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Abstract

This study investigated the relative utility of five different coding and non-coding 

regions in chloroplast DNA to determine which region was most useful in resolving 

phylogenetic relationships among species of Cibotium and Diplopterygium. It also 

incorporated these data into an ongoing biogeographical study that focused on the origins 

and pathways of dispersal of ferns to Hawaii. Taxon sampling and DNA extraction were 

conducted on seven species of both Cibotium and Diplopterygium plus outgroups for 

each genus. Maximum parsimony heuristic and bootstrap analyses (as implemented in 

PAUP*) were performed on single genomic region data sets and on combined data sets 

for each genus. Results showed that non-coding regions were more useful in resolving 

relationships than the coding regions. However, the trnG-R region, which is both coding 

and non-coding, was the most useful region for resolving relationships overall. The 

combined analyses for both Cibotium and Diplopterygium suggested a more resolved tree 

than individual analyses and suggested possible dispersal mechanisms of ferns to Hawaii. 

Evidence for ancestral dispersal via the jetstream was the most probable dispersal 

mechanism based on distribution of closest relatives for species of both Cibotium and 

Diplopterygium.
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Introduction

The present study had two main goals: first, protein coding and non-coding 

regions of chloroplast DNA (cpDNA) were examined to determine which regions were 

more useful at resolving phylogenetic relationships among species of Cibotium 

(Cibotiaceae) and Diplopterygium (Gleicheniaceae). The second goal was to use the data 

acquired from the phylogenetic analyses and incorporate them into an ongoing 

biogeographical study that focuses on the origins and pathways of dispersal of ferns to

Hawaii.

Chloroplast DNA was used as the primary source of information to compare 

phylogenies among different fern taxa since it has been reasonably conserved through its 

evolutionary history (Nadot et al., 1994) and because there are very few nuclear primers 

available for obtaining nuclear DNA sequences from ferns. Coding and non-coding 

regions were compared to determine which regions provide more phylogenetic 

information at the species level in Cibotium and Diplopterygium. Non-coding regions 

have been shown in various taxa to offer a greater opportunity for variation in the DNA 

sequences, which allows them to be used at lower levels of taxonomic studies (e.g., Shaw 

et al., 2005). The five regions chosen for this study included coding cpDNA regions rbcL 

and atpB, non-coding cpDNA regions trnL-F intergenic spacer (IGS) and rps4-trnS IGS, 

and trnG-R, that contains both coding and non-coding regions.

The rbcL gene has identified phylogenetic relationships among plant species in 

85% of comparisons (Presting, 2006). It is one of the most widely sequenced DNA 

segments in plants, and it is often used in ferns to resolve intergeneric and interspecific 

relationships (Soltis and Soltis, 1998). However, it is less useful in determining
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relationships among older lineages of ferns and other vascular plants (Wolf, 2007). atpB 

is one coding region found to be more useful than rbcL in resolving relationships among

more distantly related taxa. This gene codes the B chain of ATP synthase, which suggests 

it is likely an important and conserved region in cpDNA (Wolf, 1997). atpB and rbcL 

sequences are easily aligned because introns are not present in the gene and insertions 

and deletions are rare. Savolainen et al. (1996) found that both the atpB and rbcL 

sequences have comparable rates of evolution across many plant lineages, but atpB 

appears to be more useful for analyzing phylogenetic relationships. The coding regions 

code for specific genes so they are always transcribed and translated. Mutations should be 

relatively rare if these genes are highly conserved because they are likely to occur with 

deleterious effects and should be selected against.

Non-coding regions, such as the trnL-F IGS and rps4-trnS IGS, accumulate 

greater variation in the DNA sequence over time because they are not transcribed along 

with the genes. The rps4-trnS IGS, which is short and has little size variation among 

different species, has been used in studies that have shown it to be useful in the 

intrageneric phylogenetic analysis of ferns (Li and Lu, 2006). Studies employing both the 

trnL-F IGS and rbcL gene have shown that the trnL-F IGS may evolve at three times the 

rate of the rbcL gene (Soltis and Soltis, 1998) and thus is often more useful for resolving 

relationships among more recently diverged taxa. Regions comprised of both coding and 

non-coding regions, such as the trnG-R cpDNA region, may be particularly useful in 

elucidating phylogenetic relationships since the regions likely have had different 

evolutionary pressures. trnG-R is composed of two exons and an intron that is removed 

during translation plus an intergenic spacer that is never transcribed (Pryer, 2007). All
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five of the regions described here were amplified and sequenced for different species of 

both Cibotium and Diplopterygium.

