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Abstract

Despite the fact that pteridophytes, commonly known as ferns, account for a

large percentage of Hawaii’s vascular plants, few studies have been conducted to

determine their biogeographical origins. This study aimed to determine an origin and a
pathway of dispersal for the endemic Hawaiian fern, Diplopterygium pinnatum

(Gleicheniaceae). Molecular and evolutionary phylogenetic analysis was employed using

obtained chloroplast DNA sequences from the gene atpfi and the genes and noncoding

spacer region trnG-R. Combined analysis with trnL-F and rbcL sequences from another
study was also performed. Taking into account conclusions from a previous study, two

possible origins and dispersal mechanisms were considered. The first hypothesis was
that D. pinnatum originated in the Indo-Pacific region and was dispersed through spores
in the Pacific jetstream. The second hypothesis was that D. pinnatum was dispersed to

Hawaii via ITCZ/Hadley Cell Shift from an origin somewhere in the Austral region of the
Pacific Ocean. Maximum likelihood and maximum parsimony trees produced similar
relationships with similar bootstrap support. However, this study failed to differentiate

between the two hypotheses and therefore the most likely origin and dispersal mechanism

could not be determined.
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Introduction

The Process

Biogeography, the study of biological variation from a geographic perspective, is
vital to the understanding of natural history and preservation of many native floras.

Biogeography can be studied from a variety of perspectives, including genetics,
morphology, and behavior to determine origins of species and species diversity. A key

concept in biogeography is dispersal, including diffusion, secular migration and jump
dispersal (Lomolino et al., 2006).
Diffusion is the process by which populations slowly expand into new territory

over generations (Lomolino et al., 2006). Secular migration is a much slower process, on

the order of hundreds of generations, in which the range expansion is accompanied and
facilitated by evolutionary adaptations within the population (Lomolino et al., 2006).
Jump dispersal, the most rapid of the three mechanisms, occurs when organisms are

transported great distances to colonize new habitats; this study specifically utilized this
principle (Lomolino et al., 2006). Pteridophytes, commonly known as ferns, reproduce
by means of small spores, which are easily transported by wind (Carlquist, 1980), making

them exceptional vectors for jump dispersal events.

The Geography
The Hawaiian Archipelago, located 3,500 km from the nearest continental land

mass, North America, provides an excellent environment by which to study jump
dispersal (Wagner and Funk, 1995). The product of the movement of the Pacific tectonic

plate over a geothermal “hotspot,” this 80 million year old archipelago consists of a chain
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of volcanic islands, some of the youngest of which are currently above water and one of
which, the Big Island of Hawaii, is still experiencing volcanic activity (Carson and
Clague, 1995). The Pacific tectonic plate moves in a northwesterly direction, carrying

the older islands with it (Carson and Clague, 1995). As the plate moves, it carries the
islands from their origin, and they begin to gradually wear down due to erosion (Carson

and Clague, 1995). Because of this erosion, the oldest island that is currently above

water, Kauai, is about 5 million years old while the youngest, the Big Island of Hawaii, is
estimated to be 500,000 years old (Carson and Clague, 1995).

The Biology
Pteridophytes make up about 15% of the -1,200 native vascular plants in Hawaii
and -71% of those pteridophyte species are endemic to the Hawaiian archipelago

(Palmer, 2003). Many of these species are endangered because of habitat destruction by
humans, and the introduction of non-native plants, animals and microorganisms.
Therefore, an understanding of the natural history of native species is important to help

preserve them. Lack of wide extra-Hawaiian sampling in research on Hawaiian
pteridophytes has resulted in a deficit of knowledge on the biogeographic origins of most
endemic fern taxa.

Dispersal of pteridophytes to the Hawaiian archipelago is thought to have
occurred in association with prevailing wind systems, due to the high motility and

durability of the spores. Some spores can withstand desiccation and UV exposure at high

altitudes, where these prevailing wind systems occur, retaining their ability to germinate
after returning to the ground (Gradstein and van Zanten, 2001). Three major wind
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systems are implicated in dispersal of spores to Hawaii: the northern hemisphere westerly
tradewinds, the Pacific jetstream, and the combined activity of an intertropical
convergence zone (ICTZ)/Hadley Cell Shift.

