNA)
ITS pseudogenes [25] that have been inadvertently included in previous analyses [12]. It is
challenging but necessary to evaluate independent molecular sequence regions to reconstruct a
phylogenetic framework within Cycas, and to compare the resulting in evolutionary relation-
ships with morphological classifications.

The nr DNA region consists of several hundreds to thousands tandem paralog repeats, lo-
cated at one or several loci in each haploid genome [26]; the ntDNA copies evolve in a concert-
ed manner under molecular processes of unequal crossing over and gene conversion. As part
of the nrDNA unit, the ITS region has the advantages of rapid concerted evolution among the
paralogs, fast evolutionary rate, and suitable length and availability of universal PCR primers
[27]. They have thus become the most popular molecular marker in the nuclear genome for
species-level phylogenetic inference of plant groups. In Cycas, however, the high degree of
intra-individual polymorphism detected among ITS paralogs suggested a non-concerted evolu-
tion of rDNA. These divergent paralogs included not only functional genes but also putative
pseudogenes and recombinants [25]. Among the divergent ITS paralogs, recombinants will ob-
scure real phylogenetic relationships that may exist [28]. However, the phylogenetic signifi-
cance of the pseudogenes and functional paralogs remain ambiguous. Some argue that
pseudogenes evolve independently under essentially neutral conditions and might be helpful
for studying evolutionary genetics [29]. Functional paralogs on the other hand, are subject to
selection for function and compensatory mutations [30], which may result in homoplasy, and
thereby confound phylogenetic signal [31]. The ITS pseudogenes in Pyrus [32] and Corymbia
[33] provided two empirical examples whereby the phylogenetic relationships were resolved
well. Others argue that pseudogenes diverge free from evolutionary constraint, which prompts
concerns about sequence alignment and long-branch attraction issues [34]. Therefore, we
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cannot necessarily rely on these paradoxical theoretical assumptions to predict the phylogenet-
ic implications of pseudogenes and require empirical data in order to ascertain the information
content in ITS pseudogenes and functional paralogs. In Cycas, our previous study on a small
sample size (six species) indicated that the homoplastic mutations could have confounded the
phylogenetic signal in pseudogenes. Phylogenies inferred from the functional ITS paralogs,
however, showed well-supported species-specific clades, which bodes well for studies on a larg-
er sample size to provide further insights into the evolution on this genus [25].

Although Cycas are charismatic plants with a high profile for plant conservation, many phy-
logenetic relationships remain unresolved. Understanding the evolutionary relationships with-
in this group is essential for inferring the putative causes and routes of diversification within a
historic and geographic context. In the present study, we cloned and sequenced the nrDNA
ITS regions from 31 species, covering all morphological and geographical diversity of Cycas.
We further examined the patterns of non-concerted evolution of the ntDNA ITS arrays, identi-
fied functional copies and used these to clarify the phylogenetic relationships and trace the evo-
lutionary history of the genus. We further linked these patterns with the different seed
dispersal capabilities, and paleo-geography, and tried to elucidate the main forces behind the
evolutionary processes in Cycas.

Materials and Methods
Ethics statement

All necessary permits were obtained for the sample collection in the two botanical gardens.

Taxon sampling

Thirty-one species (one individual per species) were sampled from cultivated plants at the
Fairy Lake Botanical Garden, Shenzhen, and Xishuangbanna Tropical Botanical Garden, CAS.
Only old trees, originally collected directly in the field, were selected to avoid potential prob-
lems of ‘genetic pollution” from hybridization among the cultivated individuals. This sampling
accounts for about one-third of all described species in Cycas, which has covered the main dis-
tribution areas and the taxonomic and morphological diversity of the genus. Representatives of
all recognized sections and subsections in the classification proposed by Hill (2004) [17] were
included, except for subsection Lindstromiae in section Indosinenses, which includes only one
species, C. lindstromii, from Vietnam. Section affiliations, information on origin, and herbari-
um vouchers are given in S1 Table. Voucher specimens are deposited in the Xishuangbanna
Tropical Botanical Garden herbarium (HITBC), China.

