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The wide geographical distribution of many fern species is related to their high dispersal ability.
However, very limited studies surveyed biological traits that could contribute to colonization success
after dispersal. In this study, we applied phylogenetic approaches to infer historical biogeography of
the fern genus Deparia (Athyriaceae, Eupolypods II). Because polyploids are suggested to have better col-
onization abilities and are abundant in Deparia, we also examined whether polyploidy could be correlated
to long-distance dispersal events and whether polyploidy could play a role in these dispersals/establish-
ment and range expansion. Maximum likelihood and Bayesian phylogenetic reconstructions were based
on a four-region combined cpDNA dataset (rps16-matK IGS, trnL-L-F, matK and rbcL; a total of 4252 char-
acters) generated from 50 ingroup (ca. 80% of the species diversity) and 13 outgroup taxa. Using the same
sequence alignment and maximum likelihood trees, we carried out molecular dating analyses. The result-
ing chronogram was used to reconstruct ancestral distribution using the DEC model and ancestral ploidy
level using ChromEvol. We found that Deparia originated around 27.7 Ma in continental Asia/East Asia. A
vicariant speciation might account for the disjunctive distribution of East Asia–northeast North America.
There were multiple independent long-distance dispersals to Africa/Madagascar (at least once), Southeast
Asia (at least once), south Pacific islands (at least twice), Australia/New Guinea/New Zealand (at least
once), and the Hawaiian Islands (at least once). In particular, the long-distance dispersal to the
Hawaiian Islands was associated with polyploidization, and the dispersal rate was slightly higher in
the polyploids than in diploids. Moreover, we found five species showing recent infraspecific range
expansions, all of which took place concurrently with polyploidization. In conclusion, our study provides
the first investigation using phylogenetic and biogeographic analyses trying to explore the link between
historical biogeography and ploidy evolution in a fern genus and our results imply that polyploids might
be better colonizers than diploids.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Ferns are the most species-rich lineage among the seed-free
vascular plants. They display different biogeographical patterns
than flowering plants, in part because of the generally higher dis-
persal ability of spores compared to seeds (Kessler, 2000; Qian,
2009; Kreft et al., 2010; Patiño et al., 2014, 2015; Weigelt et al.,
2015). For example, ferns account for a greater percentage of
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oceanic island floras compared to mainland floras, presumably
because of their greater dispersal ability (Kreft et al., 2010).
Long-distance dispersal of ferns has not only been implied by the
fossil records (Collinson, 2001), but also frequently inferred from
molecular phylogenetic studies (e.g., Schneider et al., 2005;
Kreier and Schneider, 2006; Geiger et al., 2007; Janssen et al.,
2007; Rouhan et al., 2004, 2007; Ebihara et al., 2008; Hennequin
et al., 2010; Sessa et al., 2012; Wang et al., 2012; Chao et al.,
2014; Korall and Pryer, 2014; Labiak et al., 2014; Sundue et al.,
2014; Wei et al., 2015; Le Péchon et al., 2016). Transoceanic disper-
sal appears to have been common in Polypodiales (sensu Smith
et al., 2006, 2008)—the most diverse fern group containing �80%
of extant species, which radiated after the breakup of Gondwana
and its separation from Laurasia (Moran and Smith, 2001; Parris,
2001; Pryer et al., 2004; Schuettpelz and Pryer, 2009). However,
despite the fact that many studies have demonstrated high rates
of dispersal and colonization ability in ferns, we still know very lit-
tle about the underlying mechanism. Particularly, it is unclear if
there are biological traits that also contribute to colonization suc-
cess. Polyploidy and long-lived gametophytes have been linked to
colonization ability in ferns (Dassler and Farrar, 2001; Sessa et al.,
2016), although more case studies are needed.

Deparia Hook. & Grev. is a terrestrial fern genus belonging to
Athyriaceae (sensu Rothfels et al., 2012b; Eupolypods II, Polypodi-
ales) and includes several other genera previously recognized:
Lunathyrium Koidz., Dryoathyrium Ching, Parathyrium Holttum,
and Athyriopsis Ching (Kato, 1984; Sano et al., 2000a, 2000b;
Wang et al., 2013). The inclusion of Triblemma (J.Sm.) Ching and
Dictyodroma Ching were latterly confirmed by molecular phyloge-
nies (Sano et al., 2000a, 2000b; Tzeng, 2002; Wang et al., 2003;
Ebihara, 2011). Deparia comprises about 60–70 species, and inhab-
its tropical, subtropical, and temperate forests. It has the highest
species diversity in Asia but is also found in Africa and islands of
the western Indian Ocean (mostly in Madagascar), Australia, New
Zealand, northeast North America, the Hawaiian Islands, and vari-
ous south Pacific islands (Kato, 1984, 1993a, 1993b). Historical bio-
geography of Deparia has received special interests because both
long-distance dispersal and vicariance have been suggested to
result in the transoceanic distributions in this genus (Kato, 1984,
1993a; Xiang et al., 2015). Among all sections, sect. Athyriopsis
and sect. Dryoathyrium have the broadest distributions, which
cover Asia, south Pacific islands, Africa, and islands of the western
Indian Ocean (Kato, 1984, 1993a; Robinson et al., 2010); and distri-
bution of sect. Athyriopsis further extends to Australia and New
Zealand (Kato, 1984, 1993a). In sect. Lunathyrium, Kato (1993a)
implied a vicariant speciation for the disjunct distribution of east-
ern Asian–northeast North America. Sect. Deparia is endemic on
Pacific oceanic islands, including Bonin Islands and the Hawaiian
Islands (Kato, 1984, 1993a), and such distribution is likely a result
of long-distance dispersal because the vegetation on these islands
has a relatively young evolutionary history (Neall and Trewick,
2008). However, these hypothesized scenarios of historical bio-
geography were not based on analyses of fossil records or under
a phylogenetic framework. In addition, it is not clear whether the
long-distance dispersal could be the sole explanation for the
worldwide distributions of sect. Athyriopsis and sect. Dryoathyrium.

Due to the lack of confirmed fossil record of Deparia, phyloge-
netic biogeography provides the only feasible approach to under-
stand the underlying mechanisms behind the transoceanic
distributions in Deparia. In this study, we included a comprehen-
sive taxa sampling to resolve phylogenetic and biogeographic his-
tory of this genus. In addition, because of a high abundance of
polyploids in the genus, which represent over 53% of the reported
species (Suppl. Table S1), we paid particular attention to whether
polyploidy was correlated with long-distance dispersal and/or
range expansion.
2. Materials and methods

2.1. Sequences for Deparia cpDNA phylogeny

Fifty taxa in Deparia were sampled, which cover 75–88% of the
described species and subspecies. This ingroup sampling covered
all major geographical regions occupied by the genus. The out-
group taxa included eleven species representing all the other gen-
era in Athyriaceae (Rothfels et al., 2012a) and two species from
Onocleaceae and Blechnaceae. We obtained sequences of four
cpDNA regions, including two non-coding regions, rps16-matK
intergenic spacer (IGS) and trnL-L-F (i.e., trnL intron + trnL-F
IGS), and two coding regions, matK and rbcL, for phylogenetic
analyses. In addition to previously published studies (Kuo et al.,
2011; Li et al., 2011; Rothfels et al., 2012a), 144 new plastid
sequences of Deparia and outgroup species were obtained in this
study. We followed Li et al. (2011) and Rothfels et al. (2012a) for
DNA extraction procedure, PCR conditions and PCR primer sets of
cpDNA regions. For several Deparia samples extracted from
herbarium materials, newly designed primers were applied to
amplify and sequence shorter DNA fragments. Primer information
is in Supplementary Material of Table S2. Voucher information
and GenBank accession numbers are in Supplementary Material
of Tables S3 and S4.
2.2. Sequences for nDNA phylogeny of Hawaiian Islands endemic
Deparia