The Physical System

The tradewinds are a low elevation wind system that is fueled by the North
Pacific anticyclone. They travel from the North American continent in a southwesterly

direction, passing over the Hawaiian Islands. Thus, it is possible that spores caught in this

air movement pattern could be transported from North America to the Hawaiian Islands.
Alternatively, the Pacific jetstream is a band of rapidly moving air (115-195 kph) that

flows in an easterly direction. During wind disturbances such as storms, spores can be
carried from Indo-Pacific areas (Southeast Asia) into the jetstream and to Hawaii in a
matter of days.

A third mechanism of airborne dispersal of spores is via an ITCZ/Hadley Cell
shift. The ITCZ, also known as the doldrums, is a low pressure area, usually found

between 5-10° N (Raymond et al., 2006), which is characterized by extremely infrequent
and weak winds. This phenomenon is created by the convergence of Hadley Cells, which
are four circular air patterns that encompass the globe like rings parallel to the equator.
The circulation of air in Hadley Cells occurs in a direction parallel to the axis of the earth.

Near the equator, the two largest Hadley Cells meet creating the ITCZ. Because the two

cells circulate away from each other, wind-home materials generally do not cross the

ITCZ. During the austral early fall, the ICTZ can shift south of the equator (5-10° S),

moving air north over the equator and dropping some of it on the Hawaiian Islands
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(Wright et al., 2001). It is possible that the tradewinds play a part in transporting spores
to Hawaii after they have been moved into the northern hemisphere air circulation pattern
by the Hadley Cell (Wright et al., 2001).

The Research
The fern genus, Diplopterygium, a member of the Gleicheniaceae family, contains

about twenty eight species worldwide but only D. pinnatum is endemic to Hawaii

(Palmer, 2003). D. pinnatum is a doubly pinnate, medium to large-sized fern, with
branches that fork only once and grow indeterminately. Commonly occurring in wet

forests or moist banks and streamsides, it thrives on all of the major islands of Hawaii at
elevations of 350-1500 meters and is often associated with Dicranopteris linearis and
Sticherus owhyhensis (Palmer, 2003), both of which are also in the family Glecheniaceae.
Because of their close phylogenetic relationship to Diplopterygium, members of the

genera Dicranopteris, Gleichenia, and Sticherus serve as good out groups for
phylogenetic analysis.

Previous phylogenetic research on D. pinnatum, using the trnL-F and rbcL

chloroplast (cp) DNA markers (Christensen, 2006) indicated that its ancestors did not
arrive in Hawaii from the American Neotropics via the tradewinds, however that study
could not discern between an Austral or Indo-Pacific origin. My research, using the

cpDNA markers atpfi and trnG-trnR (trnG-R), tested the conclusion of the previous study
and attempted to clarify whether an Austral or Indo-Pacific origin was more likely. The

same seven species of Diplopterygium used to represent Asian, Australian and

North/Central American regions (Christensen, 2006) were selected for this study.
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The purpose of this research, which is part of a larger, longer-term study that

attempts to identify the biogeographical origin of several endemic Hawaiian ferns, was to
elucidate the biogeographical origin(s) of D. pinnatum, in the Hawaiian archipelago by

testing two alternative hypotheses. Hi: the ancestor of D. pinnatum was dispersed from
the Indo-Pacific region via the Pacific jetstream. If this hypothesis were supported by the

data, then in a phylogenetic framework, D. pinnatum would share a most recent common
ancestor with a species distributed in the Indo-Pacific. H2: the ancestor of D. pinnatum

was dispersed from the Austral region via ITCZ/Hadley Cell Shift. If the data support H2,
phylogenetic analyses would support D. pinnatum and a species with an Austral

distribution sharing a most recent common ancestor.
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Materials and Methods

Collection and DNA Extraction

The collection of samples and extraction procedures for DNA are described by
Christensen (2006).

