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Abstract

Background: Five species of Metrosideros (Myrtaceae) are recognized in the Hawaiian Islands, including the widespread M.
polymorpha, and are characterized by a multitude of distinctive, yet overlapping, habit, ecological, and morphological
forms. It remains unclear, despite several previous studies, whether the morphological variation within Hawaiian
Metrosideros is due to hybridization, genetic polymorphism, phenotypic plasticity, or some combination of these processes.
The Hawaiian Metrosideros complex has become a model system to study ecology and evolution; however this is the first
study to use microsatellite data for addressing inter-island patterns of variation from across the Hawaiian Islands.

Methodology/Principal Findings: Ten nuclear microsatellite loci were genotyped from 143 individuals of Metrosideros. We
took advantage of the bi-parental inheritance and rapid mutation rate of these data to examine the validity of the current
taxonomy and to investigate whether Metrosideros plants from the same island are more genetically similar than plants that
are morphologically similar. The Bayesian algorithm of the program STRUCTURE was used to define genetic groups within
Hawaiian Metrosideros and the closely related taxon M. collina from the Marquesas and Austral Islands. Several standard and
nested AMOVAs were conducted to test whether the genetic diversity is structured geographically or taxonomically.

Conclusions/Significance: The results suggest that Hawaiian Metrosideros have dynamic gene flow, with genetic and
morphological diversity structured not simply by geography or taxonomy, but as a result of parallel evolution on islands
following rampant island-island dispersal, in addition to ancient chloroplast capture. Results also suggest that the current
taxonomy requires major revisions in order to reflect the genetic structure revealed in the microsatellite data.
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Introduction

Disentangling the interacting roles of genetics and the

environment in morphological patterns across the tree of life is

one of the main goals of systematics and population genetics. The

characterization of genetic diversity and relationships between

closely related plant taxa is often difficult due in part to a lack of

sufficiently variable genes [1] that do not reflect the often striking

morphological changes that many plant groups undergo in

response to environmental fluctuations, or minor genetic changes

[2]. For example in adaptive radiations, as often seen in island

archipelagos, dramatic morphological changes can occur rapidly

resulting in a diversity of taxa, with little, or no detectable genetic

differences [3,4].

Determining the relationships and patterns of genetic diversity

within the polymorphic Hawaiian Metrosideros (Myrtaceae) com-

plex, known locally as ‘ohi‘a or ‘ohi‘a lehua, has been particularly

challenging. The most recent comprehensive taxonomic treatment

of Metrosideros recognizes about 50 species in the genus, which

range across the Pacific from the Philippine Islands, south to New

Zealand, and east to the Hawaiian Islands [5]. Five species are

recognized in the Hawaiian Islands, including the widespread and

variable species Metrosideros polymorpha, which is dominant in many

different ecosystems on all of the major Hawaiian Islands, from

sea-level to over 2,600 m in elevation. As the scientific name

suggests, M. polymorpha, which is subdivided into eight varieties, is

characterized by a multitude of distinctive, yet overlapping habit,

ecological, and morphological forms, ranging from scandent

shrubs to towering trees, from montane bogs to recent lava flows,

and from large glabrous leaves to minute hairy ones [5].

The taxonomy of the group has long been problematic, as many

of the morphological characters are continuous, often with

multiple phenotypes present in a single population; many M.

polymorpha individuals exhibit combinations of morphological traits

that characterize two or three varieties, and individual plants may

be intermediate between recognized taxa. To complicate the

situation further, Metrosideros is heteroblastic (i.e. with develop-

mental differences in leaf characteristics between juvenile and
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adult stages) [6], and epicormic shoots on adult plants have leaves

with juvenile morphologies [7].

Because of the complex morphological variation in Hawaiian

Metrosideros, they have become a model system to study ecology

and evolution. A number of previous studies have investigated

whether the dramatic morphological variation within M. poly-

morpha, and among other Hawaiian taxa, may be due to

hybridization [7], genetic polymorphism, or phenotypic plasticity

[8]. Although limited in sampling to a few populations within an

island, early studies were able to conclude that morphological

characters in M. polymorpha had strong environmental responses to

water, nutrients, and temperature [6,9], and that the leaf

morphology of M. polymorpha varied as a function of elevation,

substrate age, and annual precipitation [10]. In complementary

common-garden and field studies, M. polymorpha morphology was

determined to be partly environmentally and partly genetically

controlled [8].

Our understanding of the morphological patterns in Hawaiian

Metrosideros has increased with the advent of genetic methods.