To infer the polyploidy origin in Hawaiian Islands endemic spe-
cies, two Hawaiian Islands endemic species, all three related spe-
cies in other area (i.e., those in the same clade), and one
representative species from each of the other lineages (i.e., those
from other clades) were sampled. A single-copy nuclear marker,
the first intron of the cryptochrome gene 2 (CRY2), was used for
nuclear DNA (nDNA) phylogeny reconstructions. A degenerate pri-
mer (i.e., ‘POLY CRY2 fVMR’) was designed to accompany with ‘And
CRY rDLL’ (Zhang et al., 2014). After obtaining partial CRY2 1st exon
and 2nd exon sequences, a Deparia-specific primer set was
designed: ‘De CRY2 fEAT’ and ‘De CRY2 rVSL’. The PCR reactions
were performed in 15 lL volume reactions, including 100–200 ng
genomic DNA, 1 � PCR buffer, 200 lM dNTP, 15 pmol of each pri-
mer, and 1 U polymerase (GENETBIO ExPrime Taq DNA Poly-
merase, Korea; or, if cloning was going to be applied, Phusion
DNA polymerase, FINNZYMES, Espoo, Finland). To isolate PCR
products with different sequence types (i.e., alleles or homoe-
ologs), single-strand conformation polymorphism (SSCP) was used.
The protocols of SSCP electrophoresis and silver staining were
modified from Ebihara et al. (2005). Before SSCP electrophoresis,
the PCR products were purified using a Gel/PCR purification kit
(Geneaid, Taipei, Taiwan) and eluted with ddH2O. For elec-
trophoresis, 30% acrylamide/bis-acrylamide solution (29:1) was
used. The electrophoreses were performed in a dual slab PAGE
gel electrophoresis system (AE-6290, ATTO, Tokyo, Japan) with
0.5 � TBE buffer at 350V for 24 h under 20 �C. After SSCP elec-
trophoresis, all gel slices containing the separated single-strand
DNA products were purified by the same purification kit above,
and were re-amplified and sequenced by another nested primer
set, ‘De CRY2 fATQ’ and ‘De CRY2 rDVP’. The detailed information
of these primers can be found in Table S2. When sequencing of
SSCP products failed, these products were cloned into pJET1.2/
blunt cloning vector (Thermo Fisher Scientific, Waltham, Mas-
sachusetts, USA) to isolate the mixed sequence types. Ligation,
transformation, plating and selection of clones followed manufac-
turer’s protocol. Voucher information and GenBank accession
numbers are in Supplementary Material of Tables S3 and S4.
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2.3. Phylogenetic analyses

DNA sequences were aligned with ClustalW implemented in
BioEdit 7.0.5.3 (Hall, 1999). The four-region combined cpDNA data-
set contained 4252 characters, and CRY2 nDNA contained 1070
characters. Gaps were treated as missing data in all analyses. The
alignments for these phylogenetic analyses are deposited at Dryad
(http://dx.doi.org/10.5061/dryad.450dp). To infer the appropriate
nucleotide substitution model for the phylogenetic analyses, jMo-
delTest (Posada, 2008) was employed, and the model was selected
based on the Akaike information criterion (Akaike, 1974). Garli 2.0
(Zwickl, 2006) was used to conduct maximum likelihood (ML)
phylogenetic analyses. The proportions of invariant sites and state
frequencies were estimated by the program. The ‘genthreshfortopo
term’ was set to 20,000. Ten independent searches were carried
out, and the tree with the highest likelihood was selected. To infer
ML bootstrap support (BS) trees, 500 replicates were run under the
same criteria. For the dated-phylogeny based on matK + rbcL (see
below), a constrained topology based on the phylogenetic structure
at the Eupolypods II family level as inferred by Rothfels et al.
(2012a) [i.e., the same as the well supported family phylogenetic
structure shown in Fig. 5 of Rothfels et al. (2012b)] was applied
to avoid strong topological uncertainty during the tree search
due to inadequate character information. To infer ML bootstrap
phylograms of this dataset, 250 replicates were run. Bayesian infer-
ence (PP) was performed using MrBayes v.3.1.2 (Yang and Rannala,
1997; Ronquist and Huelsenbeck, 2003). Two independent Markov
Chain Monte Carlo runs were carried out with four chains (106 gen-
erations each), in which each chain was sampled every 1000 gen-
erations. We used Tracer v1.6 (Rambaut and Drummond, 2013) to
inspect the convergence of the output parameters. The first 25% of
the sample was discarded as burn-in, and the rest was used to cal-
culate the 50% majority-rule consensus tree.

2.4. Divergence time estimates

To estimate lineage divergence times in Deparia, two molecular
dating analyses were conducted based on different dataset: (1)
matK + rbcL and (2) rps16-matK IGS +matK + rbcL + trnL-L-F
(referred to as the first and second analyses, respectively, in the fol-
lowing text). The program r8s (Near and Sanderson, 2004) was
employed for molecular dating with the penalized rate smoothing
algorithm. The goal of the first analysis was to estimate the date of
origin of Athyriaceae and ofDeparia. For the first analysis, additional
38 outgroup taxa were included, especially from Eupolypods II,
mostly followingKuoet al. (2011) andRothfels et al. (2012a). Among
them, 33 outgroup species represented all Eupolypods II families
with exception of Desmophlebiaceae, which was established
recently (Mynssen et al., 2016), and another three and two species
were from Eupolypods I and Pteridaceae, respectively, were
included (Suppl. Table S4). In this analysis, both the most likely ML
tree and 250 ML BS trees were used, which were inferred from cod-
ing regions to avoidbranch lengthuncertaintydue topotentialmiss-
ingdata resulting fromalignment of non-coding regions.Weapplied
one fixed-age and two minimum-age constraints: Euploypods
II = 103.1 Ma (Schuettpelz and Pryer, 2009), CyclosorusP 33.9 Ma
(Eocene; Collinson, 2001), and OnocleaP 55.8 Ma (Paleocene;
Rothwell and Stockey, 1991) into penalized rate smoothing. The
position of calibration nodes can be seen in SupplementaryMaterial
of Fig. S1 (i.e., node A B C). The second molecular dating analysis
aimed to infer node ageswithinDeparia based onmoreDNA regions,
which included two additional non-coding regions (i.e., rps16-matK
IGS and trnL-L-F). We used both the most likely ML tree and 500ML
BS trees in an analysis with two fixed-age constraints: the node of
AthyriaceaeandofDeparia. These twoage constraintswereobtained
from the result of the first molecular dating analysis. The dating
results of ML BS trees were summarized by TreeAnnotator
(Drummond et al., 2012) using the topology of the most likely ML
tree.

In addition, we conducted another dating approach using BEAST
v2.3.2 (Bouckaert et al., 2014) to compare with the results from r8s.
The alignment and two calibration points were the same as the sec-
ond molecular dating analysis, and, for each age calibration, we set
a normal distribution to cover 95% HPD range inferred by the first
molecular dating analysis. The BEAST analysis included 70.423 mil-
lions MCMC chains sampled every 1000 generations, using a GTR
+ I + Gamma nucleotide substitution model, and an uncorrelated
lognormal relaxed clock model with a Yule process prior for speci-
ation. The chronogram was finally summarized from a 10% burnin
of all chains. Tracer v1.6 (Rambaut and Drummond, 2013) was used
to examine the effective sample sizes in each parameter.

2.5. Biogeographical analyses

Eight biogeographical regions were defined, including (A) conti-
nental Asia/East Asia (including South Asia), (B) northeast North
America, (C) Southeast Asia (including the Philippines, Malaysia,
and Indonesia), (D) south Pacific islands (including Fiji and French
Polynesia), (E) Central and South America (only for the outgroup
taxa—Athyrium skinneri T. Moore and Diplazium bombonasae
Rosenst.), (F) Africa/Madagascar (including Comoros, La Réunion
and Mauritius), (G) Australia/New Guinea/New Zealand, and (H)
the Hawaiian Islands (Fig. 2A). The geographical distributions of
Deparia species were mostly scored following the monographic
work of Kato (1984, 2001), except for D. boryana (Willd.) M. Kato.
We regarded D. boryana an African/Madagascan species because
the type is from La Réunion, whereas D. boryana sensu Kato
(1984) includes D. edentula (Kunze) X.C. Zhang (in continental Asia,
Southeast Asia, New Guinea, and south Pacific islands) and D. bor-
yana. For some Athyriaceae species that were not included in Kato
(1984), distributions were obtained from other sources (Kato,
1993b; Mickel and Smith, 2004; Wang et al., 2013).

To infer the ancestral distribution within Deparia, we carried
out a biogeography analysis using DEC (Dispersal-Extinction-Clado
genesis) model (Ree et al., 2005; Ree and Smith, 2008) imple-
mented in RASP 3.2 (Yu et al., 2015). We only focused on Athyri-
aceae, and applied the chronogram resulting from the second
molecular dating analysis. No dispersal constraints were enforced,
and the maximum area number was set to four to avoid underes-
timating vicariance events, since the maximum number of biogeo-
graphical regions of Deparia taxa was four (Suppl. Table S1).

2.6. Spore size measurements

Spore sizes can usually indicate ploidy level in ferns (e.g., Li
et al., 2012; Chang et al., 2013; Chen et al., 2014) and also in
Deparia species (Shinohara et al., 2006; Kuo, 2015), Therefore, for
eight species for which cytotype information was not available,
spore sizes (100 spores per sample) were measured to infer ploidy
by comparison with those of known diploid relatives in a same
clade (voucher information given in Suppl. Table S6). We selected
the diploid samples from those voucher specimens with a con-
firmed cytology record, or from specimens of the species only
known with diploid records.

