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ABSTRACT

There are 17 Peperomia taxa within the remote islands o f South-eastern Polynesia, of which 14 

are endemic. Expeditions (S. Waldren 1991, S. Waldren & N. Kingston 1997, U. Bradley & N. 

Kingston 2000) have resulted in the collection o f 13 o f these species and in detailed collections 

from the Austral Islands of French Polynesia.

While Peperomia has speciated widely in the Pacific and is a useful genus on which to base an 

evolutionary study, it is a notoriously difficult genus to interpret morphologically and has been 

subject to much taxonomic revision both at the species and individual level. Detailed 

morphological studies o f P eperom ia  in SE Polynesia have revealed a lack o f  significant 

taxonomic characters that prevent morphological data from providing direct evidence on the 

speciation process. Floral structure in the genus is extremely simplified and within the SE 

Polynesian plants there are not enough discrete m orphological characters to perform a 

phylogenetic analysis. In both discrete and particularly in continuous morphological characters, 

many species within the genus display a large degree of variability that may be environmentally 

influenced. Taking into account historical confusion over the number o f distinct species within 

SE Polynesia, phylogenetic studies have been carried out with an emphasis on molecular data.

DNA sequencing studies (ITS and trnh-trnV region) have been successfully used to identify 

phylogenetic relationships between species of Peperomia in SE Polynesia. Non-concordance 

between the trees generated with nuclear ITS and chloroplast trnh-trnF data have revealed 

evidence of two distinct hybridisation events. AFLP studies have confirmed these hybridisation 

events and also increased resolution to a number o f the clades identified in the sequencing 

analyses.

The sequencing study also includes data from Hawaiian species o f Peperomia as well as a number 

of other Pacific species (collaborative study with the New York Botanical Garden). The 

combined ITS data set suggests that the Hawaiian species are monophyletic. The chloroplast 

trnL-trnF sequence data reveals a biogeographic link between an endemic in SE Polynesia (P. 

fosbergii) and two endemic species on Hawaii (P. kokeana and P. eekana).

Molecular studies have revealed a number o f allopatric speciation events in SE Polynesia. 

Peperomia australana  (endemic to the Austral archipelago) has most likely evolved from P . 

tutuilana (distributed in Samoa and Tonga), indicating one southerly migration route into SE 

Polynesia. Peperomia pitcairnensis (endemic to Pitcairn Island) is closely related to P. rapensis 

(centred on the island of Rapa, 2000 km to the west of Pitcairn). Peperomia pallida  is likely to 

have given rise to the endemic P. hendersonensis and an unnamed taxon {P. sp) on the remote 

islands o f Henderson and Pitcairn respectively. Detailed DNA sequencing and AFLP studies



indicate that P. hendersonensis and P. sp. are most closely related to populations of P. pallida on 

the Austral islands of Rurutu and Raivavae, providing evidence o f  founder events. Three closely 

related endemic species are found in the Society Islands, with P. wilderi, an endemic to Rarotonga 

(Southern Cook Islands) also falling within this clade. The migratory link between the Southern 

Cook Islands and the Society islands is also evident in the close relationship between P. pallida 

on Rarotonga and P. x abscondita on Tahiti.

Peperomia X  abscondita is the only Peperomia hybrid described in the Flore de la Polynesie 

Frangaise (Florence 1997). Molecular studies have found no evidence to indicate that it is hybrid 

in origin. Chromosome counts suggest that polyploidy has not played a role in the evolution of 

the genus in SE Polynesia. Two distinct introgressive hybridisation events have been identified, 

one o f which appears to have resulted in a stabilised taxon. P. pallida x  australana individuals 

were collected on Rimatara (Austral Islands) and individuals o f P. australana x rapensis on 

Raivavae (Austral Islands). Based on studies of Peperomia  in SE Polynesia, hybrid taxa within 

the genus can be difficult to identify morphologically but are potentially widespread and of 

significant evolutionary importance.



TABLE OF CONTENTS

Chapter 1 General Introduction 1

Section A: Species and Speciation

1.1 Species defin ition  1

1.2  Theories o f  P lan t speciation 2

1.2.1 A llopatric  speciation 2

1.2.2 Sym patric  speciation 4

1.2.3 P arapatric  speciation 5

1.3 A daptive E volu tion  6

1.4 Speciation  and Reproductive Isolation 7

1.5 H ybrid isation  9

1.6 H ybrid isation  and Evolution 1 ]

1.7 Speciation on Oceanic Islands 14

1.7.1 O ceanic Islands 14

1.7.2 M acA rthur and Wilson’s Theory o f  Island  B iogeography 15

1.7.3 Factors affecting speciation on oceanic is lands 16

1.7.4 Speciation patterns in the Pacific  18

Section B: Types o f data used in studies of speciation 21

1.8 M orphological Analysis 21

1.9 M olecular Analysis 22

1.9.1 The use o f  molecular tools in studies o f  in su lar island  plants 22

1.9.2 M olecular Systematics and H ybrid isation in  P lan ts 24

1.10 M orphological versus M olecular A nalysis 28

Section C: M odel genus: Peperomia (Piperaceae) 3 0

1.11 M odel genus: Peperomia 30

1.11.1 Taxonom y of the Piperaceae 30

1.11.2 Speciation of Peperomia in the Pacific  3 2

1.12 R esearch  Aims 3 2



Section D: Introduction to South Eastern Polynesia 33

1.13 South Eastern Polynesia 33

1.14 Island geology 35

1.15 Biogeography o f South Eastern Polynesia 37

1.16 Levels o f endemism in South Eastern Polynesia 3 9

1.17 Archipelago descriptions in South Eastern Polynesia 42

1.17.1 The Austral Islands 42

1.17.2 The Gambier Islands 42

1.17.3 The Marquesas 43

1.17.4 The Tuamotus 43

1.17.5 The Society Islands 44

1.17.6 The Southern Cook Islands 44

1.17.7 The Pitcairn Islands 45

1.18 The taxonomy o f Peperomia in South Eastern Polynesia 45

1.19 The distribution of Peperomia in South Eastern Polynesia 48

Section E: The collection of Peperomia in South Eastern Polynesia 51

1.20 The collection o f Peperomia from the Pitcairn Islands 51

1.21 The collection o f  Peperomia from the Austral, Society & Cook Islands 52

1.21.1 Collection methods 52

1.21.2 The collection of Peperomia in the Austral Islands 55

1.21.3 The collection of Peperomia in the Society Islands 58

1.21.4 The collection of Peperomia in the Southern Cook Islands 60

1.22 Potential problems identified during field collection 62

1.23 The collection o f out-groups from Guyana, South A m erica 64

Chapter 2 Morphological Analysis of Peperomia in South Eastern Polynesia 65

2.1 Introduction 65

2.2 Materials and Methods 57

2.2.1 Morphological study o f Peperomia in South Eastern Polynesia 67

2.2.2 Morphometric Studies gg

2.2.2 .1 Morphometric analysis o f  living material 68

2.2.2.2 Morphometric analysis o f  taxonomic data 

collected in the field



2.2.2.3 Morphometric analysis o f  taxonomic data collected

from herbarium material 71

2.2.2.4 Morphometric analysis of 71

2.2.3 Data Analysis 72

2.3 Results 73

2.3.1 The Morphology of Peperomia in South Eastern Polynesia 73

2.3.2 Morphometric analysis of living material 87

2.3.3 Morphometric analysis o f taxonomic data collected in the field 88

2.3.4 Morphometric analysis of taxonomic data collected from 

herbarium material 91

2.3.5 Morphometric analysis o f Peperomia pallida  92

2.4 Discussion 95

2.4.1 The morphology of Peperomia in South Eastern Polynesia 95

2.4.2 Morphometric studies 98

2.4.3 Morphological variation within P. pallida  in South Eastern 

Polynesia 101

2.4.4 Morphological variation within Peperomia on the island 

ofRaivavae 103

2.4.5 Concluding remarks 104

Chapter 3 Molecular analysis of Peperomia in South Eastern Polynesia 107

3.1 Introduction 107

3.1.1 DNA sequencing 107

3.1.2 Methods of Phylogenetic Analysis 111

3.1.3 DNA sequencing studies in the Piperaceae 113

3.1.4 DNA sequencing of Peperomia in SE Polynesia 114

3.1.5 Cloning of the ITS region 114

3.1.6 DNA Fingerprinting 115

3.2 Methods 116
3.2.1 Genomic DNA isolation U 6

3.2.2 DNA sequencing H 6

3.2.2.1 Amplification ofTarget DNA regions 116

3.2.2.2 Sequencing o f amplified PCR products 117

3.2.2.3 Sequence Alignment j jg

3.2.2.4 Phylogenetic Analysis j jg

3.2.2.5 The ITS 1-5.8S-ITS2 dataset j j 9

3.2.2.6 The dataset 2J9



3.2.2.7 Combined analysis o f  ITS1-5.8S-ITS2

and trnL-trnF data 120

3.2.3 ITS Cloning 120

3.2.4 AFLP Analysis 121

3.3 Results 124

3.3.1 DNA Sequencing 124

3.3.1.1 Phylogenetic Analysis o f  Peperomia  in SE Polynesia

based on ITS1-5.8S-ITS2 sequence data 124

3.3.1.1 Phylogenetic Analysis o f  Peperomia  in SE Polynesia

based on trnL-trnF sequence data 129

3.3.1.2 Phylogenetic Analysis o f  Peperomia  in SE Polynesia

based on ITS1-5.8S-ITS2 and trnL-trnF  sequence data 133

3.3.2 ITS Cloning 135

3.3.2.1 Cloning of jP. from Pitcairn 135

3.3.2.2 Cloning of P. blanda var floribunda  in SE Polynesia 138

3.3.3 AFLP Analysis 138

3.3.3.1 AFLP analysis o f suspected hybrid individuals 139

3.3.3.2 AFLP analysis o f P . a n d  related species 140

3.3.3.3 AFLP analysis o f the widespread species

P. blanda var floribunda  142

3.4 Discussion 144

Chapter 4 The evolution o f  Peperomia in South Eastern Polynesia 151

4.1 Limitations of the Field Collections 151

4.2 Morphological Analysis 152

4.3 Chromosomes Studies of Peperomia in SE Polynesia 156

4.3.1 Introduction 156

4.3.2 Methods 157

4.3.3 Results 158

4.3.4 Discussion 158

4.4 Molecular Analysis 159

4.5 Speciation events 165

4.5.1 P. austra lanam dP .tu tu ilana  I 55

4.5.2 p, rapensis and P-pitcairnensis jgg

4.5.3 P . / 7a//z<ia and related species j 74

4 .5.4 The Society and Cook Island endemics 180

4.5.5 P. blanda MW floribunda  182



183

191

194

194

201

201

201

202

204

204

204

207

211

214

214

218

222

225

225

228

232

232

238

239

242

The effects o f hybridisation Peperomia in South Eastern

Polynesia

Concluding remarks

M olecular analysis aiPeperom ia  in Eastern Polynesia

Introduction

Methods

5.2.1 Collaboration

5.2.2 DNA sequencing of Peperomia in Hawaii

5.2.3 DNA sequencing of Peperomia in Eastern Polynesia

Results

5.3.1 DNA sequencing study of Peperomia in Hawaii

5.3.1.1 Phylogenetic analysis o f Peperomia in Hawaii 

based on ITS1-5.8S-ITS2 sequence data

5.3.1.2 Phylogenetic analysis o f Peperomia in Hawaii 

based on trnL-trn¥ sequence data

5.3.1.3 Phylogenetic analysis o f Peperomia in Hawaii 

based on combined ITS1-5.8S-ITS2 and trnL-trn? 

sequence data

5.3.2 DNA sequencing study of Peperomia in Eastern Polynesia

5.3.2.1 Phylogenetic analysis o f Peperomia in Eastern 

Polynesia based on ITS1-5.8S-ITS2 sequence data

5.3.2.2 Phylogenetic analysis o f Peperomia in Eastern 

Polynesia based on trnL-trnF sequence data

5.3.2.3 Phylogenetic analysis o f Peperomia in Eastern 

Polynesia based on combined ITS1-5.8S-ITS2 

and trnL-trnF sequence data

Discussion

5.4.1 Molecular analysis o f  Peperomia in Hawaii

5.4.2 Molecular analysis of Peperomia in Eastern Polynesia

General Discussion

Speciation mechanisms in Peperomia

Comparative speciation studies in the Pacific

The potential for future research

Concluding remarks



List o f references 243

Appendix 1 282

1.1 Peperomia collections made in South Eastern Polynesia

(June -  September 2000) 282

1.2 Sample sheet to record taxonomic data from individuals in the field 286

1.3 Sample sheet to record taxonomic data from Herbarium sam ples 287

1.4 Individuals from which complete taxonomic data was recorded

in the field 288

1.5 Herbarium collections studied 289

1.6  M orphological comparison of P. rhomboidea and P. hendersonensis 292

1.7 Morphological comparison of P. australana, P. tutuilana  and P. oblancifolia 293

1.8 Taxonomic comparison o f P. pallida, P. hendersonensis, P. species (Pitcairn)

and P. X abscondita 294

1.9 M orphological comparison of P. eekana, P. kokeana and P. fosberg ii 295

1.10 Seed germination data 296

1.11 Flowering and fruiting periods of species o f  Peperomia in French Polyneisa 297

1.12 Parsimony analysis o f Glochidion in SE Polynesia 298

Appendix 2 Molecular protocols 299

2.1 Isolation o f total genomic DNA using CTAB 299

2.2 Estimating DNA fragment size, quantity and quality using agarose

gel electrophoresis 300

2.3 Polymerase Chain Reaction 301

2.4 Concert Rapid Purification System 303

2.5 B ig Dye Terminator Cycle Sequence Reactions 3 9 4

2.6 Purification o f  Cycle Sequenced DNA Samples 3 Q5

2.7 Denaturing o f  Samples prior to sequencing using the ABI Prism ™  310

Genetic Analyser 306

2.8 The TOPO® Cloning Reaction 3 0 6

2.9 One Shot® Chemical Transformation 3 0 7

2.10 Re-concentration o f DNA for AFLP reactions 3 0 7

2.11 AFLP protocol 308

2.12 Plant material used in the DNA sequencing study 3 ̂  j

2.13 Plant material used in the AFLP study 3 j ̂

2.14 Summary o f individuals used in the DNA sequencing and AFLP studies 31  g



CHAPTER 1

GENERAL INTRODUCTION

SECTION A: SPECIES AND SPECIATION

“Speciation is a process o f  lineage transformation (anagenesis) or splitting (cladogenesis). Lineage 

splitting, through either division or budding, culminates in the form ation o f  two or more non

interbreeding populations or species from an original o n e” (Grant & Grant 1998). There are 

approximately 422,000 vascular land plants (Bramwell 2002) all of which have diverged from a 

single ancestor during the past 420 Myr (Kendrick & Crane 1997).

1.1 SPECIES DEFINITION

Currently there are at least 24 different definitions of a species (Mayden 1997). Wu (2001) suggests 

that disagreem ent results from the fact that many processes (behavioural, m orphological, 

physiological, reproductive) evolve concurrently and their relative rates vary greatly in different taxa. 

In contrast Hey (2001) argues that the problem lies in the human limitation for perception and 

judgment and this makes it impossible to conceptualise real evolutionary groups that need not be 

distinct, and can overlap or be nested within one another.

While biological forms may simply represent a continuous inter-gradation of interbreeding organisms 

that reflects the continuity of evolution (Turelli et al. 2001), classification is essential and it is 

necessary to have a useful theory-independent definition of a species (Mallet 1995).

The most widely used species concept is the Biological Species Concept (BSC), which states that 

“species are groups o f  actually or potentially interbreeding natural populations isolated from  other 

such groups” (Mayr 1942).

The Recognition Species Concept (RSC) of Paterson (1985) states that a species is “that most 

inclusive population o f  individual biparental organisms which share a common fertilisation system”.

The Cohesion Species Concept (CSC) was designed to take into account all of the micro 

evolutionary processes thought to contribute to speciation and is defined as “the most inclusive group

1



o f  organisms having the potential for genetic and/or demographic exchangeability" (Templeton 

1989).

An important theory that was developed more recently is the Phylogenetic Species Concept (PSC), 

which defines species as “a« irreducible cluster o f  organisms, diagnosablely distinct from other such 

clusters, and within which there is a parental pattern o f  ancestry and descent" (Cracraft 1989). This 

concept explicitly avoids all reference to reproductive isolation, instead focussing on phylogenetic 

histories.

Leading on from the PSC, the theory of Concordance Principles (CP) was developed and recognises 

species by the evidence o f concordant phylogenetic partitions at multiple independent genetic 

attributes (Avise & Ball 1990). This concept accepts the theory o f  the BSC, with the understanding 

that reproductive barriers are to be interpreted as intrinsic as opposed to extrinsic (geographic) 

factors. When phylogenetic concordance is demonstrated across genetic characters solely because of 

extrinsic barriers to reproduction, subspecies status is suggested.

1.2 THEORIES OF PLANT SPECIATION

Historically, mechanisms o f speciation have been classified by the geographical arrangement o f 

populations undergoing the process (allopatric, sympatric or parapatric) (Schluter 2001). The concept 

that speciation can occur only in allopatry has been generally accepted since the 1940’s (Coyne 

1994), although more recently support for ecological speciation as well as both parapatric and 

sympatric speciation has been increasing (Gavrilets et al. 2000; Schluter 2001; Turelli et al. 2001; Via 

2001).

1.2.1 Allopatric speciation

One of the most common theories of speciation is referred to as allopatric or geographic speciation 

(Mayr 1963). This theory regards speciation as a gradual divergence in which geographic isolation is 

required to prevent gene flow and allow the divergence o f the isolated sets of populations. There are 

two broad mechanisms of allopatric speciation: Vicariant speciation and Founder speciation 

(peripatric speciation). Vicariant speciation occurs when a species becomes divided into two 

relatively large, geographically isolated populations, with each diverging independently through 

selection and genetic drift.
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Founder speciation (Peripatric speciation)

Founder speciation (Mayr 1942, 1954, 1982, 1992) can occur following island colonisation and is 

facilitated by a small population size and geographic isolation. Genetic drift acts on the population 

and inbreeding decreases the proportion of deleterious recessive alleles, resulting in the formation of 

new combinations o f (co-adapted) genes that are subject to selection. This large-scale genome-wide 

reorganisation leads to a new population that is often reproductively isolated from its parent 

population and may be recognised as a new species. This theory combines geographic isolation, 

which permits divergent evolution, with the effects o f  small population size, which promotes 

divergent evolution (Grant 1998). Mayr (1982) uses the special term peripatric for species that form 

as a result of founder events in small peripheral populations. Peripatric speciation has since become 

equated with founder speciation.

Under M ayr’s model, homozygosity is increased through inbreeding, which is not conducive to a 

rapid response to selection. In 1968 Carson proposed the Founder-flush model and in 1980 

Templeton proposed the Genetic transilience model, both o f which reduce the requirement for 

extensive inbreeding that would otherwise lead to the loss o f genetic variability (Carson & Templeton 

1984). In these models genetic restructuring occurs during the initial stages of the founder event. It is 

followed by a period o f rapid population recovery during which genes are exposed to either relaxed 

selection in the new ecological environment (Carson 1975) or to selection in the new genetic 

environment triggered by the founding event (Templeton 1980). Unlike Mayr, neither model requires 

that genetic restructuring involve the entire genome. Instead they suggest that different genetic 

systems will respond differently to founder events. For example, mitochondrial genes are expected to 

be more sensitive to the founder events than nuclear genes and show reduced variability because they 

are haploid and usually uniparentally inherited.

Flush-Crash Founder theory (Carson 1968, 1975): Carson suggests that when a population is 

dispersed and becomes established in a new environment, genetic drift and new selection pressures 

begin to act. This results in a fall in the population size but also in the occurrence of new 

combinations of strongly epistatic genes produced by recombination. As the population expands and 

recovers, selection operates on the newly constituted genetic variation as it approaches stability. 

Speciation thus occurs in this model through a series o f catastrophic, stochastic, genetic events that 

result in the retention of new co-adapted gene complexes.

Genetic Transilience Model (Templeton 1980, 1996). This theory suggests that the genetic 

constitution of an isolated parent population becomes altered by a small number o f genes of large

3



effect and their epistatic modifiers, with little o f the loss o f genetic variation suggested by Mayr. 

Gene flow will not impede the process as previously co-ad apted  gene complexes are broken up by 

founding effects or population bottlenecks.