Several allozyme studies on populations within the islands of Maui

and Hawai’i demonstrated that genetic diversity of Metrosideros

polymorpha does not mirror that of the great morphological diversity

present in these locations [11–13]. Another study of M. polymorpha

based on RAPDs (random amplification of polymorphic DNA)

and morphology showed that within the island of Hawai’i, a

plant’s locality was more predictive of genetic similarity than its

morphology [14]. A Pacific-wide phylogenetic analysis of Metro-

sideros based on nuclear ribosomal ITS and ETS sequence data

began to shed light on the relationships of Hawaiian Metrosideros to

other Pacific taxa and indicated that the Hawaiian group likely

originated from the Marquesas Islands [15]; they found a closer

relationship between M. collina from the Marquesas Islands and the

Hawaiian taxa than between M. collina in the Marquesas Islands

and M. collina on other Pacific Islands. However, the data were

insufficiently variable to resolve the relationships between

Hawaiian taxa or between the Hawaiian taxa and the individuals

sampled from the Marquesas Islands.

A recent study using chloroplast sequence data and morphology

has provided a more in-depth analysis of the genetic and

morphological patterns of Metrosideros across the Hawaiian Islands

[16]. This study uncovered a strong geographical structure, with

most individuals on each island more closely related to others on

the same island, despite their morphologies. The study also found

a strong biogeographic pattern where ancient dispersal events

likely proceeded down the island chain from the older to younger

islands; the Hawaiian Islands are an interesting area to study

phylogeographic patterns because the islands are chronologically

ordered, with Kaua’i the oldest (5.1 million years), and Hawai’i the

youngest (0.5 million years to still forming). Several other plant

and animal groups have demonstrated divergence patterns among

species that are consistent with colonization from older to younger

islands, often referred to as the ‘‘progression rule’’ [17], but this

was the first study to find such a pattern within a species. However,

because this previous study only included chloroplast data, they

could not resolve whether hybridization and chloroplast capture

accounted for some of the similar genotypes found in plants with

different morphologies within islands [16]. Consequently, we

sought additional evidence from nuclear DNA data, using the

same set of samples (with additions) employed in the chloroplast

phylogeny study [16].

The inconclusiveness and/or limited sampling of the above

previous studies, plus the unisexual inheritance of CpDNA and the

low variability of other nuclear markers attempted, emphasized

the need for a study of Metrosideros using microsatellites to examine

the genetic structure and gene flow of all Metrosideros species from

across the Hawaiian Islands. This study represents the most

complete taxonomic and geographic sampling of any study on

Hawaiian Metrosideros to date. The bi-parental inheritance and

rapid mutation rate [18] of microsatellite markers, regions of

tandemly repeated basepairs, usually from 2 to 6 base-pairs in

length [19], make them particularly useful in uncovering the

genetic structure of closely related taxa and populations and are

expected to provide better resolution than the chloroplast

sequence data [16], which is the only other data available for a

similarly comparatively wide sampling. Lastly, they are easy to

score, making multilocus assessments of genetic structure across a

wide sampling of individuals possible [20]. We genotyped ten

nuclear microsatellite loci using primers developed for M.

polymorpha from the island of Hawai’i [21]. Over 140 individuals

were genotyped, representing all the species from across five of the

major Hawaiian Islands. These data were used to investigate

whether plants from the same locality are more genetically similar

than plants with similar morphologies, and to examine the validity

of the current taxonomy of Hawaiian Metrosideros.

Methods

Taxonomic sampling and DNA extraction
A total of 143 individuals were genotyped in this study - see

Appendix S1 in the online Supporting Information for taxonomic,

geographic, and herbarium voucher information. This sampling

encompassed representatives from all the Hawaiian Metrosideros

species and from all of the major Hawaiian Islands except Lana’i.

The only Hawaiian taxon not represented is one of the eight

varieties of M. polymorpha (var. newellii). Also included in this study

were 11 samples of M. collina from Southern Polynesia (six samples

from the Austral Islands and five from the Marquesas Islands);

these were included because they were previously shown to be

most closely related to Hawaiian Metrosideros [16]. Samples for this

study were contributed by several collectors, with in some cases

only a single or few individuals collected per population. Samples

were selected to represent a wide taxonomic sampling from each

island rather than large population samples per taxon. A majority

(60.8%) of the individuals included in this study were previously

analyzed for the chloroplast phylogenetic study [16] allowing for a

direct comparison of the resulting patterns; the morphological

character data analyzed in this study were also previously

published [16]. For all samples, total DNA was extracted from

silica-dried leaf material using a Qiagen DNeasy Plant Mini Kit.

DNA was diluted from 1:10 to 1:50, based on the quality and age

of the leaf material (with higher quality and younger material

diluted more) before it was used for amplification.