Molecular methods and sequence analyses

Total genomic DNA was extracted from silica gel dried leaves following a CT AB protocol [35].
The methods previously described were used to acquire cloned ITS sequences and to identify
pseudogenes, recombinants and functional paralogs among the intra-genomic divergent ITS
copies, involving a range of comparisons of sequence characteristics of functional cDNA ITS
copies, including sequence length, substitution variation, GC content, secondary structure sta-
bility, the presence of a conserved motif in the 5.8S gene, 5 ~-GAATTGCAGAATCC-3' [36],
and evolutionary rates [25]. GENECONYV tests were performed using the substitution model
for putative recombinant detection, as implemented in the Recombination Detection Program
[37]. For each species, cloning and sequencing were carried out until at least two functional se-
quences were obtained. These sequences have been deposited in GenBank, and the accession
numbers of previously and newly acquired cloned nrDNA sequences for all species considered
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in this study are given in S2 Table. For incorporating indel characters into the analyses, the
simple indel coding (SIC) method [38] was applied using SeqState version 1.2 [39]. The result-
ing indel matrix was combined with the nucleotide sequence matrix. MrModeltest v. 2.2 [40]
and the Akaike information criterion were used to select a GTR+G model of nucleotide substi-
tution for the analysis.

Phylogenetic analyses

To evaluate the relationships between pseudogenes and functional paralogs, a maximum likeli-
hood (ML) phylogenetic analysis was conducted using RAXML [41]. The GTR+G model of nu-
cleotide substitution was used for DNA data, and the binary indel characters treated as a
separate partition using a BINGAMMA evolutionary model. Support for the estimated tree
was assessed using 1000 bootstrap replicates. Because of the large evolutionary gap between
Cycas and its closest sister, the family Zamiaceae [10-12], the divergence of I'TS sequences is
too great to permit confident alignment between Cycas and Zamiaceae (as a potential out-
group). Thus, in theses analyses, only Cycas samples were included and the phylogenetic tree
displayed unrooted.

Rooting of the phylogeny

Paralogs can serve as better outgroups than sister species especially for groups without closely
related extant taxa [26, 33, 42]. For the reason given above regarding outgroup and ingroup
alignment, we rooted the phylogeny on all pseudogenes, since they all clustered together irre-
spective of the species they were obtained from, and separate from their corresponding func-
tional paralogs in the gene tree based on all paralogs. Among the pseudogenes, C.
armstrongii_5, C. circinalis_11, C. javana_5, and C. media_9 were close to the functional para-
logs in the ML gene tree based on all paralogs. To check for a possible effect of long-branch at-
traction in the phylogeny topology, we also used only these four pseudogenes as outgroup
samples in the phylogenetic analysis. We also checked all combination of alternative combina-
tions as outgroup samples, with the aim to test whether the selection of pseudogenes as out-
group samples had an effect on the resulting topology of the functional paralogs.

Since RAXML analysis cannot collapse the tree nodes with zero or near zero lengths, and
may leads to spurious resolution characterized by the combination of high resolution and little
to no bootstrap support. To overcome this shortcoming, less resolved topologies need to be
evaluated in addition to completely resolved topologies [43]. In this study, the phylogenetic
trees were also constructed using Bayesian inferences (BI) with MrBayes [44]. Four Markov
chains starting with a random tree were run simultaneously for 2 million generations, sampling
every 100 generations. The nucleotide substitution model used was GTR+G as above, and the
binary characters were included as a separate binary restriction data partition, using the com-
mand “coding = variable” under “Iset”. As a convergence diagnostic, the average standard devi-
ation of split frequencies had fallen below 0.0058. After discarding the first 25% of tree
topologies as burn-in, topologies were summarized as a majority-rule consensus tree. This
analysis was run twice to confirm convergence between independent runs. In this analysis,
each of the four selected pseudogenes was tried to use as outgroup.