A number o f authors have criticised the idea that speciation occurs as a result o f randomly induced 

genetic changes occurring during or soon after a colonisation event (Barton & Charlesworth 1984; 

Carson & Templeton 1984; Rice & Hostert 1993; Templeton 1996). It is extremely difficult to prove 

that genetic reconstitution occurs or to understand the mechanisms by which it takes place. In 

addition, the question remains as to whether this in itself results in reproductive isolation or initiates a 

process o f divergence that does. The small chance o f achieving reproductive isolation or phenotypic 

change in a single founder event means that founder effects themselves probably do not provide a 

exclusive explanation for speciation. The effects o f isolation, environmental differences and 

continuous change by genetic drift from the impact o f population bottlenecks can all promote 

divergence, making it unclear that the additional influence o f founder events need be invoked (Barton 

& Charlesworth 1984). Evidence has shown that bottlenecks induce little reproductive isolation in 

artifical populations of Drosophila (Rice & Hostert 1993). Barton (1998) points out that artifical 

selection can produce divergence at least as easily as drift (Cohan & Hoffman 1989; Cohan et al. 

1989) and that many examples o f speciation on islands involve adaptive radiation in response to a 

novel physical and biotic environment (Grant 1986; Schluter 1996).

Despite criticism there is growing evidence to suggest that founder events can facilitate both 

morphological divergence (Bryant & Meffert 1988, 1990, 1996) and the evolution of reproductive 

isolation (Ringo fl/. 1985; Powell 1989; Templeton 1989; Templeton 1996).

1.2.2 Sympatric speciation

Speciation can also occur without geographic isolation. This form is referred to as sympatric 

speciation (Maynard Smith 1966; Diehl & Bush 1989). Historically it was assumed that sympatric 

populations could only escape the homogenizing effects o f  gene flow under exceptional 

circumstances (Via 2001). However in 1988 evidence o f sym patric speciation was found in 

Rhagoletis (McPheron et al. 1988) and in 1993, Rice and Hostert's review of laboratory studies of 

speciation provided strong empirical evidence that reproductive isolation can evolve in a laboratory 

setting between sympatric populations with no physical barriers to gene flow. Mathematical models 

have also been used to illustrate the plausibility of sympatric speciation under a variety of 

circumstances (Tregenza & Butlin 1999, Turelli et al. 2001). In addition, recent studies suggest that 

species level phylogenies may be used to reveal the occurrence of sympatric speciation within clades



(Via 2001; Barraclough & Nee 2001), although these methods do not test whether particular species 

diverged sympatrically (Barraclough & Vogler 2000).

Sympatric species are expected to differ only at loci that are under disruptive/divergent selection, 

resulting in an overall genetic similarity (Kondrashov & Kondrashov 1999). This is in contrast to 

allopatric speciation where genetic differences are expected to accumulate throughout the genome 

(Via 2001). As the initial similarity will decrease after speciation (although gene flow at neutral loci 

will counter this) molecular studies on sympatric species are best carried out on very recently 

diverged taxa (Via 2001).

The most commonly accepted form of sympatric speciation occurs through polyploidy (Ramsey & 

Schemske 1998). Another example can be found in the genus Stephanomeria (Brauner & Gottlieb 

1987) where the self-sterile S. exigua ssp. coronaria gave rise to a predominantly self-pollinated 

derivative S. malheurensis. The shift to self-pollination is governed by one gene making the 

speciation a relatively minor genetic event.

1.2.3 Parapatric speciation

Parapatric speciation occurs when there is an overlapping zone o f  hybridisation and adjacent 

populations become distinct while still coming in contact along a common border (Rosenzweig 1995; 

Whittaker 1998, Gavrilets et al. 2000). Hybridisation and evolution are discussed further in section 

1.6 .

Via (2001) criticises the traditional geographical basis o f speciation theories and argues that 

ecological interactions, and the natural and sexual selection that they cause, might be driving 

speciation regardless o f the geography of the diverging populations. She proposes a classification in 

which the first division separates speciation driven by natural (or sexual) selection from those in 

which it occurs primarily by genetic drift (founder effects). The extent o f ongoing gene flow and the 

strength o f disruptive/divergent selection could then be regarded as secondary factors. Other authors 

have used a similar approach. Modes of speciation in endemic angiosperms of the Juan Fernandez 

Islands have been divided into allopatric speciation, ecological differentiation, chromosomal 

alterations and hybridisation either at the diploid or allopolyploid level (Stuessy et al. 1998). Sculuter 

(2001) breaks modes o f speciation into four categories according to initial cause;
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1. Ecological speciation where divergent natural selection causes initial divergence

2. Speciation by divergence under uniform selection where different advantageous mutations 

occur in separate populations experiencing similar selection pressures

3. Speciation by genetic drift where initial divergence is caused by genetic drift

4. Polyploid speciation where initial divergence is caused by hybridisation and polyploidy

1.3 ADAPTIVE EVOLUTION

Mayr, Carson and Templeton’s theories of founder effect speciation ultimately trace back to Wright’s 

Shifting Balance Theory (SBT) of evolution (Provine 1989), although this has been disputed by Mayr 

who argues that the theory o f peripatric speciation was developed independently. The SBT was 

developed in 1932, and predicted a shifting balance between drift and selection as the causes of 

evolution. Wright developed the theory primarily to explain adaptation but recognised that it would 

also lead to reproductive isolation (Wright 1940).

Few species exist as single panmictic populations (Hastings & Harrison 1994). Evidence has shown 

that a number o f plant species exist in subpopulations (demes), small clusters of breeding individuals 

distributed across environments (Stevens et al. 1995; Kelly 1997). The SBT differs from other 

theories in that it recognises that populations may exist as a network o f partially isolated demes, each 

o f which can be subject to peak shifts by drift and founder effects. I f  one deme achieves a new 

‘adaptive peak’ this can spread through the whole population, m aking reproductive isolation more 

likely. Therefore in small metapopulations, the role o f local natural selection is diminished and 

random genetic drift and interdemic selection become important as evolutionary forces. Under the 

STB, epistatic interactions occur and the magnitude and sign of the average additive effect o f a gene 

will vary from population to population. With an epistatic genetic variation for fitness existing within 

an ancestral population, reproductive isolation and speciation can develop by drift and selection as 

opposed to developing as a result o f adaptive radiations introduced by mutation in allopatry (Large 

population size theory o f Fisher, 1930).

Ecological studies of metapopulations have established that the process of local extinction and 

colonisation of demes are relatively common natural occurrences and that these ecological processes 

have genetic consequences within and among local demes (reviewed by Wade & Goodnight 1998). 

‘Within demes, random genetic drift converts non-additive genetic variance into additive genetic 

variance, increasing, rather than limiting, the potential for adaptation to local environments. The 

resulting adaptive differences in gene combinations could potentially contribute to the genetic origin 

of new species’ (Wade & Goodnight 1998).



1.4 SPECIATION AND REPRODUCTIVE ISOLATION

Under the BSC, separated populations differ in gene frequency and then gradually accumulate genetic 

differences until they become reproductively isolated and achieve species status. This assumes a 

close correlation between genetic divergence and reproductive isolation (Vogler 2001). However the 

correlation of sequence divergence and reproductive isolation is not well supported (Coyne & Orr 

1997) leading Cracraft (1989) to suggest that reproductive isolation is not a suitable parameter to 

represent the historical process that leads to the existence of species.

Wu (2001) also has both conceptual and operational difficulties with using reproductive isolation as 

the primary criterion of speciation. Under the genic theory (Wu 2001), total reproductive isolation is 

disregarded. The theory is based on studies of Drosophila where evidence was found for transfer of 

some genes between closely related species, while other loci within the same genomes become 

genealogically distinct because they contribute to selection against hybrids or because they are 

trapped in parts of the genome contributing to such selection. Therefore within Wu’s theory the 

divergence of individual genes rather than the entire genome cause speciation.

The genic theory divides the speciation process into stages. Initially population differentiation takes 

place at a small number of loci responsible for functional divergence. Contact between populations 

will result in extensive gene exchange but at the loci of functional divergence, exchange will be 

restricted. The populations clearly belong to the same species because intermediate forms will be 

common. Further differentiation occurs and genic substitutions within each population can be co

adapted in the physiological sense. Intergroup crosses will yield some genotypic combinations that 

are inviable or sterile. Alternatively divergence will not have yielded hybrid incompatibility, but 

ecological or behavioural divergence is so strong that hybrids are not as fit as the parents in their 

natural environment. Finally complete reproductive isolation evolves and the two gene pools cease 

sharing alleles at any part of their genomes. Premating isolation is often strong and FI hybrids are 

generally inviable or sterile. Occassional introgressants are quickly eliminated by selection.

Wu suggests the need to revise the BSC by redirecting the focus from reproductive isolation of the 

whole genomes to differential adaptation at the genic level. Reproductive isolation should be treated 

as divergence in the underlying reproductive, developmental or behavioural triats. Under the genic 

theory, this divergence can be used to delimit species even when reproductive isolation is incomplete.
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Separated from the role of reproductive isolation in species definition is the question of whether 

reproductive isolation evolves entirely in allopatry or whether it is initiated in allopatry and completed 

in sympatry. And if  the latter, are the differences that arise in allopatry reinforced in sympatry by 

selection that minimises interbreeding or by selection that minimises competition for ecological 

resources (Grant 1998). Studies using Darwin’s finches as a model organism have suggested that 

sympatric species can hybridise with no loss of fitness under some ecological circumstances. In this 

case speciation does not run its full course in allopatiy but rather the process proceeds in a number of 

stages (summarised by Grant & Grant 1998):

1. Allopatric divergence in resource exploiting traits.

2. Increased divergence of these traits in sympatry

3. Natural selection in allopatry and sympatry that results in population stability in a given 

adaptive landscape determined by resource availability

4. Pre-mating isolation that arises partly as a consequence o f  the adaptive morphological 

divergence and partly as a consequence o f divergence in culturally inherited traits (in this 

case song characteristics).

There are a number o f means by which reproductive isolation can occur in plants. Levin (1971) 

discusses this by classifying them according to their time o f effect during reproduction. Thus within 

the pre-mating category, isolation can be temporal (seasonal, diurnal), ecological, floral (behavioural, 

structural or achieved through self-fertilisation which effectively eliminates gene flow). Within the 

post-mating category, prezygotic isolation can be achieved by pollen incompatibility. Incompatibility 

can also function at the post-mating, post zygotic seed stage. Also functioning at this stage are hybrid 

inviability, hybrid floral isolation, hybrid sterility and hybrid breakdown.

It is also known that reproductive isolation can occur independently o f  environment via intra or 

intergenomic interactions, e.g. mobile element transpositions (Fontdevila 1992), meoitic drive (Frank 

1991) or through symbionts (Breeumer & Werren 1990).

8



1.5 HYBRIDISATION

Stace (1984) suggests that there are about 70,000 naturally occurring inter-specific plant hybrids in 

the world. One o f the clearest descriptions of the process comes from Arnold (1997) who has adapted 

the definition of Harrison (1990);

'■‘'natural hybridisation involves successful matings in nature between individuals from  two 

populations, or groups o f  populations, which are distinguishable on the basis o f  one or more 

heritable characters''

It has been estimated that from 30 to 70% of all angiosperm species are polyploid relative to one o f 

their ancestral lineages (Grant 1981; Whitman et al. 1991; M asterson 1994). Rieseberg (1997) 

suggests 11% o f plant species have arisen through hybrid speciation. The process can often be o f 

particular significance in studies of island plants given the greater degree o f potential habitat 

disturbance and transitory nature of the flora. Gillett (1972) states that “hybridisation in the Hawaiian 

flora may be viewed not as an infrequent phenomenon related to a few genera of a particular nature, 

but as an evolutionary dynamic of fundamental importance and with a broad relationship to the flora, 

probably occurring in many genera”.

Hybridisation has 5 potential consequences (Rieseberg & Wendel 1993; Rieseberg & Ellstrand 1993; 

Arnold 1994,1997).

1. Reproductive isolating mechanisms may be enforced

2. Formation of hybrid swarms through reproduction by hybrids at a given site

3. Fusion o f two species through interspecific gene flow (introgression)

4. Creation o f genetic diversity and adaptation

5. Evolufion of new species

Zoologists have traditionally held the view that hybridisation is maladaptive because the individuals 

produce fewer or less fertile progeny. In contrast Botanists have emphasised the evolutionary 

potential o f hybrid genotypes to occupy novel habitats and thus act as progenitors o f new lineages 

(Arnold 1997).

The main difficulty for hybrid speciation is isolating and maintaining a fit recombinant genotype after 

the parental species hybridise. The simplest solution is reproductive isolation o f the genotype, which 

can occur through selfing or allopolyploidy (Turelli et al. 2001). In plants, allopolyploidy has been



viewed as the major outcome of hybridisation (Stebbins 1963; Soltis & Soltis 1993), and studies of 

hybridisation in plants have traditionally emphasised this rather than introgressive hybridisation 

(Arnold 1997).

In contrast to polyploidy, diploid hybrid speciation is rare (Rieseberg 1997; reviewed by Buerkle et 

al. 2000). Diploid hybrid species outcross making it difficult to establish species when backcrossing 

to the parental species is possible (introgression). However, if  the hybrid taxa diverge into a new 

ecological niche or colonise a novel habitat, this can lead to parapatric or allopatric speciation (Turelli 

et al. 2001).

Within the concept of hybridisation, introgression is potentially of significant importance in an 

evolutionary sense. Introgression is a term that was introduced by Anderson and Hubricht (1938) and 

described as “an infiltration of the germplasm of one species into that o f another”. Thus genes from 

one species can become incorporated into the gene pool o f another. I f  the species overlap in range 

and produce fertile hybrids these individuals will tend to backcross with the more abundant species, 

or with the species that most frequently outcrosses (Waldren et al. 1989). This results in a population 

that can possess characteristics of both species. Rieseberg and Wendel (1993) compiled 155 

‘noteworthy’ cases o f plant introgression, many of which have been documented molecularly.

Introgressive hybridisation can have a number of effects (Grant 1998):

1. The introgression of alleles with additive effects on phenotypes can make two species more 

similar (both genetically and phenotypically) than in the absence of hybridisation. In this 

respect it can retard the process of divergence in the speciation process or in extreme cases 

collapse it completely (reticulate evolution).

2. Introgression can elevate levels of heterozygosity and may give rise to interspecific hybrid 

vigour (Lewontin & Birch 1966).

3. Introgression results in new combinations of genes producing novel phenotypic properties 

(Chiba 1993) and provides the opportunity for new epistatically interacting systems of genes 

to become established (Grant & Grant 1994).

4. Introgression may enhance mutation and recombination (Fontdevila 1992).

5. Stabilised introgressants may form new species (Rieseberg & Wendel 1993).

The construction o f phylogenies is a particularly important means of testing for reticulation. Ancient 

or contemporary hybridisation has been inferred from several types o f  non-concordance between 

phylogenetic hypotheses (Arnold 1997):
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1. Non concordance between trees based on different genetic characters

2. Non concordance between the position of taxa in genetic and morphological analyses

3. A lack of resolution of defined clades when using data derived from certain genetic markers

Detecting hybridisation through non concordance in molecular datasets is discussed in Section 1.9.2.

1.6 HYBRIDISATION AND EVOLUTION

A number of studies have examined the potential importance o f hybridisation in the generation of 

novel genotypes that may lead to evolutionary distinct lineages (Anderson & Hubricht 1938; 

Anderson & Stebbins 1954; Lewontin & Birch 1966; Arnold et al. 1990a; Grant & Grant 1992; 

Rieseberg & Wendel 1993; Arnold 1994; Arnold & Hodges 1995a; Rieseberg et al. 2000; Rieseberg 

2001; Barton 2001). The significance of the hybridisation process with regard to plant speciation is 

dependent on the underlying definition of a species that is used. This is discussed by Arnold (1997) 

and summarised below.

Although the concept of hybridisation falls outside the definition o f the Biological Species Concept 

(BSC), Mayr (1942) initially regarded hybrids as subspecies or semi-species. Equally the processes 

of introgression and potential adaptive evolution were not entirely disregarded. However in 1963, 

Mayr stated that “in natural populations there is usually severe selection against introgression” and 

suggests that hybrids are rare and unimportant in an evolutionaiy sense. Wagner (1970) agreed that 

reticulate evolution has had little long term effect in plants and that the main outcome of natural 

hybridisation was to detract from the overall pattern of divergence as hybrids are sterile or ill adapted 

and therefore evolutionarily short lived. Dobzhansky (1940, 1970) argued that reticulation has a 

significant evolutionary role in that it reinforces the prezygotic barriers to reproduction. 

Reinforcement occurs when crosses between allopatric and genetically divergent populations lead to 

positive selection for traits limiting hybridisation (Dobzhansky 1940, 1970; Noor 1995). The model 

of reinforcement therefore regards natural hybridisation as a model by which speciation is completed.

Like the BSC, the R eco g n itio n  Species Concept (RSC) considers the existence of natural hybrids and 

thus hybrid speciation as definitially impossible. The RSC denies that these taxa are evolutionary 

divergent because gene exchange between then indicates a common specific mate recognition system 

(Paterson 1985). Unlike the BSC, the possibility of ‘instantaneous speciation’ through alio- or 

autopolyploidy is also discounted. This theory is in direct conflict with evidence o f natural crosses 

between differentiated species (Templeton 1989; Rieseberg 1991a; Arnold 1992), and with data that
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suggests the majority of angiosperm species have a polyploid origin (Grant 1981; Whitham et al. 

1991; Masterson 1994).

The Cohesion Species Concept (CSC) accepts that there are species that show differences in their 

boundaries defined by either genetic or demographic exchangeability (Templeton 1989) and unhke 

the BSC or the RSC allows for the process of natural heterospecific hybridisation and the production 

of hybrid species. The CSC does however differentiate ‘good’ and ‘bad’ species, with a good species 

being one which is “well defined by both genetic and demographic exchangeability” (Templeton 

1989). As with the BSC and the RSC, natural hybridisation is viewed as a violation of the basic 

aspects of divergent evolution.

The Phylogenetic Species Concept (PSC) (Cracraft 1989) originated from Hennig (1966) whose work 

forms the basis of phylogenetics. Hennig stated that “special complications would arise if a new 

species could arise to a noteworthy extent by hybridisation between species” but discounts this by 

suggesting “in all cases in which a ‘polyphyletic origin of species’ has been recognised, the species 

involved were so closely related that they could well be considered races of one species”. Nixon and 

Wheeler (1990) have reiterated this “with the strictest application o f the PSC, species that show 

extensive inter-gradation will be treated as a single species”.

None of the main species concepts, BSC, RSC, CSC or PSC recognise the phenomenon of 

hybridisation as a process of potential evolutionary significance. Similarly the dismissal of 

introgression as an evolutionary mechanism follows directly from the definition of speciation under 

the various concepts (Arnold 1997). The BSC, RSC and CSC view hybridisation as maladaptive 

while the PSC regards introgression as inconsequential with regard to the formation of a new species. 

Arnold (1997) warns o f the importance that definitions or assumptions that follow on from these do 

not limit investigations into the evolutionary importance of the process of natural hybridisation.

Arnold (1997) argues that hybridisation may lead to largely inviable or sterile hybrids, but can, and in 

many cases does, result in the production of new evolutionary stable lineages. Thus whether 

hybridisation events are widespread or rare for a given species complex will not necessarily indicate 

their degree of evolutionary importance. Some hybrid genotypes will be selected against regardless 

of habitat while others will demonstrate environment-dependent fitness. Some hybrid genotypes will 

be as fit or more fit than any other genotype and will therefore possess a similar evolutionary 

potential to their parent taxa. This is discussed in the ‘Evolutionary Novelty’ Model, which predicts 

the potential establishment of geologically long-lived hybrid evolutionary lineages (Arnold 1997).
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The evolution of new plant species through polyploidy (e.g. Spartina) has been well documented 

(reviewed by Soltis & Soltis 1993). With regard to the evolutionary significance of introgression it 

has been suggested that due to the co-adapted nature of genomes, introgression will most likely lead 

to the production of less fit individuals relative to the parental forms. Lewontin and Birch (1966) 

argue that introgression of genetic material from one taxon into the genome of another could lead to 

the spread of the introgressed form into habitats different from those of either parent and backed this 

up by experimental evidence involving the fruit fly species Dacus tryonii and D.neohumeralis. It has 

also been demonstrated in studies of plants (Waldren et al. 1989; Cruzon & Arnold 1994). A number 

of authors have used the occurrence of introgression to argue for the relative neutrality of the 

introgressing characters (Marchant 1988; Hodges & Arnold 1994).

One mechanism o f rapid speciation is ‘recombinational’ speciation, in which a new homoploid 

species arises via hybridisation between chromosomally or genetically divergent parental species 

(Templeton 1981). Such species most likely arise through hybrid founder events in which one or 

more early generation hybrids colonise a new locality and become spatially or ecologically isolated 

from the parent species (Rieseberg 1997). The evolution of reproductive barriers is crucial to the 

successful origin o f a new hybrid species, otherwise the new lineage will be swamped by gene flow 

with its parents (Rieseberg 1997). Grant (1981) lists six mechanisms by which the breeding 

behaviour of hybrids could be stabilised; asexual reproduction, permanent translocation 

heterozygosity, permanent odd polyploidy, allopolyploidy, the stabilisation of a rare hybrid segregate 

isolated by postmating barriers, the stabilisation of a rare hybrid segregate isolated by pretmating 

barriers. The later two are important in the formation of sexual homoploid hybrid species.