Microsatellite amplification and scoring
Ten polymorphic microsatellite loci (MePo501, MePo503,

MePo505, MePo507, MePo508, MePo510, MePo511, MePo512,

MePo513, and MePo514) were amplified using previously

published primers that were developed for M. polymorpha from

the island of Hawai’i [21]. Amplifications were performed in a

10 mL volume [1 mL 106buffer (Applied Biosystems), 1 mL 10 mM

dNTPs, 0.6 mL MgCl2, 0.1 mL Taq DNA polymerase (Applied

Biosystems), 0.5 mL of each primer (forward and reverse), and

1 mL DNA template] using a PT-100 thermal cycler (MJ

Research) under published conditions, except with annealing

temperatures 1–2uC below published temperatures and annealing

times increased to 30 seconds for all cycles [21]. Forward primers

were fluorescently labeled on their 59 end with either Hex, Fam

(Sigma-Aldrich), or Ned (Applied Biosystems) dyes. Two to five

Metrosideros Genetic Structure
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dye-labeled PCR products were mixed so that multiple loci could

be multi-loaded and analyzed in an ABI capillary sequencing

machine (Applied Biosystems) using Rox standard (Applied

Biosystems). Electropherograms were analyzed using GENESCAN

version 2.1 software (Applied Biosystems) and allele sizes were

scored using GENOTYPER version 2.5 software (Applied Biosystems).

Data analyses
Definition of genetic groups. We used the Bayesian

algorithm as implemented by the computer program STRUCTURE

version 2.2 [22] to define genetic groups within Hawaiian

Metrosideros and determine the similarity of M. collina from the

Marquesas Islands and the Austral Islands to Hawaiian taxa.

STRUCTURE analyses have been used to elucidate the genetic

structure within a variety of taxa, from plants [23] and mosquitoes

[24], to humans [25]. This algorithm infers genetic discontinuities

from individual multilocus genotypes without any a priori

knowledge of geographic location or taxonomy. The default

settings of the program were used, including an admixture model.

To determine the most likely number of groups (K) in the data, a

series of analyses were performed from K = 1 through 20, using

40,000 burn-in and 100,000 repetitions, with ten iterations per K.

These results were examined using the DK method [26] to identify

the most likely number of groups in the data, which in this study

was determined to be K = 13.

Analyses of population differentiation. To investigate the

genetic structure further, and to test how the genetic diversity

might be structured, several analyses of molecular variance

(AMOVA) were conducted [27] using ARLEQUIN version 3.11

software [28]. For each analysis, the standard AMOVA settings

were used, with 0.1 missing data level per site, and 10,000

permutations. Three loci (MePo503, MePo507 and MePo514)

were excluded from most of the analyses because of too many

missing data. Standard AMOVAs were used to test for the

significance of grouping the data by island, species, and taxonomic

variety. Lastly, several nested AMOVAs were conducted in

ARLEQUIN with the same settings and number of permutations as

above. Nested AMOVAs were conducted to test several groups,

including species or varieties in islands and islands in species or

varieties. For all AMOVAs using ‘‘variety’’ as a group, all

individuals that had not been identified to variety, or were

considered intermediate in form, were removed from those

analyses.

Results

Characterization of microsatellite loci
The 10 polymorphic microsatellite loci used in this study are

characterized in Table 1. For the 143 individuals genotyped, all

but one locus (MePo514) could be genotyped across most of the

individuals sampled, and two other loci (MePo503 and MePo507)

were missing too many data to be included in the AMOVA

analyses. The total number of alleles ranged from as few as 7

(MePo513) to as many as 51 (MePo503). The most extreme size

range was from 179 to 393 base pairs (MePo503). The size ranges

for all loci genotyped in this study were larger than those reported

in the original publication [21] as this study included a wider

sampling of taxa and localities.

Definition of genetic groups
The results of the Bayesian STRUCTURE analysis identifying

genetic groupings in the Metrosideros microsatellite data are

illustrated in Figure 1. In Figure 1A, which is organized by island,

five individuals from Tubuai in the Austral Islands group together

(blue) and similarly to several individuals from O’ahu, while one

individual from Rurutu in the Austral Islands has mixed group

membership. All five individuals from the Marquesas Islands group

together (dark blue), separately from those from the Austral Islands.

All of the Hawaiian Islands are separated into a number of different

genetic groups, represented by a diversity of colors in Figure 1A. A

majority of specimens from Kaua’i are predominantly in the dark

green group, which is scattered across most of the other Hawaiian

Islands. However, five individuals from Kaua’i are placed in the

orange group, which is also found in Maui. O’ahu is separated into a

number of different groups, with no one group dominating the

island; several individuals form a distinctive blue group, most similar

to individuals from Tubuai (Austral Islands). In O’ahu, three

individuals also form a very distinctive red group, not shared on any

other island, while several other specimens form a dark grey group.

