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Abstract

Although ferns comprise a significant proportion of Hawaii’s native vascular-plant flora, 

few phylogenetic studies have been performed to infer relationships among taxa and to deduce 

their biogeographical origins. Species from the pteridophyte genus Cibotium can be found among 

the canopy in the Island’s montane regions and were the focus of this study. Four species of 

Cibotium are endemic to the Hawaiian Archipelago and ten species exist worldwide. The goal of 

this study was to determine whether Hawaiian Cibotium is monophyletic and to discover the 

biogeographical origins of the species. Two chloroplast DNA fragments, trnL-F IGS and rbcL, 

were sequenced and maximum parsimony, maximum likelihood, and neighbor joining analyses 

were performed. These analyses support a South American origin for a monophyletic Hawaiian 

Cibotium. This supports the hypothesis that the ancestor of Hawaiian Cibotium colonized Hawaii 

by wind dispersal of spores via a combination of the ICTZ, Hadley Cells, and trade winds.
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Introduction

The current high islands of the Hawaiian Archipelago are located approximately 4000 km 

from the nearest continent, North America, and 1600 km from the nearest archipelago, the islands 

of Polynesia. The Hawaiian Island chain is only about 80 million years old and was produced in 

a conveyer-belt-like manner by a transfixed volcanic hotspot beneath the Pacific Ocean. Islands 

are removed from the hotspot as the Pacific tectonic plate moves to the northwest. Geological 

evidence suggests that the islands’ separation from the mainland has been relatively constant 

(Carson and Clague, 1995) and their extreme isolation has formed an imposing barrier to 

colonization by terrestrial organisms. Due to this continual isolation and young geological age, 

the Hawaiian Islands provide an ideal setting to study plant speciation, diversification, and 

evolutionary origins.

In an isolated island environment, evolution leading to remarkable morphological 

diversity can occur within a short amount of time (Hiramatsu et al., 2001). The Hawaiian Islands 

have the highest levels of species endemism of any regional flora in the world (Wagner et al., 

1999), which can be explained by the continual opening of new habitats accompanied by 

geographic dispersal through the developing islands. Of the 188 species of pteridophytes native 

to Hawaii, 77% are endemic to the archipelago (Palmer, 2003). Pteridophytes comprise nearly 

15% of the native vascular-plant species of the Hawaiian Archipelago, although they constitute 

only about 3% of the vascular-plant flora of the world (Wagner et al., 1999). Despite the 

abundance of native ferns on the Hawaiian Islands, only seven phylogenetic studies that included 

Hawaiian pteridophytes had been published as of spring 2006 (Haufler and Ranker, 1995; 

Hennequin et al., 2003; Ranker et al., 2003, 2004; Schneider et al., 2004, 2005; Geiger and 

Ranker, 2005). These studies represent only a fraction of the diversity present in Hawaiian 

pteridophytes. In addition, few studies have sampled widely enough outside of the Hawaiian 

Islands to resolve the biogeographical origins of native Hawaiian ferns or fern groups.
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It has been estimated that extant species living in Hawaii’s habitats could not have 

colonized the islands before about 23 Ma. This may have been due to a 10 million-year lull in 

new island formation that necessitated completely new colonization and evolution at this time 

(Price and Clague, 2002). In addition, montane taxa, including most of the ferns, probably 

arrived from outside the Hawaiian archipelago or evolved after the formation of Kauai 

approximately 5.2 Ma because appropriate mid- and high-elevation montane habitats did not exist 

on islands older than Kauai by the time Kauai was high enough to support these habitats (Price 

and Clague, 2002). One of the first successful colonists of the newly emerging montane habitats 

in the Hawaiian Archipelago was the ancestor of the genus Diellia, a group of ferns endemic to 

Hawaii. The estimated time of the radiation of the extant species of Diellia is approximately 2

Ma (Schneider et al., 2005).

Biogeographical histories of Hawaiian ferns tend to be more complex and obscure than 

those of pteridophytes from other volcanic archipelagos (Kim et al., 1998). This is largely due to 

their long distances from source populations. Spores are regularly transported by wind and some 

species can survive exposure to high altitudes and UV radiation (Gradstein and van Zanten,

2001). There are three climate-based pathways that may explain the airborne dispersal of fern 

spores to Hawaii. The first is the jetstream, a wave-like band of fast moving air that flows from 

west to east at up to 485 kph and approximately 5,500 to 17,000 m in altitude. The jetstream

accelerates as it moves eastward from Southeast Asia and decelerates as it moves over the

Hawaiian Islands. Spores could enter the jetstream during storms in SE Asia/Malaysia and be 

dropped onto Hawaii two to four days later. The combined activity of storms and the jetstream 

may account for colonizing species from Southeast Asia/Malaysia, and Fosberg (1948) 

hypothesized that the ancestors of the majority of Hawaiian plants are of Indo-Malaysian origins. 