The genus Cibotium contains eight species, four of which are endemic to the 

Hawaiian Islands and others that are located in China, Papua New Guinea, Central 

America, and Mexico (Palmer, 2003). Cibotium are tree ferns that can be up to several 

meters tall and have fronds that are seven meters long. The genus Diplopterygium is a 

medium to large-sized fern about one meter tall that contains about 25 species, with one 

endemic to Hawaii while the others range from India, China, the western Pacific from 

Japan to Australia, Polynesia, and South America (Palmer, 2003).

Data collected from both Cibotium and Diplopterygium from the atpB, rbcL, 

trnG-R, and \rnL-F IGS regions for phylogenetic analyses were all collected in previous 

studies (Christensen, 2006; Kleist, 2006; Nelson, 2006; Fredenberg, 2007). Data for the 

rps4-trnS IGS region were obtained during this study and combined with the previous 

data so that all regions could be analyzed to determine which is the most useful in 

constructing phylogenetic relationships for the study taxa. This determination was 

accomplished by comparing the total number of base pairs of each region to the number 

of parsimony-informative base pairs. The greater the number of informative base pairs, 

the more useful the region is for assessing the phylogenetic relationships among the 

species.

Based on the evolutionary constraints of coding and non-coding regions, I 

hypothesized that non-coding regions would be more useful than coding regions in 

reconstructing phylogenetic relationships among Cibotium and Diplopterygium species 

because they have more variation within the DNA sequence. At the species level, trnL-F
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IGS and rps4-trnS IGS should be the most useful because they are only spacers, which 

are never transcribed. Following the prediction, trnG-R would be of intermediate utility 

because it contains both coding and non-coding regions. The rbcL and atpB genes would 

be the least useful in reconstructing species level phylogenies because they are coding 

regions that are conserved, thus having little variation among their DNA sequences.

A further goal of this study was to use the newly acquired data to help solve 

biogeographic questions that were posed in previous studies concerning origins of 

Hawaiian species of Cibotium and Diplopterygium. Ranker and Geiger (2005) 

hypothesized that there are three common climate-based pathways that could have 

delivered spores of ancestral fern species to the Hawaiian Islands. Detailed descriptions 

of the effects of the trade winds, jetstreams, and the Inter-tropical Convergence Zone 

shift can be found in studies completed by Christensen (2006), Kleist (2006), Nelson 

(2006), and Fredenberg (2007). Geiger et al. (2007) hypothesized a fourth climate based 

dispersal pathway from South and Central America, tropical storms.

The dispersal of ferns to the Hawaiian Islands is a unique field of study because 

of the 4000 km distance of the Hawaiian Islands to the nearest landmass. Considering 

that the Hawaiian Islands are volcanic in origin, fern spores must have traveled there by 

water or wind (Geiger et al., 2007). A possible dispersal pathway, one of four identified, 

being investigated in this study is via tropical storms and hurricane tracks that move from 

the vicinity of southern Mexico and Central America to the Hawaiian Islands (Geiger et 

al., 2007). If the spores can be lifted high enough into the air column, storms can deliver 

the spores to the Hawaiian Islands in about 7-10 days (Geiger et al., 2007). The 

phylogenetic analyses of the five genomic regions of Cibotium and Diplopterygium will
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help determine if tropical storms may have played a role as a dispersal pathway of spores

to the Hawaiian Islands.
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Materials and Methods

Taxon Sampling and DNA Extraction

Twenty four pteridophyte species were analyzed in this study. The first set of 

analyses included seven species of Cibotium (Dicksoniaceae), with some species being 

represented multiple times. The outgroups used were species from the genera 

Calochaena, Dicksonia, and Lophosoria. The second set of analyses included seven 

species of Diplopterygium (Gleicheniaceae). Several Diploptergyium species were also 

represented multiple times in this study. Species from the genera Dicranopteris, 

Gleichenia, and Sticherus were used as outgroups for the second analysis. The outgroups 

for each analysis were chosen based on their close relationships with the ingroups 

presented.