2.7. Flow cytometry

We used a modified protocol of Ebihara et al. (2005) for sample
preparation and used fresh leaf tissues of Deparia samples. Fresh
leaf tissues were chopped with a razor in 1.5 mL buffer [1.0% (v/
v) Triton X-100, 0.5% (v/v) 2-mercaptoethanol, 50 mM Na2SO3,
50 mM Tris-HCl (pH = 7.5), 40 mg/mL PVP-40, and 0.1 mg/mL RNa-
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seA]. The chopped tissues were placed on ice, and filtered through
30-lm nylon mesh (Partec, Münster, Germany), and then stained
with 1/50 vol of propidium iodide solution (2.04 g/mL) and incu-
bated at 4 �C in darkness for 1 h. All samples were run on the BD
FACSCan system (BD Biosciences, Franklin Lake, New Jersey).
2.8. Ancestral ploidy reconstruction

The cytological data of Deparia (Suppl. Table S1) and the
chronogram of Athyriaceae (the same as for the Lagrange analysis)
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et al., 2010, 2011). These chromosome counts have been obtained
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ploidy: (1) infraspecific polyploidization was ignored and, there-
fore, only the record of the lowest chromosome number for each
species was adopted, (2) because we were going to infer only
changes on ploidy, a whole set of chromosomes, (i.e., ignored
changes on a single chromosome gain or loss), the basic number
equal to 40 (x = 40) was uniformly applied to replace 41 in Diplaz-
ium and some Cornopteris records because of duplication on whole
set, (3) the inferred gametic chromosome number from reports of
sporophytic numbers (i.e., half the number for apomictic taxa) was
applied, and (4) only one constant rate parameter to infer poly-
ploidization was allowed (i.e., duplConstR was estimated,
demiPolyR = �2, while the others were set to �999).
3. Results

3.1. Phylogenetic patterns and divergence times

The ML phylogeny of Deparia inferred from the cpDNA regions
was shown in Fig. 1. The inferred relationships were consistentwith
previous studies (Sano et al., 2000a, 2000b; Wang et al., 2003;
Ebihara, 2011) but provided greater resolution of species clusters,
with seven highly supported clades (ML BS > 99 and Bayesian pos-
terior probability = 1.00; Fig. 1). Except for ER clade, these clades
correspond to type species of genus Dictyodroma and (sub)sections
recognized by Kato (1984)—DR clade to sect. Dryoathyrium, LU
clade to sect. Lunathyrium, CA clade to subsect. Caespites, DE clade
to sect. Deparia, AT clade to subsect. Athyriopsis, and DI clade to Dic-
tyodroma. For ER clade, it includes only one species, Deparia erecta,
which is regarded as subsect. Caespites by Kato (1984). However,
this species is sister to Dictyodroma (i.e., DI clade), and not closely
related to other subsect. Caespites members (i.e., CA clade).

The ML phylogeny chronogram of Deparia is shown in Fig. 3.
Compared to the dating results from the previous studies
(Schuettpelz and Pryer, 2009; Rothfels et al., 2015), the divergence
time of Deparia (24.7 and 21.6 Ma) estimated in these studies was
earlier (i.e., node 0 or the crown group of Deparia: 26.41–28.70 Ma;
Table 1). Estimates of molecular dating with the ML phylogeny of
matK + rbcL (i.e., the first molecular dating analysis) were shown
in Supplementary Material Fig. S1. For the BEAST analysis, the
post-burnin effective sample sizes in all parameters were >750
except for four rate parameters–—mutationRate, rate.mean, rate.-
Table 1
Estimated divergence times of key nodes in the Deparia phylogeny.

Nodea Divergence time

Best
MLtreeb

Mea

0 Deparia crown group 27.68 Ma 26.4
Ma

a Continental Asia + East Asia/Africa + Madagascan 6.74 Ma 7.48
b African + Madagascan crown group 3.60 Ma 2.67
c Madagascan crown group 0.50 Ma 0.44
d Continental Asia + East Asia/northeast North America 8.06 Ma 7.61
e Continental Asia + East Asia/the Hawaiian Islands 8.52 Ma 8.09

f the Hawaiian crown group 7.02 Ma 5.82
g Continental Asia + East Asia/south Pacific islands – –
h Continental Asia + East Asia/Australia + New Guinea + New

Zealand
– –

i Continental Asia + East Asia/Southeast Asia 1.50 Ma 0.81

a The nodes correspond to those in Fig. 2.
b The results of the most likely ML tree inferred by the first molecular dating analysis
c The results of 250 bootstrap trees inferred by the first molecular dating analysis (m
d The results of the most likely ML tree inferred by the second molecular dating analy
e The results of 500 bootstrap trees inferred by the second molecular dating analysis
f The results inferred by BEAST analysis (rps16-matK IGS +matK + rbcL + trnL-L-F).
variance, and ucldMean. The BEAST chronogram is shown in Sup-
plementary Material Fig. S2.

In CRY2 first intron phylogeny (Fig. 4), both of the Hawaiian taxa
(i.e., Deparia fenzliana and D. prolifera) had more than two sequence
types nested in DE clade. These sequence types (alleles or homoe-
ologs) were separated into two lineages, and, in each lineage, both
taxa appeared. These two lineages formed a monophyletic group
with D. otomasui + D. bonincola.

3.2. Biogeographic analysis

The results inferred by the DEC model were mapped on the
Deparia phylogeny (Figs. 2 and 3).Depariawas inferred to have orig-
inated on continental Asia/East Asia (node 0 in Fig. 2). Several histor-
ical dispersals were inferred (Fig. 2), including dispersal to Africa/
Madagascar (node a inDR clade), dispersal to northeastNorthAmer-
ica (node d in LU clade), dispersal to the Hawaiian Islands (node e in
DE clade), dispersal to south Pacific islands (node g in AT clade), dis-
persal to Southeast Asia (node i in AT clade), and dispersal to Aus-
tralia/New Guinea/New Zealand (the descendent branches of node
h). There were also several infraspecific range expansions from con-
tinental Asia/East Asia to Southeast Asia (D. lancea and D. edentula),
Southeast Asia + south Pacific islands (D. subfluvialis), and south
Pacific islands + Australia/New Guinea/New Zealand (D. petersenii
subsp. deflexa), and from continental Asia/East Asia + Southeast Asia
to Africa/Madagascar (D. petersenii subsp. petersenii). These large
range shifts undoubtedly resulted from long-distance dispersals
since their divergence times were estimated to be much younger
(Fig. 3) than thebreakupofGondwanaand its separationwith Laura-
sia. The dispersal and extinction events inferred by the DEC model
were mapped on the chronogram in Fig. 3. The divergence times of
these nodes are shown in Table 1, and these ages are not deviated
from the estimation using BEAST (Table 1; Suppl. Fig. S2).

3.3. Flow cytometry

Fig. 5 shows the relative DNA contents of leaf tissue nuclei of
Deparia prolifera (Wood16320 in PTBG) and diploid D. lancea
(Kuo1914 in TAIF), and both species belong to DE clade. D. prolifera
has a genome size nearly twice of the diploid D. lancea (Fig. 5). This
implied that D. prolifera is a polyploid species and is most likely a
tetraploid.
n (95% HPD)c Best
MLtreed

Mean (95% HPD)e Mean (95% HPD)f

1 (21.05–31.36) 27.68 Ma 28.70 (27.68–33.99)
Ma

27.65 (20.97–34.50)
Ma

(4.58–10.17) Ma 8.34 Ma 9.23 (6.41–15.54) Ma 8.22 (4.89–12.14) Ma
(1.02–4.85) Ma 3.25 Ma 4.54 (1.99–10.18) Ma 3.83 (1.94–6.21) Ma
(0.00–0.84) Ma 0.26 Ma 1.35 (0.00–6.85) Ma 0.64 (0.14–1.42) Ma
(4.85–10.42) Ma 8.24 Ma 9.38 (5.78–16.17) Ma 8.28 (4.39–13.6) Ma
(5.92–10.36) Ma 9.24 Ma 10.58 (7.02–17.35)

Ma
9.41 (5.92–13.23) Ma

(3.98–7.95) Ma 7.13 Ma 7.56 (3.95–14.42) Ma 6.25 (3.23–10.39) Ma
1.86 Ma 3.05 (0.64–8.49) Ma 3.06 (1.67–4.82) Ma
0.44 Ma 1.49 (0.00–6.54) Ma 0.61 (0.02–1.65) Ma

(0.21–1.38) Ma 0.28 Ma 1.40 (0.00–6.97) Ma 0.80 (0.34–1.44) Ma

(matK + rbcL).
atK + rbcL).
sis (rps16-matK IGS +matK + rbcL + trnL-L-F).
(rps16-matK IGS +matK + rbcL + trnL-L-F).
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Fig. 5. Histograms showing the relative DNA contents (FL2-Area) of Deparia
prolifera and diploid Deparia lancea inferred by flow cytometry analysis of leaf
nuclei.
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3.4. Cytology and ancestral ploidy reconstruction

The ploidies of eight Deparia species were inferred by their
spore sizes in comparison with species of known cytotype in the
Table 2
Summary of dispersal and polyploidization events in Deparia.