Many of the Hawaiian species of the fern genus Dryopteris are closely related to Dryopteris
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species in SE Asia, and the jetstream is the proposed mechanism for their dispersal to Hawaii 

(Geiger and Ranker, 2005).

The second weather-based pathway for spores migrating to Hawaii is the trade winds.

The high islands are within the northern trade-wind belt, while, for most of the year, 90% of the 

low elevation and surface winds are from the north-northeast. Northerly air masses are drawn 

towards the equator by the North Pacific anticyclone, so the trade winds could account for the 

dispersal of spores from the Americas.

The third method of air-borne dispersal of spores to Hawaii is the combination of the 

trade winds, the effects of Hadley cells, and a seasonal shift southward of the inter-tropical 

convergence zone (ITCZ). The ITCZ marks a discontinuity between the northern and southern 

hemispheres and normally lies north of the equator at 5-10°N. This tends to limit both the 

movement of low altitude air masses across the equator and the dispersal of wind-blown 

organisms. During the austral late summer/early fall, the ITCZ can form south of the equator at 

5-10° S (Wright et al., 2001). This southerly position of the ITCZ periodically includes the 

Marquesas Islands, which lie at 9° S latitude and are 3000 km from the Hawaiian Archipelago, 

including them in the northern hemisphere atmospheric circulation. Concurrently, the northern 

hemisphere Hadley cell moves rising equatorial air North-pole-ward to later descend northeast of 

the Hawaiian Islands at about 25° N. The spores can then be transported by the northeasterly 

trade winds to the Hawaiian Islands. The seeds of the woody angiosperm, Metrosideros, are 

thought to have been dispersed from New Zealand to Hawaii by way of the Marquesas Islands 

using this pathway (Wright et al., 2001).

While some taxa expanded their ranges into the Hawaiian Archipelago via long-distance 

dispersal only once, as is evidenced by their limitation to monophyletic clades, others have had 

much greater expansion onto the islands (Geiger and Ranker, 2005). Of the 188 species of native 

Hawaiian pteridophytes, there were an estimated 115 colonizing ancestors (Wagner, 1988).
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Single colonization events for Hawaiian Island plant groups have become the most common 

scenario with their delineation by molecular phylogenetic analysis (e.g., the silversword alliance, 

Baldwin et al., 1991, 1998; Hawaiian geraniums, Pax et al., 1997; Hesperomannia, Kim et al., 

1998; Hawaiian endemic mints, Lindqvistand Albert, 2002; Psychotria, Nepokroeffet al., 2003; 

Cyrtandra, Cronk et al., 2005). There have been cases, however, of multiple dispersal events to 

Hawaii. Molecular data for the genus Scaevola strongly reject the monophyly of this taxon in 

Hawaii and strongly support three separate introductions into the Hawaiian Islands (Howarth et 

al., 2003). Nor are the Hawaiian members of the fern genus Dryopteris monophyletic, and data 

indicate that at least five separate colonizations of the Hawaiian Islands by different species of 

dryopteroid ferns occurred (Geiger and Ranker, 2005).

In a collaborative study between J.M.O. Geiger’s lab at Carroll College and T.A. 

Ranker’s lab at CU Boulder, we are exploring the biogeographical relationships and evolutionary 

origins of six groups of endemic Hawaiian pteridophytes using comparative molecular 

phylogenetic and biogeographical analyses. When completed for all groups, these studies will 

allow us to test climate-based hypotheses of wind dispersal of spores to the Hawaiian 

Archipelago and assess whether dispersal from different geographical regions has been random 

across groups or if there are particular patterns that emerge across groups due to shared dispersal 

pathways.