Maui is predominated by a distinctive yellow group, with several

individuals in the orange group, shared with a few individuals from

Kaua’i. The group membership in Moloka’i is very heterogeneous,

with no single group predominating on the island. Hawai’i is also

heterogeneous, however, the purple group which is shared by many

of the individuals in Hawai’i is not found throughout the other

Hawaiian Islands.

Figure 1B illustrates the results from the STRUCTURE analysis by

separating the data along taxonomic lines. Interestingly, M. collina

is separated into two groups, blue and dark blue, with one

individual matching many of the individuals from Kauai; this blue

group is also shared by all of the individuals of M. macropus. Most

taxa are very heterogeneous, having individuals belonging to a

number of different genetic groups, including M. polymorpha vars.

glaberrima, incana, polymorpha, pseudorugosa, and pumila and M.

waialealae vars. faurei and waialealae. However, two taxa do appear

to form distinctive genetic groups, M. rugosa (red) and M. tremuloides

(mostly grey), although not all individuals identified as M. rugosa or

M. tremuloides were included in those genetic groups. Metrosideros

polymorpha vars. dieteri and macrophylla, which occur on different

islands, also group together (orange).

Analyses of population differentiation
Results of the AMOVAs testing for genetic subdivision were

mixed, revealing in the standard AMOVAs that the highest Fst

value was for grouping the microsatellite data by species

(Fst = 0.122), followed closely by taxonomic variety (Fst = 0.106),

Table 1. Characterization of Metrosideros nuclear
microsatellite loci.

Locus N k Size (bp)

MePo501 142 22 104–160

MePo503 117 51 179–393

MePo505 134 25 230–304

MePo507 126 20 220–280

MePo508 130 8 182–228

MePo510 137 23 216–294

MePo511 131 8 136–176

MePo512 132 38 138–308

MePo513 142 7 152–212

MePo514 66 17 166–212

N is the number of individuals genotyped in this study; k is the total number of
alleles; and size is the range of base pair lengths of each locus.
doi:10.1371/journal.pone.0004698.t001
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and then by islands (Fst = 0.090) (Table 2). However, results of the

nested AMOVAs (Table 3) revealed that more of the variation is

explained by islands than by either species or taxonomic variety.

Even with the inclusion of M. collina from the Austral and

Marquesas Islands, Fst values in this study are particularly low

(islands = 0.09; species = 0.12) when compared to similar micro-

satellite studies in woody insular plants; for example the Fst of

Santalum insulare between islands in French Polynesia is 0.50 [29], S.

austocaledonicum between islands in New Caledonia is 0.35 [30], and

Magnolia sieboldii ssp. japonica between populations in Japan is 0.49

[31]. However, Fst values in this study lie more in the range of

other mainland woody species such as populations of Vouacapoua

Figure 1. Genetic structure of Metrosideros using nuclear microsatellite data. Results from the Bayesian algorithm as implemented in the
program STRUCTURE. Each of the 143 individuals included in the analysis is represented by a single vertical bar, partitioned into 13 colored segments
that represent the individual’s probability of belonging to one of 13 (K = 13) genetic clusters. (A) Individual samples are grouped by island
archipelagos (Austral Islands, Marquesas Islands), or by individual Hawaiian Island. The X-axis numbers follow Sample Numbers in Appendix S1. (B)
Individual samples are grouped by Metrosideros taxon. The X-axis numbers follow Sample Numbers in Appendix S1.
doi:10.1371/journal.pone.0004698.g001

Table 2. Analysis of molecular variance (AMOVA) results.

Main Category Subdivisions Variation Df
Sum of
Squares

Variance
Component

Percentage of
Variance Fst

islands Australs Islands, Marquesas Islands,
Kaua’i, O’ahu, Maui, Molokai, Hawai’i

among pops
within pops

6
279

60.050
594.960

0.212
2.133

9.03
90.97

0.090

species M. collina, M. macropus, M. polymorpha, M.
rugosa, M. tremuloides

among pops
within pops

5
282

43.601
615.555

0.304
2.183

12.23
87.77

0.122

variety M. collina, M. macropus, M. polymorpha vars.
dieteri, glaberrima, incana, macrophylla,
polymorpha, pseudorugosa, pumila, M. rugosa,
M. tremuloides, M. waialealae

among pops
within pops

11
240

68.132
463.431

0.230
1.931

10.64
89.36

0.106

Genetic subdivision of the Metrosideros microsatellite by island, species, and taxonomic variety.
doi:10.1371/journal.pone.0004698.t002
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americana in French Guiana which has an Fst of 0.08 [32] and

Grevillea macleayana in Australia with an Fst of 0.22 [33], although

Fst values between studies are not directly comparable given

different heterozygosity values.