Retaining
diploidy

Total tree lengths of phylogenetic branches (Ma) 308.19
Number of phylogenetic branches with dispersal 7
Number of phylogenetic branches without dispersal 69
Number of range expansions within speciesa 0
Number of no range expansions within speciesa 30

a Only including the terminal branches and species’ current statuses.
same phylogenetic clade. All species examined here possessed
64-spored sporangia, suggesting that all are sexual species. For D.
glabrata, D. parvisora, D. forsythii-majoris, and D. boryana, spore
sizes were lower than or within the range of other diploid species
in DR clade (Suppl. Table S5), and suggested that they were
diploids. For D. fenzliana, D. prolifera, D. marginalis, and D. kaalaana,
spore sizes were significantly larger than any of the diploid species
in DE clade (Suppl. Table S5; t-test P values <0.001). Collectively,
these suggested that they are sexual polyploids. To avoid overesti-
mation of polyploidization events in this analysis, we assumed that
they are tetraploids since this cytotype is the lowest ploidy among
all known sexual polyploids in Deparia. Indeed, D. proliferawas also
revealed having a tetraploid-like genome size (see previous section
of ‘flow cytometry’). We also examined the sporangia of the type
specimens of D. cataracticola (TNS 712554-712556), but only abor-
tive sporangia were found, consistent with the type description by
Kato (2001). This also implied that D. cataracticola is likely a hybrid
species.

The results of ancestral ploidy reconstruction via ChromEvol are
shown in Fig. 2. In total, ten historical polyploidization events [in-
cluding demiploidization (e.g., from diploid to triploid)] were
inferred (Table 2). These polyploidization events were also mapped
Coupled with
polyploidization

After
polyploidization

– 42.97
1 0
9 11
5 0
8 8
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on the chronogram in Fig. 3. In sum, the total tree lengths in units
of year of diploid and polyploid lineages were 308.19 and
42.97 Ma, respectively (Table 2). By comparing the inferred ploi-
dies of ancestral nodes to those of terminal taxa, 13 species with
infraspecific polyploidization were detected (i.e., polyploidization
after speciation; Fig. 2 and Table 2).
4. Discussion

4.1. Phylogenetic pattern

Based on morphology, the generic concept of Deparia under a
broad sense was first initiated by Kato (1977, 1984) further
detailed a classification with four sections and two subsections.
Sect. Athyriopsis is composed by subsect. Athyriopsis and subsect.
Caespites. Based on a comprehensive sampling, our cpDNA phy-
logeny provided the first insights into infrageneric relationships
of Deparia, and we found that all the sections and subsections of
Kato (1984) are not monophyletic (Fig. 1). Although not mono-
phyletic, the taxon constitution of these sections and subsections
is very similar with those of the clades identified in our phylogeny
with only a few exceptions (Fig. 1). The DE clade is composed of not
only sect. Deparia and partial subsect. Athyriopsis but also Deparia
lancea (as the type species of Triblemma), and such grouping is con-
firmed for the first time by our phylogenetic analyses (Fig. 1). Dic-
tyodroma is seemly monophyletic, and is recognized as DI clade in
the current study (Fig. 1), which included three of total four species
(Wang et al., 2013). Deparia erecta was first examined phylogenet-
ically by Wang et al. (2003), but its position, however, could not be
fully resolved due to a lack of comprehensive sampling of taxa and
genetic regions. Interestingly, our phylogeny reveals this species
with a phylogenetic position as sister to DI clade (Fig. 1). This rela-
tionship had never been predicted from morphology (Wang, 1982;
Kato, 1984; Wang et al., 2002) because D. erecta is characterized by
a free venation and J-shape sori while an anastomosing venation
and back-to-back sori are in DI clade. Since current infrageneric
taxonomy fails to present natural relationships among Deparia spe-
cies, links between their phylogenetic grouping and morphological
similarities need to be re-examined in order to propose a revised
taxonomic classification.
4.2. Dispersal events in Deparia

Our results support an origin of Deparia on continental Asia/East
Asia at around 27 Ma (20.97–34.50 Ma for 95% Highest Posterior
Density) with a long-distance dispersal event hypothesized from
continental Asia/East Asia to Africa during the Miocene to Pliocene
(Fig. 3). Such long-distance dispersals have been inferred in other
fern taxa of varying ages (Hennequin et al., 2010; Wang et al.,
2012; Chao et al., 2014; Wei et al., 2015; Le Péchon et al., 2016).
In addition, a recent diversification of Madagascan endemics from
African lineage(s) was inferred (node c in Fig. 2B and Table 1) sim-
ilar to those found in other ferns (Janssen et al., 2008; Korall and
Pryer, 2014; Labiak et al., 2014). Further investigation based on
more comprehensive sampling is needed to confirm the biogeo-
graphical scenario that led to the African/Madagascan Deparia
diversity. The dispersal of Deparia species from continental Asia/
East Asia to northeast North America could have happened via
the Bering land bridge, which connected the two continents at
least until the Quaternary (Tiffney and Manchester, 2001). This
possibility is also implied by the divergence time estimate results,
which showed the northeast North American endemic D. acrosti-
choides splitting from continental Asia/East Asia relatives during
the Miocene (Figs. 2B and 3; node d in Table 1). Thus, vicariant spe-
ciation due to the loss of the land bridge and/or past climate
change, rather than transoceanic, long-distance dispersal, might
better explain of D. acrostichoides. A similar scenario has been sug-
gested for other cases of East Asian-northeast North American dis-
junctions of ferns and seed plants (Kato, 1993a; Wen, 1999; Tiffney
and Manchester, 2001; Lu et al., 2011; Wei and Zhang, 2014; Xiang
et al., 2015).

For the endemic Deparia taxa on south Pacific islands and the
Hawaiian Islands, long-distance dispersals from continental Asia/
East Asia during the Miocene to Pleistocene were inferred (nodes
e and g in Fig. 2B and Table 1). Interestingly, the estimated diver-
gence time of the Hawaiian lineage splitting from continental
Asian relatives (node e in Fig. 2B and Table 1; i.e., >6 Ma) was older
than the age of the oldest current high Hawaiian island of Kaua’i
(5.1 Ma; Neall and Trewick, 2008). A similar situation was found
in the other Hawaiian endemic ferns—Diellia lineage of Asplenium
species (Schneider et al., 2005) and Oreogrammitis species in the
grammitid ferns (Sundue et al., 2014). The most likely scenario is
that an ancestral species colonized a geologically older island on
the Hawaiian Island chain (up to ca. 24 Ma; Neall and Trewick,
2008) with subsequent dispersals down the island chain as new
islands were produced by the volcanic hotspot. The Hawaiian pio-
neer on such geologically older island was extinct as a consequence
of island submergence resulting that the landmass is now mostly
or completely beneath the sea level.

In addition to these historical dispersal events, there were sev-
eral recent infraspecific range expansions, including those in D.
subfluvialis, D. edentula, D. lancea, D. petersenii subsp. deflexa, and
D. petersenii subsp. petersenii, which showed increased biogeo-
graphical areas after speciation (Figs. 2B and 3). These species
expanded from continental Asia/East Asia or continental Asia/East
Asia + Southeast Asia and further dispersed to adjacent areas,
including Southeast Asia, south Pacific islands, Australia/New Gui-
nea/New Zealand, and Africa/Madagascar (Fig. 2B).

4.3. Long-distance dispersal and polyploidy in DE clade

The only dispersal event coupled with a polyploidization was
the long-distance dispersal from continental Asia/East Asia to the
Hawaiian Islands (Fig. 2B). Based on our CRY2 first intron phy-
logeny and cytology inference (spore sizes and genome sizes), four
of five Hawaiian species in DE clade are putatively tetraploid (Fig. 5
and Suppl. Table S5), and their polyploid genomes comprise two
origins (Fig. 4), which is considered to result from an allopoly-
ploidization (i.e., hybridization and then polyploidization). One
possible scenario is that two sexual diploid species first dispersed
to the Hawaiian Island chain, and then an allopolyploidization
occurred sympatrically. However, should such sexual diploid spe-
cies have ever existed on the Hawaiian Islands, we found no evi-
dence supporting their actual occurrence in Hawaii (i.e., four
species are tetraploid-like, and one species is hybrid like). In addi-
tion, it is even less likely that the two sexual species independently
dispersed from continental Asia/East Asia to a same area at the
Hawaiian Island chain since long-distance dispersals are mostly
considered to be non-directional (Gillespie et al., 2012).

Alternatively, allopolyploidization could have occurred before a
long-distance dispersal event from continental Asia/East Asia. This
is perhaps the more parsimonious and likely scenario, in which the
two sexual species in continental Asia/East Asia hybridized and
polyploidized before functional spore(s) of their allopolyploid
descendant arrived at the Hawaiian Island chain via a single
long-distance dispersal event. The allopolyploid ancestor in conti-
nental Asia/East Asia subsequently went extinct presumably due to
a low productive fitness resulting from minority cytotype exclu-
sion (Parisod et al., 2010; Ramsey and Ramsey, 2014). Similarly,
long-distance dispersal(s) of polyploids was also revealed in the
fern genus Polystichum of the Hawaiian Islands. The Hawaiian
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endemic tetraploid P. haleakalense Brack. and endemic octoploid P.
bonseyi W.H. Wagner & R.W. Hobdy are most closely related to P.
wilsonii Christ, which is a tetraploid species in continental Asia/
East Asia (Driscoll and Barrington, 2007).