Biogeographical analysis

We used a Bayesian Binary MCMC (BBM) method implemented in Reconstruct Ancestral
States in Phylogenetics (RASP) v3.0 beta [45]) to reconstruct the possible ancestral ranges at
nodes on the phylogenetic trees. The current distribution areas of Cycas species (S1 Table)
were obtained from Hill (1998) [46] and coded as follows: (A) South China, plus Taiwan-
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Ryukyu Archipelago, and Palawan islands. The former was connected to the South China
mainland via land bridges during Quaternary glaciations [47]; the latter drifted away from the
margin of the South China continental crust toward the Sulu Sea in the mid Miocene [48]. (B)
Indochina, which is separated from South China by the Red River Fault (RRF) [49], corre-
sponding to the Tanakai-Kaiyong Line, a strong biogeographic divide [50, 51]. (C) Islands of
Southeast Asia, plus the Malay Peninsula, the Indian subcontinent, East Africa and North Aus-
tralia, where the Cycas species have a natural distribution in near-coastal regions, rather than
inland as in the aforementioned two areas. Although the components of this area have different
paleogeographic origins [52], these Cycas species have the potential for oceanic dispersal be-
tween these components (see discussion). To account for uncertainties in the phylogeny, we
used 20,001 trees from MrBayes’ output, discarded the first 5,000 trees (representing the burn-
in trees from the Bayesian analysis), and ran the BBM analysis on the remained 15,001 trees.
The outgroup pseudogenes were removed from the analyses. The four MCMC chains with a
temperature of 0.1 were run simultaneously for two million generations, sampled every 100
generations, and the first 5,000 samples were discarded as burn-in. State estimation was run
under the F81 + G model for the BBM analysis. The maximum number of areas for this analy-
sis was kept to 3.

Results
ITS sequences

A total of 161 distinct genomic ITS sequences were obtained from the 31 Cycas species. The
functional analyses to distinguish between functional ITS paralogs and pseudogenes / recombi-
nants showed that among these, 94 were functional sequences and 66 were pseudogenes. The
putative pseudogenes were generally distinguished by their significantly lower GC contents,
and the lower secondary structure stability of 5.8S, and lack of a conserved seed plant specific
14-bp motif in 5.8S (S2 Table). Among the pseudogenes, 12 were recombinants (S2 Table),
which displayed sharp discontinuities in the patterns of sequence similarity and substitution
pattern among the ITS paralogs. Recombinants were C. bifida_1, C. ferruginea_6, C. nathor-
stii_3 and 12, C. panzhihuaensis_1, C. pectinata_7, C. siamensis_15, C. taitungensis_16 and 18,
C. thouarsii_8 and 21, and C. wadei_7. The unrooted ITS ML tree (InL = -30469.093188)
showed that the functional and pseudogene paralogs each were monophyletic, with the pseudo-
genes possessing extremely long terminal branches and short internal branches (Fig. 1).

Phylogenetic analyses

The aligned functional ITS sequences matrix contained 1118 characters, of which 591 were
constant and 527 were variable. The topologies from the BI (Fig. 2) and ML (InL =
-9163.063561) analyses depicted nearly identical phylogenetic relationships with the only dif-
ferences that the resolved branches with low supports in the ML tree were collapsed into polyt-
omy in the BI tree. The utilisation of all pseudogenes as outgroup and the approach to use
various selections of pseudogenes as outgroup samples resulted in the same topologies (data
not shown). In the phylogenetic analyses, the functional ITS sequences were monophyletic
(BPP = 1.00, MLBS = 98), with two main clades (clade I: BPP = 0.98, MLBS = 84; clade II: BPP
= 1.00, MLBS = 98) (Fig. 2). The species-specific functional ITS paralogs were paraphyletic and
polyphyletic. However, the ITS sequences of the species clustered in six clades, each represent-
ing a section recognized by Hill (2004) [17]. Clade I was composed of species belonging to
sects Asiorientales (BPP = 1.00, MLBS = 100), Wadeanae (BPP = 1.00, MLBS = 89), Stanger-
ioides (BPP = 1.00, MLBS = 96), and sequences of the monotypic Panzhihuaenses (BPP = 1.00,
MLBS = 100). Within Clade I, sects Asiorientales, Panzhihuaenses and Wadeanae clustered
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Fig 1. Unrooted phylogram of the RAXML maximum likelihood analysis. Results of the RAXML maximum likelihood analysis of 149 ITS paralogs
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doi:10.1371/journal.pone.0117971.9001