Discussion

The main objective of this study, based in part on some recent

provocative chloroplast DNA analyses [16], was to investigate

whether the genetic diversity of Hawaiian Metrosideros is

geographically or taxonomically structured. The STRUCTURE

results using nuclear microsatellite data presented here reveal

a much more complex assignment of individuals to groups than

by only island or taxonomy (Figure 1), indicating that the

evolution and current gene flow may be much more compli-

cated, with several competing forces leading to the morpholog-

ical and genetic patterns we see today. The results from the

microsatellite analyses provide support for several of the findings

based on the chloroplast sequence data [16], most notably some

evidence for genetic differentiation by islands as determined by

the nested AMOVA results, likely due to the differentiated

genetic groups in the Austral Islands (blue), Marquesas Islands

(dark blue), Maui (yellow), and Hawai’i (purple) (Figure 1A).

However, a marked difference between these studies was that

the microsatellite data grouped M. collina from the Austral

Islands (Tubuai) with M. macropus from O’ahu, while in the

nuclear and chloroplast DNA studies [15,16], the Marquesas

Islands shared more genetic similarity with individuals from the

Hawaiian Islands than to those from the Austral Islands.

Although not likely, due to the inclusion of ten independent loci,

this may have resulted from size homoplasy; due to the rapid

mutation rates of microsatellite regions, electromorphs of the

same size may not be the result of common descent [34–36].

Another difference in the two studies is that that all individuals

of M. polymorpha var. dieteri formed a group in the microsatellite

analysis, but were resolved as polyphyletic in the chloroplast

phylogeny. Lastly, most individuals of M. tremuloides and M.

rugosa formed distinctive groups in this study, but chloroplast

sequence data [16] may not have had sufficient variability to

distinguish these from varieties of M. polymorpha in O’ahu.

The patterns elucidated in our microsatellite study, taken in

light of previous genetic and morphological studies, indicate that

the genetic and morphological patterns of Hawaiian Metrosideros

are likely due to a combination of chloroplast capture following

hybridization, as well as morphological plasticity and parallel

evolution on islands following rampant inter-island dispersal. The

presence of genetic groups comprised of individuals with very

different morphological characteristics may be the result of

extreme morphological plasticity, where plants are able to change

the characteristics of their vegetative parts due to fluctuations in

environmental conditions [37,38]. Previous studies have demon-

strated that morphological characters of M. polymorpha change

deterministically with environmental changes in temperature,

precipitation, elevation, and substrate [6,9,10]. This plasticity and

ecotypic differentiation may be important factors in the successful

colonization of a wide and diverse landscape such as the Hawaiian

Islands [37,39].

The previous phylogenetic analysis of chloroplast data showed

that Metrosideros in the Hawaiian Islands has island-based clades,

and that diverse morphological forms are more closely related on

any particular island than to similar forms on other islands [16].

The microsatellite analysis corroborates these general patterns but

do not show such well-resolved island groups, with some

individuals within each island sharing genetic similarity with

individuals from other islands. This indicates that continued gene

flow through inter-island dispersal is also likely occurring, which is

consistent with the AMOVA results, where Fst values are more

similar to plant groups with continental populations than isolated

island populations. Such dispersal may occur by way of the tiny

wind-dispersed seeds of Metrosideros, which only require wind

speeds of 5–19 km per hour to be air-born [40,41], or by the

movement of pollen by birds. Two of the common native

nectarivorous species of birds that visit Metrosideros show little or

no evidence of genetic structure among islands [42,43]. Inter-

island movements of these birds could be a means of pollen

exchange across islands.

Table 3. Nested analysis of molecular variance (AMOVA) results.

Major Group Minor Group Variation Df Sum of Squares
Variance
Components

Percentage of
Variance Fst/Fsc/Fct

islands species among groups 6 54.633 0.198 8.49 0.104

among pops within
groups

4 10.048 0.044 1.90 0.021

within pops 211 436.241 2.0675 89.61 0.085

species islands among groups 4 23.741 0.103 4.32 0.123

among pops within
groups

6 40.940 0.190 7.99 0.084

within pops 211 440.404 2.087 87.69 0.043

islands variety among groups 6 53.636 0.182 7.77 0.123

among pops within
groups

16 47.463 0.107 4.56 0.049

within pops 205 420.323 2.050 87.67 0.078

variety islands among groups 11 53.156 0.064 2.76 0.118

among pops within
groups

11 47.940 0.209 9.01 0.092

within pops 205 420.323 2.050 88.23 0.028

Genetic subdivision of the Metrosideros microsatellite data using several different major and minor groupings, including islands, species, and variety.
doi:10.1371/journal.pone.0004698.t003

Metrosideros Genetic Structure
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Ancient chloroplast capture could not be ruled out as a partial

explanation of the pattern of island-specific clades found in the

chloroplast DNA study [16]. Chloroplast capture occurs when the

usually maternally inherited chloroplast genome is transferred

without recombination between species after hybridization [1].