4.4. Do polyploids have higher dispersibilities than diploids?

Several studies implied polyploids in plant have higher colo-
nization abilities comparing to diploids (e.g., te Beest et al., 2012;
Linder and Barker, 2014). It has been also suggested in several bio-
geographical studies that fern polyploids are better colonizers than
diploids (Trewick et al., 2002; Chen et al., 2014; Korall and Pryer,
2014). Particularly, it seems evident that sexual polyploids in ferns
can better inbreed via gametophytic selfing (i.e., selfing within a
single gametophyte) (Masuyama and Watano, 1990; Ranker and
Geiger, 2008; Kuo, 2015; Testo et al., 2015; Sessa et al., 2016). By
examining phylogenetic biogeography at the species-level, the
dispersibility in Deparia polyploids is apparently higher than that
of diploids. We found one long-distance dispersal event coupled
with polyploidization, and this proportion and dispersal rate
(i.e., 1/10; dispersal coupled with polyploidization/total poly-
ploidization events; dispersal rate of 1/42.97 Ma�1; Table 2)
slightly higher than those retaining diploids (7/76 = 1/10.9;
7/308.19 = 1/44.03 Ma�1; Table 2). This polyploidy dispersal rate
could be underestimated because polyploidization occurring on a
certain phylogenetic branch might not be as early as assumed in
our calculation (i.e., since at the beginning of branch). Unfortu-
nately, methodology to study significance on phylogenetic correla-
tion is still unable to consider both traits of cytotypes and
geographical distributions. Besides, these phylogenies resulted
from cpDNA dataset could only infer partial parent lineages for
those taxa with hybrid origin, such as allopolyploids. Conse-
quently, the ancestral distribution and ploidy reconstruction based
on these phylogenies could not fully represent the evolutionary
history of allopolyploids, and a similar analytical limitation was
also mentioned in Soltis et al. (2014) and Mayrose et al. (2015).
Based on above reasons, we encourage, in the future, to develop
advanced analyses, and to include more episodes of polyploidy dis-
persals into analyses in order to further examine relationships
between dispersal and auto/allopolyploidization in ferns.

In contrast to the patterns inferred from the species-level phy-
logeny, the infraspecific range expansions in Deparia were preva-
lently associated with polyploidy, which occurred in all of the
five geographically expanding taxa—D. subfluvialis, D. edentula, D.
lancea, D. petersenii subsp. deflexa, and D. petersenii subsp. petersenii
(Fig. 2B and Table 2). Although the current cytological data are still
insufficient to examine the potential dominance of polyploids in
some biogeographical regions (Suppl. Table S1), cytogeographical
studies in two of these Deparia species provide further evidence
supporting range expansion of polyploids: the broadly distributed
sexual polyploids of both D. petersenii subsp. petersenii and D. lan-
cea originated from geographically restricted diploids (Shinohara
et al., 2006; Kuo et al., 2008; Kuo, 2015). In addition, the apomictic
triploid D. unifurcata seems to be more abundant, and is found in
many places (Honshu in Japan and Yunnan and Guizhou in China;
Kato et al., 1992; Takamiya, 1996; Nakato personal communica-
tion), whereas the sexual diploid is only known from Sichuan,
China (Cheng and Zhang, 2010). These suggest that polyploids in
these three Deparia species are potentially better dispersers/colo-
nizers than their sexual diploid relatives.

Acknowledgements

We are grateful to the associate editor Stefan Wanke and two
anonymous reviewers for constructive comments on the manu-
script. We thank Carl J. Rothfels, Cheng-Wei Chen, Leon R. Perrie,
Hank Oppenheimer, Masahiro Kato, Yea-Chen Liu, Xian-Chun
Zhang, Edmond Grangaud, Pei-Luen Lu, and Dr. Cecilia Koo Botanic
Conservation Center (KBCC) for providing leaf materials/
sequences; Narumi Nakato for providing unpublished cytology
data; Tom A. Ranker, Carl J. Rothfels, and Fay-Wei Li for providing
constructive comments on the draft. We appreciate the assistance
of the staffs of the Missouri Botanical Garden Herbarium (MO) and
the Chinese National Herbarium (PE), National Science Museum
Herbarium (TNS), Muséum national d’Histoire naturelle Herbarium
(P), The University and Jepson Herbaria (UC), and The Herbarium of
Taiwan Forestry Research Institute (TAIF) in providing Deparia
specimens for this study. Permits in Madagascar were granted to
G.R. by Madagascar National Parks, the Ministère de l’Environ-
nement, de l’Ecologie et des Forêts, and assistance was provided
by CNRE and MBG-Madagascar.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.2016.08.
004.
References

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans.
Automat. Contr. 19, 716–723.

Bouckaert, R., Heled, J., Kühnert, D., Vaughan, T., Wu, C.-H., Xie, D., Suchard, M.A.,
Rambaut, A., Drummond, A.J., 2014. BEAST 2: a software platform for Bayesian
evolutionary analysis. PLoS Comput. Biol. 10, e1003537. http://dx.doi.org/
10.1371/journal.pcbi.1003537.

Chang, Y.-F., Li, J., Lu, S.-G., Schneider, H., 2013. Species diversity and reticulate
evolution in the Asplenium normale complex (Aspleniaceae) in China and
adjacent areas. Taxon 62, 673–687. http://dx.doi.org/10.12705/624.6.

Chao, Y.-S., Rouhan, G., Amoroso, V.B., Chiou, W.-L., 2014. Molecular phylogeny and
biogeography of the fern genus Pteris (Pteridaceae). Ann. Bot. 114, 109–124.
http://dx.doi.org/10.1093/aob/mcu086.

Chen, C.-W., Ngan, L.T., Hidayat, A., Evangelista, L., Nooteboom, H.P., Chiou, W.-L.,
2014. First insights into the evolutionary history of the Davallia repens complex.
Blumea 59, 49–58. http://dx.doi.org/10.3767/000651914X683827.

Cheng, X., Zhang, S.-Z., 2010. Index to chromosome numbers of Chinese
Pteridophyta (1969–2009). J. Fairylake Bot. Gard. 9, 1–58.

Collinson, M., 2001. Cainozoic ferns and their distribution. Brittonia 53, 173–235.
Dassler, C.L., Farrar, D.R., 2001. Significance of gametophyte form in long-distance

colonization by tropical, epiphytic ferns. Brittonia 53, 352–369.
Driscoll, H., Barrington, D., 2007. Origin of Hawaiian Polystichum (Dryopteridaceae)

in the context of a world phylogeny. Am. J. Bot. 94, 1413–1424.
Drummond, A.J., Suchard, M.A., Xie, D., Rambaut, A., 2012. Bayesian phylogenetics

with BEAUti and the BEAST 1.7. Mol. Biol. Evol. 29, 1969–1973. http://dx.doi.
org/10.1093/molbev/mss075.

Ebihara, A., 2011. RbcL phylogeny of Japanese pteridophyte flora and implications
on infrafamilial systematics. Bull. Natl. Museum Nat. Sci. Ser. B, Bot. 37, 63–74.

Ebihara, A., Farrar, D.R., Ito, M., 2008. The sporophyte-less filmy fern of eastern
North America Trichomanes intricatum (Hymenophyllaceae) has the chloroplast
genome of an Asian species. Am. J. Bot. 95, 1645–1651. http://dx.doi.org/
10.3732/ajb.0800122.

Ebihara, A., Ishikawa, H., Matsumoto, S., Lin, S., Iwatsuki, K., Takamiya, M., Watano,
Y., Ito, M., 2005. Nuclear DNA, chloroplast DNA, and ploidy analysis clarified
biological complexity of the Vandenboschia radicans complex
(Hymenophyllaceae) in Japan and adjacent areas. Am. J. Bot. 92, 1535–1547.

Geiger, J.M.O., Ranker, T.A., Neale, J.M.R., Klimas, S.T., College, C., Ave, N.B., 2007.
Molecular biogeography and origins of the Hawaiian fern flora. Brittonia 59,
142–158.

Gillespie, R.G., Baldwin, B.G., Waters, J.M., Fraser, C.I., Nikula, R., Roderick, G.K.,
2012. Long-distance dispersal: a framework for hypothesis testing. Trends Ecol.
Evol. 27, 47–56. http://dx.doi.org/10.1016/j.tree.2011.08.009.

Hall, T., 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95–98.

Hennequin, S., Hovenkamp, P., Christenhusz, M.J.M., Schneider, H., 2010.
Phylogenetics and biogeography of Nephrolepis – a tale of old settlers and
young tramps. Bot. J. Linn. Soc. 164, 113–127.

Janssen, T., Bystriakova, N., Rakotondrainibe, F., Coomes, D., Labat, J.-N., Schneider,
H., 2008. Neoendemism in Madagascan scaly tree ferns results from recent,
coincident diversification bursts. Evolution 62, 1876–1889. http://dx.doi.org/
10.1111/j.1558-5646.2008.00408.x.