The similarity of homoploid hybrid speciation to founder effect speciation has been recognised by 

Rieseberg (1991a) and by Grant & Grant (1994). They argue that hybridisation may play a major role 

in stimulating speciation in small or peripheral populations, and may be a more plausible mechanism 

than population bottlenecks for generating the genetic or chromosomal reorganisation proposed in 

founder effect models. Rieseberg (1996) summarises that for founder events to provide significant 

isolation, the initial founding population must contain high levels of genetic load, which is subject to 

strong epistatic selection (Barton 1989). Populations with these characteristics are instantaneously 

created by hybridisation (Rieseberg 1997). The small, peripheral populations important to founder 

models of speciation are also those most prone to hybridisation as they are likely to experience higher 

levels of foreign reproductive propagules because the proportion of potential interspecific mates is 

likely to be greater at the edge of a species range (Rieseberg 1997).
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In conclusion, polyploidy is an important form of plant speciation, but hybridisation can also 

influence plant evolution through introgression and recom binational speciation. Introgression 

provides the opportunity for new epistatically interacting genes to become established (Grant & Grant 

1994) and can also enhance mutation and recombination (Fontdevila 1992). I f  stabilisation is 

achieved introgressants may form new species (Rieseberg & Wendel 1993). Diploid hybrid 

speciation, while rare, is also evolutionary important, and is suggested to play a ‘major role as the 

creative stimulus for speciation in small or peripheral populations’ (Rieseberg 1997).

1.7 SPECIATION ON OCEANIC ISLANDS

“Oceanic island archipelagos are profoundly interesting ecosystems in which to ask questions about 

evolutionary patterns and processes. Their isolation from  other landmasses restricts numbers o f  

plausible hypotheses that can be advanced to explain evolutionary events often resulting in stronger 

scientific inferences. Island archipelagos may rightly be considered one o f  the best places on earth to 

understand origins and elaborations o f biological diversity” (Stuessy & Ono 1998)

1.7.1 Oceanic Islands

Oceanic islands are independent of continental landmasses, arising instead through volcanism, 

tectonic uplift or organic reef growth upon foundations formed by the first two processes (Mueller- 

Dombois & Fosberg 1998; Paulay 1994). There are two categories o f oceanic island: high islands 

and low islands or atolls. High Islands are active, dormant or extinct volcanoes, which are shaped by 

weathering and erosion. Atolls are high islands that have subsided and eroded below sea level and 

have become covered by a carbonate cap. Changes in sea level or geological loading and flexure can 

cause atolls to become submerged or to reemerge as makatea islands (Menard 1964).

Hotspot islands are the products o f volcanism from stationary hotspot magma sources. The 

movement o f  a tectonic plate over this source incorporates volcanoes into the plate and creates a chain 

o f islands or seamounts that show a predictable progression with time. They emerge to become high 

undissected volcanoes and gradually become eroded is size and height before final submergence of 

their volcanic portions, usually at 3-15 million years of age (Paulay 1994). In tropical environments 

erosion and subsistence will ultimately lead to the conversion o f high islands into low lying atolls. 

Although atolls can persist for extensive periods of time (tens o f millions o f years, Paulay 1994), their 

representative biota are ephemeral due to repeated submergence in correlation with changes in sea 

level (Paulay 1994).



Pacific Arc islands are larger and are the result o f  island arc volcanism in which one tectonic plate 

subducts under another {e.g. Solomon, Tongan Islands). Geologically these islands are more complex 

(e.g. they may be subject to recurrent volcanism, subsistence and uplift). In addition to being more 

difficult to date, Arc islands can vary in size and emergence over time, and due to active tectonic 

movements, their position constantly changes in relation to the landmasses (Hamilton 1988).

Oceanic islands receive all o f their biota by long distance dispersal (Paulay 1994). Species 

composition is therefore a result of dispersal ability, age, island size, remoteness and speciation 

(Whittaker 1998). Due to the chance nature of species arrival and establishment on oceanic islands, 

the biota is impoverished, containing less species per unit area than mainland populations (MacArthur 

& Wilson 1967). Island biotas have also been described as disharmonic (Whittaker 1998) in that they 

tend to have a different balance of species compared to equivalent patches o f the mainland. This 

disharmony brings about adaptive radiation and high local endemism (Mueller-Dombois & Fosberg 

1998).

Long distance dispersal in plants can take place via ocean drift (hydrochory), air currents 

(anemochory) or animals (zoochory) (Ehrendorfer 1979). Within zoochory, dispersal can be divided 

into epizoochory (propagule adheres to the disperser) and endozoochory (propagule is eaten by the 

disperser) (Ehrendorfer 1979). The most important mode o f  arrival on Pacific high islands is 

epizoochory, in contrast to atolls, where the most important mode o f dispersal is flotation by seawater 

(Carlquist 1996)

1.7.2 MacArthur and Wilson’s Theory of Island Biogeography

Based on quantitative data, MacArthur and Wilson (1967) developed a theory o f island biogeography 

that suggested that the number of taxa on an island was determined by the rates of immigration and 

extinction, so that while species composition changed, the species number remained constant. The 

‘equilibrium theory o f island biogeography’ (ETIB) accounted for the depauperate nature and the 

disharmony o f distant insular biotas by explaining diversity in terms o f a species-area relationship. 

Thus there is a positive relationship between island size and species number and a negative 

relationship between species number and distance from the principal source (M acArthur & Wilson 

1967). Area was used instead of habitat diversity due to the difficulty o f obtaining reliable habitat 

information (this limitation is noted by the authors). The theory has also been criticised for the basal 

assumption that ecological systems can reach equilibrium, for ignoring successional effects and the 

role of environmental change, and for treating species as interchangeable units (Pielou 1979).



1.7.3 Factors affecting speciation on oceanic islands

Plant speciation has been the subject of much recent research (for example -  the entire issue of 

Trends in Ecology and Evolution, 2001, Volume 16(7)). Much o f  this work has concentrated on 

adaptive radiations on island settings (Wagner & Funk 1995; Givnish 1998; Grant 1998). Speciation 

on islands depends on long-distance migration, rather than through regional isolation and peripheral 

divergence (Tryon 1986).

The founder principle refers to the random colonisation of a new area by dispersal o f a small number 

of individuals o f a species, containing a reduced level o f variability to the parent population, but 

sufficient levels to establish a breeding population (M acArthur & W ilson 1967). Founding 

populations are likely to have come through bottlenecks o f population size (Carson 1996) and are 

expected to be relatively homozygous due to inbreeding (Ehrendorfer 1979). A small population, 

with a low level o f genetic variation, will have an increased chance o f alteration in allele frequencies 

known as genetic drift, which can also lead to new co-adapted combinations of alleles and to 

reproductive isolation from the parent population (Barrett & Kohn 1991).

The only direct study o f a founder event from origin onwards provided evidence o f non-random 

colonisation, inbreeding and drift, but nothing interpretable as genetic reorganisation (Grant & Grant 

1995b). Based on studies of bird speciation. Grant and Grant (1998) do not reject the founder effect 

on speciation but see no reason why the standard allopatric model caimot explain observed patterns o f 

speciation, nor why it is necessary to invoke genetic re-organisations produced in founder events, as 

stated under the peripatric model.

MacArthur and Wilson (1967) describe an endemic as a taxon that is only found in a native state in a 

particular geographic region. Island endemics can be further categorised into palaeo-endemics and 

neo-endemics. The former are taxa that have become extinct elsewhere but leave behind a relict 

population, in this case on island refugia (Cronk 1992). Neo-endemics form in-situ. Neo-endemism 

has been further subdivided according to the method of species formation. Schizo-endemics arise 

through slow and progressive differentiation; patro-endemics are polyploid taxa that arise from a 

narrowly distributed diploid ancestor; and apo-endemics arise when a widely distributed diploid taxon 

gives rise to a narrowly distributed polyploid (Favarger & Contandriopoulos 1961).

There are three distinct patterns to explain island endemism (Whittakter 1998). Island speciation can 

occur with little or no radiation (anagenesis) but rather with a change in the island form away from 

the colonising phenotype. A less accepted theory is the taxon cycle. In this model, evolution takes



place within an island archipelago and is driven by a series o f  colonisation events o f  taxonomically 

and/or ecologically related forms. The most common evolutionary pattern on islands is the radiation 

o f lineages. Adaptive Radiation is speciation that leads to the coexistence o f  closely related taxa in 

separate geographic areas or in separate ecological niches, with each displaying different adaptive 

features dictated by their respective environment (M acArthur & W ilson 1967).

The fastest rates o f  radiation occur among early colonists at early stages o f  the existence o f  an island 

(W hittaker 1998). Paulay (1994) suggests that adaptive evolution is favoured by a low diversity o f 

initial colonists and is m inim ized in diverse floras by the lack o f  niche space and the presence o f 

‘keystone’ taxa. W hittaker (1998) supports this view  and also states that radiation is restricted to 

islands large enough to allow effective segregation o f  populations within the island. Berry ( 1992) 

argues that adaptation is likely to play little part in the origin o f  m ost island endemics, and that 

d ifferentiation in island taxa is usually the result o f  the chance characteristics o f the original 

colonisers o f  each species (founder effects).

Dispersal is the transport o f  propagules from one place to another, w hile migration is the successful 

establishm ent o f  a species in a new area after dispersal (Tryon 1970). Colonisation involves the 

persistence o f  an im m igrant species on an island with an increase in population size (M acA rthur & 

W ilson 1967). Successful colonization and establishment on islands for any group o f organism s will 

be influenced by their life histories and reproductive systems (Barrett 1998).

To determ ine if  a m igrant is likely to achieve successful co lonisation  it is necessary to be able to 

predict the longev ity  o f  the populations from know ledge o f  basic  dem ographic param eters 

(M acArthur & W ilson 1967). Successful establishment and colonisation will depend on a range o f 

factors. For plants this includes the specificity o f the germ ination and establishment processes, the 

relationship betw een seed viability and time, number o f propagules per dispersal unit, the ex ten t to 

which the habitat o f  the newly dispersed propagule falls w ithin the ecological requirem ents o f  the 

species, the age o f  the island and the extent to w hich the cu rren t vegetation has developed 

(com petition factors). It will also depend on factors that are specific to the species such as the 

breeding system . B ak er’s Rule (Baker 1955) proposes th a t s e lf  com patib le ra ther th an  self 

incom patible plants will be favoured in establishment follow ing long distance dispersal to  islands. 

Although self-incom patibility is rare on islands, Baker’s R ule fails to account for the high levels o f 

dioecy found in certain insular floras, such as that on the H aw aiian archipelago (G rant 1998). Species 

with floral syndrom es capable of being serviced by a range o f  pollinators m ay be m ore likely to 

succeed on som e islands. Conversely, a requirem ent for specialised  anim al po llinators by some
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species m ay be an im pedim ent to island establishm ent i f  particu lar pollinators are absent (Barrett 

1998).

While the advantages o f  self-fertilisation for island colonisation are apparent, studies o f  partially- 

selfmg taxa occurring on islands have demonstrated significant inbreeding depression (Sakai et al. 

1989; Schultz & Ganders 1996). Escape from homozygosity is often seen as an essential prerequisite 

for subsequent rad iation  and diversification in island groups (B arre tt 1998). It has also been 

suggested that the developm ent o f  weak isolating m echanism s in m any island groups promotes 

evolutionary flexibility by providing high levels o f  heterozygosity through hybridisation (Rattenbury 

1962; Carlquist 1974).

I f  individuals o f  a species colonise a new area and rem ain isolated form  the original population, they 

may eventually differentiate into a new taxon (M orrone & Crisci 1995). Genetic divergence o f a 

small population w ill be affected by the extent o f genetic variation; the extent o f genetic drift, the 

degree o f phenotypic plasticity, the breadth o f ecological tolerance, the type o f breeding system , the 

extent o f  gene flow from other populations and the stability o f  the environm ent (Tryon 1986). As 

initially suggested by Alfred Wallace, the degree o f  endem ism  decreases with rates o f im m igration to 

the island (Diam ond 1984a). An extreme example o f  this is found in littoral coastal habitats. These 

habitats have low num bers o f  endemics due to the high rates o f  im m igration by pan-tropical sea- 

dispersed species that occupy the habitat (Whittaker 1998).

1.7.4 Speciation patterns in the Pacific

In discussing the evolution o f specific genera it is im portant to note that there are a number o f  wide- 

scale factors that can influence general speciation patterns in the Pacific. One o f the m ost im portant 

factors is geology.

A num ber o f  authors have correlated speciation with island em ergence. Thus an increase in the 

number o f  islands allows an increase in the number o f species as docum ented for D arw in’s finches in 

the Galapagos Islands (Grant et al. 1998) and for Hawaiian Honeycreepers (Tarr & F leischer 1995).

W ithin a hotspot archipelago new volcanic islands rise ou t o f  the ocean and becom e inhabited by 

anything that can reach there and survive. Following volcanic activity, an island in a hotspot chain 

enters a period o f constant erosion and subsistance. The open slopes and alpine habitats o f  the newly 

formed island give way to sharp ridges, deep valleys and steep slopes o f  an older island. Species that 

becom e specialised to the habitats o f  young islands must m ove to  new  volcanoes or evolve into
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species suited to the new habitat created by erosion (Funk & Wagner 1995). Notably, not all o f  the 

volcanoes in a hot-spot archipelago such as the Hawaiian-Emperor chain become islands; some may 

be too small and short-lived to be more than temporary stepping-stones. Over a long time period, the 

mechanism by which the islands form can also result in periods when there is no emergent land mass 

resulting in the elimination o f all biological forms (Clague 1996).

Given the remoteness o f the Hawaiian Islands, dispersal to the archipelago is often followed by 

speciation. This allows the interaction between speciation and island systems to be studied in a 

system that is free from complications that less remote hot-spot island chains, such as the Society or 

Austral-Cooks experience. Funk and Wagner (1995) summarise the ‘biogeographic patterns in the 

Hawaiian Islands’ and discuss the different pathways o f speciation in hot-spot island chains in 

relation to phylogenetic trees:

Progression Rule: this form of speciation occurs as species disperse from older to younger islands 

with an associated speciation event e.g. Hesperomanii, Kokia, Remya

R adiation : this occurs when a species arrives on an island and radiation occurs without any inter

island dispersal e.g. Argyroxiphium and Wilkesia (Silverswords), Scaevola

U nresolved: this pattern cannot be resolved and could result from repeated dispersal o f a single 

species to several islands without speciation e.g. Clermontia

Stocliastic: this form o f  speciation has a resolved cladogram o f  species that does not follow a 

biogeographic pattern. Funk and Wagner (1995) suggest that it may occur if a species has a dispersal 

ability that goes beyond the inter-island distances in question. It may also be that the lineage is 

relatively recent and is colonising adjacent islands in a random manner e.g. Tetramolopium

Back Dispersal: this is similar to the progression rule, but in this case a species that has established 

on an island in the chain disperses to and subsequently speciates on an older island e.g. Clermontia, 

Geranium, Kokia

Progressive clades: this can occur if  speciation has initially followed a progression-like rule and 

then within each island the single introduction has resulted in radiation events e.g. Prognathogryllus, 

Laupala, Hibiscadelphus
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Terminal resolution: this pattern has several well-defined clades but there is no clear inter-island 

progression rule evident as an overall pattern. Instead it is either a radiation or unresolved e.g. 

Schiedea/Alsinidendron clade, Sarona, Cyathea

Recent colonisation: i f  a species arrives on an established island, speciation patterns may reflect a 

combination o f dispersal events from younger to older islands in a random or unresolved manner and 

at the same time, develop a ladder like progression for species that arise as new islands emerge e.g. 

Tetramolopium

Extinction; if a species is restricted to certain habitats on younger islands the cladogram may reflect 

progressions or radiation but would not include any older islands even though the lineage was once 

present on these islands e.g. Clermontia, Geranium, Argyroxiphium

Speciation can also be strongly influenced by climactic factors. Cooler and drier climates 

experienced during glaciation events (Hope 1976; Smith 1980; Spencer 1989) increase the likelihood 

of dispersal. This is suggested to have been a factor in the colonisation of Darwin’s Finches on the 

Galapagos Islands (deMenocal 1995). Glaciation also increases the range of tropic-alpine vegetation 

which results in a larger than usual propagule source for long distance dispersal o f such taxa. 

Paleoecological studies (Selling 1948; Flenley 1979) have suggested that favourable climactic 

conditions existed in the Pleistocene for dispersal events between the islands of New Guinea and 

Hawaii. Studies on Tetramolopium in the Hawaiian Islands indicate that the most basal species is a 

tropical alpine species that dispersed from New Guinea to Hawaii during the Pleistocene, and 

subsequently radiated into 11 endemics (Lowrey 1995).

Another commonly posed question refers to the relationship between speciation rate within genera 

and the mechanism o f  seed dispersal (Givnish 1998). It can be argued that genera with poor dispersal 

ability will display the greatest rates o f allopatric speciation, as such a characteristic would greatly 

increase the probability o f species becoming geographically isolated. Givnish et al. (1995) states that 

many of the largest genera found in tropical rainforests are composed o f  understory plants with fleshy 

fruits, such as Chamaedorea, Dypsis, Geonoma, Psychotria (and Rubiaceae generally), Peperomia, 

Piper and Solanum. He argues that endozoochory, which is dependent on forest interior birds, greatly 

accelerates geographic speciation as such birds are poor dispersers across geographic barriers caused 

by water or open habitats. This method of dispersal thus spurs plant speciation by decreasing regional 

gene flow.
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Kingston (2001) suggests that there is a relationship between endemism and animal dispersal in south 

eastern Polynesia, with the majority of endemic species being dispersed endozoically by birds. It is 

important to note that the islands in the Pacific are colonised entirely by long distance dispersal, and 

therefore will contain a greater proportion of bird-dispersed taxa in relative terms. Given the potential 

number o f factors that can affect the speciation process in plants; attempting to define the relationship 

between dispersal mechanism and speciation is extremely subjective. It is likely to depend not only 

on the dispersal type but also on other factors such as the number o f  dispersed propagules (Kingston 

2001).

SECTION B: TYPES OF DATA USED IN STUDIES OF SPECIATION 

1.8 MORPHOLOGICAL ANALYSIS

Comparative plant stucture, morphology and anatomy have traditionally formed the basis of 

systematic botany (reviewed by Endress et al. 2000). Combined with cytological and phytochemical 

analysis, morphological data are also an important method in cladistic studies (Valdebenito et al. 

1992; Forest etal. 2001; Urtubey & Stuessy 2001).

Morphology has been and still is the most common type o f  data on which plant classifications are 

based -  “vegetative and floral morphology are the most useful data for nearly all taxonomic problems 

in almost all groups” (Stuessy 1990). Traditionally floral features have been most important in 

angiosperm taxonomy with vegetative features such as the stems, roots and particularly leaves playing 

a lesser role. Stuessy (1990) attributes this to the fact that vegetative features have more numerous 

functions and tend to be more plastic and therefore more difficult to use for taxonomic purposes. 

Anatomical features are also an important source o f data and can be “extremely useful in solving 

problems o f relationships because they can often suggest with greater confidence the homologies of 

morphological characters states, and they can help in the interpretation o f evolutionary directionality” 

(Stuessy 1990).

Initially many comparative plant morphologists hesitated to use m orphological data in cladistic 

studies, mainly because o f the problems in reducing complex characters into more simple states 

(reviewed by Cronquist 1986), however the use of morphological data in cladistics has increased 

greatly following the availabilty o f computer techniques (many o f which were developed for 

molecular cladistics) (Endress et al. 2000). Despite this there are a number o f issues to be considered 

in applying cladistic techniques to morphological data. The term homology is not always used in the 

same way in comparative morphological and phylogenetic studies, raising the question o f whether
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homology should be equated with synapomorphy (Donoghue 1992). Another complication is that 

comparison among morphological matrices can be handicapped by profound differences in the criteria 

used to delimit and select character states (Bateman & Simpson 1998; Bateman 1999; Scotland & 

Pennington 1999). Notably, morphological evidence from non-phylogenetic investigations is the 

primary means by which taxa are chosen for molecular phylogenetic studies (Baldwin et al. 1998).

Morphological analyses can be time consuming and a high level o f  botanical knowledge may be 

required to perform such analyses with any degree o f objectivity, although this is countered by the 

fact that the technical aspects of observing morphology are m inor and require little financial 

investment, making these features generally more easily analysed than any other type o f  data (Stuessy 

1990).

In studies o f island speciation, Givnish et al. (1995) point out that large-scale divergence within 

island plant groups in morphological and ecological terms may be too extensive or involve characters 

suspected to be prone to homoplasy {e.g. in response to selection) to allow the construction of 

accurate phylogenies.