The genus Cibotium (Dicksoniaceae), my focus in this collaborative project, is an 

excellent example of a polymorphic Hawaiian taxon. Few clear-cut characteristics separate 

species (Gastony, 1981) and it is difficult to clearly define them, determine how many there are, 

resolve nomenclature, and establish distribution. The range of Cibotium extends from Assam 

through China, Malaysia, Indonesia, the Philippine Islands, and Hawaii to Southern Mexico and 

Guatemala. The number of Cibotium species in Hawaii varies from three to six, but Palmer
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(1994) accepts four species in Hawaii: C. glaucum, C. menziesii, C. chamissoi, and C. nealiae, 

and he accepts approximately 10 species and one hybrid worldwide.

Fosberg (1948) hypothesized one colonizing, ancestral species for Hawaiian Cibotium 

that probably originated in the Indo-Pacific, but he could not rule out the possibility of an 

American origin. Morphologically, the spores of all Cibotium species show some degree of distal 

ridge development, with the spores from Central America/Mexico having conspicuous distal 

ridges whose degree of development intergrades with spores from Hawaiian specimens (Gastony, 

1981). The greatest degree of distal as well as equatorial ridge development occurs in spores 

from S.E. Asia and W. Malaysia (Gastony, 1981). I, therefore, hypothesized that the Hawaiian 

Cibotium are monophyletic and that their ancestor originated in the Indo-Pacific, which is 

consistent with dispersal to Hawaii via the jetstream. My alternative hypotheses are that the 

Hawaiian species are polyphyletic and the ancestors of Hawaiian Cibotium originated in the 

Neotropics and were dispersed multiple times via the trade winds and that the Hawaiian Cibotium 

species are polyphyletic and originated from multiple locales.

Many species of ferns, including Cibotium, are endangered due to habitat destruction by 

humans and interactions with human-introduced plants, animals, and microorganisms. The 

predicted rapid climate changes over the next century pose a threat to global diversity and species 

are expected to respond by migrating to the environmental conditions to which they are adapted 

(Pearson and Dawson and the citations therein, 2005). Long-distance dispersal methods provide 

the means for these migrations and increased knowledge of them will help identify targets for 

conservation planning in the face of predicted climate change. The need, then, to study and 

understand the native biota of the Hawaiian Islands by filling the gaps in our understanding of the 

evolution of the Hawaiian flora is urgent.

Materials and Methods

Taxon sampling and DNA extraction
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Eighteen pteridophyte species were included in this analysis. The ingroup consisted of 

seven Cibotium species, including the four Hawaiian endemics as defined by Palmer (1994). The 

outgroup consisted of: five other pteridophyte species from the Dicksoniaceae family, six ferns 

from the Cyatheaceae family, and one member of the Lophosoriaceae. These outgroups were 

included because a close relationship between these taxa and Cibotium was implied by 

morphological data (Gastony, 1981).

Leaf material from samples collected in Hawaii and Taiwan was stored in silica gel until 

the DNA was extracted. Other samples were supplied by herbaria and private collectors (Table 

1). When possible, DNA sequences available in GENBANK were utilized to supplement my 

sequences. Total genomic DNA was extracted from approximately 0.03 g of dried leaf material 

using the FastDNA® Kit (Q-Biogene). Sample DNA concentrations were quantified with a 

fluorometer or gel electrophoretic comparison with a known concentration.

PCR amplification and sequencing

Two segments of the cpDNA genome, the trnL-F intergenic spacer (IGS) and a fragment 

of the rbcL gene, were PCR-amplified and sequenced. Amplification of the trnL-F AGS was 

achieved with “e” and “f ’ primers from Taberlet et al. (1991) in 50pL reactions under the 

conditions in Table 2. The same primers were used individually for sequencing each strand of the 

IGS. PCR amplification of rbcL was accomplished as in Ranker et al. (2003) with modifications 

(Table 2) in three overlapping fragments with primer pairs Z1 + G673R (Zurawski et al., 1981), 

G454F + G1204R (Ranker et al., 2003), and aF + M1379R (Pryer et al., 2001); the sequencing 

primers were G10F, G1195R, and M955F.

PCR products were purified with ExoSAP-IT (USD Corp.) and sequenced by Macrogen 

in South Korea. Macrogen’s sequencing is conducted under BigDyeTM terminator cycling 

conditions using an Automated 3730 xl Sequencer and purified using ethanol precipitation. 

Sequence fragments were edited manually by visual inspection of electropherograms in
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ChromasPro Version 1.32 (Technelysium Pty Ltd). TrnL-F IGS sequences were aligned with 

Clustal X (Thompson et al., 1997) and then manually adjusted to achieve more parsimonious 

alignments, while rbcL fragments were aligned manually.