Janssen, T., Kreier, H., Schneider, H., 2007. Origin and diversification of African ferns
with special emphasis on Polypodiaceae. Brittonia 59, 159–181.

Kato, M., 2001. Deparia cataracticola (Woodsiaceae), a new species from Hawaii.
Acta Phytotaxon. Geobot. 52, 1–9.

http://dx.doi.org/10.1016/j.ympev.2016.08.004
http://dx.doi.org/10.1016/j.ympev.2016.08.004
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0005
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0005
http://dx.doi.org/10.1371/journal.pcbi.1003537
http://dx.doi.org/10.1371/journal.pcbi.1003537
http://dx.doi.org/10.12705/624.6
http://dx.doi.org/10.1093/aob/mcu086
http://dx.doi.org/10.3767/000651914X683827
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0030
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0030
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0035
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0040
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0040
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0045
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0045
http://dx.doi.org/10.1093/molbev/mss075
http://dx.doi.org/10.1093/molbev/mss075
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0055
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0055
http://dx.doi.org/10.3732/ajb.0800122
http://dx.doi.org/10.3732/ajb.0800122
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0060
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0060
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0060
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0060
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0065
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0065
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0065
http://dx.doi.org/10.1016/j.tree.2011.08.009
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0075
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0075
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0080
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0080
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0080
http://dx.doi.org/10.1111/j.1558-5646.2008.00408.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00408.x
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0090
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0090
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0095
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0095


L.-Y. Kuo et al. /Molecular Phylogenetics and Evolution 104 (2016) 123–134 133
Kato, M., 1993a. Biogeography of ferns: dispersal and vicariance. J. Biogeogr. 20,
265–274.

Kato, M., 1993b. Deparia and Athyrium. Flora of North America, vol. 2. Oxford
University Press, New York, pp. 254–258.

Kato, M., 1984. A taxonomic study of the athyrioid fern genus Deparia with main
reference to the Pacific species. J. Fac. Sci. Sect. III 13, 371–430.

Kato, M., 1977. Classification of Athyrium and allied genera of Japan. Bot. Mag. 90,
23–40.

Kato, M., Nakato, N., Cheng, X., Iwatsuki, K., 1992. Cytotaxonomic study of ferns of
Yunnan, southwestern China. Bot. Mag. 105, 105–124.

Kessler, M., 2000. Elevational gradients in species richness and endemism of
selected plant groups in the central Bolivian Andes. Plant Ecol. 149, 181–193.

Korall, P., Pryer, K.M., 2014. Global biogeography of scaly tree ferns (Cyatheaceae):
evidence for Gondwanan vicariance and limited transoceanic dispersal. J.
Biogeogr. 41, 402–413. http://dx.doi.org/10.1111/jbi.12222.

Kreft, H., Jetz, W., Mutke, J., Barthlott, W., 2010. Contrasting environmental and
regional effects on global pteridophyte and seed plant diversity. Ecography 33,
408–419. http://dx.doi.org/10.1111/j.1600-0587.2010.06434.x.

Kreier, H., Schneider, H., 2006. Phylogeny and biogeography of the staghorn fern
genus Platycerium (Polypodiaceae, Polypodiidae). Am. J. Bot. 93, 217–225.

Kuo, L.-Y., 2015. Polyploidy and biogeography in genus Deparia and phylogeography
in Deparia lancea (Ph.D. thesis). National Taiwan University.

Kuo, L.-Y., Li, F.-W., Chiou, W.-L., Wang, C.-N., 2011. First insights into fern matK
phylogeny. Mol. Phylogenet. Evol. 59, 556–566. http://dx.doi.org/10.1016/j.
ympev.2011.03.010.

Kuo, L.-Y., Chiou, W.-L., Wang, C.-N., 2008. Cytogeography and polyploidy evolution
in Deparia lancea group. In: Poster in Conference Botany 2008, Vancouver,
Canada.

Labiak, P.H., Sundue, M., Rouhan, G., Hanks, J.G., Mickel, J.T., Moran, R.C., 2014.
Phylogeny and historical biogeography of the lastreopsid ferns
(Dryopteridaceae). Am. J. Bot. 101, 1207–1228. http://dx.doi.org/10.3732/
ajb.1400071.

Le Péchon, T., Zhang, L., He, H., Zhou, X.-M., Bytebier, B., Gao, X.-F., Zhang, L.-B.,
2016. A well-sampled phylogenetic analysis of the polystichoid ferns
(Dryopteridaceae) suggests a complex biogeographical history involving both
boreotropical migrations and recent transoceanic dispersals. Mol. Phylogenet.
Evol. 98, 324–336. http://dx.doi.org/10.1016/j.ympev.2016.02.018.

Li, F.-W., Kuo, L.-Y., Rothfels, C.J., Ebihara, A., Chiou, W.-L., Windham, M.D., Pryer, K.
M., 2011. RbcL and matK earn two thumbs up as the core DNA barcode for ferns.
PLoS ONE 6, e26597.

Li, F.-W., Pryer, K.M., Windham, M.D., 2012. Gaga, a new fern genus segregated from
Cheilanthes (Pteridaceae). Syst. Bot. 37, 845–860. http://dx.doi.org/10.1600/
036364412X656626.

Linder, H.P., Barker, N.P., 2014. Does polyploidy facilitate long-distance dispersal?
Ann. Bot. 113, 1175–1183. http://dx.doi.org/10.1093/aob/mcu047.

Lu, J.-M., Li, D.-Z., Lutz, S., Soejima, A., Yi, T., Wen, J., 2011. Biogeographic disjunction
between eastern Asia and North America in the Adiantum pedatum complex
(Pteridaceae). Am. J. Bot. 98, 1680–1693. http://dx.doi.org/10.3732/
ajb.1100125.

Masuyama, S., Watano, Y., 1990. Trends for inbreeding in polyploid pteridophytes.
Plant Species Biol. 5, 13–17.

Mayrose, I., Barker, M.S., Otto, S.P., 2010. Probabilistic models of chromosome
number evolution and the inference of polyploidy. Syst. Biol. 59, 132–144.
http://dx.doi.org/10.1093/sysbio/syp083.

Mayrose, I., Zhan, S.H., Rothfels, C.J., Arrigo, N., Barker, M.S., Rieseberg, L.H., Otto, S.
P., 2015. Methods for studying polyploid diversification and the dead end
hypothesis: a reply to Soltis et al. (2014). New Phytol. 206, 27–35. http://dx.doi.
org/10.1111/nph.13192.

Mayrose, I., Zhan, S.H., Rothfels, C.J., Magnuson-Ford, K., Barker, M.S., Rieseberg, L.H.,
Otto, S.P., 2011. Recently formed polyploid plants diversify at lower rates.
Science 333, 1257. http://dx.doi.org/10.1126/science.1207205.

Mickel, J.T., Smith, A.R., 2004. The Pteridophytes of Mexico. The New York Botanical
Garden Press, New York.

Moran, R., Smith, A., 2001. Phytogeographic relationships between neotropical and
African-Madagascan pteridophytes. Brittonia 53, 304–351.

Mynssen, C.M., Vasco, A., Moran, R.C., Sylvestre, L.S., Rouhan, G., 2016.
Desmophlebiaceae and Desmophlebium: a new family and genus of Eupolypod
II ferns. Taxon 65, 19–34.

Neall, V.E., Trewick, S.A., 2008. The age and origin of the Pacific islands: a geological
overview. Philos. Trans. R. Soc. B: Biol. Sci. 363, 3293–3308. http://dx.doi.org/
10.1098/rstb.2008.0119.

Near, T.J., Sanderson, M.J., 2004. Assessing the quality of molecular divergence time
estimates by fossil calibrations and fossil-based model selection. Philos. Trans.
Biol. Sci. 359, 1477–1483. http://dx.doi.org/10.1098/rstb.2004.1523.

Parisod, C., Holderegger, R., Brochmann, C., 2010. Evolutionary consequences of
autopolyploidy. New Phytol. 186, 5–17. http://dx.doi.org/10.1111/j.1469-
8137.2009.03142.x.

Parris, B., 2001. Circum-Antarctic continental distribution patterns in pteridophyte
species. Brittonia 53, 270–283.

Patiño, J., Carine, M., Fernández-Palacios, J.M., Otto, R., Schaefer, H., Vanderpoorten,
A., 2014. The anagenetic world of spore-producing land plants. New Phytol. 201,
305–311. http://dx.doi.org/10.1111/nph.12480.

Patiño, J., Sólymos, P., Carine, M., Weigelt, P., Kreft, H., Vanderpoorten, A., 2015.
Island floras are not necessarily more species poor than continental ones. J.
Biogeogr. 42, 8–10. http://dx.doi.org/10.1111/jbi.12422.
Posada, D., 2008. jModelTest: phylogenetic model averaging. Mol. Biol. Evol. 25,
1253–1256. http://dx.doi.org/10.1093/molbev/msn083.