PCR Amplification and DNA Sequencing

Two chloroplast DNA regions were used in the analysis; the 1497 bp atpfi region
and the trnG-R region, which ranged from 991-1009 unaligned bp in this study group and

totaled 1009 aligned bp. Data sets for trnL-F and rbcL cpDNA regions were also used
for the combined analysis (Christensen, 2006). PCR amplifications were carried out in
50pL reactions, described in Tables 1 and 2. Gel electrophoresis was employed to verify

amplifications. The atpfi primers used were developed by Wolf (1997). The trnG-R PCR
amplification and sequencing primers were developed by K. M. Pryer (pers. comm.;

unpublished data), atpfi was amplified and sequenced in four overlapping sections using
four different primer pairs (Table 1). trnG-R was amplified in one section and

sequenced in three separate overlapping segments (Table 2).
The amplified DNA was purified using ExoSAP-IT (USD Corp.). Purified DNA

was then vacuum dehydrated and diluted with DI H2O to an approximate concentration of
50 ng/pg. The diluted DNA amplifications were sequenced by Macrogen in Seoul,
Korea, using an AB3700 automatic DNA sequencer. Sequences were edited and
combined using CodonCode Aligner ©, and were aligned (when necessary) using Clustal

X (Thompson et al., 1997).

6

atpfi sequences were obtained for seven Diplopterygium species and ten
individual samples (some species were represented twice) as well as the outgroup species

Dicranopteris linearis from Tahiti and Taiwan, Sticherus owhyhensis from Kawai
(Hawaii) and Gleichenia microphylla from Borneo. trnG-R sequences were obtained for

seven Diplopterygium species and ten individual samples (some species were represented
twice) as well as the outgroup species, Dicranopteris linearis from Tahiti and Taiwan,
and Sticherus owhyhensis from Kauai (Hawaii).

Phylogenetic Analysis
Phylogenetic analyses were performed on three different data sets: atpfi sequences

and trnG-R sequences alone, and a combined data set that included atpfi and trnG-R, as

well as trnL-F and rbcL regions from Christensen (2006). For each data set maximum
parsimony analysis (MP) was performed as implemented in PAUP* 4.10b (Swofford,
1998) with all characters unordered and equally weighted. The heuristic search algorithm
was used with 10 random addition sequence replicates with MulTrees activated and with

TBR branch swapping. Bootstrap analysis was also performed with 1000 repetitions and

10 random stepwise addition replicates each.
ModelTest (Posada and Crandall, 1998) was used to determine the model of

evolution that best explained each data set for use in maximum likelihood (ML) analysis.
The TrN+I model (Tamura and Nei, 1993) best fit the atpfi data set, the K81uf+I model

(Kimura, 1981) best fit the trnGR data set and the TIM+I model (Tavare, 1986) best fit
the atpfi, trnG-R, trnL-F and rbcL combined data set. Under the likelihood settings, a
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heuristic search was performed with 100 random addition sequence replicates and
executed 100 bootstrap replicates with 10 random addition sequence replicates each
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Table 1: PCR reagents, primers and conditions used for atpfi amplification.
Thermocyler Conditions (°C)
PCR Reagents (per reaction)
Primers
1) 94 for 3 min
5pL 10X PCR Buffer
470F & 609R
2) 94 for 1 min
5.5pL 25mM MgC12
3) 42 for 1 min 30 sec
4pL 2.5mM dNTPs
4) 72 for 2 min
1,5pL 5uM Primers
Repeat 2-4 30 times
0.0-2.5pL lmg/ul BSA
72 for 7 min
0.1-0.3 pL 5 units/pL Taq
Hold at 4
Polymerase
28.3-30.3pL dH2O