Phylogenetic and biogeographical analyses

Phylogenetic analyses were conducted on three different data sets: 1) trnL-F alone, 2)

rbcL alone, and 3) a combined data set of trnL-F and rbcL. For each data set, maximum 

parsimony and maximum likelihood analyses were used to estimate phylogenetic relationships. 

Maximum parsimony analyses were conducted as implemented in PAUP* 4.0 (Swofford, 1998) 

with all characters unordered and equally weighted. Heuristic searches used 1000 random 

stepwise additions with MulTrees activated, TBR branch swapping, and ACCTRAN character- 

state optimization. Nonparametric bootstrap analyses were performed with a minimum of 1000 

replications each. Maximum-likelihood analyses were performed as implemented in PAUP* and 

MODELTEST version 3.06 (Posada and Crandall, 1998) was used to find the model of DNA 

substitution that best fit the data. The incongruence length difference test (Farris et al., 1994; 

1995) was employed to test the null hypothesis that my two data sets for each group were 

homogenious with respect to phylogenetic information. Invariant sites were removed for the test 

and 10,000 replications were executed. Neighbor joining analyses with 1000 bootstrap replicates 

were also performed.

Taxon-area cladograms were created with the primary goal to estimate the number of 

inferred colonizing ancestors and the most likely geographic region of origin for each ancestor.

Results

Phylogenetic analyses

Sequences of trnL-F IGS were obtained for 17 pteridophyte species: seven Cibotium

species, four Dicksonia species, two Alsophila species, and one species each of Cyathea,

Sphaeropteris, Calochlaena, and Lophosoria. Sequences of rbcL v/qtq obtained for 17 fern 
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species from seven genera. These included eight Cibotium species, two species each of 

Dicksonia, Alsophila, and Cyathea, and one species each of Calochlaena and Sphaeropteris. 

Among the 17 tmL-F sequences and the 17 rbcL sequences compared, 82 and 95 nucleotides, 

respectively, were parsimony informative.

Due to misidentification of a sample and difficulty with PCR amplification, not all 

Hawaiian Cibotium species are represented by sequences. A Cyatheaceae sample was 

misidentified as Cibotium nealiae, so this endemic Hawaiian pteridophyte is not included in the 

phylogenetic analyses. TrnL-V sequences for three Hawaiian Cibotium species (C. menziesii, C. 

chamissoi, and C. glaucum) and rbcL sequences for two Hawaiian Cibotium species (C. menziesii 

and C. glaucum) were obtained and analyzed using phylogenetic methods. Therefore, any 

declarations about the monophyly of Hawaiian Cibotium must be made with caution.

trnL-F only analyses

Among the ingroup species {Cibotium), lengths of the trnL-F IGS varied, ranging from 

395 to 405 bp and from 387 to 418 bp between all species. The total aligned length of the trnL-F 

IGS was 494 bp. The maximum parsimony analysis with 1000 bootstrap values found one tree 

characterized by a length (L) of 177 steps, a consistency index (CI) of 0.802, and a retention 

index (RI) of 0.928.

A maximum likelihood analysis of the trnL-F data with 195 bootstrap replicates was 

performed with hLRT and AIC parameters. The model of evolution that best fit the data with the 

hLRT parameters was K81uf+G (Kimura, 1981), while the model that best fit with the AIC

parameters was TVM+I (Posada and Crandall, 1998).

The only topological difference between the trees produced by both of these analyses was

the placement of the outgroup Calochlaena villosa (Fig. 1). In the maximum parsimony analysis,

C. villosa was sister to the Cibotium species, while in the maximum likelihood analysis it was

sister to Lophosoria quadripinnata. Although deep relationships were not resolved, the trees had 
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well-resolved terminal relationships. A neighbor joining analysis with 1000 bootstrap replicates 

was performed in an attempt to attain better resolution. The topology of the tree coincided with 

that of the maximum parsimony and maximum likelihood trees (results not shown). Slight 

resolution was found within Hawaiian Cibotium but the relationships were not well supported.

A combined analysis based on trnL-F supported a monophyletic Hawaiian Cibotium (Fig. 