together and formed subclade I-I (BPP = 90, MLBS = 66), sister to sect. Stangerioides. Within

this subclade, sects Asiorientales and Panzhihuaenses were sister (BPP = 1.00, MLBS = 86), and
together, were sister to the Palawan sect. Wadeanae. The Clade II samples shared a 14-bp dele-
tion near the I'TS1 5’-end, except for two functional paralogs in C. hongheensis (clone No. 8

and 11). Clade II consisted of two well-supported subclades, corresponding to sects Indosi-
nenses (BPP = 1.00, MLBS = 97) and Cycas (BPP = 1.00, MLBS = 100).
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distribution inferred from Bayesian analysis with RASP were also labeled on the cladogram; pie charts beside
internal branches represented ancestral distributions as probabilities coded as follows: A (South China), B
(Indochina), C (Islands of Southeast Asia).

doi:10.1371/journal.pone.0117971.9002

Biogeography analysis

The biogeographical analysis strongly favored a scenario of a South China origin for the extant
Cycas species (93.95%), with an early dispersal to Indochina, and suggested a vicariant event
between South China and Indochina (46.11%). The ancestral distribution of the ancestor of
clade IT (sects Indosinenses and Cycas) was inferred to be most likely the Indochina region
(49.09%) with a series of later dispersals to the islands of Southeast Asia, the Indian subconti-
nent, East Africa and North Australia (Fig. 2).

Discussion
Pattern of divergent ITS paralogs

As expected, the divergent nrDNA ITS sequences isolated from 31 species of Cycas could be
categorized as pseudogenes, recombinants or functional paralogs, and the functional and pseu-
dogene paralogs each formed a clade in the all-ITS-paralog-inclusive phylogenetic tree (Fig. 1).
Within their clades, the pseudogenes clustered randomly across species and sections, whereas
the functional ITS paralogs formed six clades corresponding to the sections of Hill [17]. How-
ever, the functional paralogs mostly did not form species-specific clades, with only a few excep-
tions. This might suggest that, at the species level, the diversity of the functional ITS paralogs
predates speciation events and that incomplete lineage sorting events caused the observed non-
monophyletic pattern of the species copies [53]. In some cases, the differences between the spe-
cies-copies were small, one or a few substitutions, and these could potentially have originated
from PCR or sequencing errors. This might need to be investigated in a larger, more detailed
study. However, our findings already indicate that when more than one functional sequence
from a species is included in species-level phylogenetic studies, the potential flaws resulting
from incorrect assumptions of orthology can be avoided. It is interesting that all functional
paralogs obtained from several species (such as C. panzhihuaensis, C. hongheensis,C. guiz-
houensis, C. ferruginea and C. hainanensis) were monophyletic and formed well-supported
clades. This pattern suggested that these species could have experienced intensive founder or
bottleneck events, which would have accelerated coalescence of all functional paralogs to their
most recent common ancestor. Of course, the relatively small sample size of functional ITS
paralogs per species and species sample size of one used here, could also have led to these pat-
terns by chance.

Outgroup role for ITS pseudogenes

Outgroup samples are a prerequisite for rooting a phylogenetic tree to determine the evolution-
ary topology of the ingroup taxa. However, this can present a problem for phylogenetically iso-
lated groups where the sister group is too distantly related to the ingroup taxa to align the
sequences [54], and particularly when there is relatively little variation among the in-group
taxa, the outgroup method could be challenging and the results misleading [55]. In these cases,
a solution is to use a molecular outgroup rather than an organism outgroup [56]. Cycas is such
a case. It is an isolated lineage only distantly related to other cycads [10-12], and the extant
species show relatively low genetic differentiation among species [24, 57, 58]. Identification of
divergent paralogs will provide molecular outgroup opportunities for phylogenetically isolated
taxa, when the branching of the pseudogene from the functional paralogs is older than the
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common ancestor of all the functional paralogs [33, 42, 56]. The reciprocal monophyly in the
phylogenetic tree between functional paralogs and pseudogenes suggested that the pseudo-
genes could be used as outgroups when inferring evolutionary species relationships within
Cycas from the functional paralogs. As an alternative, we investigated the possibility of using
pseudogenes as outgroups in Cycas. These were relatively easily and unambiguously aligned
with the functional copies when included as outgroups and root. Changing the outgroup selec-
tion in our case did not altered the resulting phylogenetic relationships. The resulting ingroup
species topology was concordant with geographic distribution, and also generally compatible
with those obtained from slower evolving cpDNA datasets where the outgroup method was
not compromised [24]. We thus concluded that our approach appears to yield reliable phyloge-
netic estimates of species relationships.