672F& 1334R

5pL 10X PCR Buffer
5.5pL 25mM MgC12
4pL 2.5mM dNTPs
1.5pL 5uM Primers
0.65-1.3pL lmg/ul BSA
0.2-0.3pL 5 units/pL Taq
Polymerase
29.4-30.8pL dH2O

1) 94 for 3 min
2) 94 for 1 min
3) 42 for 1 min 30 sec
4) 72 for 2 min
Repeat 2-4 30 times
72 for 7 min
Hold at 4

1163F2& 1592R

5pL 10X PCR Buffer
5.5pL 25mM MgC12
4pL 2.5mM dNTPs
1.5pL 5uM Primers
0.0-1.3pL lmg/ul BSA
0.2pL 5 units/pL Taq Polymerase
29.5-30.8pL dH2O

1) 94 for 3 min
2) 94 for 1 min
3) 42 for 1 min 30 sec
4) 72 for 2 min
Repeat 2-4 30 times
72 for 7 min
Hold at 4

1419F2& 1365R

5pL 10X PCR Buffer
5.5pL 25mM MgC12
4pL 2.5mM dNTPs
1.5pL 5uM Primers
0.0-1.3pL lmg/ul BSA
0.2pL 5 units/pL Taq Polymerase
29.5-30.8pL dH2O

1) 94 degrees for 3 min
2) 94 for 1 min
3) 42 for 1 min 30 sec
4) 72 for 2 min
Repeat 2-430 times
72 for 7 min
Hold at 4
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Table 2: PCR reagents, primers and conditions used for trnG-R amplification.
Thermocyler Conditions (°C)
PCR Reagents (per reaction)
Primers
1) 94 for 3 min
5pL 10X PCR Buffer
TRNG1F &.
2) 94 for 45 sec
3pL 25mM MgC12
TRNR22R
3) 50 for 30 sec
4pL 2.5mM dNTPs
4) 72 for 1 min 30 sec
2pL 5uM Primers
Repeat 2-4 30 times
2.5pL lmg/ul BSA
72 for 7 min
0.3-0.6pL 5 units/pL Taq
Hold at 4
Polymerase
28.9-30.2pL dH2O
N/A
TRNG63R*
*Primer used only in sequencing, not in amplification.
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N/A

Results

atpfi analysis
The heuristic maximum parsimony (MP) analysis for the atpfi data set found 3078

equally parsimonious trees. Of 1259 total aligned characters: 1067 characters were

constant, 192 were variable and 94 of the variable characters were parsimony
informative. Each tree had a length (L) of 230 steps, a retention index (RI) of 0.84 and a

consistency index (CI) of 0.89. Maximum likelihood (ML) analysis of the same data set,
with 1079 rearrangements, produced a tree with identical topology to the MP tree, and

had a -In likelihood value of 2942.72. Specimens of D. pinnatum vjqtq placed in a clade
with Tahitian and Bornean samples of D. longissimum with low bootstrap values (62%,

MP and 58% ML, Fig. 1). This clade was then placed in a clade with three Taiwanese
species: D. chinensis, D. blotianum, and D. glaucum, as well as the Bornean D. bullatum

with relatively strong bootstrap support (95%, MP and 70%, ML). D. bancroftii samples

from Ecuador and Costa Rica were placed in successively distant clades with bootstraps
of 88% and 87% (MP); and 51% and 88% (ML), respectively. Outgroups were placed
outside these clades with strong bootstrap support.

trnG-R analysis
The heuristic MP analysis for the trnG-R data set found 1,324,913 equally

parsimonious trees. For each tree: L=374, RI=0.93 and CI=0.95. Of 1107 total aligned
characters, 800 characters were constant, 307 were variable and 171 of the variable
characters were parsimony informative. Maximum likelihood analysis of the same data
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set, with 775 rearrangements, produced a tree with a -In likelihood value of 3287.3. MP
and ML trees agreed topologically for all ingroup samples except that while both MP and
ML analyses placed all the non-American species in the same clade (with a bootstrap of