1). The Hawaiian C. menziessi, C. chamissoi, and C. glaucum formed their own clade excluding 

all non-Hawaiian species. C. regale and C. schiedei, both South American species, comprised a 

clade sister to the Hawaiian taxa. This placement was not strongly supported, having a bootstrap

value of 67.

rbcL only analyses

The total aligned length of rbcL was 1250 bp. The heuristic MP analysis with 1000 

bootstrap values found one most parsimonious tree with L=352, 0=0.8636, and RI=0.8491. A 

maximum likelihood analysis of the rbcL sequences was performed with AIC parameters and 100 

bootstrap values. The model of evolution that best fit the data was TrN+I+G (Kimura, 1981).

The trees produced by the maximum parsimony and maximum likelihood analyses 

deviated slightly in topology. The two species of Hawaiian Cibotium were supported as sister in 

both analyses, although their sister clades differed (Fig. 2). The terminal relationships in the MP 

analysis were not resolved and it could not be determined whether the Asian species C. barometz 

and C. taiwanese or the South American Cibotium species C. regale and C. schiedei were most 

closely related to the Hawaiian Cibotium. In the maximum likelihood analysis, the South 

American C. schiedei was sister to the Hawaiian Cibotium. The other South American species,

C. regale and C. schiedei, and the Asian species each formed their own clades. These 

relationships were all well supported (Fig. 2). A neighbor joining analysis with 1000 bootstrap 

replicates was performed to resolve the relationships of Cibotium (results not shown). This
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analysis found the South American Cibotium species to be sister to the Hawaiian species with a 

bootstrap value of 77.

Combined Analysis

A combined analysis of the trnL-F and rbcL sequences was not possible. The trnL-F and 

rbcL sequences were from the same species, but not the same individual, therefore any sequence 

variation may have represented differences among individuals, not species, decreasing confidence 

in possible results from the analysis.

Discussion

The results presented in this paper do not support Fosberg’s (1948) hypothesis of an 

Indo-Pacific ancestor to the Hawaiian Cibotium. Rather, molecular phylogenetic findings with 

trnL-F and rbcL sequence data support a South American origin for the Hawaiian Cibotium 

species. Little resolution was found among clades using rbcL sequences. This was expected 

because rbcL is a conserved sequence encoding genes important for photosynthesis (Olmstead 

and Palmer, 1994). Analyses based on the trnL-F, a variable region that has proven useful in 

understanding species-level phylogenetic patterns (Roalson et al., 2005), may indicate a South 

American ancestor for the Hawaian Cibotium. Although a combined analysis of trnL-F and rbcL 

sequences could not be performed due to a lack in confidence when using sequences from 

different individuals, both analyses find South American species sister to Hawaiian species, 

suggesting a South American origin for the Hawaiian Cibotium. Thus, a combined analysis using 

both data sets likely would have reinforced this conclusion.

The molecular determination of a South American origin for the Hawaiian Cibotium is 

strengthened by morphological data. A trend of increasing distal ridge development is seen from 

the Central American-Mexican species, through the Hawaiian species, to the highly developed 

distal ridges of Asian species (Gastony, 1981). There is intergradation between the Central 

American and Mexican species and those of the Hawaiian Islands in terms of the degree of this
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development. The equatorial ridge is also similarly developed in the species of Central America- 

Mexico and those of the Hawaiian Archipelago, whereas it is more strongly developed in the 

Southeast Asian-Western Malaysian species (Gastony, 1981). Like distal and equatorial ridge 

development, margo development is most pronounced in the Asian Cibotium species, while it is 

variable in species from the other two regions (Gastony, 1981).

Despite morphological data, a South American origin for the Hawaiian Cibotium was 

considered unlikely due to the unfavorable prevailing low altitude of the Northeast trade winds 

and the climate discontinuity in the equatorial zone. This is only the second study to suggest a 

South American origin for any Hawaiian pteridophyte group. Most of the five Hawaiian 

Dryopteris groups have closest relatives in Southeast Asia and were probably dispersed via the 

jetstream (Geiger and Ranker, 2005), although the endemic Hawaiian Adenophorus is probably of 

a neotropical origin and dispersed via the trade winds (Ranker et al., 2003).