Phylogenetic relationships of Cycas

The monophyly of the genus Cycas is commonly accepted [12, 17, 18, 46], but the subdivision
of the genus into subgenera and sections is greatly debated, since most classification systems
were formulated on few, easily scored characters from gross morphology. Cycas was firstly di-
vided into three sections using megasporophyll and ovule characters [14]. A two-section classi-
fication system was proposed based on the caudex (subterraneous vs. aerial) [15]. The shape of
megasporophylls and seeds, and the fibrous state of the exocarp was also used to divide the
genus into three groups [4]. Wang (2000) placed absolute taxonomic importance on the seed
structure and proposed a classification scheme with four subgenera and seven sections [18].
Hill (2004) [17] revised his initial taxonomic treatment several times [16, 46], and finally pro-
posed a six-section taxonomic scheme for Cycas. These sections consisted of sects Asiorientales,
Panzhihuaenses, Wadeanae, Stangerioides, Indosinenses and Cycas.

Our work has generated the most comprehensively sampled and well-resolved molecular
phylogeny for Cycas to date. Our phylogenetic tree showed that the species representing de
Laubenfels and Adema’s (1998) [14] genus Epicycas (C. multipinnata, C. elongata, and C. sia-
mensis) formed a polyphyletic and convergent group of species, and thus confirmed Cycas as
the single constituent genus of Cycadaceae. Within this genus, the low-copy nuclear gene phy-
tochrome P (PHYP) did not clarify the phylogenetic relationships with convincing branch sup-
port values [19]; and the cpDNA non-coding regions (combination of trnS-trnG, psbM-trnD
and trnL-trnF) also provided a poor phylogenetic resolution with only three lineages resolved.
These included sects Asiorientales and Wadeanae, and a clade consisting of species of sects
Cycas and Indosinenses [24]. While greatly congruent in tree topology with the above analyses,
the phylogenetic tree generated by the nrDNA ITS functional paralogs showed a greater resolu-
tion with much higher clade support values (Fig. 2). In this phylogenetic tree, the six lineages
are strongly correlated with geography, and also corresponded exactly with the six sections rec-
ognized by Hill (2004) [17]. His taxonomic scheme was based on the most extensive studies of
both herbarium and living specimens [16], and had taken a suite of morphological (reproduc-
tive and vegetative) characters as well as molecular data into consideration [17]. The sections
have also been distinguished by the leaflet structure, such as, the un-lignified midrib fiber
unique to section Cycas, and the mucilage canal present only within section Stangerioides. The
sister relationship between section Asiorientales and section Panzhihuaenses found here was
also predicted by their shared encrypted stomata and epidermal cell shape [59]. As mentioned
above, the two major clades could be characterised by a 14-bp indel near the 5'-end of I'TS
1. The exception for two cloned functional paralogs in C. hongheensis could be a sign of ancient
gene polymorphism retention [60]. The two major clades also display significant differences in
the microsporangiate sporophylls: those in Clade I are soft and lack an apparent apical spine,
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while those of Clade II are hard and have a distinct apical spine [17, 46]. Therefore, these two
clades could be proposed as two subgenera of Cycas: subgenus Panzhihuaenses Wang and sub-
genus Cycas.

Evolutionary implications for Cycas

Compared with other cycad genera restricted to a single landmass, Cycas has a wide distribu-
tion ranging from eastern Africa eastwards to the Pacific islands and from China and southern
Japan southwards to Australia (Fig. 3) [17]. Traditionally, this paleotropical disjunctive distri-
bution pattern was linked to Indian plate motions, which assumed that the ancestor of Cycas
originated in East Africa during the Permian or Triassic period [62]. However, this assumption
is obviously contradicted with findings of the phylogenetic patterns generated by the functional
ITS paralogs and the above-mentioned molecular dating results [19, 20, 22].