100%; Fig. 2), the ML tree separated the two D. pinnatum samples from the other nonAmerican species. Both of these clades had low bootstrap values (62% and 63%,
respectively). In both analyses the two American D. bancroftii (from Ecuador and Costa

Rica) samples were placed in a separate clade with bootstraps of 100% and outgroup
species were separated from the Diplopterygium clades with bootstraps of 100%.

atpfi, trnG-R, trnL-F and rbcL combined analysis
The heuristic MP analysis for the combined atpfi and trnG-R sequences of this

study and trnL-F and rbcL sequences from Christensen (2006) found 5 equally
parsimonious trees. Of 4095 total characters analyzed, 3435 were constant, 660 were

variable and 149 of the variable characters were parsimony informative. For each tree:

L= 738, RI=.87 and CI=0.97. Maximum likelihood analysis of the same combined data

set, with 775 rearrangements, produced a tree with a -In likelihood value of 9302.5713.
The topologies generated in the MP and ML trees were identical. D. pinnatum was
placed in a clade with the Tahitian sample, D. longissimum with bootstrap values of 84%

(MP) and 82% (ML; Fig. 3). Both D. pinnatum samples were placed in a clade with D.

chinensis, D. blotianum, and D. glaucum from Taiwan and D. bullatum from Borneo with

bootstraps of 100% for both MP and ML. D. bancroftii from Ecuador was placed in the
next distant clade with bootstraps of 100% for both MP and ML. Outgroups were placed
in separate clades with strong bootstrap support.
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Bootstrap

Dicranopteris linearis
(Tahiti)

WO MP

100 ML
Dicranopteris linearis
(Taiwan)

Diplopterygium
pinnatum
(Hawaii)

80
74
Diplopterygium
pinnatum
(Hawaii)

62
58

Diplopterygium
longissimum
(Tahiti)

Diplopterygium
longissimum
(Borneo)

Diplopterygium
blotianum
(Taiwan)

95
70

Diplopterygium
chinensis
(Taiwan)

Diplopterygium
glaucum
(Taiwan)

88
51

Diplopterygium
bullatum
(Borneo)

87
88

Diplopterygium
bancroftii
(Ecuador)

Diplopterygium
bancroftii
(Costa Rica)

Gleichenia microphylla
(Borneo)

88
98
Sticherus owyhyhensis
(Kauai)

Figure 1: Maximum parsimony consensus tree based on the atpfi data set. Numbers on
top of branches represent maximum parsimony bootstrap values and the numbers below
branches represent maximum likelihood bootstrap values.
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Bootstrap

Dicranopteris linearis
' (Taiwan)

Diplopterygium
pinnatum
(Hawaii)

62
Diplopterygium
pinnatum
(Hawaii)

Diplopterygium
"bullatum
(Borneo)

100 MP
100 ML
Diplopterygium
blotianum
(Taiwan)

Diplopterygium
' longissimum
(Borneo)
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Diplopterygium
glaucum
(Taiwan)
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Diplopterygium
longissimum
(Tahiti)

Diplopterygium
chinensis
(Taiwan)

100
100

Diplopterygium
bancroftii
(Costa Rica)

100
100
Diplopterygium
bancroftii
(Ecuador)

Sticherus owyhyhensie
(Kauai)

Dicranopteris linearis
(Borneo)

Figure 2: Maximum likelyhood consensus tree based on the trnG-R data set. Numbers on
top of branches represent maximum parsimony bootstrap values and the numbers below
branches represent maximum likelihood bootstrap values.
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Bootstrap

Diplopterygium
pinnatum
{Hawaii)

84 MP
82 ML
Diplopterygium
longissimum
(Tahiti)
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Diplopterygium
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(Taiwan)

_____________________ __

Diplopterygium
bancroftii
(Ecuador)

Dicranopteris linearis
(Taiwan)

Sticherus owyhyhensis
(Kauai)

Figure 3: Maximum parsimony consensus tree based on the combined atpfi, trnG-R,
trnL-F and rbcL data sets. Numbers on top of branches represent maximum parsimony
bootstrap values and the numbers below branches represent maximum likelihood
bootstrap values.
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Discussion