The results of this nuclear microsatellite analysis therefore help to

both corroborate the chloroplast findings and confirm the

likelihood of chloroplast capture in some cases where there are

different nuclear groups on an island, but only one chloroplast

group. An example is M. macropus, which groups together but

separate from the other taxa in O’ahu in the nuclear analysis, but

in the chloroplast tree [16], these three individuals have identical

chloroplast sequences to other taxa from O’ahu. Chloroplast

capture has been identified in New Zealand Metrosideros [44] as

well as other genera of Myrtaceae including Eucalyptus [45].

In addition to the microsatellite data revealing that the gene

flow in Hawaiian Metrosideros is dynamic, results suggest that the

current taxonomy is generally not valid and requires significant

revisions. Results add mounting evidence that many Metrosideros

taxa in the Hawaiian Islands should perhaps be regarded as one

hypervariable species, M. polymorpha, including all varieties of M.

waialealae and M. polymorpha, congruent with results of RAPD [14]

and chloroplast DNA [16] studies. In addition, M. polymorpha vars.

dieteri and macrophylla may be regarded as a single separate species,

if any morphological characters can be identified to support this.

Results from the STRUCTURE analysis show that most individuals of

M. rugosa and M. tremuloides form separate genetic groups,

indicating that these two species may remain distinctive species,

if further investigation reveals that taxonomic uncertainty, or

misidentification, accounts for the few individuals that did not

group with them (Figure 1B: red for M. rugosa and grey for M.

tremuloides). Lastly, these results suggest that M. collina from the

Austral Islands should be regarded as a separate species from M.

collina from the Marquesas Islands, but combined with M. macropus

from O’ahu.

The addition of the microsatellite data has broadened our

interpretation of the biogeographic patterns in Hawaiian and

French Polynesian Metrosideros, but some ambiguities still remain.

Our data shows some conflict between admixture across islands

and even across island groups in the Pacific, and a contrasting

signature of intra-island lineages. If homoplasy in the microsatellite

data is assumed to be low then the level of admixture implies an

impressive degree of ongoing dispersal and gene flow between

islands, which may account for Fst values that are more reflective

of dispersal patterns seen in continental populations across a

continuous land mass rather than the more typical Fst values

reflective of restricted levels of dispersal between isolated islands

interspersed by large areas of inhospitable ocean. We are currently

pursuing a phylogenetic study of Hawaiian Metrosideros based on

low-copy nuclear sequence data to resolve our interpretation of

this system as well as the discrepancies between the chloroplast

and microsatellite data.

Supporting Information

Appendix S1 Metrosideros specimens used in this study. This list

includes the following information: sample number (A: Figure 1A

and Supporting Data; B: Figure 1B), voucher information, with

herbarium abbreviations from the Index Herbariorum; the

species; the variety if determined, or ‘‘indet.’’ if the variety is not

determined; notes, on leaf surface characters (ie. glabrous or

pubescent) of specimens for which the variety is not identified, or

the specimen is intermediate in morphology.

Found at: doi:10.1371/journal.pone.0004698.s001 (0.21 MB

DOC)

Acknowledgments

The authors thank C. Morden (University of Hawai’i, Manoa) for

supplying DNA samples from the Hawaii DNA Library; M. Wright

(University of Colorado, Boulder) for supplying DNA samples; the BISH,

NSW, PTBG, and US herbaria for loaning and giving permission to

analyze their herbarium material; C. Bozarth, N. Rotzel, and P. Zwiers for

logistical assistance at the Center for Conservation and Evolutionary

Genetics, Smithsonian National Zoological Park; E. Latch and J.

Maldonado for data analysis assistance at the Center for Conservation

and Evolutionary Genetics, Smithsonian National Zoological Park.

Author Contributions

Conceived and designed the experiments: DTH WLW DMP HFJ RCF.

Performed the experiments: DTH. Analyzed the data: DTH WLW RCF.

Contributed reagents/materials/analysis tools: DMP RCF. Wrote the

paper: DTH WLW DMP HFJ RCF.

References

1. Schaal BA, Hayworth DA, Olsen KM, Rauscher JT, Smith WA (1998)

Phylogeographic studies in plants: problems and prospects. Mol Ecol 7:
465–474.

2. Bradshaw HD, Otto KG, Frewen BE, McKay JK, Schemske DW (1998)

Quantitative trait loci affecting differences in floral morphology between two

species of monkeyflower (Mimulus). Genetics 149: 367–382.

3. Carlquist S (1974) Island biology. New York: Columbia University Press.

656 p.