Within Cycas, the only fossil, C. fujiana, was found in Kyushu of Japan and Northeast
China at Eocene sites [63, 64]. This indicates that this genus could have a distribution extend-
ing further north than the existing species in the Eocene, the warmest period during the Tertia-
ry. The subsequent general progressive global cooling could also have forced Cycas southward
and the genus became extinct at high latitudes, similar to other thermophiles [65, 66]. The an-
cestral area reconstruction results, together with the fossil evidence, firmly placed the origin of
Cycas in South China, with the deepest divergence explainable by a vicariant event. The RRF
represents a large geomorphic discontinuity between the South China and Indochina blocks,
which starts from the eastern Himalayas and extends southeastward to the South China Sea
[49]. In the Tertiary, it experienced a ca. 325-km left-lateral ductile displacement 27-16 Mya,
followed by exhumation and uplift from a depth of 20-25 km, and dextral, predominantly brit-
tle shear activity in the Plio-Quaternary; the ductile movement of the RRF extruded Indochina
southeastward relative to South China, and continued along the coast of Vietnam far to the
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Fig 3. Geographic distribution of Cycas species (adapted from [61]). Data points were colored based on clade associations (Fig. 2).
doi:10.1371/journal.pone.0117971.g003
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south [67]. The Miocene change of motion was well congruent with the estimated initial diver-
gence time between Clade I and Clade II. Thus, the RRF could thus have acted as a physical
barrier that promoted the vicariant divergence within Cycas. Support comes from recognized
present floristic discontinuities across the RRF, the Kaiyong line [50]. Until now, no Cycas
taxon of Clade IT is distributed to the north of the RRF, the northernmost species (C. hongheen-
sis) reaching the fault. However, several species of Clade I (such as C. chevalieri, C. simplici-
pinna, and C. micholitzii) have spread across the RRF into Indochina, especially along the east
side of the Truong Son Mountains, which, to the east along RRF, divides the Thai-Lao Plateau
of central Indochina and the lowlands of Vietnam. This cross-boundary distribution could
have resulted from a late southward migration during pronounced cooling and glacial periods
in the Pleistocene.

In South China and Indochina, cycads generally grow on low-altitude slopes of ridges and
cliffs along river valleys. Their fertile seeds are large, heavy and sink in water, and they contain
a virulent toxin, cycasine, which precludes water and animal dispersal over a long distance re-
spectively. Thus, in this inland region, seed dispersal of Cycas was likely limited to short dis-
tances [68-70]. Since the species have a poor overland dispersal capability, the crust
deformation, environmental and climatic changes related to orogenic events would likely stim-
ulate their lineage separation and speciation through vicariance events [71]. In contrast, long-
distance dispersal may have played an important role in the diversification of species in sect.
Cycas. They are widely distributed throughout the Indian and western Pacific Ocean, as well as
all non-mainland parts of Southeast Asia, extending into Madagascar and neighbouring re-
gions of eastern Africa. In particular, the members of subsect. Rumphiae acquired a spongy
layer inside the seed [14]. The spongy endocarp provides these large seed with a buoyancy aid
in seawater. Alongside, these seeds evolved mechanisms to maintain their viability after pro-
longed immersion in sea water [68, 69]. This suggests that the spongy endocarp is a key inno-
vation that allowed Cycas to occupy a new adaptive zone and promoted diversification.

Conclusions

Within species of Cycas, a high diversity in paralogs of nrDNA ITS copies was revealed. This
was attributed to the existence of putative pseudogenes, recombinants, and non-concerted evo-
lution among functional paralogs. Although both pseudogenes and recombinants had lost their
usefulness as phylogenetic signals, phylogenetic inference from functional paralogs provided
insights into the evolutionary and biogeographic history of Cycas. Even though further support
is still needed, a scenario can be rebuilt from the resulting phylogenetic patterns, the ancestral
distribution reconstruction and the existence of different seed dispersal capabilities suggesting
that both vicariant and long-distance transoceanic dispersal events are drivers for the late-Mio-
cene rapid radiations of Cycas.
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