Pryer, K., Schuettpelz, E., Wolf, P., Schneider, H., Smith, A., Cranfill, R., 2004.
Phylogeny and evolution of ferns (monilophytes) with a focus on the early
leptosporangiate divergences. Am. J. Bot. 91, 1582–1598.

Qian, H., 2009. Beta diversity in relation to dispersal ability for vascular plants in
North America. Glob. Ecol. Biogeogr. 18, 327–332. http://dx.doi.org/10.1111/
j.1466-8238.2009.00450.x.

Rambaut, A., Drummond, A.J., 2013. Tracer v1.6 Available from: <http://tree.bio.ed.
ac.uk/software/tracer/>.

Ramsey, J., Ramsey, T., 2014. Ecological studies of polyploidy in the 100 years
following its discovery. Proc. R. Soc. B Biol. Sci. 369, 20130352.

Ranker, T.A., Geiger, J.M.O., 2008. Population genetics. In: Biology and Evolution of
Ferns and Lycophytes. Cambridge University Press, New York, pp. 107–133.

Ree, R.H., Moore, B.R., Webb, C.O., Donoghue, M.J., 2005. A likelihood framework for
inferring the evolution of geographic range on phylogenetic trees. Evolution 59,
2299–2311.

Ree, R.H., Smith, S.A., 2008. Maximum likelihood inference of geographic range
evolution by dispersal, local extinction, and cladogenesis. Syst. Biol. 57, 4–14.
http://dx.doi.org/10.1080/10635150701883881.

Robinson, R.C., Sheffield, E., Sharpe, J.M., 2010. Problem ferns: their impact and
management. In: Mehltreter, K., Walker, L.R., Sharpe, J.M. (Eds.), Fern Ecology.
Cambridge University Press, New York, pp. 255–322.

Ronquist, F., Huelsenbeck, J.P., 2003. MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19, 1572–1574. http://dx.doi.org/10.1093/
bioinformatics/btg180.

Rothfels, C.J., Johnson, A.K., Hovenkamp, P.H., Swofford, D.L., Roskam, H.C., Fraser-
Jenkins, C.R., Windham, M.D., Pryer, K.M., 2015. Natural hybridization between
genera that diverged from each other approximately 60 million years ago. Am.
Nat. 185, 433–442. http://dx.doi.org/10.1086/679662.

Rothfels, C.J., Larsson, A., Kuo, L.-Y., Korall, P., Chiou, W.-L., Pryer, K.M., 2012a.
Overcoming deep roots, fast rates, and short internodes to resolve the ancient
rapid radiation of eupolypod II ferns. Syst. Biol. 61, 490–509. http://dx.doi.org/
10.1093/sysbio/sys001.

Rothfels, C.J., Sundue, M.A., Kuo, L.-Y., Larsson, A., Kato, M., Schuettpelz, E., Pryer, K.
M., 2012b. A revised family-level classification for eupolypod II ferns
(Polypodiidae: Polypodiales). Taxon 61, 515–533.

Rothwell, G.W., Stockey, R.A., 1991. Onoclea sensibilis in the Paleocene of North
America, a dramatic example of structural and ecological stasis. Rev. Palaeobot.
Palynol. 70, 113–124. http://dx.doi.org/10.1016/0034-6667(91)90081-D.

Rouhan, G., Dubuisson, J.-Y., Rakotondrainibe, F., Motley, T.J., Mickel, J.T., Labat, J.-N.,
Moran, R.C., 2004. Molecular phylogeny of the fern genus Elaphoglossum
(Elaphoglossaceae) based on chloroplast non-coding DNA sequences:
contributions of species from the Indian Ocean area. Mol. Phylogenet. Evol.
33, 745–763. http://dx.doi.org/10.1016/j.ympev.2004.08.006.

Rouhan, G., Hanks, J.G.J., McClelland, D., Moran, R.C.R., 2007. Preliminary
phylogenetic analysis of the fern genus Lomariopsis (Lomariopsidaceae).
Brittonia 59, 115–128.

Sano, R., Takamiya, M., Ito, M., Kurita, S., Hasebe, M., 2000a. Phylogeny of the lady
fern group, tribe Physematieae (Dryopteridaceae), based on chloroplast rbcL
gene sequences. Mol. Phylogenet. Evol. 15, 403–413. http://dx.doi.org/10.1006/
mpev.1999.0708.

Sano, R., Takamiya, M., Kurita, S., Ito, M., Hasebe, M., 2000b. Diplazium subsinuatum
and Di. tomitaroanum should be moved to Deparia according to molecular,
morphological, and cytological characters. J. Plant. Res. 113, 157–163.

Schneider, H., Ranker, T.A., Russell, S.J., Cranfill, R., Geiger, J.M.O., Aguraiuja, R.,
Wood, K.R., Grundmann, M., Kloberdanz, K., Vogel, J.C., 2005. Origin of the
endemic fern genus Diellia coincides with the renewal of Hawaiian terrestrial
life in the Miocene. Proc. R. Soc. B Biol. Sci. 272, 455–460. http://dx.doi.org/
10.1098/rspb.2004.2965.

Schuettpelz, E., Pryer, K.M., 2009. Evidence for a Cenozoic radiation of ferns in an
angiosperm-dominated canopy. Proc. Natl. Acad. Sci. USA 106, 11200–11205.
http://dx.doi.org/10.1073/pnas.0811136106.

Sessa, E.B., Testo, W.L., Watkins, J.E., 2016. On the widespread capacity for, and
functional significance of, extreme inbreeding in ferns. New Phytol. 211, 1108–
1119. http://dx.doi.org/10.1111/nph.13985.

Sessa, E.B., Zimmer, E.A., Givnish, T.J., 2012. Phylogeny, divergence times, and
historical biogeography of new world Dryopteris (Dryopteridaceae). Am. J. Bot.
99, 730–750. http://dx.doi.org/10.3732/ajb.1100294.

Shinohara, W., Hsu, T.-W., Moore, S.-J., Murakami, N., 2006. Genetic analysis of the
newly found diploid cytotype of Deparia petersenii (Woodsiaceae:
Pteridophyta): evidence for multiple origins of the tetraploid. Int. J. Plant Sci.
167, 299–309.

Smith, A.R., Pryer, K.M., Schuettpelz, E., Korall, P., Schneider, H., Wolf, P.G., 2008.
Fern classification. In: Biol. Evol. Ferns Lycophytes, pp. 417–467.

Smith, A.R., Pryer, K.M., Schuettpelz, E., Korall, P., Schneider, H., Wolf, P.G., 2006. A
classification for extant ferns. Taxon 55, 705–731.

Soltis, D., Segovia-Salcedo, M., Jordon-Thaden, I., Majure, L., Miles, N., Mavrodiev, E.,
Mei, W., Cortez, M., Soltis, P., Gitzendanner, M., 2014. Are polyploids really
evolutionary dead-ends (again)? A critical reappraisal of Mayrose et al. (2011).
New Phytol. 202, 1105–1117.

Sundue, M.A., Parris, B.S., Ranker, T.A., Smith, A.R., Fujimoto, E.L., Zamora-Crosby, D.,
Morden, C.W., Chiou, W.-L., Chen, C.-W., Rouhan, G., Hirai, R.Y., Prado, J., 2014.
Global phylogeny and biogeography of grammitid ferns (Polypodiaceae). Mol.
Phylogenet. Evol. 81, 195–206. http://dx.doi.org/10.1016/j.ympev.2014.08.017.