4. Witter MS, Carr GD (1988) Adaptive radiation and genetic differentiation in the
Hawaiian silversword alliance (Compositae: Madiinae). Evolution 42:

1278–1287.

5. Dawson JW, Stemmermann LR (1999) Metrosideros. In: Wagner WL, Herbst DR,

Sohmer S, eds. Manual of the flowering plants of Hawai’i. Honolulu: University
of Hawai’i Press. pp 964–970.

6. Corn CA, Hiesey WM (1973) Altitudinal variation in Hawaiian Metrosideros.
Am J Bot 60: 991–1002.

7. Porter JR (1973) The growth and phenology of Metrosideros in Hawai’i. Technical
Report No. 27, Island Ecosystems Integrative Research Program. Honolulu:

University of Hawai’i.

8. Cordell S, Goldstein G, Mueller-Dombois D, Webb D, Vitousek PM (1998)

Physiological and morphological variation in Metrosideros polymorpha, a dominant
Hawaiian tree species, along an altitudinal gradient: the role of phenotypic

plasticity. Oecologia 113: 188–196.

9. Stemmermann L (1983) Ecological studies of Hawaiian Metrosideros in a

successional context. Pac Sci 37: 361–373.

10. Joel G, Aplet G, Vitousek PM (1994) Leaf morphology along environmental

gradients in Hawaiian Metrosideros polymorpha. Biotropica 26: 17–22.

11. Aradhya KM, Mueller-Dombois D, Ranker TA (1991) Genetic evidence for

recent and incipient speciation in the evolution of Hawaiian Metrosideros

(Myrtaceae). Heredity 67: 129–138.

12. Aradhya KM, Mueller-Dombois D, Ranker TA (1993) Genetic structure and

differentiation in Metrosideros polymorpha (Myrtaceae) along altitudinal gradients in
Maui, Hawaii. Genet Res 61: 159–170.

13. Treseder KK, Vitousek PM (2001) Potential ecosystem-level effects of genetic

variation among populations of Metrosideros polymorpha from a soil fertility
gradient in Hawaii. Oecologia 126: 266–275.

14. James SA, Puttock CF, Cordell S, Adams RP (2004) Morphological and genetic
variation within Metrosideros polymorpha (Myrtaceae) on Hawai’i. N Z J Bot 42:

263–270.

15. Wright SD, Yong CG, Wichman SR, Dawson JW, Gardner RC (2001) Stepping
stones to Hawaii: a trans-equatorial dispersal pathway for Metrosideros

(Myrtaceae) inferred from nrDNA (ITS+ETS). J Biogeogr 28: 769–774.

16. Percy DM, Garver A, Wagner WL, James HF, Cunningham CW, et al. (2008)
Ancient Metrosideros (Myrtaceae) lineage in the Hawaiian Islands with genetic

diversity filtered through progressive island colonization. Proc R Soc Lond, Ser
B: Biol Sci 275: 1479–1490.

17. Funk VA, Wagner WL (1995) Biogeographic patterns in the Hawaiian Islands.

In: Wagner WL, Funk VA, eds. Hawaiian biogeography: evolution on a hot spot
archipelago. Washington, DC: Smithsonian Institution Press. pp 379–419.

18. Zhang D-X, Hewitt GM (2003) Nuclear DNA analyses in genetic studies of

populations: practice, problems and prospects. Mol Ecol 12: 563–584.

19. Koskinen MT, Nilsson J, Veselov AJ, Potutkin AG, Primmer CR (2002)

Microsatellite data resolved phylogeographic patterns in European grayling,

Thymallus thymallus, Salmonidae. Heredity 88: 391–401.

Metrosideros Genetic Structure

PLoS ONE | www.plosone.org 6 March 2009 | Volume 4 | Issue 3 | e4698



20. Harr B, Weiss S, David JR, Brem G, Schlötterer C (1998) A microsatellite-based

multilocus phylogeny of the Drosophila melanogaster species complex. Curr Biol 8:

1183–1186.

21. Crawford NG, Hagen C, Sahli HF, Stacy EA, Glenn TC (2008) Fifteen

polymorphic microsatellite DNA loci from Hawaii’s Metrosideros polymorpha

(Myrtaceae: Myrtales), a model species for ecology and evolution. Mol Ecol

Notes 8: 308–310.

22. Pritchard JK, Wen X, Falush D (2007) Documentation for STRUCTURE software:

version 2.2. Available: http://pritch.bsd.uchicago.edu/software via the internet.

Accessed 14 Jul 2008.

23. Harter AV, Gardner KA, Falush D, Lentz DL, Bye RA, et al. (2004) Origin of

extant domesticated sunflowers in eastern North America. Nature 430: 201–205.