Wind-associated dispersal across the equator to the Hawaiian Islands is not impossible, 

however. The angiosperm Metrosideros crossed the equator from New Zealand to Hawaii via a 

combination of the ITCZ, Hadley Cells, and trade winds (Wright et al., 2001). This is the most 

likely dispersal mechanism for the Hawaiian Cibotium. Unlike Metrosideros, which used the 

Marquesas Islands as a staging point, Cibotium species are not known to occur on any islands

between South America and Hawaii. Either an island intermediate existed and is now extinct or

was not necessary because South America is closer than New Zealand to Hawaii. If no 

intermediate existed, then the ITCZ picked the Cibotium up directly from South America during 

late summer/early autumn when it forms south of the equator in the eastern Pacific, including the 

spores in northern hemisphere circulation. The northern hemisphere Hadley Cell could then have 

provided the means for trans-equatorial migration of the spores (Wright et al., 2001). Release of 

the spores would have occurred to the northeast of Hawaii. Low-altitude transport to the 

southwest by the trade winds would have facilitated a final arrival on the Hawaiian Islands.
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Phylogenetic analyses indicate that dispersal of Cibotium from South America to the 

Hawaiian Archipelago occurred only once, causing the Hawaiian species of Cibotium to be 

monophyletic. This concurs with Fosburg’s (1948) hypothesis of one colonizing ancestral 

species for the Hawaiian group. Only eight of the ten Cibotium species were sequenced and 

included in the phylogenetic studies, however, so further study is necessary to definitively 

support the monophyly of the genus. The diversity of Hawaiian angiosperm species has usually 

been the result of a single dispersal event to the Islands, as is seen in the Hawaiian endemic mints 

within the lamioid genus Stachys (Lindqvist and Albert, 2002) and the Hawaiian clade of 

Cyrtandra (Cronk et al., 2005). In contrast to flowering plants, recent studies suggest that at least 

some Hawaiian pteridophytes are polyphyletic. Hawaiian Dryopteris is polyphyletic and at least 

five separate colonizations of the Hawaiian Islands occurred by different species of dryopteroid 

ferns (Geiger and Ranker, 2005). There is also evidence of multiple dispersal events to the 

Archipelago by a single species, Asplenium adiantum-nigrum (Ranker et al., 1994). Cibotium is 

not, however, the only monophyletic Hawaiian group; the endemic Hawaiian fern genus 

Adenophorus is also monophyletic (Ranker et al., 2003).

While molecular data and phylogenetic analyses strongly support a South American 

origin for the monophyletic Hawaiian Cibotium, future studies should be performed to further test 

this conclusion. DNA sequences from all Cibotium species must be compared, especially the 

Hawaiian C. nealiae, which was not included in this project. Nuclear markers can yield 

additional information, but using them on pteridophytes is extremely difficult. This is due to the 

fact that ferns frequently contain multiple copies of genes, either from gene duplication or 

polyploidy, and because nuclear primers do not currently exist for pteridophytes (Geiger, personal 

communication). Amplifying and sequencing ndhF gene sequences might also provide greater 

resolution among terminal clades (Olmstead, 1999). We will lack a complete picture of Hawaiian 

Cibotium’s biogeography until all Cibotium species have been sampled and sequences obtained
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from both chloroplast and nuclear markers, as these genomes can have different inheritance 

patterns and may reveal different phylogenetic information.
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Table 1.
Species list, collectors, and collection numbers.

Species Family Country Collectors Collection
Number

Alsophila tahitensis Cyatheaceae Tahiti Ranker 1910
Alsophila podophylla Cyatheaceae Taiwan Ranker 2057

(Hook.) Copel. 
Alsophila spinulosa Cyatheaceae Taiwan Ranker 2056

Wall, ex Hook.
Calochlaena villosa 

(C. Chr.) M. D. Turner
Dicksoniaceae

& R.A. White 
Cibotium menziesii Dicksoniaceae USA Ranker 1996
Cibotium chamissoi Dicksoniaceae USA Ranker 1873

Kaulf
Cibotium glaucum 

(Sm.) Hook. & Am.
Dicksoniaceae USA Ranker 1895

Cibotium regale 
Verschaff & Lem.

Dicksoniaceae Honduras D. R. Hodel 1498

Cibotium regale Dicksoniaceae Unknown Oxford Botanical RBGE-
Verschaff & Lem. Garden 19991856

Cibotium barometz (L.) Dicksoniaceae Taiwan Ranker 2094
J. Sm.