Relationships ofAnalyses
The goal of this study was to distinguish between an Indo-Pacific or Austral

ancestral origin for D. pinnatum. This determination could not be made from analysis of

the data obtained in this study nor from the combined analysis which also included the

data of Christensen (2006). The MP consensus tree for the atpfi data set provided no new
information, placing separate samples of D. longissimum from Borneo (Indo-Pacific) and
Tahiti (Austral) in the same clade as D. pinnatum. Because the two D. longissimum

samples came from different regions, these data do not distinguish between Hi and H2.
The ML consensus tree for the trnG-R marker was even less informative. The analysis
did not distinguish between any of the species from Hawaii and an associated Austral or
Indo-Pacific origin, as it placed all of them in the same clade with a bootstrap value of

100 (MP and ML). This was unexpected considering that trnG-R vs as chosen because it

possessed an intron which was assumed to have a rapid rate of sequence change. Thus,
the marker appears to be more highly conserved than anticipated.
The MP consensus tree for the combined trnG-R, atpfi, trnL-F and rbcL data sets

did not provide any clearer results than the individual analyses. The combined tree is
similar to the others in that it shows a relationship between D. pinnatum and Tahitian D.

longissimum. Sequences from all four markers were not available for the Bornean

species of D. longissimum so it was not included in the analysis; thus, an Austral origin

cannot be assumed from this data set. All three trees placed American species of
Diplopterygium into clades most distantly related to D. pinnatum, supporting the
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inference of Christensen (2006) that D. pinnatum was not dispersed to Hawaii from the

Americas via the tradewinds.

Comparison With Related Studies
The primary goal of this research was to augment and further clarify the research

of Christensen (2006), however, similar results were acquired. Though no more
definition was obtained, the conclusions of the previous study were strengthened with

new data. The possibility of an Indo-Pacific origin, and therefore dispersal via the Pacific
jetstream has precedent in existing research. Geiger and Ranker (2005) concluded that

several Hawaiian endemic species in the fern genus, Dryopteris, had a southeast Asian
(Indo-Pacific) origin, with the original spore dispersal occurring via the Pacific jetstream.
According to the available scientific literature, an Austral origin of D. pinnatum is also

possible. Wright et al. (2001) concluded that one species of Meterosideros, which has
very small seeds that disperse by wind, was carried from the Marquesas Islands, over the
equator and to Hawaii via an ICTZ/Hadley Cell Shift mechanism.
Similar to this study, work on the filmy fern, Hymenophyllum lanceolatum, one of
three in its genus endemic to Hawaii, suggests either an Austral or Indo-Pacific origin.

Studies by Ebihara et al. (2004) and Hennequin et al. (2006) infer possible close

relationships between H. lanceolatum and related species in Borneo, New Guinea, New
Zealand and New Caledonia (as cited in Geiger et al., in press). The genus Grammitis is

also suspected to have either an Austral or Indo-Pacific origin (Geiger et al., in press).
As in this study, more work must be done to clearly elucidate the most likely origins of
these species and genera.
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Further Study
The addition of two new cpDNA markers (-2500 bp) to the existing cpDNA data

set for D. pinnatum failed to provide any further resolution of its biogeographic origin.
The resolution acquired from cpDNA sequences has not been sufficient in describing

phylogenetic relationships for this sampling of Diplopterygium species. Improvements in
further research that may lead to more informative results could include wider sampling,

more variable cpDNA markers and/or nuclear DNA markers. Thus far, sequences from

only 25% (7 out of 28) of species of Diplopterygium have been included in the
phylogenetic analyses performed. Obtaining a larger sample of species within the genus

could help improve the resolution of the relationships therein. A larger amount of
variability within the obtained DNA sequences could also help provide better resolution

of phylogenetic relationships within the genus. Acquisition of higher variability could be
accomplished either through use of new cpDNA markers or, possibly, nuclear DNA
markers.
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