While morphology has been overshadowed in the 1990’s by advances in molecular systematics, an 

awareness o f the necessity o f comparative morphological studies is increasing (Endress et al. 2000). 

In addition, with the availability of a molecular skeleton phylogeny, anatomical and morphological 

comparsions can now be much more efficient and meaningful, and questions relating to the genetic 

explanation o f the diversification and fixation of form can be addressed (Endress et al. 2000).

1.9 M O LECU LA R ANALYSIS

1.9,1 The use of m olecular tools in studies of insular island plants

Molecular studies have been widely used in evolutionary studies o f endemic plants from a number of 

island systems (M acaronesian: Francisco-Ortega et al. 1995, 1996a, 1997a, 1997b; Boehle et al. 

1996; Mes 1995; Mes & ‘T Hart 1994. H a w a iia n :  Baldwin et al. 1990, 1991; Baldwin &

Robichaux 1995; Sakai et al 1997; Soltis et al. 1997; Pax et al. 1997; Nepokroeff & Systma 1996. 

Ju a n  F ernandez: Whitton et al. 1995; S-C Kim et al. 1996c; Crawford et al. 1993; Sang et al. 

1995b. G alapagos: Wendel & Percival 1990; Schilling a/. 1994. M acronesian : Charmet e /a/. 

1997; Olmstead & Palmer 1997). Extensive morphological and ecological divergence among insular 

plant lineages can make it difficult to identify monophyletic groups. M olecular evidence has been 

used to demonstrate the monophyletic nature o f the Hawaiian Silversword alliance (Baldwin et al.
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1990, 1991; Baldwin & Robinchaux 1995); the Sonchus alliance in Macaronesia (S-C Kim et al. 

1996a) and the Hawaiian lobelioids (Givnish et al. 1996) that were previously thought to be 

descended from at least three intoductions of ancestral taxa (Fosberg 1948).

Taxa endemic to different islands within an archipelago may be ecologically or morphologically more 

similar to each other than to other endemics occupying the same islands. Such a situation could arise 

through two distinct speciation pathways. It is possible that parallel radiations on separate islands 

result in similar morphological characteristics between species on each island. It is also possible that 

a species could evolve on an island and then disperse to similar habitats on other islands within the 

archipelago, with subsequent divergence in other characters. As the ancestral relationships are 

different in each case, the construction of molecular phylogenies can provide invaluable evidence in 

assessing the likelihood of each possible pathway. Baldwin et al. (1998) suggest that within-island 

radiation appears to be more prevalent in plants of the Hawaiian Islands and the Juan Fernandez 

Islands than in the Canary archipelago, but that more taxa need to be examined before accepting the 

generalisation.

There are a number of potential problems that should be considered when applying molecular tools to 

studies of island plants. If groups of taxa on island archipelagos appear to have undergone extensive 

divergence from continental relatives it can be difficult to select appropriate outgroups for molecular 

analysis based on character homology or on possible phylogenetic estimates (Wheeler 1990; Smith, 

1994). Baldwin et al. (1998) suggest that a greater problem lies in the uncertainty about the breadth 

and depth o f outgroup sampling necessary to ensure discovery o f the closest relatives o f island 

lineages. They also point out that precise outgroup information may be essential for resolving 

ancestral characteristics of island lineages and the sequence o f biogeographic and evolutionary 

changes that have occurred. The precision of molecular methods for identifying the closest relatives 

of island plants depends on factors such as taxon sampling, rates of molecular evolution and timing of 

diversification (Baldwin etal. 1998).

Speciation on oceanic islands differs from that in continental systems (Crawford, Whitkus & Stuessy 

1987b). One important difference in island speciation is that small degrees of genetic change can be 

accompanied by marked morphological divergence (Carr et al. 1989; Crawford et al. 1992). A major 

consideration in the use of molecular tools to resolve phylogeny in island plants can be the lack of 

variation in molecular characters from traditional sources such as chloroplast and nuclear DNA. “The 

pace of diversification in some insular groups has been too rapid for fixation o f enough 

synapomorphic mutations to allow robust phylogenetic reconstruction using a limited number of 

cpDNA or rDNA characters” (Baldwin et al. 1998).
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There are a number of examples demonstrating the inability of cpDNA (Baldwin et al. 1990; Givnish 

et al. 1995; Francisco-Ortega et al. 1996a) and ITS data (Baldwin & Robinchaux 1995; Mas 1995; S- 

C. Kim et al. 1996b; Francisco-Ortega et al. 1997a) to resolve the relationships of island taxa. 

Interestingly, in Argyranthemum  resolution was not obtained in sequencing studies using cpDNA 

spacer or ITS sequences, but extensive sampling of cpDNA restriction sites allowed a successful 

phylogenetic reconstruction of the genus within the Macaronesian archipelago (Francisco-Ortega et 

al. 1996a, 1997a). This phenomenon may be a result o f rapid early diversification of lineages, 

unstable rates of molecular evolution, or homoplasy effects (Baldwin et al. 1998). In a study of 

Dendroseris on Juan Fernandez (Sang et al. 1994) lack of synapomorphic characteristics rather than 

homoplasy appears to be responsible for poor resolution.

Another problem with insular island plants is the fact that they often have small population sizes and 

narrow geographical distributions, making them succeptible to extinction. Ancient and recent species 

loss within a given genera can create a sampling problem that leads to misinterpretation of phylogeny 

and inaccurate prediction of the timing of diversification and the pathway of speciation (Huelsenbeck 

1991). Baldwin et al. (1998) point out that even in groups that have lost minimal species diversity to 

extinction, decimation of populations may have altered genetic variation to an extent that can 

confound interpretation of systematic data. An inability to sample extinct, basally divergent taxa 

leads to increased branch length between those taxa actually sampled and non-insular sister groups. 

This is likely to be particularly relevant on hot-spot archipelagos where the islands undergo a 

continual cycle of formation and gradual resubmergence (Baldwin et al. 1998). This can reduce the 

potential for accurate root placement in the insular phylogeny (Swofford et al. 1996) and lead to 

inaccurate theories on the evolution and historical biogeography of species within a genus (Sanderson 

1996).

1.9.2 Molecular Systematics and Hybridisation in Plants

The availability of a wide range of molecular markers (DNA sequence data, RFLP, AFLP) has greatly 

increased the ability to detect hybridisation and to quantify the degree of naturally occurring 

introgression. Species of hybrid origin can confound molecular systematic work. It is impossible to 

predict the position of hybrids in phylogenetic trees as it has been shown to be largely dependent on 

the type of data used, whether the hybrids express a high proportion of primative versus derived 

parental characters, and, if derived characters are expressed, from which parent they have been 

derived (Rieseberg et al 1993). It has also been shown that analytical techniques such as parsimony
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can be ineffective in detecting hybrids because parsimony is based on a hierarchical pattern o f 

evolution and does not account for the potential occurrence o f reticulate evolution (McDade 1990).

Given the potential for hybridisation in plants, a number o f botanists have been concerned with the 

possibility o f widespread reticulate evolution (Stebbins 1950; Grant 1981) as this could resuh in 

phylogenies that are anastomotic rather than strictly dichotomous and branching (Avise 1997). Such 

reticulations can compromise phylogeny reconstructions based on a small number o f characters or 

those generated under the assumption that phylogenies are strictly branching and hierarchical 

(Rieseberg & Soltis 1991). Barriers to reproduction between closely related taxa are seldom absolute 

and are often ‘semipermeable’ to cytoplasmic and nuclear alleles. Avise (1997) states that “a rich 

and varied fabric o f gene genealogies (seldom evident from traditional morphological assessment 

alone) characterises many hybrid contacts, revealing varying degrees o f reticulation among the 

phylogenetic branches connecting related species”.

Hybridisation has been commonly been regarded as an important factor in the evolution o f  island 

plants (Gillet 1972; Carr 1995). Molecular analysis provides a powerful tool for inferring natural 

hybridisation and introgression among plant taxa and for estimating the frequency o f differential 

capture of cytoplasmic and nuclear elements (Arnold 1997). Chloroplast DNA is normally maternally 

or uniparentally inherited in angiosperms and is known to be susceptible to transfer between species 

through introgression in a wide variety of plant groups (Rieseberg & Soltis 1991; Rieseberg & 

Wendel 1993). Conversely nuclear DNA of a species is thought to be more resistant to introgression 

than cpDNA. Rieseberg and Soltis (1991) list 37 examples o f  suspected cpDNA introgression, 

twenty-nine o f these are considered well documented (Rieseberg & Wendel 1993).

Thus in many cases of hybridisation the nuclear DNA of one individual will be eliminated through 

backcrossing to one parent. The cpDNA is retained and becomes associated with the nuclear DNA of 

the other species (reviewed by Rieseberg & Wendel 1993). When genetic transfer is mediated solely 

by pollen, maternally inherited genetic markers (cpDNA in most angiosperms) will not introgress. 

However, immigration of seeds into a foreign population might lead to the introgression o f both 

nuclear and cytoplamic genes when the resulting plants are fertilized by pollen from resident 

individuals (Avise 1997). Comparison of nuclear and chloroplast characters have been used to study 

the potential evolutionary importance of chloroplast capture through introgressive hybridisation 

(Larson & Doebley 1993; Soltis & Kuzoff 1995, Wolfe & Elisens 1995; reviewed by Soltis & Soltis 

1995), to test for ancient and recent hybridisation, and to examine homoploid and polyploid hybrid 

speciation (Soltis & Soltis 1989; Rieseberg et al. 1990a; Arnold et al. 1991; Sang et al. 1995; Allan et 

al. 1997).
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While non-concordance between phylogenies constructed from chloroplast and nuclear data can be 

used to identify introgression, introgression may lead to genetic distances that are smaller than they 

would be in the absence of hybridisation, making it extremely difficult to estimate the time of 

divergence of two taxa (Grant 1998). In addition, variable rates o f introgression among related taxa 

will give variable degrees of genetic similarity determined by gene exchange, making it extremely 

difficult to reconstruct the exact sequence of phylogenetic events (Patton & Smith 1994; Moore 

1995). Clarke et al. (1998) suggest that the most reliable information for reconstructing phylogeny is 

in the genes that are kept distinct in hybridising species by natural selection. One possibility is to use 

genes that evolved distinctively in the taxa in allopatry, and which have remained unaffected by 

introgression after the establishment of sympatry. Alternatively Sang and Zhang (1999) used 

sequences of low copy nuclear genes {Adh gene) to reconstruct hybrid speciation in Paeonia. They 

suggest that the technique of separating parental alleles o f a nuclear gene in hybrid genome and 

reconstructing phylogenies of these alleles offers a solution to the long standing practical difficulty of 

reconstructing reticulate evolution. Given that phylogenies based on plant nuclear genes can be 

influenced by dynamic evolutionary processes of the gene families (gene duplication/deletion, gene 

conversion, and recombination). Sang and Zhang (1999) conclude that hypotheses o f hybrid 

speciation should rely on the congruence of multiple gene phylogenies as well as the congruence 

between gene phylogenies and other lines of evidence.

In contrast to molecular work at the species and genus level, there has been few detailed molecular 

population level analysis of natural hybridisation in plants (Comes & Abbott 1999). Comes and 

Abbott (1999) point out that in contrast to mtDNA, which has been used as powerful tool for 

investigating hybridisation among animal taxa (Dowling et al. 1989; Zink 1994; Schneider 1996), the 

popular view of the chloroplast genome is that it is highly conserved and rarely displays the level of 

variation necessary for population level studies (Banks and Birky 1985; Neale et al. 1988). However 

as reviewed by Soltis et al. (1992), this is not necessarily the case and a number of plant species are 

known to exhibit interspecific cpDNA variation at levels that have provided insights into the 

evolutionary process within and among populations (Milligan 1991 - Trifolium-, Ferris et al. 1999 - 

Quercus; Demesure et a l 1996 - Fagus; Strand et al. 1996 - Aquelia] Comes & Abbott 1998 - 

Senecio).

Recent analysis of cpDNA microsatellite variation has suggested that levels of intraspecific cpDNA 

variation may often be high in plants (Powell et al 1995; Powell et al. 1996; Provan et al. 1999). The 

chloroplast genome may sometimes be exchanged more freely than nuclear genes, a fact that could
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potentially lead to erroneous microevolutionary hypotheses when the chloroplast genome is used as a 

singular source of evidence for overall levels o f inter-specific gene flow (Comes & Abbott 1999).

Comes and Abbott (1999) analysed reticulate evolution in the M editerranean species complex o f 

Senecio sect. Sen ec io  using cpDNA sequences and nuclear data from rDNA (ITS) sequence 

information as well as allozymes and RAPD’s. Based on this study they drew a number of 

conclusions with regard to the molecular study of hybridisation. With regard to studies o f reticulate 

evolution, they found that a phylogenetic approach based on large number o f nuclear genes was more 

likely to provide an accurate reflection of overall organismal phylogeny when hybridisation lead to 

cytoplasmic gene capture. However, ancient or more recent episodes o f hybridisation in partial 

nuclear capture and (un) even homogenisation of ITS sequences can lead to confiision (Rieseberg et 

al. 1990b; S&ng etal. 1995).

Phylogenetic and population level genetic information both suggest the significance o f cpDNA and 

nrDNA in determining the genetic constitution o f a species. The establishment and maintenance of 

morphologically distinct forms in sect. Senecio is unlikely to have been strongly influenced by the 

recurrent gene exchange o f molecular marker genes that may be selectively neutral. However, the 

lack o f current evidence for extensive nuclear introgression among diploid species o f Senecio  does 

not rule out the possibility of “very subtle patterns o f past and present introgressive hybridisation o f 

adaptively significant genes or gene complexes, not least the establishment of novel genotypes and 

the origin o f new derivative species following interspecific hybridistation” (Comes & Abbott 1999).

In interpreting molecular studies of hybridisation, it is important to note that hybridisation can result 

in two co-existing species becoming progressively more sim ilar at neutral loci (although at a 

diminishing rate) as they progressively develop characters that reduce their ability to interbreed. This 

is termed ‘molecular leakage’ and is demonstrated within the context o f French Polynesia in a study 

o f the Partula of Moorea (Clarke et al. 1998). ‘Molecular leakage’ is convergence of the neutral and 

advantageous genes in two species through occasional hybridisation. I f  two species show significant 

anatomical and molecular differences but reproductive isolation is not perfect, some hybridisation 

may occur and any differences in the frequency o f genes that are selectively neutral, or unequivocally 

advantageous will be altered. The longer any two species coexist the more alike they will become, 

with the exception o f characters that are important to the ecological, reproductive or behavioural 

differences between them. These characters will be expected to diverge but the genes controlling 

them are likely to account for only a small proportion of the genome.

During a long co-existence the two species will probably evolve to reduce hybridisation, either 

through ecological displacements or factors relating to mating. Thus, as species become more alike at
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the molecular level, they will become progressively less alike in their anatomy and ecology, and 

reproductive isolation will gradually come into play. The process can therefore lead to a negative 

relationship between the extent of hybridisation and the overall similarity o f gene frequencies, and 

equally to a negative relationship between anatomical and molecular divergence (Clarke et al. 1998).

1.10 MORPHOLOGICAL VERSUS MOLECULAR ANALYSIS

A number o f studies have considered the relative extent o f  homoplasy in molecular and 

morphological data and the implications for using such data in phylogenetic analyses (Palmer et al. 

1988; Mishler et al. 1988; Donoghue & Sanderson 1992; Patterson et al. 1993; Kadereit 1994; 

Larson 1994; Donoghue 1994; Miyamoto & Fitch 1995; Doyle 1996; Sanderson & Donoghue 1996; 

Doyle & Endress 2000). Many taxonomic studies of plant taxa have successfully analysed molecular 

and morphological data to obtain well-supported phylogenies (Padergett et al. 1999; Chen et al. 1999; 

McDade et al. 2000; Kallersjo et al 2000; Schwarzbach & Ricklefs 2000; Bradford & Barnes 2001; 

Simmons et al. 2001). Conversely, other studies have shown non-concordance between phylogenies 

generated from molecular and morphological datasets (Fangan & Nordal 1993).

Combined molecular and morphological studies of Aeonium (Mes & ‘T Hart 1996) in Macaronesia or 

the Alsinidendron-Schiedea group in Hawaii (Sakai et al. 1997; Soltis et al. 1997) gave greater 

support than either type of data independently. Doyle & Endress (2000) compared a morphological 

phylogenetic analysis of basal angiosperms with the one generated from molecular data and found 

that in cases where the trees conflict, the combined analyses generally yield the same topologies as 

the molecular analysis. However, at present there are not enough well-resolved and robustly 

supported molecular and morphological trees from the same plant lineages to make conclusions about 

the relative value of the different types of data for constructing accurate phylogenies in insular island 

groups (Baldwin et al. 1998).

The limitations of molecular and morphological evidence in studies of evolution are critically 

reviewed by Bateman (1999) and are summarised below:

1. Molecular data alone can be inferior to morphological data alone for resolving radiations 

as there can be insufficient time between speciation events to accumulate sufficient 

molecular synapomorphies. During radiations, considerable phenotypic divergence 

occurs with proportionately negligible divergence in the metabolic genes currently 

favoured for molecular phylogenetic studies. Consequently, the vast majority of
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morphological character-state transitions occur during speciation events and the vast 

majority o f molecular character-state transitions occur between them’.

2. Radiation is best characterised by comparing molecular and morphological phylogenies 

for the same range of coded taxa, focusing on both topological congruence and on 

contrasts in branch lengths (an approach Bateman refers to as a ‘cross-matrix disparity’). 

He suggests however that this approach is currently undermined by the lack of a 

consistent protocol for data collection and analysis, notably tree-building algorithms, 

rooting methods, exclusion (or inclusion) of autapomorphies and choice o f optimisation 

algorithms.

3. Morphological characters are thought to incur higher levels of homoplasy, offer a limited 

pool o f potential character states, respond directly to evolution and hence are vulnerable 

to convergence, and are prone to non-genetic variation. Bateman suggests that it may 

simply be the practical advantage in terms o f the ease and cost of molecular analysis that 

is most relevant.

4. Bateman also criticises the practise of ‘analytical apartheid’ where a limited number o f 

morphological characters are mapped across an existing molecular phylogeny to protect it 

from the rigours of parsimony analysis. It is suggested that this squanders the opportunity 

to discover novel phenotypic characters w ithin the clade and biases the study by 

restricting the analysis to characters that are presupposed to be directly involved in the 

evolutionary events.

In conclusion Bateman (1999) proposes that molecular and morphological phylogenies be constructed 

separately and their relative structures then compared. If  sufficiently congruent they may then be 

combined in a ‘total-evidence’ phylogeny. It is argued that this approach maximises the congruence 

test of homology and also permits the possibility that the two categories of data will maximise 

resolution at different hierarchical levels. It is suggested that a ‘total-evidence’ tree resulting from a 

combination o f molecular and discrete morphological characters then forms the best framework for 

mapping other weaker intrinsic properties (the continuous morphological characters most amenable to 

selection, are given as an example) and extrinsic properties o f ecology and environment that facilitate 

selection.
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SECTION C: MODEL GENUS: PEPEROMIA

1.11 MODEL GENUS: PEPEROMIA

Many authors have used a genus-based approach to study plant evolution (Crawford et al. 1993; 
Givnish et al. 1995; Sang et al. 1995; Lowrey 1995; Wilson 1996; Shannon & Wagner 1997; 
Setoguchi et al. 1998; Comes & Abbott 1999; Chen et al. 1999). This study on oceanic island 
speciation uses Peperomia (Piperaceae) as a model genus (Photograph 1.1).

Photograph 1.1; Pepefomia australana, endemic to the Austral Islands of Frenc±» Polynesia 

1.11.1 Taxonomy of the Piperaceae

Piperaceae are a femily of fleshy herbs and shrubs that have jointed nodes, and infloresences that are 
spicate and composed of numerous flowers packed onto a cylindrical fleshy axis (Zomlefer 1994). 

Species within the family are widely distributed in the tropics and subtropics witii concentrations in 
Latin America and the Malaya Peninsula (Yuncker 1958). Lmneaus (1753) originally recognised 17 
species comprising the genus Piper, with Ruiz & Pavon (1794) including a second genus Peperomia.
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More recently authors (Zomlefer 1994; Judd et al. 1999) have suggested that the family consists of 6- 

8 genera including the two largest Piper and Peperomia.

Piperaceae is clearly monophyletic (Tucker el al. 1993). It lies close to the monocotyledonous 

boundary, having a number o f features that are common in monocots, but rare in the other dicots, 

most notably, a trimerous perianth, scattered vascular bundles and monosulcate pollen (Burger 1977).