24. Fonseca DM, Keyghobadi N, Malcolm CA, Mehmet C, Schaffner F, et al.

(2004) Emerging vectors in the Culex pipiens complex. Science 303: 153–158.

25. Rosenberg NA, Pritchard JK, Weber JL, Cann HM, Kidd KK, et al. (2002) The

genetic structure of human populations. Science 298: 2381–2385.

26. Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of

individuals using the software STRUCTURE: a simulation study. Mol Ecol 14:

2611–2620.

27. Excoffier L, Smouse PE, Quattro JM (1992) Analysis of molecular variance

inferred from metric distances among DNA haplotypes: application to human

mitochondrial DNA restriction data. Genetics 131: 479–491.

28. Excoffier L, Laval G, Schneider S (2005) ARLEQUIN ver. 3.0: An integrated

software package for population genetics data analysis. Evolutionary Bioinfor-

matics Online 1: 47–50.

29. Lhuillier E, Vaillant A, Butaud J-F, Bouvet J-M (2006) Isolation and

characterization of microsatellite loci in Santalum insulare, Santalaceae. Mol Ecol

Notes 6: 653–655.

30. Bottin L, Verhaegen D, Tassin J, Olivieri I, Vaillant A, et al. (2005) Genetic

diversity and population structure of an insular tree, Santalum austrocaledonicum in

New Caledonian archipelago. Mol Ecol 14: 1979–1989.

31. Kikuchi S, Isagi Y (2002) Microsatellite genetic variation in small and isolated

populations of Magnolia sieboldii ssp. japonica. Heredity 88: 313–321.

32. Dutech C, Joly HI, Jarne P (2004) Gene flow, historical population dynamics

and genetic diversity within French Guiana populations of a rainforest tree

species, Vouacapoua americana. Heredity 92: 69–77.

33. England PR, Usher AV, Whelan RJ, Ayre DJ (2002) Microsatellite diversity and

genetic structure of fragmented populations of the rare, fire-dependent shrub
Grevillea macleayana. Mol Ecol 11: 967–977.

34. Ortı́ G, Pearse DE, Avise JC (1997) Phylogenetic assessment of length variation

at a microsatellite locus. Proc Natl Acad Sci U S A 94: 10745–10749.
35. Doyle JJ, Morgante M, Tingey SV, Powell W (1998) Size homoplasy in

chloroplast microsatellites of wild perennial relatives of soybean (Glycine subgenus
Glycine). Mol Biol Evol 15: 215–218.

36. Angers B, Estoup A, Jarne P (2000) Microsatellite size homoplasy, SSCP, and

population structure: a case study in the freshwater snail Bulinus truncates. Mol
Biol Evol 17: 1926–1932.

37. Williams DG, Mack RN, Black RA (1995) Ecophysiology of introduced
Pennisetum setaceum on Hawaii: the role of phenotypic plasticity. Ecology 76:

1569–1580.
38. Bazzaz EA (1996) Plants in changing environments: linking physiological,

population, and community ecology. Cambridge: Cambridge University Press.

pp 330.
39. Schweitzer JA, Larson KC (1999) Greater morphological plasticity of exotic

honeysuckle species may make them better invaders than native species. J Torrey
Bot Soc 126: 15–23.

40. Corn CA (1972) Seed dispersal methods in Hawaiian Metrosideros. In: Behnke JA,

ed. Challenging biological problems: directions toward their solution. New York:
Oxford University Press. pp 422–435.

41. Drake DR (1992) Seed dispersal of Metrosideros polymorpha (Myrtaceae): a pioneer
tree of Hawaiian lava flows. Am J Bot 79: 1224–1228.

42. Tarr CL, Fleisher RC (1995) Evolutionary relationships of the Hawaiian
honeycreepers (Aves, Drepanidinae). In: Wagner WL, Funk VA, eds. Hawaiian

biogeography: evolution on a hot spot archipelago. Washington, DC:

Smithsonian Institution Press. pp 147–159.
43. Jarvi SI, Tarr CL, McIntosh CE, Atkinson CT, Fleischer RC (2004) Natural

selection of the major histocompatibility complex (Mhc) in Hawaiian honey-
creepers (Drepanidinae). Mol Ecol 13: 2157–2168.

44. Gardner RC, de Lange PJ, Keeling DJ, Bowala T, Brown HA, et al. (2004) A

Late Quaternary phylogeography for New Zealand inferred from chloroplast
DNA haplotypes in Metrosideros (Myrtaceae). Biol J Linn Soc 83: 399–412.

45. Rieseberg LH, Soltis DE (1991) Phylogenetic consequences of cytoplasmic gene
flow in plants. Evol Trend Plant 5: 65–84.

Metrosideros Genetic Structure

PLoS ONE | www.plosone.org 7 March 2009 | Volume 4 | Issue 3 | e4698