Cibotium cumingii Dicksoniaceae Taiwan Ranker 2070
Kunze

Cibotium schiedei Dicksoniaceae Unknown Oxford Botanical RBGE-
Schlecht. & Cham. Garden 19696415

Cyathea sp. Cyatheaceae Unknown Lorence 9017
Cyathea metteniana 
(Hance) C. Chr. &

Cyatheaceae Taiwan Ranker 2066

Tardieu
Dicksonia antarctica Dicksoniaceae Australia W. A. Weber 13898

Labill
Dicksonia antarctica Dicksoniaceae Unknown Oxford Botanical RBGE-

Labill Garden 19600676
Dicksonia arborescens Dicksoniaceae Unknown Oxford Botanical RBGE-

L’Her. Garden 20000259
Dicksonia blumei Dicksoniaceae Unknown Oxford Botanical RBGE-

Moore Garden 19530207
Dicksonia squarrosa Dicksoniaceae New Pukieti RBGE-

Swartz. Zealand Rhododendron 20030795
Trust

Sphaeropteris 
medullaris (G. Forst.)

Cyatheaceae Ranker 1904

Bemh
Thyrsopteris elegans Dicksoniaceae Unknown Oxford Botanical RBGE-

Kunze
Lophosoria Lophosoriaceae Chile

Garden 20031267

quadripinnata (J.F. 
Gmel.) C. Chr.
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Table 2.
Primers, components, and cycling conditions for PCR amplification.

Primers PCR Reaction Components 
(per rxn)

Cycling Conditions

e and f PCR buffer: 5pL, MgCl 2: 
6pL, dNTP: 4pL, Primer e: 
2pL, Primer f: 2pL, Taq: 

0.3pL, BSA: 2.5pL, dH20: 
26.2pL, Sample DNA: 2pL

l:94°C3min, 2: 94°C 30 sec, 
3:45°C 30 sec, 4: 72°C2min,
5: repeat steps 2-4 four times,

6: 94°C 30 sec, 7: 60°C 30 
sec, 8: 72°C 30 sec, 9: repeat 
steps 6-8 37 times, 10: 72°C

10 min
Z1 + G673R PCR buffer: 5pL, MgCl 2: 

3pL, dNTP: 2pL, Primer e: 
2pL, Primer f: 2pL, Taq: 
0.2pL, BSA: lpL,dH20: 

32.8pL, Sample DNA: 2pL

1: 94°C 3 min, 2: 94°C 45 sec, 
3:37°C30sec, 4: 72°C2min 

, 5: repeat steps 2-4 once, 6: 
94°C 45 sec, 7: 45°C 30 sec,
8: 72°C 2 min, 9: repeat steps 
6-8 34 times, 10: 72°C 7 min

G454F + G1204R PCR buffer: 5pL, MgCl 2: 
3pL, dNTP: 2pL, Primer e: 
2pL, Primer f: 2pL, Taq: 
0.2pL, BSA: lpL,dH20: 

32.8pL, Sample DNA: 2pL

1: 94°C 3 min, 2: 94°C 45 sec, 
3:40°C30sec, 4: 72°C2min 

, 5: repeat steps 2-4 once, 6: 
94°C 45 sec, 7: 45°C 30 sec,
8: 72°C 2 min, 9: repeat steps 
6-8 34 times, 10: 72°C 7 min

aF + M1379R PCR buffer: 5pL, MgCl 2: 
2.5pL, dNTP: 2pL, Primer e: 
1.4pL, Primer f: 1.4pL, Taq:

0.3pL, BSA: 2pL, dH20: 
33.4pL, Sample DNA: 2pL

1: 94°C 3 min, 2: 94°C 45 sec, 
3: 52°C 30 sec, 4: 72°C 1:30 
min , 5: repeat steps 2-4 29 

times, 6: 72°C 5 min
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Figure Captions

Figure 1

Consensus tree from combined maximum parsimony and maximum likelihood analyses for trnL- 

F IGS. The numbers above branches are percent bootstrap support for the maximum parsimony 

analysis and the numbers below are bootstrap values for the maximum likelihood analysis.

Nodes that were not supported in the maximum likelihood analysis lack values.

Figure 2

Consensus tree from combined maximum parsimony and maximum likelihood analyses for rbcl. 

The numbers above branches are percent bootstrap support for the maximum parsimony analysis 

and the numbers below are bootstrap values for the maximum likelihood analysis. Nodes that 

were not supported in the maximum likelihood analysis lack values.
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Figure 1.
trnL-F consensus tree
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Figure 2.
rbcL consensus tree
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