http://refhub.elsevier.com/S1055-7903(16)30197-X/h0100
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0100
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0105
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0105
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0110
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0110
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0115
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0115
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0120
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0120
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0125
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0125
http://dx.doi.org/10.1111/jbi.12222
http://dx.doi.org/10.1111/j.1600-0587.2010.06434.x
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0140
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0140
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0145
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0145
http://dx.doi.org/10.1016/j.ympev.2011.03.010
http://dx.doi.org/10.1016/j.ympev.2011.03.010
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0155
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0155
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0155
http://dx.doi.org/10.3732/ajb.1400071
http://dx.doi.org/10.3732/ajb.1400071
http://dx.doi.org/10.1016/j.ympev.2016.02.018
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0170
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0170
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0170
http://dx.doi.org/10.1600/036364412X656626
http://dx.doi.org/10.1600/036364412X656626
http://dx.doi.org/10.1093/aob/mcu047
http://dx.doi.org/10.3732/ajb.1100125
http://dx.doi.org/10.3732/ajb.1100125
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0190
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0190
http://dx.doi.org/10.1093/sysbio/syp083
http://dx.doi.org/10.1111/nph.13192
http://dx.doi.org/10.1111/nph.13192
http://dx.doi.org/10.1126/science.1207205
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0210
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0210
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0215
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0215
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0220
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0220
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0220
http://dx.doi.org/10.1098/rstb.2008.0119
http://dx.doi.org/10.1098/rstb.2008.0119
http://dx.doi.org/10.1098/rstb.2004.1523
http://dx.doi.org/10.1111/j.1469-8137.2009.03142.x
http://dx.doi.org/10.1111/j.1469-8137.2009.03142.x
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0240
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0240
http://dx.doi.org/10.1111/nph.12480
http://dx.doi.org/10.1111/jbi.12422
http://dx.doi.org/10.1093/molbev/msn083
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0255
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0255
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0255
http://dx.doi.org/10.1111/j.1466-8238.2009.00450.x
http://dx.doi.org/10.1111/j.1466-8238.2009.00450.x
http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/tracer/
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0270
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0270
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0275
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0275
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0280
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0280
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0280
http://dx.doi.org/10.1080/10635150701883881
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0290
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0290
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0290
http://dx.doi.org/10.1093/bioinformatics/btg180
http://dx.doi.org/10.1093/bioinformatics/btg180
http://dx.doi.org/10.1086/679662
http://dx.doi.org/10.1093/sysbio/sys001
http://dx.doi.org/10.1093/sysbio/sys001
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0310
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0310
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0310
http://dx.doi.org/10.1016/0034-6667(91)90081-D
http://dx.doi.org/10.1016/j.ympev.2004.08.006
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0325
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0325
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0325
http://dx.doi.org/10.1006/mpev.1999.0708
http://dx.doi.org/10.1006/mpev.1999.0708
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0335
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0335
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0335
http://dx.doi.org/10.1098/rspb.2004.2965
http://dx.doi.org/10.1098/rspb.2004.2965
http://dx.doi.org/10.1073/pnas.0811136106
http://dx.doi.org/10.1111/nph.13985
http://dx.doi.org/10.3732/ajb.1100294
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0360
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0360
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0360
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0360
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0365
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0365
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0370
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0370
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0375
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0375
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0375
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0375
http://dx.doi.org/10.1016/j.ympev.2014.08.017


134 L.-Y. Kuo et al. /Molecular Phylogenetics and Evolution 104 (2016) 123–134
Takamiya, M., 1996. Index to Chromosomes of Japanese Pteridophyta (1910–1996).
Japan Pteridological Society, Tokyo, p. 119.

te Beest, M., Le Roux, J.J., Richardson, D.M., Brysting, A.K., Suda, J., Kubesová, M.,
Pysek, P., 2012. The more the better? The role of polyploidy in facilitating plant
invasions. Ann. Bot. 109, 19–45. http://dx.doi.org/10.1093/aob/mcr277.

Testo, W., Watkins Jr., J., Barrington, D., 2015. Dynamics of asymmetrical
hybridization in North American wood ferns: reconciling patterns of
inheritance with gametophyte reproductive biology. New Phytol. 206, 785–795.

Tiffney, B.H., Manchester, S.R., 2001. The use of geological and paleontological
evidence in evaluating plant phylogeographic hypotheses in the northern
hemisphere Tertiary. Int. J. Plant Sci. 162, S3–S17.

Trewick, S., Morgan-Richards, M., Russell, S.J., Henderson, S., Rumsey, F.J., Pintér, I.,
Barrett, J.A., Gibby, M., Vogel, J.C., 2002. Polyploidy, phylogeography and
Pleistocene refugia of the rockfern Asplenium ceterach: evidence from
chloroplast DNA. Mol. Ecol. 11, 2003–2012.

Tzeng, Y.-Z., 2002. Phylogenetic relationships of athyrioid ferns inferred from
chloroplast DNA sequences (Master thesis). National Sun Yat-Sen University.

Wang, C.-R., He, Z.-R., Kato, M., 2013. Athyriaceae. Flora of China, vols. 2–3. Science
Press, Beijing, pp. 418–534.

Wang, C.-R., 1982. Four new species of Athyriaceae from Emei Shan, Sichuan. Acta
Phytotaxon. Sin. 20, 236–240.

Wang, L., Schneider, H., Zhang, X.-C., Xiang, Q.-P., 2012. The rise of the Himalaya
enforced the diversification of SE Asian ferns by altering the monsoon regimes.
BMC Plant Biol. 12, 210. http://dx.doi.org/10.1186/1471-2229-12-210.

Wang, M.-L., Chen, Z.-D., Zhang, X.-C., Lu, S.-G., Zhao, G.-F., 2003. Phylogeny of the
Athyriaceae: evidence from chloroplast trnL-F region sequences. Acta
Phytotaxon. Sin. 41, 416–426.

Wang, M.-L., Lu, S.-G., Zhao, G.-F., 2002. Spore morphology of Dryoathyrium Ching
from China. Acta Phytotaxon. Sin. 40, 414–420.
Wei, R., Xiang, Q., Schneider, H., Sundue, M.A., Kessler, M., Kamau, P.W., Hidayat, A.,
Zhang, X., 2015. Eurasian origin, boreotropical migration and transoceanic
dispersal in the pantropical fern genus Diplazium (Athyriaceae). J. Biogeogr. 42,
1809–1819. http://dx.doi.org/10.1111/jbi.12551.

Wei, R., Zhang, X.-C., 2014. Rediscovery of Cystoathyrium chinense Ching
(Cystopteridaceae): phylogenetic placement of the critically endangered fern
species endemic to China. J. Syst. Evol. 52, 450–457. http://dx.doi.org/10.1111/
jse.12075.

Weigelt, P., Kissling, W. Daniel, Kisel, Y., Fritz, S.A., Karger, D.N., Kessler, M.,
Lehtonen, S., Svenning, J.-C., Kreft, H., 2015. Global patterns and drivers of
phylogenetic structure in island floras. Sci. Rep. 5, 12213. http://dx.doi.org/
10.1038/srep12213.

Wen, J., 1999. Evolution of eastern Asian and eastern North American disjunct
distributions in flowering plants. Annu. Rev. Ecol. Syst. 30, 421–455.

Xiang, J.-Y., Wen, J., Peng, H., 2015. Evolution of the eastern Asian–North American
biogeographic disjunctions in ferns and lycophytes. J. Syst. Evol. 53, 2–32.
http://dx.doi.org/10.1111/jse.12141.

Yang, Z., Rannala, B., 1997. Bayesian phylogenetic inference using DNA sequences: a
Markov Chain Monte Carlo method. Mol. Biol. Evol. 14, 717–724.

Yu, Y., Harris, A.J., Blair, C., He, X., 2015. RASP (Reconstruct Ancestral State in
Phylogenies): a tool for historical biogeography. Mol. Phylogenet. Evol. 87, 46–
49. http://dx.doi.org/10.1016/j.ympev.2015.03.008.

Zhang, W.-Y., Kuo, L.-Y., Li, F.-W., Wang, C.-N., Chiou, W.-L., 2014. The hybrid origin
of Adiantum meishanianum (Pteridaceae): a rare and endemic species in Taiwan.
Syst. Bot. 39, 1034–1041. http://dx.doi.org/10.1600/036364414X682616.

Zwickl, D.J., 2006. Genetic algorithm approaches for the phylogenetic analysis of
large biological sequence datasets under the maximum likelihood criterion (Ph.
D. thesis). The University of Texas, Austin.

http://refhub.elsevier.com/S1055-7903(16)30197-X/h0385
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0385
http://dx.doi.org/10.1093/aob/mcr277
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0395
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0395
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0395
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0400
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0400
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0400
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0405
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0405
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0405
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0405
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0410
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0410
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0415
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0415
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0420
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0420
http://dx.doi.org/10.1186/1471-2229-12-210
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0430
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0430
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0430
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0435
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0435
http://dx.doi.org/10.1111/jbi.12551
http://dx.doi.org/10.1111/jse.12075
http://dx.doi.org/10.1111/jse.12075
http://dx.doi.org/10.1038/srep12213
http://dx.doi.org/10.1038/srep12213
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0455
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0455
http://dx.doi.org/10.1111/jse.12141
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0465
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0465
http://dx.doi.org/10.1016/j.ympev.2015.03.008
http://dx.doi.org/10.1600/036364414X682616
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0480
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0480
http://refhub.elsevier.com/S1055-7903(16)30197-X/h0480

	Historical biogeography of the fern genus Deparia (Athyriaceae) and its relation with polyploidy
	1 Introduction
	2 Materials and methods
	2.1 Sequences for Deparia cpDNA phylogeny
	2.2 Sequences for nDNA phylogeny of Hawaiian Islands endemic Deparia
	2.3 Phylogenetic analyses
	2.4 Divergence time estimates
	2.5 Biogeographical analyses
	2.6 Spore size measurements
	2.7 Flow cytometry
	2.8 Ancestral ploidy reconstruction

	3 Results
	3.1 Phylogenetic patterns and divergence times
	3.2 Biogeographic analysis
	3.3 Flow cytometry
	3.4 Cytology and ancestral ploidy reconstruction

	4 Discussion
	4.1 Phylogenetic pattern
	4.2 Dispersal events in Deparia
	4.3 Long-distance dispersal and polyploidy in DE clade
	4.4 Do polyploids have higher dispersibilities than diploids?

	Acknowledgements
	Appendix A Supplementary material
	References