Thorne (1992) divides the Piperaceae into 2 subfamilies, Piperoideae (containing the genus Piper) 

and Peperomioideae (containing the genus Peperomia). The Piperoideae have a woody, usually 

terrestrial habit, stipulate leaves with a one-layered epidermis, one to ten stamens, a two to six 

carpellate ovary and bitegmic ovules. In contrast the Peperomioideae are defined by a herbaceous, 

often epiphytic habit, exstipulate leaves with a multilayered epidermis, two stamens, uni-locular 

anthers, a unicarpellate ovary and unitegmic ovule (Zomlefer 1994).

Recent analysis using morphological and developmental evidence (Tucker 1993) supports the 

accepted view of Peperomia as a distinct evolutionary lineage within the family Piperaceae (Yuncker 

1937; Gorts van Rijn 1998). Peperomia stands apart within the family on the basis o f anatomy (Datta 

& Dasgupta 1977a, 1977b, 1977c, 1979; Novak 1954; Rousseau 1927), palynology (Erdtman 1952), 

embryology (Maheshwari & Kapil 1966) and pharmacological studies (Masao & M iyagawa 1976). 

These have led to Peperomia being raised to subfamilial or even familial status (Peperomiaceae) by 

some authors (Wettstein 1933; Novak 1954; Burger 1977; Airy-Shaw 1966, 1987; Brummit 1992; 

Heywood 1978; Walker 1976a,b).

Peperomia  has a number of features indicating it to be more specialised and to have been derived 

from a Piper-Wke progenitor (Yuncker 1958). Tucker et al. (1993) also suggest that Peperomia  has a 

number o f apomorphies, indicating that it is the most derived member o f the family (single carpel, 

two unilocular stamens, a 16-nucleate female gametophyte, unusually small pollen grains that lack 

apertures, herbaceous habit). Other authors dispute this. The primitive status of Peperomia  has been 

suggested by Datta & Dasgupta (1977a), based on the lateral walls o f metaxylem tracheary elements 

and distribution of bundles, and by Jose and Sharma (1985) based on the observation that the deep- 

seated chromosome number n=l 1 in Peperomia is less than that in Piper and that the chromosomes 

are also comparatively larger and more symmetrical.

Between the years 1933 and 1975 T.G. Yuncker published 22 papers specifically on the genus 

Peperom ia  as part of wider ranging studies on the Piperaceae. This includes a Revision of the



Hawaiian species o f Peperomia (1933), a Revision of the Polynesian species o f Peperomia (1937), a 

Revision o f  the Micronesian species of Peperom ia  (1938), The Piperaceae o f Northern South 

America (1950) and The Piperaceae of Brazil (1972-1975). In total, he described 839 new species, 

211 new varieties and 25 new formas within the Piperaceae family.

1.11.2 Speciation o f i n  the Pacific

With the exception o f Peperomia, members of the Piperaceae are not common on oceanic islands 

(Murty 1960). Peperomia has speciated widely in the Pacific. Ten o f the 14 species o f Peperomia in 

French Polynesia are endemic (Florence 1997), there is 1 endemic species in the Cook Islands (Gerald 

McCormack; Cook Islands Natural Heritage Project 2000) and there are at least 2 endemic species in 

the Pitcairn Islands (Florence et al. 1995). In the Hawaiian Islands 23 o f the 26 species present are 

endemic (Wagner et al. 1990). Based on these distributions it could be suggested that the genus 

speciates readily within the Pacific. Consideration o f additional island systems provides further 

evidence. Twenty-one of the 24 species in Fiji are endemic (Smith 1981), as are 3 of the 5 species on 

the Galapagos Islands (McMullen 1999). O f the 4 Peperomia  taxa on Juan Fernandez, there are 2 

endemic species and one endemic subspecies (Valdebenito et al. 1992).

1.12 RESEARCH AIMS

The aim is to study oceanic island speciation using the genus Peperom ia  within SE Polynesia as a 

model system. Methods used follow the research protocol o f  Stuessy & Ono (1998) for the study o f 

plant evolution on island archipelagos.

Molecular tools were used to define phylogenetic relationships between the species o f Peperomia in 

SE Polynesia. These relationships were then analysed with respect to morphological studies and 

traditional herbarium studies (Yuncker 1937; Florence 1997) in an attempt to construct a robust 

representation o f relationships within the genus in SE Polynesia. Using Peperom ia  as a model, 

additional information (dispersal, ecological, chromosomal, population genetic inform ation and 

biogeographic data) was then incorporated in an attempt to understand the evolution o f the genus in 

SE Polynesia and to build upon knowledge of the speciation process in oceanic island plants.
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SECTION D: INTRODUCTION TO SOUTH EASTERN POLYNESIA

1,13 SOUTH EASTERN POLYNESIA

For the purposes o f this study SE Polynesia is defined as French Polynesia, the southern Cook Islands 

and the Pitcairn Islands. This relates closely to the phytogeographical area of Van Balgooy (1971) 

who defines the Pitcairn Islands, the Islands o f French Polynesia and the Cook Islands as the 

subprovince o f  east Polynesia in the Malesian region. Within SE Polynesia there are 131 tropical 

oceanic islands, 89 o f these are atolls and 42 are high islands. The area can be grouped into 7 island 

groups or archipelagoes:

The Austral Islands

The Gambier Islands

The Society Islands

The Marquesas

The Tuamotu

The Pitcairn Islands

The southern Cook Islands

Figure 1.1 shows the location of South Eastern Polynesia within the Pacific. Figure 1.2 is a map of 

South Eastern Polynesia showing the location o f each o f  the 7 archipelagoes.

33



5000 5000 Miles'

Figure 1.1: Map of the Pacific Ocean showing the location of SE Polynesia
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Figure 1.2: Map of SE Polynesia showing the location of each of the seven archipelagos
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The Islands o f SE Polynesia are an ideal environment in which to base an evolutionary study for a 

number of reasons:

- They are extremely remote, lying some 4000 km from the nearest continent. This results in a

native flora that is composed only of genera capable o f long distance dispersal.

- The islands are volcanic in origin and thus began as virgin landmasses, free of the constraints

that continental areas impose.

In geological terms the islands are young, ranging from 0.75 to 57 million years old. The age 

and geological history of the islands within the area are well documented (Liotard et al. 1986, 

Brousse et al. 1990).

The islands are highly dispersed occupying an overall area o f approximately 10 million km^.

The total land surface is relatively small (approx 4000 km^). French Polynesia has a total 

land surface o f 3520 km^ (Florence 1997). In combination with the isolation factor this 

results in a flora that has a relatively low number o f  vascular plants. This minimises the 

complications that more diverse regions bring. There are 910 species in French Polynesia 

(Florence 1997) as compared to 3250 in New Caledonia (Morat 1993b), 1630 in Fiji (Sohmer 

1990) and 1140 in Hawaii (Wagner 1991).

The endemism rate is 74% for flowering plants in French Polynesia (Florence 1997) as 

compared with 89% for Hawaii (Wagner 1991) or 80% for New Caledonia (Morat 1993b). 

However if  the density of endemics is taken into account then French Polynesia has an 

extremely high number of endemic flowering plants per surface unit.

1.14 ISLAND GEOLOGY

Like many oceanic islands, the Austral-Cooks, the Society, the Gambier-Pitcaim and the Marquesan 

archipelagos are the products of volcanism from stationary hotspot magma sources. The movement 

of a tectonic plate over this source incorporates volcanoes into the plate and creates a chain o f islands 

or seamounts in which age is positively correlated with distance from the source. The geological ages 

of the islands in SE Polynesia are given in Table 1.1.
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Table 1.1: Geological Ages of Islands in SE Polynesia

Archipelago Age Reference

Australs 3-14 Ma Robert Duncan (pers comm.)

Marquesas 1.3-6 Ma Liotard et al. 1996

Society Tahiti 0.38-0.67 Ma White & Duncan, 1996

Moorea 1.5-1.7Ma White & Duncan, 1996

Leeward
Islands

2-6 Ma White & Duncan, 1996

Tuamotu 37-57 Ma Florence and Lorence, 1997

Pitcairn 0.75-16 Ma Spencer, 1989

Within hot spot island chains, new islands are continuously formed and older islands gradually 

submerge and disappear e.g. Mac Donald is an active hotspot seamount 400 km east/southeast of the 

island of Rapa (Johnson 1970), which at present is 23m below the surface and actively growing 

(Talandier & Okal 1982). As many of the archipelagos are geologically independent, the distribution 

pattern of islands in SE Polynesia will change over evolutionary time.

Studies of speciation should also take into account the effect climate can have on sea levels and thus 

on the exposure and submergence of islands. Sea levels during the Pleistocene glaciations probably 

had a maximum drop of 130-150m below current sea levels (Menard 1964; Spencer 1989). While 

increased sea level can lead to the submergence and loss of terrestrial biota, reduced sea levels can 

lead to the emergence of seamounts that may have supported terrestrial species and thus acted as 

stepping stones for dispersal. Stepping stone islands are more important to species whose propagules 

tend to be dispersed by zoochory or hydrochory and less important to anemochorous species 

(MacArthur & Wilson 1967).

Kingston (2001) states that as south-easterly trade winds predominate during warmer periods, the 

anemochoric elements of the flora (discussed with respect to the Pitcairn Islands) would have been 

dispersed during periodic climactic events such as El Nino or cyclones. In contrast during cooler 

periods aided by storms and exposed stepping stone islands, dispersal by anemochory would have 

been optimal. The potential importance of exposed seamounts and stepping stone islands in SE 

Polynesia is discussed by Kingston (2001), Figure 1.3 is taken from this author. This map is of
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particular interest with respect to SE Polynesia as it exposes the potential for dispersal from Fiji 

through the Southern Cooks to the Australs and Pitcairn during periods of reduced sea levels, and also 

exposes a potential migration route between Rapa and New Zealand.
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Figure 1.3: Stepping stone islands that become exposed in the Pacific when sea levels are
dropped by 100m below current levels (after Kingston 2001).

1.15 BIOGEOGRAPHY OF SOUTH EASTERN POLYNESIA

The flora o f SE Polynesia was first assessed by Brown (1935) who recognised 6 regions (1= 

Marquesas, 2= Society Islands, 3=Tuamotu Islands, 4= Austral Islands, 5= Rapa, 6= Pitcairn and 

Gambier Islands). Only 251 species were known from the region at that time, most o f which were 

from the Society and Marquesas Islands. Given that the flora of the Society Islands alone currently 

stands at 575 species with 250 endemics, the 1935 study had little chance of accurately discussing the 
floristic patterns in SE Polynesia.
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Van Balgooy (1960) placed all of the islands o f SE Polynesia (Cooks, Australs, Tuamotu, Marquesas, 

Societies) under the same province and described their flora as being “paleotropical, depauperated 

Malaysian”. Rapa was placed outside this province and was regarded as a subordinate of the 

Australian-New Zealand flora along with Easter Island. This was revised in 1971, with both Rapa 

and Easter being placed as districts of the SE Polynesian province. In 1996 the position of Easter 

Island was again revised and placed as a subset of the South American flora.

Pacific biogeography is a problematic field for a number of key reasons:

the extent to which the flora is accurately documented varies between island groups. 

Misidentified specimens and publishing errors can also seriously affect analyses 

(Spellerberg & Sawyer 1999)

studies based on different groups of organisms lead to differing schemes of provinces 

(Rosen & Smith 1988)

Stoddart (1992) recommends analyses based on island types (e.g. atolls, makatea 

islands), as similar islands are more likely to support similar floras. Thus it becomes 

difficult to define areas on a purely geographic basis.

due to the nature of island floras and in particular endemic species, which by 

definition have a very narrow distribution, there is a relatively high probability that 

species will have become extinct through human habitation of the island. This is 

particularly relevant for useful plants e.g. Santalum which was used as an ornamental 

carving wood (Kingston 2001).

Kingston (2001) discusses the biogeography of the Pitcairn Islands within the context of SE Polynesia 

and uses this small-scale study to clearly illustrate the fundamental principles of Pacific 

biogeography. The origin of the flora of Pitcairn lies to the west with taxa migrating from Malesia 

through Melanesia and across the Pacific islands to Polynesia. Within Polynesia connections are also 

to the west, from the Societies and Austral Islands. In support of Stoddart (1992), there are strong 

connections with other Polynesian island groups that contain high islands, such as the Marquesas, 

Gambier, Cook Islands and Rapa. Makatea, an island in the northwest group of the Tuamotu that 

contains an uplifted atoll similar to Henderson Island, shares 42 of the 64 species found on 

Henderson. Kingston suggests that the strongest affinities with the Society, Austral and Cook Islands 

are due to these island groups containing all of the island types found in the Pitcairn Islands. Being 

closer to the main floristic source (the Indo-Malesian region), they potentially support larger floras.

38



An accurate analysis o f  the flora o f the Pitcairn Islands is extremely useful as it provides a 

biogeographic framework under which the speciation patterns o f Peperomia  in SE Polynesia can be 

discussed. Notably, o f the 15 endemic species present on the Pitcairn Islands, 14 have closely related 

species in the Australs or Rapa. The remaining endemic, Abutilon fosbergii has potentially related 

species in the Tuamotu, Gambier and Marquesas (Kingston 2001).

1.16 LEVELS OF ENDEMISM IN SOUTH EASTERN POLYNESIA

A study o f areas that display high levels of endemism is o f interest as it provides an opportunity to 

assess the external factors that can induce speciation in plants. French Polynesia is used here as a 

model. Data are taken from the Flore de la Polynesie Frangaise (Florence 1997). Table 1.2 lists the 

number o f higher plant species, the number o f endemic higher plant species, and the level of 

endemism in each o f the archipelagos of French Polynesia while Table 1.3 lists the area, highest 

elevation and age for the three islands that display the highest levels o f endemism.

Table 1.2 Levels of endemism in the archipelagos of French Polynesia (after Florence, 1997)

Archipelago
Number of 

higher plant 
species

Number of 
endemic higher 

plant species

Level of 
endemism (%)

Society Islands 575 250 43

Tuamotu 95 8 8

Gambier Islands 71 9 13

Marquesas 228 157 48

Austral Islands 185 28 15

Rapa 189 67 35

The Society and Marquesan archipelagos contain the greatest number o f higher plant species. Given 

that Rapa is represented by only one island, it also contains a relatively high number o f plant species. 

Levels of endemism are much higher in the Marquesas, Society Islands and on Rapa.
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T able 1.3 Islands within French Polynesia that show  th e  h ighest levels of endem ism

Island
Area
(km')

Highest
Elevation
(m)

Age
(million
years)

No. o f
higher
plants

N o. o f
endemic
plants

L evel o f
endemism
(% )

Rapa
40 650 4.1-4.8 189 67 35

Tahiti 
(Society Islands) 1100 2241 1 465 107 23

Nuka Hiva 
(Marquesas) 340 1224 3.1-4.8 201 37 16

Tahiti is the largest o f the three islands and contains by far the greatest number of higher plants and 

number o f endemic species. Levels of endemism are considerably greater on Rapa than on either of 

the other two islands.

Area and elevation factors have a direct affect on the creation o f  habitats and therefore on the 

potential number o f species that can be supported. O f the three islands in Table 1.3, Rapa is the 

smallest and lowest in elevation yet has the highest level of endemism. It is further discussed below 

as it usefully highlights the additional external factors that can contribute to the formation o f endemic 

species.

Rapa

Rapa (27°37'S, 144°20'W) is the southern most island in Polynesia. Although this small, isolated 

oceanic island is administered by the Austral Islands o f French Polynesia, it is geographically distinct 

from the Cook/Austral chain and is located some 560 km from ‘neighbouring’ Raivavae. Unlike the 

Cook-Austral chain o f islands, Rapa is a geologically uncomplicated example o f the formation of 

volcanic islands. Its age corresponds to the age predicted from its position relative to the hotspot Mac 

Donald and to the velocity of the Pacific plate (Jarrard & Clague 1977; Barsczus 1980). Rapa is a C- 

shaped island, 7 x 9  km in size (40 km ). It represents the remains o f  a volcanic cone in which the 

east side is breached so that the ancient crater is now Huarei Bay.
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As a result o f its southerly location, Rapa has a more temperate climate than the other islands in SE 

Polynesia, which are subtropical. This location and colder water temperatures make the environment 

coral-limiting, and fringing and barrier reefs do not form (Paulay 1985). Consequently the ocean has 

eroded Rapa directly and has created an indented coastline with steep cliffs and numerous small bays 

(similar action has occurred on the shores of the Marquesas and in parts o f  the Hawaiian Islands). 

Erosion has also carved o f a number of satellite islets from the main island. The largest o f these is 

Tauturau, which is 1 km long. Today these are separated by 5-500 m o f water 2-3 m deep (Paulay 

1985). Cronin (1983) has predicted a 100-150 m fall in sea level during glacial times. During such 

periods some o f these islands could thus be connected to the main island with additional islets 

becoming exposed.

Due to its isolated location, rugged nature and steep terrain Rapa is one o f the oldest oceanic islands 

in southeast Polynesia to have substantial areas o f indigenous forest. On a 1985 Zoological 

expedition, Paulay records that the terrain on Rapa is generally steep and averages 30° (with higher 

mountains being much steeper). Sixty-seven of the 189 plants are endemic. At 35% endemism, this 

is almost double that o f the rest of the Australs group. This does not include findings o f a recent 

expedition to Rapa (April-May 2002) that has lead to the discovery o f 11 new endemic taxa on the 

island (T. Motley, pers comm).

Van Balgooy (1960, 1971), in a biogeographical analysis o f the Pacific, places Rapa into its own 

region distinct from southeastern Polynesia (Cooks, Australs, Societies, Marquesas, Tuamotu) based 

on the floristic association with Australia and New Zealand. M ost significant are genera such as 

Corokia (found in New Zealand, Australia and Rapa) or Hebe (found in Australia, New Zealand, 

Rapa and the Falklands). The study of sea level changes and emergent islands (Kingston 2001, 

Figure 1.3) is particularly significant as it demonstrates that there may have been a number o f 

stepping stone islands between New Zealand and Rapa. This route may also explain the presence o f 

species in Polynesia that have their origin in the Australasian flora and not in that of M elansia or 

Indo-Malaysia e.g. Coprosma, Sophora, Haloragis, Samolus.

A number of combined factors are likely to contribute to the high level o f endemism on Rapa. Rapa 

is the youngest island in the Austral-Cook chain and is therefore likely to have been exposed to a 

continual source pool of propagules from species established on the other islands. Given the remote 

nature o f the island the dispersal of a given taxa may not have been a regular occurrence, minimising 

gene flow from other populations and allowing divergence. Speciation may also be enhanced by the 

need to adapt to the climatic conditions on Rapa. As an island at the subtropical-temperate boundary 

it has different conditions to many of the more tropical or subtropical islands that surround it to the
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west and north. Importantly, Rapa may lie along a past migration route for southern hemisphere 

plants moving from New Zealand east into the Pacific. If  migration along such a pathway was 

sporadic, isolation factors may contribute to divergence.

The study on areas of high endemism clearly demonstrates that physical factors alone can facilitate 

general plant speciation.

1.17 ARCHIPELAGO DESCRIPTIONS IN SOUTH EASTERN POLYNESIA

In political terms the Austral, Society, Gambier, Marquesas and Tuamotu archipelagoes fall within 

French Polynesia. The Pitcairn Islands are a British Overseas Territory and the Cook Islands are an 

independent territory with links to New Zealand. In geological terms the Pitcairn Islands fall at the 

southeastern end of the Tuamotu chain and the Cook Islands are an extension of the chain of islands 

that form the Australs of French Polynesia. Information included in archipelago descriptions of 

French Polynesia have been translated from the Flore de la Polynesie Frangaise (Florence 1997) 

unless otherwise stated.

1.17.1 The Austral Islands

The Australs consist of four volcanic islands and one atoll and range in age from 3 to 14 My a (Robert 

Duncan, pers comm). The climate is cooler than that of the Marquesas, Society or Tuamotu Islands. 

The islands are characterised by low levels of endemism and vegetation that has been subject to much 

degradation. Twenty-eight endemic species exist in a flora of 185 (15% endemism). The low level of 

endemism is explained by the lack of altitude and therefore the absence of diverse vegetation 

communities. Mt Hiro on Raivavae is the highest point at 438 m. Another consequence of the lack of 

inaccessible high altitude areas is that the vegetation has been greatly affected by humans. Fire, 

cultivation and the presence of feral goat populations have all had significant effects on the native 

flora. Floristically the Australs are most similar to the Society Islands, with 76% of its indigenous 

flora also found on this archipelago (Florence 1997). Rapa is administered by the Austral Islands but 

has not been included here as it was previously discussed in section 1.16.

1.17.2 The Gambier Islands

The Gambier archipelago consists of high islands and islets within an encircling reef. There are 4 

small principal islands (the total surface area does not exceed 25 km^). Mangareva has the highest 

elevation with Mont Duff reaching heights of 445 m. The Gambier Islands lie at the south-eastern
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end of the Tuamotu chain and have greatest phytogeographic affinities with these islands. The 

archipelago has been greatly affected by humans and much native vegetation has been replaced by 

large stands of Miscanthus floridulus or Dicmnopteris linearis (Florence 1997).