Leaf tissue collected from Borneo, Hawaii, Taiwan, and Tahiti was preserved in 

silica gel until the DNA was extracted. Tissues from other species were provided by 

colleagues and herbaria. Table 1 provides the collection locality, collector, and native 

distribution of the twenty four samples used in this study.

PCR Amplification and Sequencing

Five segments of the cpDNA genome were used for this study, but only one 

segment, the rps4-trnS IGS, was actually amplified and sequenced during the study. All 

other segments were amplified and sequenced in previous studies (Christensen, 2006; 

Kleist, 2006; Nelson, 2006; Fredenberg, 2007). The other segments include atpB, rbcL, 

trnL-F IGS, and trnG-R. PCR amplification was achieved by using two different primers, 

rps4F (Li and Lu, 2006) and rps4Fl (Pryer, 2007) in 50 pL reactions, under the
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conditions outlined in Table 2. Gel electrophoresis was conducted to validate cpDNA 

amplifications.

PCR products were purified using ExoSAP-IT (USD Corp.) and sent to Macrogen 

Sequencing in South Korea for sequencing. All sequences were combined and edited 

manually by visual inspection of electropherograms in CodonCode Aligner ©. The 

sequences were then aligned using Clustal X (Thompson et al., 1997) as they were to be 

prepared for phylogenetic analysis.

Phylogenetic Analyses

Phylogenetic analyses were performed on 22 different data sets. Each of the five 

genomic regions was analyzed with the following: 1) Cibotium including outgroups, 2) 

Cibotium only, 3) Diplopterygium including outgroups, and 4) Diplopterygium only. 

Since outgroups inflate the number of parsimony-informative characters for ingroup taxa 

comparisons, pair-wise comparisons of Cibotium and Diplopterygium were conducted 

without outgroups. Two additional data sets were compared by combining all five 

segments which were then analyzed with both Cibotium and Diplopterygium to be used 

in the biogeographical analysis. Maximum parsimony analyses (MP) were conducted as 

implemented in PAUP* 4.0 (Swofford, 1998) with all characters equally weighted and 

unordered. Heuristic searches were completed using 10 random addition stepwise 

sequence replicates with MulTrees activated and TBR branch swapping. A bootstrap 

analysis was also performed with 1000 repetitions and 10 random addition sequence 

replicates for each data set.
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Table 2: Primers, PCR reagents, and cycling conditions used for rps4-trnSR 
amplification. 

Primers PCR Reagents (per reaction) Cycling Conditions

rps4F and trnS 25pL GoTaq Colorless Master Mix, 2X 
2.0pL 5pM Primer rps4F
2.0pL 5pM Primer trnS
1 .OpL sample DNA
20pL dH2O

1) 94°C for 3 min.
2) 94°C for 45 sec.
3) 45°C for 30 sec.
4) 72 °C for 1 min. 30 sec.
5) Repeat steps 2-4 30 
times.
6) 72°C for 7 min.
7) Hold at 4°C.

rps4Fl and trnS 25pL GoTaq Colorless Master Mix, 2X 
2.0pL 5pM Primer rps4Fl
2.0pL 5pM Primer trnS
1 .OpL sample DNA
20pL dH2O

1) 94°C for 3 min.
2) 94°Cfor45 sec.
3) 45°C for 30 sec.
4) 72°C for 1 min. 30 sec.
5) Repeat steps 2-4 30 
times.
6) 72°C for 7 min.
7) Hold at 4°C.
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Results

For each single genetic region, maximum parsimony (MP) analysis of Cibotium 

and Diplopterygium, the number of equally parsimonious trees, the length, consistency

index, and retention index of each tree were calculated. Table 3 summarizes the

information for each. Table 4 shows the genomic region utility based on the number of 

informative characters. The ratio given in percentage represents the number of 

informative characters to the total number of aligned characters.

trnL-F, rps4, trnG-R, rbcL, and atpB combined analysis

Cibotium. -The heuristic MP analysis for the combined genomic regions in 

Cibotium found twenty seven equally parsimonious trees. For each tree, length was 761, 

CI was 0.9133, and RI was 0.9357. Out of 5192 total characters, 346 were parsimony

informative.

Diplopterygium.—Among the Diplopterygium species, the heuristic MP analysis 

for the combined data set found eight equally parsimonious trees. Each tree had a length 

of 1529, CI of 0.8908, and RI of 0.8425. Of the 5075 total characters analyzed, 610 

characters were parsimony informative.

Phylogenetic relationships based on bootstrap trees

Cibotium.— The bootstrap analysis of Cibotium with the combined genomic 

regions produced a consensus tree that placed all Hawaiian species in the same clade 

(Figure 1). Cibotium menziesii, C. nealiae, C. glaucum, and C. chamissoi are the four 

Hawaiian endemic ferns and are monophyletic (100% bootstrap support). The Hawaiian 

clade is sister to the clade containing the Taiwan species, C. cumingii and C. barometz-, 

however the bootstrap support for this relationship is low at 55%. The South American
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species, C. regale and C. schiedei, were part of the next clade with a bootstrap value of 

100%. The outgroups were placed in a separate clade with a strong bootstrap value of

99%.

Diplopterygium.— The bootstrap analysis of the combined genomic regions in 

Diplopterygium produced a tree that placed the Hawaiian species, D. pinnatum, in a clade 

with the D. longissimum species from both Tahiti and Fiji (Figure 2). The next distant 

clade contains D. chinesis and D. glaucum from Taiwan and D. bullatum from Borneo 

with low bootstrap values of 52% and 64%, respectively. Diplopterygium bancroftii from 

Costa Rica was placed in the next clade with a bootstrap of 100%. The outgroups were 

placed in separate clades.

11



C. menziesii 
(Hawaii)

100
C. neaiiae 
(Hawaii)

55

65

-------------- C. giaucum
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Cibotium

77 (Hawaii)

.... ............C. chamissoi
(Hawaii)

122

100

C. cumingii 
(Taiwan)

C. barometz 
(Taiwan)
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99

Dicksonia
arborescens

Dicksonia
sqarrosa

Dicksonia
antarctica
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quadripinnata

Caiochlaena
viilosa

Figure 1: Maximum parsimony bootstrap consensus tree based on the combined atpB, 

trnG-R, trnL-F, rbcL, and rps4 data sets for Cibotium. Numbers on branches represent 

MP bootstrap values.
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Figure 2: Maximum parsimony bootstrap consensus tree based on the combined atpB, 

trnG-R, trnL-F, rbcL, and rps4 data sets for Diplopterygium. Numbers on branches 

represent MP bootstrap values.
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# of Equally 
Parsimonious Trees

Length of 
Each Tree

Consistency
Index
(Cl)

Retention
Index
(Rl)

trnL-F
Cibotium only
Diplopterygium
only

1

8

105

50

0.9524

0.9800

0.9684

0.5000

trnG-R
Cibotium only
Diplopterygium
only

3

40,737

41

156

0.9024

0.9679

0.8621

0.9315

rps4
Cibotium only
Diplopterygium
only

3

1

28

66

0.9643

1.0000

0.9524

1.0000

rbcL
Cibotium only
Diplopterygium
only

3

5

15

35

0.8000

0.9697

0.8636

0.8000

atpB
Cibotium only
Diplopterygium
only

8

6

16

71

0.8750

0.9859

0.7500

0.9231
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Discussion

Analyses of Genomic Regions

The primary goal of this study was to determine the relative utility of five protein 

coding and non-coding regions of chloroplast DNA in resolving phylogenetic 

relationships among Cibotium and Diplopterygium. The heuristic maximum parsimony 

analyses revealed that the coding and non-coding region, trnG-R, was the most useful 

genomic region for resolving relationships among both Cibotium and Diplopterygium 

species because it contained the greatest number of parsimony informative characters 

compared to the other four regions. This does not fully support my hypothesis, which 

stated that trnG-R would be the third most useful genomic region because it contains both 

coding and non-coding regions. According to Shaw et al. (2005) the spacer region of 

trnG-R is one of the most informative of cpDNA regions within the genus Glycine. It was 

also found to provide more parsimony-informative characters than the tmL intron, trnL-F 

spacer, and atpB-rbcL spacer (Shaw et al., 2005). The non-coding region of trnG-R most 

likely provides a sufficient amount of variability to allow the region to be very useful at 

determining relationships among many types of pteridophytes.