1.17.3 Marquesas

The Marquesas are one o f the most remote archipelagos in the Pacific. They lie 500 km north of the 

atolls that make up the Tuamotu and 1300 km northeast o f the Society Islands. They consist of 12 

islands and have a total area of 1050 km^. The highest altitudinal point in the Marquesas is Mont 

Temetiu on Hiva Oa, which reaches 1276 m. The youngest island in the chain, Fatu Hiva, is about 

2.5 million years old, while the oldest island, Eiao in the northwest, is about 5.5 million years old 

(Brousse et al. 1990). There are 157 endemic species in a total indigenous flora of 228 (48%), giving 

this archipelago the highest level of endemism in French Polynesia. The Marquesas have 3 endemic 

genera, two dicots Plakothira  and Lebronnecia and one monocot, the palm Pelagodoxa. The two 

largest islands, Nuka Hiva (340 km^) and Hiva Oa (315 km^) are also the richest in terms of 

endemics, with 37 and 22 endemic species respectively. The strongest floristic affinities are not with 

the geographically closest Tuamotu islands, as these are considerably older and have been atolls 

possessing only coastal vegetation since the formation o f the Marquesas (Florence & Lorence 1997). 

Rather the greatest affinity is with the Society Islands with which they share 140 species, 19 o f which 

are only found in French Polynesia. The least affinity is with the geographically distant Austral 

archipelago, sharing only 82 species (Florence 1997). The Marquesas have a number o f interesting 

biogeographic affinities with the Hawaiian Islands, such as the genus Cheirodendron (Florence 1987).

1.17.4 Tuamotu

The Tuamotu consist of 75 atolls and have a total o f 95 indigenous species, of which 8 are endemic. 

The atolls are mostly under 10 m in elevation (although Makatea Atoll reaches 110 m) and range in 

age from 35-57 M yr (Florence & Lorence 1997). The flora is entirely made up o f littoral coastal 

species. Atolls tend to have a poor flora because of the limited number o f ecological niches available 

and because they are exposed to marine overwash during storms (Fosberg 1991). Floristically they 

have an affinity with the Society Islands, with which they share 77 species and with the Austral 

Islands, sharing 64 species. The lowest affinity is with Rapa sharing only 25 species. Unlike the 

Society or Austral islands, Rapa does not have atoll or motu habitats similar to those o f the Tuamotu.
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1.17.5 The Society Islands

The Society archipelago comprises 9 volcanic islands and 5 atolls. In the southeast the islands of 

Mehetia, Tahiti, Moorea and Maiao and the atoll Tetiaroa form the Leeward islands, while in the 

northwest the islands of Huahine, Raiatea, Tahaa, Borabora, Maupiti and 4 atolls form the Windward 

chain. Mehetia, the smallest island (2 km^), is also the youngest at 30,000 years old. It lies some 110 

km from Tahiti, the largest island (1100 km^). Mount Orohena on Tahiti reaches a height of 2241 m, 

the highest peak among all the islands in the south Pacific. The oldest high island is Maupiti, aged at 

4 million years.

There are 575 indigenous species in the Society Islands, of which 250 are endemic (43%). Tahiti has 

a level of endemism in the order of 23%. Raiatea also has a relatively high level of endemism at 

21%. Tahiti is of interest floristically, it has a number of species o f endemic Polynesian genera, e.g. 

Fitchia (2 of the 7 species) and Sclerotheca (5 of the 6 species). It also has species within the genus 

Trukia, in common with Micronesia, a species of Fushia, originating in the Cordillere des Andes 

(with a secondary distribution in New Zealand), and a species of Nesoluma, a genus also found in the 

Australs, Hawaii and on Henderson Island. Tahiti also has a number of genera that have actively 

speciated on the island, e.g. Psychotria (7 of the 23 species in French Polynesia occur on Tahiti) and 

Cyrtandra (12 of the 30 species in French Polynesia occur on the island). The Society Islands have 

greatest floristic affinities with the Austral islands with which they share 156 species (48%), with the 

Marquesas (135, 41%) and with Rapa (92, 28%). The natural vegetation of the Society Islands has 

been greatly degraded by exotic species, which have become naturalised.

1.17.6 The Southern Cook Islands

The Cook Islands have the Society Islands to the east and American Samoa to the west, each about 

1500 km away. They are spread across some 2 million km^. The archipelago consists of 15 islands 

which form 2 groups, the northern and southern Cook Islands, separated by a distance of 1000 km. 

The southern group are mostly young volcanic islands and are a continuation of the Austral Island 

chain. The northern group (which have not been included in this study) are all older coral atolls or 

uplifted makatea islands. Rarotonga is the largest island and has an area of 67 km^. There are 180 

indigenous species in the Southern Cook Islands, of which 20 are endemic (11%) {pers comm. Gerald 

McCormack, Cook Islands Natural Heritage Project 2000).
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1.17.7 The Pitcairn Islands

The Pitcairn Islands are remote from the nearest archipelagos in French Polynesia, the Austral, 

Gambier and Tuamotu groups. They consist o f two high islands, Pitcairn and Henderson; and two 

atolls, Ducie and Oeno. The group itself is relatively diffuse with Ducie lying some 600 km from 

Pitcairn. Henderson Island is makatea island of 37.2 km^ which reaches heights o f approximately 30 

m above sea level. It has a total of 63 native taxa, o f which 9 are endemic (Florence et al. 1995). 

Pitcairn is a small volcanic island of area 4 km^and height 330 m. It has 81 native taxa, 9 o f which 

are endemic (Kingston 2001).

1.18 THE TAXONOMY OF PEPEROMIA IN SOUTH EASTERN POLYNESIA

Few families rival the Piperaceae for taxonomic difficulties at the species level and Peperomia, 

described as a ‘taxonomically “impossible” genus’ by the Pacific Botanist F.R. Fosberg, provides a 

classic example {Brittonia edition in honour of T.G. Yuncker 1989, 41(3)). Due to a lack of 

distinctive floral characteristics, described species have often been based on variable characters such 

as leaf size and shape (Zomlefer 1994). The greatest variation in the flower o f Peperomia lies in the 

shape o f the fruit and the position of the stigma (Yuncker 1958) and traditionally these have been 

important characters in taxonomic treatments of the genus (Dahlsteadt 1900; deCandolle 1869, 1923). 

More recently Lei and Liang (1999) have studied variations in floral development in Peperomia and 

their taxonomic implications.

Peperomia can be subdivided into 11 subgenera using a segregation system that is based mainly on 

fru it charac te rs; Acrocarpidium, Erasmia, M icropiper, O gm ocarpidium , P anicularia , 

Pleurocarpidium, Rhynocophorum, Sphaerocarpidium, Tildenia (Dahlsteadt 1900), H a w a iia n a  

(Yuncker 1933) and Tildenidium (Skottsberg 1947). The majority o f Hawaiian species contain 

divided penicillate stigmas, characteristic of the subgenus Sphaerocarpidium  (Yuncker 1933). This 

large subgenus is mainly composed of Central American and South American taxa and appears to 

include many of the species found in Polynesia, the Galapagos and Juan Fernandez Islands (Yuncker 

1933). Interestingly, the Philippine species are found to differ in possessing, for the m ost part, 

inconspicuous, single, apical and often smooth stigmas. Yuncker (1933) thus suggests that the 

Polynesian species, including those o f Hawaii, are more closely allied with the species in the mainly 

American subgenus Sphaerocarpidium  than with those in Malaysia. Skottsberg (1947) disputes this 

suggesting that the Hawaiian species o f Peperomia are closer to the Malaysian species.
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In keeping with the genus in general, the taxonomic treatment o f Peperomia in SE Polynesia has been 

the source o f some confusion and has been the subject of a number of substantial revisions. Seven 

species of Peperomia  are described in The Flora o f  SE  Polynesia (Brown 1935), a study based on 

limited field collection that was concentrated mainly on the Marquesan archipelago. In 1937 Yuncker 

published a Revision o f  the Polynesian species o f  Peperomia. This study includes the geographic area 

from Tonga in the west across to Henderson Island in the east. It does not include Hawaiian species of 

Peperomia, which were described in a previous publication (Yuncker 1933). Within SE Polynesia 

(French Polynesia, Southern Cook Islands and the Pitcairn Islands) Yuncker (1937) described 24 

species o f Peperomia, 9 o f which were further divided into subspecies (21 o f these were in French 

Polynesia). Relatively few subsequent collections were made in SE Polynesia until the French 

botanist J. Florence made extensive collections starting in the 1980’s as part o f a project to revise the 

Flora o f  French Polynesia. A revision of Piperaceae is included in Volume 1 of the Flore de la 

Polynesie Frangaise (1997). This revision disregards many o f the species o f Yuncker, stating that 

there are 13 native species o f Peperomia in French Polynesia {P. pellucida  is naturalised). The 

species o f  Peperomia in French Polynesia according to Yuncker (1937) are listed in Table 1.4, along 

with the taxonomic revisions of Florence (1997).
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Table 1.4: Taxonomic revisions within the genus Peperomia in French Polynesia

Species of Yuncker (1937) Revisions of Florence (1997)

P. adamsonia (F.Br.) Yunck. P. adamsonia (F.Br.) Yunck.

P. raivavaeam  Yunck.
P. raivavaeanavdir. rimatarana Yunck. 
P. raivavaeana var. tubuaiana Yunck. 
P. rurutana Yunck.
P. australana Yunck.
P. australana var. ovalilimba Yunck.

P. australana Yunck.

P. abscondita J. W. Moore 
P. leptostachya Hook. & Arn.
P. leptostachya var. macrophylla Setch.

P. blanda wax.floribunda (Miq) H.Huber

P.fosbergii Yunck. 
P. tahitensis Yunck.

P.fosbergii Yunck.

P. grantii Yunck. P. grantii Yunck.

P. hombronii C.DC.
P. hombronii var. spathulimba Yunck. 
P. setchelli Yunck.

P. hombronii C.DC.

P. marchionensis F.Br.
P. marchionensis var. uapensis F.Br.

P. marchionensis F.Br.

P. oliveri Florence & W.L. Wagner

P. pallida (G.Forst.) A. Dietr.
P. pallida yar.fatuhivensis F.Br. 
P. pallida var. tuamotuensis F.Br. 
P. pallida var. rurutensis F.Br.
P. andersonii Yunck.

P. pallida (G. Forst.) A. Dietr.

P. pellucida (L.) Kunth

P. rapensis F.Br.
P. rapensis var. minuticaulis Yunck.
P. st-johnii Yunck.
P. australana var. ovalilimba forma 
puberulenta Yunck.

P. rapensis F.Br.

P. societatis J.W. Moore 
P. raiateensis J.W. Moore 
P. boraborensis Yunck.
P. huahinensis Yunck.
P. huahinensis wiir. tahaensis Yunck.

P. societatis J.W. Moore

P. reflexa (C Linneaus) A. Dietr. 
P. rejlexavar. emarginata F.Br.

P. tetraphylla (Q. Forst.) Hook. & Arn.

P. tooviiana Florence

Peperomia X abscondita J.W. Moore
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1.19 DISTRIBUTION OF PEPEROMIA IN SOUTH EASTERN POLYENSIA

Distributions given here are based on the species of Florence (1997). In SE Polynesia (as defined by 

the Pitcairn Islands, the Islands of French Polynesia and the Southern Cook Islands) there are 18 taxa 

within the genus Peperomia. This includes the 14 species plus one hybrid described from French 

Polynesia by Florence (1997) as well as the Pitcairn Islands endemic species P. pitcairnensis and P. 

hendersonensis (Yuncker 1937) and P. wilderi, endemic to the Southern Cook Islands (Yuncker 

1937). O f the 18 taxa, 8 are endemic to a specific island, 5 are endemic to an island archipelago, 1 is 

endemic to a geographically defined area and 1 is endemic to Eastern Polynesia. O f the remaining 3 

species, one is pantropical, one is a widespread old world taxon and one is a recent introduction to 

Polynesia (distributions are illustrated in Figures 1.4 to 1.6).

Rurutu, Tubuai and Raivavae)

3. P. blanda var.floribunda (Miq) H.Huber old world species widespread in the Pacific

Distributions of the 18 Peperomia taxa in SE Polynesia

1. P. adamsonia (F.Br.) Yunck.

2. P. australana Yunck.

endemic to Hiva Oa, Marquesas

endemic to the Austral Archipelago (Rimatara,

14. P. societatis J.W. Moore

12. P. pitcairnensis C.DC.

13. P. rapensis F.Br.

\ \ .  P. pellucida (L.) Kunth

9. P. Oliveri Florence & W.L. Wagner

8. P. marchionensis F.Br.

10. P. pallida (G.Forst.) A. Dietr.

4. P. fosbergii Yunck.

5. P. grantii Yunck.

6. P. hendersonensis Yunck.

7. P. hombronii C.DC.

endemic to Tahiti, Society Islands

endemic to the Society Islands (Tahiti and Moorea)

endemic to Henderson, Pitcairn Islands

endemic to the Society Islands (Raiatea, Moorea and

Tahiti)

endemic to the Marquesas (Fatu Hiva, Hiva Oa, Ua 

Huka and Ua Poa)

endemic to the M arquesas (Fatu Hiva, H iva Oa, 

Nuka Hiva and T ahuata)

Tonga, Niue, the Southern Cook Islands and French 

Polynesia

new world species, recent introduction in

Polynesia (Tahiti, Makatea, Hiva Oa)

endemic to Pitcairn, Pitcairn Islands

endemic to the Austral archipelago (Rapa, Raivavae,

Tubuai) and Pitcairn Island

endemic to the Society Islands (Borabora,

Huahine, Raiatea, Tahaa and Tahiti)
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15. P. tetraphylla (G. Forst.) Hook. & Arn.

16. P. tooviiana Florence

17. P. wilderi Yunck.

18. Z*. abscondita ¥\oxence

pantropical species (Tahiti and Rapa) 

endemic to Nuka Hiva, Marquesas 

endemic to Rarotonga, Southern Cook Islands 

endemic to Tahiti, Society Islands

p. adamsonia

P. fosbergii

o
p. wilderi

P. grantii

P. australana 0
p. pitcairnensis

400 400 800 1200 Kilometers

Figure 1.4: Distribution of P. adamsonia, P. grantii, P. fosbergii, P. wilderi, P. australana and P. 

pitcairnensis in SE Polynesia.
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p. marchionensis

P. tooviiana

P. hom bronii

P. tetraphylla

P. p a llid a

o
p. hendersonensis

400 0_________ W  800 1200 Kllometare

Figure 1.5: Distribution of P. pallida, P. tooviiana, P. marchionensis, P. hombronii, P. tetraphylla 
and P. hendersonensis in SE Polynesia.

’  P. o live ri

P. societatis

P. X abscondita

P. rapensis

1200 Kilometers

Figure 1.6: Distribution of P. rapensis, P. oliveri, P. societatis and P. x abscondita in SE 
Polynesia.



SECTION E: THE COLLECTION 0 ¥  PEPEROMIA IN SOUTH EASTERN POLYNESIA

This chapter describes the collection of relevant material from SE Polynesia. It is included as a 

separate chapter so that field observations can be noted and, importantly, so that potential problems 

identified during the field period can be highlighted.

1.20 THE COLLECTION OF PEPEROMIA FROM THE PITCAIRN ISLANDS

June -  September 1997

(S Waldren and N Kingston)

Under the permits obtained for a 1997 expedition to study and map the vegetation o f  the Pitcairn 

Islands, collections were made of 6 taxa of Peperomia. Leaf material was collected in silica gel for 

DNA analysis (Chase & Hillis 1991), herbarium samples were made o f each species and where 

possible seed was collected for subsequent cultivation in TCD (collections made are listed in Table 

1.5). Seed from P. hendersonensis was collected on Henderson in 1991 (S Waldren).

Table 1.5 Peperomia collections made on the Pitcairn islands (1997)

ISLAND SPECIES C O L L E C T IO N  TYPE

DNA Herbarium Seed Cuttings

Pitcairn

25/6/97 -  7/9/97

P. blanda \ar. floribunda
5 1

P. hybrid (indet)
1 1

P. pitcairnensis
6 1 1 1

P. rapensis
5 2 2

P. species
5 2 3 1

Henderson

1991

P. hendersonensis
3

P. blanda var. floribunda  is an old world species that is widespread species in SE Polynesia. P. 

pitcairnensis is endemic to Pitcairn. The distribution of P. rapensis is centred on Rapa but extends to 

Pitcairn and to the Austral Islands o f Tubuai and Raivavae. Peperom ia hendersonensis is an 

endemic species on Henderson. P. species (Pitcairn) was collected from coastal cliffs on Pitcairn and 

putatively identified as a new species. It does not resemble any o f the other species observed on the
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island, nor fall conclusively under any of the species descriptions in taxonomic treatments o f  the 

genus in French Polynesia. P. hybrid (indet) was collected from one location. It was putatively 

identified as a hybrid given its vigorous growth and consistent failure to set seed. This species does 

not strongly resemble any of the other species observed in SE Polynesia.

1.21 THE COLLECTION OF PEPEROMIA FROM THE AUSTRAL, SOCIETY 

AND COOK ISLANDS 

June -  September 2000

(U Bradley and N Kingston)

1.21.1 Collection methods

Peperomia were collected from 6 islands in SE Polynesia:

1. Rimatara (Austral Islands, French Polynesia)

2. Tubuai (Austral Islands, French Polynesia)

3. Rurutu (Austral Islands, French Polynesia)

4. Raivavae (Austral Islands, French Polynesia)

5. Tahiti (Society Islands, French Polynesia)

6. Rarotonga (Southern Cook Islands)

Figure 1.7 shows the locations of the islands from which collections were made.
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Henderson 

Pitcairn

400____  0_________ ^ 0  800 1200 Kilometers

Figure 1.7: Map showing the location of the islands from which collections were made

Field collection was planned using previous collection data from both Yuncker (1937) and Florence 

(1997). In addition, maps (Ministere de L’Urbanisme des transports terrestres et de L ’administration 

generale, Service de L ’Urbanisme 1988, Tahiti) were used to select potentially suitable habitats for 

Peperomia on each island. Within this framework, Peperomia were found by covering the island on 

foot and searching as many potentially suitable habitats as was possible in the time period spent there. 

Peperomia was only collected from populations large enough for collection not to have a detrimental 

effect.

In general it was attempted to collect:

1. As many different taxa as it was possible to find on each island

2. Within each species as much diversity as possible, in both the geographical and 

morphological sense

3. Individuals from tile previous locations o f botl, Yuncker (1937) and Florence (1997) where

populations still existed.

Moorea “ J a h iti

Rarotonga

Rurutu
Tubuai

Rimatara Raivavae
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Leaf material was collected from the majority o f populations found, depending on the degree of

morphological diversity displayed. Four or five leaves from each individual were placed in

I approximatley 45 g o f self-indicating silica gel (particle size 1-3 mm, 6-8 mesh) in 10 x 15 cm zip

I  lock bags. It was necessary to change the silica gel twice on average for each collection. When the

leaf material had fully dried the amount of silica gel was reduced to approximately 15 g.

Herbarium samples were taken for at least one individual of each species on each island. These were 

dried between sheets o f newspaper in a plant press. This paper was changed daily for a period of 

approximately 6 weeks. Peperomia is extremely succulent and difficult to dry under field conditions. 

It proved extremely difficult to obtain quality vouchers and has resulted in a collection o f herbarium 

samples which are not complete and are of varying quality. All herbarium specimens are deposited in 

the Trinity College Dublin Herbarium (TCD). With reference to the problems o f obtaining quality 

herbarium vouchers, Yuncker (1933) has stated that “this fact, together with the wide range of 

variation exhibited by many of the species, emphasises the necessity o f  studying plants under field 

conditions”.

Fruits were collected where possible. These were placed into a paper envelope and posted to TCD 

where they were planted on arrival. Unfortunately the expedition did not coincide with the fruiting 

period o f a number o f species (P. australana, P. fosbergii).

Morphometric data were collected from as many individuals in the field as time constraints would 

allow (methods are discussed in Chapter 2.2.2).

The collections are not necessarily complete for the genus Peperomia  on any o f the 6 islands, they 

simply represent as much diversity as it was possible to collect in the time period spent there. 

Accurate species distributions and quality collection data are critical to determining the relationships, 

character evolution and biogeographic history o f a genus. This is extremely difficult to achieve 

without extensive sampling, thus there is a degree of chance in those collections made and used to 

represent the genus. Table 1.6 is a summary o f the collections made. Complete data on all 

individuals o f Peperomia collected in SE Polynesia (June-September 2000) are in Appendix 1.1.
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1.21.2 The collection of Peperomia in the Austral Islands

Peperomia were collected from four islands within the Austral archipelago.

Collection o f Peveromia on Rimatara

Peperomia pallida  was collected from 5 separate locations across the island, within an altitudinal 

range of 5-23 m. The species was only observed growing on makatea substrates on which it was 

common. These habitats ranged from coastal cliffs to inland rocks, and from open sites to areas of 

deep shade. It was not possible to relate the morphological variation present to ecological factors.

Peperomia australana was collected from 3 separate locations on the island, within an altitudinal 

range o f 5-22 m. The species was most commonly observed as an epiphyte on B arringtonia  

(Barringtoniaceae), but was also found growing at ground level on detritus. Only one individual was 

observed growing directly on makatea. P. australana was much less common than either o f the other 

two species on Rimatara.

A number o f individuals were collected as P. pallida  x  austra lana  as they appeared to have 

morphological characters resembling a composite o f both species. These individuals were collected 

from one location on the island at an altitude of 23 m and were sympatric with both P. australana and 

P. pallida. Notably all were growing directly on makatea.

Peperomia blanda var. floribunda  was common on Rimatara and was collected from 4 separate 

locations, within an altitudinal range of 5-3 Im. The species was most commonly observed growing 

on makatea in habitats that ranged from coastal to inland and from open to deeply shaded. A number 

o f individuals were also found to be epiphytic on Barringtonia. Individuals in open habitats had a 

more bleached, chlorotic appearance.

In one location it was possible to follow a trail from the coast, inland through makatea forest until the 

makatea was replaced by an area o f cultivation in the central part o f the island. The initial section on 

moving away from the coast was dominated by P. pallida while P. blanda var. floribunda  dominated 

areas closer to the inland edge o f the makatea.. Peperomia australana occurred within a central 

section o f the trail in a relatively localised area. Those individuals collected as P. pallida  x 

australana were bordered by more strictly defined forms o f P. pallida  on the coastal side and by P 

australana on the inland side.
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Tnllection o f Peperomia on Tubuai

The only collections of P. rapensis were made from an area of native cloud forest on the upper slopes 

of Mt Taitaa (380 m) and on the rocky summit o f Mt Taitaa itself (422 m). The species was found 

locally but was not abundant. It was collected as both an epiphyte on Xylsoma and growing on 

basaltic rock. All individuals had a morphological uniformity.

Peperomia australana was also only collected from the area of native cloud forest on the upper slopes 

of Mt Taitaa at an altitude of 380 m. It was very frequent in localised patches where it was found 

growing on basaltic rock in both shaded and open habitats.

Peperomia blanda var. floribunda was collected from 3 separate locations on the island between 200- 

422 m. It was abundant in certain locations and common in general. Individuals were more 

commonly observed growing on rock at ground level or epilithically on rock, although a number of 

epiphytic individuals were also observed. Morphological variation was large and it was possible to 

distinguish a number o f distinct forms of the taxa.

In general terms, Peperomia  was less common on Tubuai than on any o f the other islands. This may 

be an artefact o f the extensive clearance of native vegetation that has occurred and the high number of 

invasive species present {personal observation).

Collection o f Peperomia on Rurutu

Peperomia pallida  was very common on Rurutu and was collected from five separate locations 

between 2-80 m. All individuals observed were growing on makatea, both coastal and inland and in 

both shaded and open locations. Morphological variation within the species was extensive, though it 

was not possible to directly relate this to ecological factors. A number o f interesting collections were 

made from a large, open, coastal makatea cave. These individuals were very large in terms o f leaf 

and inflorescence size, and had leaves that were extremely dense in chlorophyll, as expected from 

plants growing in such a light deficient environment.

Peperomia australana was rare on Rurutu with only one individual being found as an epiphyte on 

Barringtonia in coastal makatea vegetation at an altitude of 11 m.
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Peperomia blanda var. floribunda  was extremely common on the island and collections were made 

from a number o f separate populations between 20-22 m. It was particularly common on coastal 

makatea cliffs where it existed with P. pallida but was the more abundant o f the two. The level o f 

morphological variation within the species on Rurutu was extensive.

Collection o f Peperomia on Raivavae

Peperomia blanda var. floribunda was common on Raivavae and collections were made from 5 

populations between altitudes of 1-380 m. The species was observed on volcanic substrate in both 

coastal and inland locations. While variation within the species was substantial it was not as obvious 

as that on Rurutu or Tubuai.

Individuals identified in the field as an unusual form of P. australana  were observed at a single 

location on Raivavae at an altitude o f 40 m. All o f the individuals were predominantly alternate- 

leaved and were entirely glabrous. The majority o f individuals within this population were found on 

detritus at ground level with a small number growing on basaltic rock. The habitat was o f  disturbed 

woodland on steep slopes o f volcanic soil and basaltic rock. This population has been reclassified as 

P. pallida  following molecular analysis. Based on field studies, individuals falling w ithin the 

traditional confines o f P. pallida were not observed.

Peperomia rapensis sensu stricto was collected from 2 separate locations within close proximity of 

each other at an altitude o f 75-80 m. It was most commonly observed on basaltic rock with a smaller 

number o f individuals found growing on detritus at ground level. Unlike the collections o f P. 

rapensis from Tubuai all individuals had an alternate leaf arrangement.

A number o f individuals preliminarily identified as P. australana x rapensis were collected from two 

separate populations. These individuals bore strong morphological similarity to P. rapensis on 

Raivavae, being disfinguished only by their entirely glabrous nature. One was found sympatrically 

with a population of P. rapensis in shaded areas of basaltic rock at an altitude o f 80m. A second 

population o f P. australana x rapensis was also found in the proximity. P. australana sensu stricto 

was not found on Raivavae.

The identification of Peperomia on Raivavae was difficult and unavoidably subjective.
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1.21.3 The collection of Peperomia in the Society Islands

While substantial areas of the smaller islands o f Rimatara, Rurutu, Tubuai and Raivavae were covered 

allowing relatively extensive collecting of each species on these islands, the situation on the larger 

island of Tahiti merely reflects the localised trails that were taken, these being the Mt Aorai trail, the 

Mt Marau trail and the trail to Mt Teatara, Taravao Plateau.

Collection o f Peperomia on Tahiti

Peperomia grantii was collected from 4 separate populations on Tahiti; two of these were along the 

Mount Aorai trail where it was found in localised open wooded areas as an epiphyte at an altitude o f 

1000 m. Collections were also made along the trail to Mt Teatara, between the altitudes of 868 and 

920 m. In this location P. grantii was observed growing on detritus at ground level, as an epiphyte on 

Weinmannia (Cunoniaceae) and also on a bryophyte covered waterpipe, running parallel to the track. 

Peperomia grantii was relatively common at higher altitudes in the areas visited but was never 

abundant. The observed level of morphological variation between individuals and populations was 

extremely low.

Collections o f P. hombronii were made from 5 separate populations on Tahiti. Two of these were 

along the trail to Mt Teatara, where it was found as an epiphyte in both ridge-top vegetation at an 

altitude o f 876 m, and on Weinmannia in dense Miconia forest at an altitude of 920 m. Collections 

were also made from the Taravoa viewpoint (500 m altitude) where the species was abundant in a 

small open patch o f Weinmannia woodland. Two separate collections were made from locations 

along the trail to Mt Aorai, where it was observed as an epiphyte in localised areas of woodland at an 

altitude o f approximately 1000 m. In some cases the species was observed to have either a creeping 

or trailing growth habit. In general the degree o f morphological variation was low, but individuals 

differed in terms o f size.

Peperomia tetraphylla was observed along the trail to Mt Aorai where it occurred as an epiphyte on 

Weinmannia and Cyathea (Cyatheaceae). The species was found in localised areas and was never 

abundant. Collections were made at an altitude of 1299 m.

An individual identified as P. fosbergii was collected from the Mt Aorai trail at an altitude o f 1000 m 

on moss-covered rock in a shaded area o f Cyathea woodland. Further populations o f P. fosbergii 

were not observed.

58



Peperomia societatis was collected from 3 separate populations on Tahiti. It was found along the trail 

to Mt Teatara, Taravao Plateau where it occurred as an epiphyte in dense Miconia forest from an 

altitude of 920 m upwards. Collections were also made from two populations along the Mt Aorai trail 

where it was found as an epiphyte in open woodland at mid elevation (900 m) and in Cyathea  

woodland at a higher elevation (1100 m). Morphological variation noted between individuals and 

populations was low.

Peperomia X abscondita J.W. Moore was collected from the Maraa Caves at an altitude o f 3 m where 

it is extremely common on the wet exterior rock face o f the caves. All individuals showed 

morphological uniformity. These individuals were initially collected as P. moerenhoutii van 

subglabra (Setchell and Parks, 1926) and revised by Florence (1997) to P. x abscondita (a suggested 

hybrid between P. blanda sdx.floribmda  and P. pallida).

An individual identified as P. pallida was also collected from the Maraa Caves where it was observed 

on a rock at the entrance to the main cave.
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1.21.4 The collection of Peperomia in the Southern Cook Islands

Peperomia was collected from the island of Rarotonga in the Southern Cook Islands.

Collection o f Peveromia on Rarotonga

Thirteen individuals of P. blanda mx.floribunda were collected from 5 separate populations along the 

trail to Manguatea Bluff. O f these 7 were epiphytic on rock and the remaining 6 growing on detritus. 

Morphologically the species showed a range of variability. Interestingly, unlike the situation on any 

o f the other islands, P. blanda war. floribunda was not observed in flower.

Peperomia pallida  was collected from 6 locations along the cross-island trek. It was most commonly 

observed growing on rock but was also frequently found growing as an epiphyte on Homalium. 

Morphologically it resembled individuals collected as P. pallida  in the Austral and Society Islands, 

but was smaller in size. Ecologically the species was interesting. While it was impossible to make a 

general comment on the situation in the Society Islands, the species was common but was only 

observed on makatea substrate on the four Austral Islands visited (with the exception o f  the 

morphologically unusual population on Raivavae, originally misidentified as P. australana). This 

constrasts with the situation on Rarotonga where P. pallida  was found both on makatea and as an 

epiphyte.

Peperomia wilderi was collected from 4 separate populations, one along the trail to the Manguatea 

Bluff and 3 along the cross-island trek. The species was epiphytic in each case (most commonly on 

Entada, Barringtonia  or Homalium). It had a distinctly creeping habit and was relatively uniform 

morphologically.
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Table 1.6: Summary of the Peperomia collections made in SE Polynesia,

18 June- 5  Sept 2000

ISLAND
GENERAL COLLECTION DATA
Species DNA Herbarium Seed

AU
ST

RA
L 

IS
LA

N
D

S

Rimatara

25 June- 2  July 2000

P. australana 8 1
P. pallida 6 1 4
P. pallida x australana 5 1
P. blanda var. 
floribunda

4 2 1

Tubuai

2-13 July 2000

P. australana 6
P. blanda var. 
floribunda

5 1

P. rapensis 4 1
Rurutu

14-20 July 200

P. australana 1 1
P. blanda var. 
floribunda

16 5 7

P. pallida 21 7 5
Raivavae

22 July- 5  Aug 2000

P. australana 11 3
P. rapensis 7 2 1
P. australana x  
rapensis

15 3 1

P. blanda var. 
floribunda

10 2 1

SO
CI

ET
Y 

IS
LA

N
D

S

Tahiti

7-15 Aug 
2000

P. blanda var. 
floribunda

2

P. fosbergii 2 1
P. grantii 11 5 4
P. hombronii 8 1 4
P. X abscondita 7 2 4
P. pallida 1 1
P. societatis 5 3 1
P. tetraphylla 3 1 1

Moorea

20-22 Aug 2000

P. pallida 1

C
O

O
K

IS
L

A
N

D
S

P. blanda var. 
floribunda

13

Rarotonga P. pallida 16 5
24 Aug -  2 Sept 2000 P. wilderi 10 2

61



1.22 EXPEDITION TO SOUTH EASTERN POLYNESIA, JUNE -  SEPTEMBER 2000: 

POTENTIAL PROBLEMS IDENTIFIED DURING FIELD COLLECTION

In terms of a speciation study on the genus Peperomia it is essential to initially confirm the status of 

each postulated taxon. While this may appear obvious it is o f note that Yuncker (1937) suggests that 

there are 25 species o f Peperomia within SE Polynesia, 9 of which are further divided into subspecies 

within the area. It was only following recent taxonomic work (Florence, 1997) that the number has 

been reduced to 17 species. The contrasting theories of Yuncker and Florence are discussed in 

chapter 1.18. It is necessary to determine (in so far as is possible) the phylogenetic relationships 

between these species in order to understand evolution within the genus. A number o f difficulties 

became apparent in the field with regard to the use o f Peperomia  as a model for an evolutionary 

study;

Dispute as to the correct number of species

A number o f species (most notably P. pallida  and P. australana) have a num ber o f distinct 

morphological forms, some of which appear to correspond to the species distinctions suggested by 

Yuncker (1937) and subsequently removed by Florence (1997). The species delimited by Florence 

(1997) were be retained unless molecular work suggests otherwise.

Usefulness of the Biological Species concept and the potential for hybridisation

Perhaps the greatest problem arises in that a number of field collections were made which appeared to 

show a composite set o f characteristics representing two separate species. This ‘hybrid’ phenomenon 

was noted on Rimatara (Austral Islands, French Polynesia) between P. pallida  and P. australana, and 

on Raivavae (Austral Islands, French Polynesia) between P. australana and P. rapensis. It has also 

been documented in the Society Islands. Florence (1997) lists P. x  abscondita as a hybrid between P. 

blanda vav. floribunda  and P. pallida and also suggests hybridisation events between P. pallida  and 

P. societatis and between P. blanda vai. floribunda and P. societatis.

Strict morphological definition of a species is extremely difficult in some cases

This relates to the level of variation present within Peperomia  under field conditions, the extent of 

which differs between species. In some cases it is relatively easy to identify a species as individuals 

observed fell within a defined set of morphological characteristics. This is the case with such species
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as P. grantii o f  the Society Islands or with P. hendersonensis from Henderson Island in the Pitcairn 

group.

Other species appeared to display extensive phenotypic plasticity (personal observation). Peperomia 

blanda  var. f lo r ib u n d a  is doubtless the most significant. The species shows little ecological 

specificity and displays a range of different forms. On Rurutu (Austral Islands, French Polynesia) 5 

distinct forms were collected from within a single population. Seed collections were made o f 5 

distinct forms within one population to allow the development o f these individuals to be observed 

under cultivated conditions.

Within other species the range of morphological variation is more structured, as is the case with P. 

hombronii. In this species there are two forms that differ from the average, one is characterised by 

small fleshy leaves and the other has larger less fleshy leaves. These forms appear to correspond to P. 

hombronii var. spathulimba Yunck. and P.setchellii Yunck. respectively. Other morphological 

differences are not evident and all are currently classified by Florence (1997) under P. hombronii 

C.DC.

Some species are relatively distinct though bear at least a superficial morphological similarity to 

another species. This was evident with P. wilderi, which can resemble a small form o f P. pallida  and 

was in one case misidentified as such. The similarity between P. wilderi o f Rarotonga and P. 

hombronii o f the Society Islands, both of which are epiphytic, was also noted. This is also evident 

with P. pitcairnensis, which bears a distinct similarity to P. rapensis.

The greatest difficulty arises with species such as P. pallida and P. australana. In addition to P. 

australana, Yuncker (1937) also recognised two additional species (P. raivavaeana and P. rurutand) 

that have since been included in P. australana by Florence (1997). Collection was complicated both 

by the morphological variation that exists within the species (which may reflect the prior species o f 

Yuncker) and the presence o f individuals that have characteristics intermediate between P. pallida  

and P. australana and between P. rapensis and P. australana. The identification of-P. pallida  in the 

Austral Islands is complicated by the extensive morphological variation displayed by the species and 

by the presence o f individuals that have characteristics intermediate between P. pa llida  and P. 

australana.

Given the nature o f Peperomia  and potentially close relationships between the taxa, the greatest 

difficulty lies in the inability (in observational terms) to distinguish between species. Lack of 

information on the morphological effects o f species phenology, the large variation present within
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many species and the potential for hybridisation makes field identification problematic in Peperomia. 

This may lead to sub-optimal collections, as it is difficult to consciously collect all o f the variation 

present. Attempting to collect hybrids is particularly problematic as they are often difficult to 

identify, yet those collections made directly affect conclusions about the effects o f  this phenomenon 

on the speciation process.

1.23 THE COLLECTION OF OUTGROUPS FR O M  GUYANA, SOUTH AM ERICA, 2001

A number of species were collected from the Iwokrama Nature Reserve in Guyana, South America. 

These individuals were included as outgroups, in an attempt to correctly root Pacific species of 

Peperom ia  and to minimise misinterpretation o f the phylogenetic relationships o f these species 

relative to each other.

Three outgroup species o f Peperomia and one species of Piper were collected during the period 19"' 

June -  5“* July 2001. A permit was issued (as part o f a larger collection trip from TCD to study the 

epiphytes o f the Iwokrama Forest) to collect leaf material in silica gel and relevant voucher samples. 

Vouchers are deposited in both the Trinity College Dublin Herbarium and the National Herbarium 

Guyana. Collection details are given in Table 1.7:

Table 1.7: Piperaceae collections made in Guyana, South America (June 2001)

GENERA SPECIES COLLECTION
NUMBER

CO LLECTIO N
TYPE

Piper species UB01508 DNA,
Voucher

Peperomia rotmdifolia UB01500 DNA,
Voucher

Peperomia macrostachya UB01512 DNA,
Voucher

Peperomia obtusifolia UB01505 d n a .
Voucher
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CHAPTER 2

MORPHOLOGICAL ANALYSIS OF PEPEROMIA IN 

SOUTH EASTERN POLYNESIA

2.1 INTRODUCTION

Due to a lack o f distinctive floral characteristics, historical taxonomic treatments o f Peperomia have 

relied on minor morphological features to differentiate species. Levels o f taxonomic revision within 

P ep ero m ia  (Yuncker 1937; Florence 1997) and personal difficulties experienced in field 

identification (Chapter 1: section E) indicate that classification at the species level in SE Polynesia is 

problematic. This chapter discusses both the taxonomic difficulties in defining species and the 

potential use o f morphological data in phylogenetic studies of the genus in SE Polynesia.

The taxonomic revisions o f Peperomia in French Polynesia are outlined in Chapter 1.18. O f the 21 

taxa described by Yuncker (1937), 12 were new species. Yuncker was prolific in his lifetime, 

describing 839 species as new within the Piperaceae family. The question remains as to whether 

Florence (1997), in reducing the number of native species in French Polynesia to 13, correctly 

reclassifies the species of Yuncker (1937) or whether it has resulted in the loss o f distinct taxa.

A number o f the species distinctions o f Yuncker (1937) are based on morphological evidence that 

appears slight in the general sense, although this is likely to be a reflection o f the genus itse lf in 

addition to the system of classification used. The varieties of P. pallida  proposed by Brown (1935) 

and accepted by Yuncker (1937) are based mainly on differences in pubescence and leaf size, which 

seem tenuous in any classification system, Peperomia pallida vscc, fd tuhivensis  differs from P  

pallida only in being less puberulent and having slightly larger flowering spikes. The variety P. 

pallida var. tuamotuensis differs in that it has stems that are glabrous, and leaves that are glabrous but 

often abundantly ciliated at the apex. Peperomia pallida  var. rurutensis has a glabrous stem and 

larger leaves that are glabrous or with a few hairs near the base. In addition Yuncker regarded P. 

andersonii Yunk. as a distinct species which differs from P. pallida  in that it has a glabrous stem, 

leaves that are glabrous or with sparse hairs at the apex. Yuncker (1937) states that “the shape o f the
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leaves, more or less rigid condition o f the stems and leaves, and especially the subplinerving o f the 

leaves serve to distinguish this species from P. pallida  with which it is closely allied” . Much o f the 

sub-speciation o f Yuncker is also based on highly variable characters such as leaf size and shape {e.g. 

sub-speciation within P. raivavaeana). The variety P. rapensis var. m inuticaulis differs from P. 

rapensis only in features of its size.

The inherent difficulty in morphologically delimiting P eperom ia  species and the often subtle 

differences between taxa can make classification author-subjective, with different authors employing 

slightly different criteria for the delimitation of species. Personal experience indicates that Peperomia 

is best understood by observation o f a large number of individuals that ideally includes field 

observation. As an example, herbarium samples o f P. pallida  can vary greatly, but field studies 

(discussed with reference to Tahiti, Rarotonga and the Austral Islands) reveal that this may reflect the 

variability and polymorphic nature of the species, rather than a subspecies structure. Florence (1997) 

classifies P. x abscondita as a hybrid between P. pallida  and P. blanda var. floribunda  yet based on 

field observations of the taxa, there appear to be few diagnostic features that conclusively distinguish 

it from P. pallida.