The MP analysis of rps4-trnS IGS revealed that it was the second most useful 

genomic region overall. However, it was more useful for resolving relationships among 

Diplopterygium than it was for Cibotium. This result supports my hypothesis that rps4- 

trnS IGS would be one of the most useful genomic regions based on it being a non

coding region which allows for more variability in the sequence. However, Small et al. 

(2005) found that the rps4-trnS IGS contained only 80% of the number of informative 

characters found in the trnL-F IGS data set. This corresponds to the data found for the
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trnL-F IGS region in Cibotium. In contrast, the trnL-F IGS genomic region in 

Diplopterygium proved to be one of the least useful genomic regions for resolving 

phylogenetic relationships.

The coding region, rbcL, was the least useful genomic region overall. The other 

coding region, atpB, was somewhat better at resolving relationships among species of 

Diplopterygium, but was the least useful for relationships among Cibotium species. This 

datum supports my hypothesis that coding regions would be the least useful at 

phylogenetic relationships because of their high conservation among sequences. Small et 

al. (2005) concluded that rbcL provided fewer parsimony informative characters 

compared to the non-coding regions because of the greater functional constraints on the 

genes. Wolf (1997) found that both atpB and rbcL had similar rates of divergence. The 

atpB sequence is more useful at resolving relationships among angiosperms and has a 

greater propensity to exhibit increased levels of taxonomic similarities than rbcL (Soltis 

and Soltis, 1998).

The relative resolution of each individual tree of both Cibotium and

Diplopterygium corresponded to the percentage of informative characters. The only 

contradiction involved the rbcL genomic region in Cibotium. According to the percentage 

of informative characters, rbcL was ranked as the fourth most useful genomic region in 

resolving phylogenetic relationships among Cibotium. However, when comparing the 

rbcL and rps4 trees, the resolution was about the same or better. The rbcL tree had a 

higher bootstrap value than the rps4 tree in relation to the Hawaiian monophyletic group 

(see Figures 3 and 4 for the comparison between the rbcL and rps4 genomic regions).
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100
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Figure 3: Maximum parsimony consensus tree based on the rbcL data set for Cibotium. 
Numbers on top of branches represent MP bootstrap values.
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Figure 4: Maximum parsimony consensus tree based on the rps4 data set for Cibotium. 
Numbers on top of branches represent MP bootstrap values.
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Biogeographical Analysis

The combined data set of trnL-F, rps4, trnG-R, rbcL, and atpB for the bootstrap 

analysis of C/forfuzn and Diplopterygium provided about the same results as the 

individual analyses. Hawaiian Cibotium are monophyletic; their monophyly supports a 

hypothesis of a single colonizing ancestor of Hawaii which diversified into four endemic 

species: C. menziesii, C. nealiae, C. glaucum, and C. chamissoi. The closest relatives to 

the Hawaiian Cibotium are in South Asia, which suggests an ancestral dispersal to Hawaii 

from this region via the jetstream. However, the possibility that the native center of the 

genus is South American and separate dispersal events occurred from South America to 

Hawaii and South America to South Asia cannot be ruled out. Driscoll and Barrington 

(2007) conducted a similar study among the genus Polystichum and concluded that the 

Hawaiian lineages belonged to clades in which all species originated in Southeast Asia 

and the Himalayas. This study helps support the likely dispersal event via the northern 

subtropical jetstream of two different lineages of ancestral Polystichum species to the 

Hawaiian Islands. Geiger et al. (2007) also provide data that supports a neotropical 

distribution of Adenophorus to the Hawaiian Islands via the trade winds or a storm.

The Hawaiian Diplopterygium species, D. pinnatum, is sister to D. longissimum, 

which is distributed in the South Pacific and Indo-Pacific regions. The jetstream or ITCZ 

shift in the South Pacific are both possible dispersal mechanisms for the Hawaiian 

Diplopterygium. A South American origin can most likely be ruled out because there are 

no sister clades present in this region, which eliminates tropical storms as a potential 

dispersal mechanism. In a similar study, Geiger and Ranker (2005) concluded that several 

Hawaiian species of the genus Dryopteris have an Indo-Pacific distribution whose
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ancestors likely dispersed to the Hawaiian Islands via the northern subtropical jetstream. 

The distribution of Hawaiian Grammitis species also supports dispersal via the jetstream 

from the Indo-Pacific or possibly from the South Pacific via the Hadley Cell Shift 

(Geiger et al., 2007).
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