Peperomia st-johnii was described by Yuncker in 1937 from one herbarium collection made by St 

John on Raivavae in 1934 (16159). It differs from P. rapensis in that it is generally less puberulent 

and has smaller more rounded leaves that are distinctly glabrous. The inflorescences are shorter and 

the rachis is glabrous, unlike P. rapensis in which it can be minutely puberulent (Yuncker 1937). 

Florence (1997) included P. st-johnii in P. rapensis. Observation o f the type at the NYBG Herbarium 

(Jan — March 2001) revealed that it had hairs on both the rachis and peduncle. The only other species 

known to have hairs on the peduncle is P. tetraphylla. Individual 16159 differed from individuals of 

P. rapensis observed on Raivavae (August 2000) and did bear a superficial resemblance to P. 

tetraphylla but did not have the distinctive leaf arrangement or fruit morphology that characterises P. 

tetraphylla (personal observation). Granting this individual species status, or indeed conclusively 

placing it within the species P. rapensis is difficult without more detailed studies. Peperomia 

taxonomy is problematic due to the difficulty of finding distinguishing characters and to the lack of 

understanding o f the levels of variation that can be displayed by a single species and the potential for 

inter-species hybridisation.

Variability is common in Peperomia (Burger 1971; Yuncker 1933; Valdebenito et al. 1992) making 

the selection of characters and states for quantitative analysis very difficult. As a result, the genus has 

been subject to relatively few cladistic studies based on morphological data. Valdebenito et al 

(1992) used morphology, cytology and flavonoid chemistry to study the evolution o f  the genus
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Peperomia on the Juan Fernandez Islands, Chile. A phenetic analysis was carried out in which 19 

vegetative and 8 reproductive characters were measured on 16 taxa, representing the subgenera 

Sphaerocarpidium, Tildenia and the insular species (4). A cladistic analysis was used to determine 

phylogenetic relationships between the species using 15 morphological characters, which were each 

divided into two discrete states. The analyses suggested that the 3 endemic taxa o f Peperomia  are 

more similar to each other than they are to any continental species and that they form their own 

subgenera, which Valdebenito et al. (1992) term Tildenidium.

2.2 MATERIALS AND METHODS

2.2.1 Morphological study of Peperomia in SE Polynesia

Expeditions to the Pitcairn Islands (S.Waldren 1991; S.Waldren and N .K ingston 1997; Botany 

Department TCD) have resulted in living collections for 5 of the 6 species o f Peperomia that occur on 

Pitcairn and Henderson. These are held in the Trinity College Botanic Gardens. Also held in the 

TCD Botanic Gardens are living collections o f P. tetraphylla (collected on Tahiti, S. Waldren 1997), 

P. pallida, P. hombronii, P. wilderi, P. X abscondita, P. rapensis and P. societatis (collected in SE 

Polynesia, U. Bradley and N. Kingston 2000). Based predominantly on P. tetraphylla and the species 

from Pitcairn (established living collections), detailed observations were made on the morphology o f 

Peperomia in SE Polynesia (presented in 2.3.1).

In-situ, P eperom ia  displays high levels of phenotypic plasticity {personal observation). This 

plasticity is also visible under cultivated conditions. With care the genus grows well in cultivation 

but may adopt a form that differs from its natural state {personal observation). That said, the more 

uniform environment offered in cultivation relative to the natural environment is likely to minimise 

variation within a species and offer a unique opportunity for comparative morphological analyses 

between species.
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2.2.2 Morphometric studies

Taxonomic data were collected from living, field and herbarium material so that a multivariate 

statistical approach could be used to assess the levels of morphological variation within the genus 

(above and below the species level) and to determine the characters o f most importance in 

distinguishing species. All studies are phenetic; given the difficulty of assigning primative and 

derived characters without definitive knowledge on the origin o f SE Polynesian species, cladistic 

analyses have not been attempted.

2.2.2.1 Morphometric analysis of living material

Variation of Peperomia within an Island group -  Case studv of the Pitcairn Islands

Based on detailed observations of cultivated material from the Pitcairn Islands, quantitative data were 

recorded from 50 variables. Of these, 38 characters were then considered to be taxonomically 

relevant (listed below). These include a number of characters used in a phenetic analysis of 

Peperomia species on the Juan Fernandez Islands (Valdebenito et al. 1992).

M orphological and Anatomical data recorded from living collections o f  Peperom ia.
(characters considered to be taxonomically relevant are in italics)

Stem: 1. Height (cm)
2. Diameter (mm)
3. Presence of hairs (scored as presence or absence)
4. Length (mm) and density (per mm^) of hairs if  present
5. Texture (ternate or ridged)
6. Internode length (mm)
7. Presence of anthocyanin (scored as presence or absence)

Leaves: 8. Arrangement ( alternate or opposite/verticillate)
9. Description of shape
10. Presence of hairs on upper surface (scored as presence or absence)
11. Length (mm) and density (per mm^) of hairs if  present
12. Presence o f hairs on lower surface (scored as presence or absence)
13. Length (mm) and density (mm^) of hairs if  present
14. Stomatal density (per mm^)
15. Stomatal type
16. Length (cm)
17. Width (cm)
18. Leaf ratio (length/width)
19. Maximum number o f veins observed
20. Minimum number o f cell layers in hypodermis
2 1. Maximum number o f cell layers in hypodermis
22. Apex description
23. Base description
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Petiole: 24. Length (mm)
25. Presence of hairs (scored as presence or absence)
26. Number of vascular bundles

Inflorescence: 27. Arrangement (terminal or axillary)
28. Ramification (solitary or 2+)
29. Length (mm)

Peduncle: 30. Length (mm)
31. Presence o f hairs (scored as presence or absence)
32. Number of vascular bundles

Rachis:

Bract:

Carpel:

Stamen:

Fruit:

33. Length (mm)
34. Presence o f hairs (scored as presence or absence)

35. Shape (round or obovate)
36. Presence o f anthocyanin (scored as presence or absence)
37. Bract length (mm)
38. Bract width (mm)
39. Presence of glands on bract margin (scored as presence or absence)

40. Length o f ovary (mm)
4L Length of stigma (mm)
42. Trace of split stigma (scored as presence or absence)
43. Position of stigma (apical or terminal)

44. Length o f filament (mm)
45. Length of anther (mm)
46. Description of filament shape

47. Shape (obovate or elongate)
48. Fruit length (mm)
49. Fruit width (mm)
50. Texture (globular or smooth)

The relationship between the species of P e p e r o m ia  on the Pitcairn Islands was analysed by 

performing a correspondence analysis on 38 characters (in italics above) recorded from five of the six 

species o f P ep ero m ia  that occur on the islands and are currently in cultivation in the TCD Botanic 

Gardens - P. b landa v&r.floribunda, P. p itcairnensis, P . sp (Pitcairn), P. hybrid (indet Pitcairn) and P. 

hendersonensis. Data were collected from three individuals of each species with the exception o f P. 

hybrid (indet) for which only 1 individual is in cultivation. For continuous characters a minimum of 

20 measurements were taken (where possible).

2.2.2.2 Morphometric analysis o f taxonomic data collected in the field

Based on the initial identification of 38 taxonomically relevant characters, o f  which 15 are discrete 

characters and 23 are numerical, a datasheet was constructed to record taxonomic data that can be 

practically obtained under field conditions (sample recording sheet in Appendix 1.2). Field studies
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were planned using collection data from both Yuncker (1937) and Florence (1997) in an attempt to 

sample as much variation within the genus as possible. While a brief description was made o f each 

individual collected, time constraints meant it was only possible to collect complete taxonomic data 

for a reduced number. The collection numbers o f those individuals from which full taxonomic data 

were recorded are listed in Appendix 1.4. They were chosen randomly, reflecting periods when time 

was available for the collection of such data.

Variation o f Peveromia in SE Polynesia

Taxonomic data were collected from 64 individuals in the field, these were assigned to seven 

Peperomia taxa (number of individuals in parentheses).- P. blanda war. floribunda  (11), P. grantii (3), 

P. rapensis (4), P. australana X rapensis (9), P. hombronii (3), P. wilderi (9) and P. pallida  (25). 

With the exception o f  P. australana x  rapensis, taxa are represented by individuals from distinct 

populations. Unfortunately taxonomic data was not recorded from P. australana sensu stricto. The 

relationship between the taxa was analysed by performing a correspondence analysis on 15 taxonomic 

characters that it was possible to collect under field conditions (intemode length, stem height, stem 

diameter, leaf length, leaf width, leaf ratio, petiole length, stem vestiture, presence o f anthocyanin, 

leaf arrangement, upper leaf vestiture, lower leaf vestiture, petiole vestiture, rachis vestiture, peduncle 

vestiture).

Variation of Peveromia within a single island - Case studv of Raivavae

Taxonomic data were collected from 22 individuals o f Peperomia on Raivavae. These were assigned 

to three taxa; P. pallida  (9), P. australana x rapensis (9) and P. rapensis (4). The relationship 

between the species was analysed by performing a correspondence analysis on 15 taxonomic 

characters (internode length, stem height, stem diameter, leaf length, leaf width, leaf ratio, petiole 

length, stem vestiture, presence of anthocyanin, leaf arrangement, upper leaf vestiture, lower leaf 

vestiture, petiole vestiture, rachis vestiture, peduncle vestiture).

A Principal Components Analysis on 7 continuous characters was also completed to assess the 

morphological similarity of the individuals when binomial characters, such as presence or absence of 

hairs, were not included in the analysis (characters used in the PCA analysis; intemode length, stem 

height, stem diameter, leaf length, leaf width, leaf ratio, petiole length).
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1 .1 2 3  Morphometric analysis o f taxonomic data collected from herbarium material

Based on the initial identification of 38 taxonomically relevant characters, a datasheet was 

constructed to record taxonomic data that can be practically obtained from herbarium material 

(sample recording sheet in Appendix 1.3). The New York Botanical Garden (NYBG) acquired 561 

type specimens, representing 522 basionyms of Piperaceae in the purchase o f the Truman G. Yuncker 

Herbarium of DePauw University in 1987. Included within this is an extensive Peperomia  collection 

that includes 213 type collections of the genus. The collections relevant to SE Polynesia were studied 

during the period 28 Jan — 25 March 2001 when a research visit was made to the NYBG. Herbarium 

specimens from SE Polynesia have also been studied from a number o f other sources. Details o f all 

herbarium collections studied are listed in Appendix 1.5.

Analysis o f the species o f Yuncker ('1937') - Case studv o f the Peperomia australana complex

Peperomia raivavaeana Yunck. and P. rurutana Yunck. were included in P. australana  Yunck. by 

Florence (1997). Twenty herbarium samples were studied {P. australana (12); P. raivavaeana (5); P. 

rurutana (3)) and the relationship between the species was analysed by performing a correspondence 

analysis on 17 taxonomic characters (internode length, stem height, stem diameter, lea f length, leaf 

width, leaf ratio, petiole length, length of inflorescence, peduncle length, stem vestiture, presence of 

anthocyanin, leaf arrangement, upper leaf vestiture, lower leaf vestiture, petiole vestiture, rachis 

vestiture, peduncle vestiture).

2.2.2.4 Morphometric analysis o f Peperomia pallida

Taxonomic data were collected from 24 individuals o f P. pallida in the field. These were collected 

from 4 different islands (Rarotonga (10), Rurutu (4), Raivavae (9) and Tahiti (1)). On Rarotonga and 

Rurutu individuals studied were from more than one population. The relationship between the 

individuals was analysed by performing a correspondence analysis on 15 taxonomic characters 

(internode length, stem height, stem diameter, leaf length, leaf width, leaf ratio, petiole length, stem 

vestiture, presence of anthocyanin, leaf arrangement, upper leaf vestiture, lower leaf vestiture, petiole 

vestiture, rachis vestiture, peduncle vestiture).

Peperomia pa llida  var. rurutensis F.Br. and P. pallida  var. tuamotuensis F.BR. were included in P 

pallida  (G.Forst) A. Dietr. by Florence (1997). Twelve herbarium samples were studied (P. pallida  

(6); P. pallida  var. rurutensis (4); P. pallida  var. tuamotuensis (2)) and the relationship between the 

species was analysed by performing a correspondence analysis on 17 taxonomic characters (internode
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length, stem height, stem diameter, leaf length, leaf width, lea f ratio, petiole length, length of 

inflorescence, peduncle length, stem vestiture, presence of anthocyanin, leaf arrangement, upper leaf 

vestiture, lower leaf vestiture, petiole vestiture, rachis vestiture, peduncle vestiture).

2.2.3 Data analysis

Morphometric analyses have been preformed on taxonomic data collected from living material, field 

material and herbarium specimens. Two ordination methods have been applied:

(a) Correspondence Analysis

The ordination method of Correspondence Analysis (Digby & Kempton 1987; Ludwig & Reynolds 

1988) was preformed using the CANOCO statistical package. Numerical and presence/absence (0/1) 

data were combined by rescaling the data from 0 to n (where n is the number o f  individuals in the 

analysis). Thus 0 (absence) values remain as 0 and 1 (presence) values become n, with the numerical 

data rescaled within these values. This technique is used as a method by which the binomial and 

continuous datasets can be combined to perform a complete analysis and map the position of 

individuals relative to each other. It is not intended as a statistically significant test in its own right.

(b) Principal Components Analysis

Principal Components Analysis (PCA) is a statistical technique that analyses many characters and 

reduces them to a few dimensions that explain most o f the variation (Everitt & Dunn 1992). The first 

principal component is a composite character, which combines all o f  the characters that capture 

maximal variation in the data set. Given that all characters are not perfectly correlated with each 

other the first component will not explain all the variation. The second Principal Component 

therefore explains the maximum variation not explained by the first Principal Component. The 

components summarise the data, and when plotted against each other give a visual representation of 

the relationships between the taxa analysed. Only continuous data were analysed using PCA in an 

attempt to assess the degree to which species are superficially similar in an overall morphological 

sense (in PCA, binomial characters which can be important distinguishing features, are not included)
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2.3 RESULTS

2.3.1 The Morphology of Peperomia in South Eastern Polynesia

The morphology o f Peperomia in SE Polynesia is discussed with respect to personal observations of 

field material and living collections (TCD Botanic Gardens). Data from Yuncker (1937) and 

Florence (1997) has been included where appropriate. There are 16 native species o f Peperomia in 

SE Polynesia, 13 are described from French Polynesia (Florence 1997) plus P. wilderi Yunck. 

(Southern Cook Islands), P. pitcairnensis C.DC. (Pitcairn) and P. hendersonensis Yunck. 

(Henderson).

Roots

Peperomia has a shallow root system (Yuncker 1933), which is composed o f short adventitious roots 

that arise from the lower parts of the stem. In some species, roots form at upper intemodes where 

these come into contact with the substrate. Field observations suggest this is more common in certain 

species, particularly P. hombronii and P. wilderi both o f which are epiphytic.

Stems

The stems of Peperomia are succulent and have scattered vascular bundles (Yuncker 1933). Analysis 

of these bundles within P. hendersonensis, P. pitcairnensis and P. blanda var. floribunda  suggests 

that the number varies within species and is not fixed, nor is it directly related to stem diameter. Stem 

texture is ternate in all species within SE Polynesia with the exception of P.tetraphylla whose stem is 

ridged in cross section (Figure 2.1).
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Figure 2.1: Cross section o f P. tetraphylla stem. Cutting collected from Tahiti (Society Islands), living 

collection TCD. Magnification x 40

The stem height within species of Peperomia can vary greatly between individuals. Florence (1997) 

states that of the 13 species o f Peperomia in French Polynesia, the range can vary by more than 20 cm 

in 9 of the species (Figure 2.2). This does not however take into account the fact that some species 

have a creeping or trailing habit that results in a relatively long stem length, if  not stem height; such 

species include P. hombronii and P. wilderi. In a small number o f species the stems can be described 

as erect (e.g. P. pitcairnensis, P. oliveri, P. tetraphylla) but more commonly they ascend from a 

prostrate lower section. In all cases the fertile axes remain erect.

P.tetraphylla 
P.pallida 
P.blanda 
P.wilderi 

P.sodetatis 
P.hombronii 

P.grantii 
P.fosbergii 

Q. P.hendersonen 
(/) P.pitcairnensis 

P.rapensis 
P.austreiana 

P.tooviiana 
P.oli\eri 

P.marchionens _ 
P.adamsonia

Vi
0)
o
0)

stem height(cin)

Figure 2.2: Stem height range of Peperomia in SE Polynesia 

(Data taken from Yuncker (1937) and Florence (1997 ))
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The length o f the intemode can vary greatly within species {personal observation). The presence of 

anthocyanin in the stem is similarly variable. It appears that anthocyanin can potentially occur within 

certain species but will not always be expressed, making it difficult to regard as a taxonomically 

relevant character. The presence of this pigment in other parts o f  the plant (leaves, petiole) also 

varies greatly within species.

One feature o f the stem that is o f taxonomic relevance is the presence or absence o f  hairs (Figures 2 3 

and 2.4). Field studies (SE Polynesia, 2000) found that in all cases, with the exception o f P. pallida, 

this was a distinct species characteristic. Forms of P. pallida were collected both with and without 

hairs on the stem. O f the 16 species of Peperomia in SE Polynesia, 4 have a strictly glabrous stem 

( P . australana, P. pitcairnensis, P. hendersonensis and P. wilderi).

Figure 2.3: C ross section of P. rapensis  stem . S eed  collected from R aivavae, Austral Islands 

(2000), living collection TCD.

Figure 2.4: C ross section of P. pitcairnensis  stem . S eed  collected  from Pitcairn (1997), living 

collection TCD.
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Leaves

L e a f  characteristics are notably variable within Peperomia. Yuncker (1933) suggests that an alternate 

arrangement of the leaves is common for the genus as a whole. In SE Polynesia, 8 o f the 16 species 

have predominantly alternate leaves (Florence 1997). Both the shape and size o f  the leaves can vary 

considerably at the species level making it is difficult to regard them as a character o f taxonomic 

relevance. Based on observation of field and herbarium material, it is suggested that mean values for 

the leaf ratio (leaf length/leaf breadth) of a species is a more useful taxonomic characteristic than a 

subjectively assigned leaf shape. Leaf colour displays high levels o f phenotypic variation, 

minimising its value as a taxonomically relevant character {personal observation).

Anatomical features o f the leaf were studied for a number of species {P. blanda var. floribunda, P. 

tetraphylla, P. hendersonensis, P. pitcairnensis, P. sp. (Pitcairn), P. hybrid (indet) (Pitcairn), P. 

pallida, P. homhronii and P. wilderi -  Figure 2.5). By cutting leaf sections with a scalpel, the 

thickness o f the hypodermal layer (which determines the leaf succulence) was investigated and found 

to be extremely environmentally variable, both within and between individuals. Values recorded 

ranged from 2 to 12 cells in thickness. Figures 2.6 and 2.7 are sections from the upper and lower 

leaves o f an individual o f P. hendersonensis under cultivated conditions, included to demonstrate the 

degree o f variation that can be exhibited in the thickness of the hypodermal layer within an individual 

plant.

Upper 
epidermis

Hypodermal
layer

Mesophyll 
layer

Figure 2 .5; P. pitcairnensis  leaf section showing the epiderm is, the hypoderm al layer and the 

mesophyll layer. S eed  collected from Pitcairn (1997), living collection TCD. Magnification x  4
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layer

Figure 2.6: P. hendersonensis upper leaf section. Seed collected from Henderson (1991), living 

collection TCD. Magnification x 4

Figure 2.7; P. hendersonensis lower leaf section. Seed  collected from Henderson (1991), living 

collection TCD. Magnification x 4

The form o f  venation varies between species, but is not variable enough within SE Polynesia for it to 

be taxonomicaily useful. Nerves are palmately arranged with a median nerve that extends to the apex 

o f the lea f Other characters such as the extent to which secondary and tertiary nerves are raised 

and/or visible and the presence o f  anthocyanin along nerves show a pattern o f variability that is 

difficult to quantify.

As with stems, the presence or absence of hairs on the leaf surface is a useful taxonomic character; 

and in some cases, where present, shows a distinct pattern. However, interpretation should take into 

account potential variability within species (personal observation). In the field this is obvious with P.
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pallida where many individuals had small hairs at the leaf tip as described by Yuncker (1937) - 

“puberulent ciliate at least near the apex”. Notably however, a significant num ber were also observed 

1  which were entirely glabrous. O f the 65 collections made, 33 individuals were glabrous (51%). Hair 

density and length can be characteristic o f  a species. Sections o f  the petiole are used to demonstrate 

the variation in these characters within P. blanda var. floribunda and P. hybrid  (indet) (Figures 2.8 

and 2.9).

Figure 2.8: P. hybrid (indet) (Pitcairn) petiole section. Living material collected from Pitcairn (1997), 

living collection TCD. Magnification x 4

Figure 2.9: P. blanda var. floribunda petiole section. S eed  collected  from Pitcairn (1997), living 

collection TCD. Magnification x 4
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Inflorescence

Peperomia has a distinctive erect flowering spike that is composed of a pedimcle and a rachis on 
which the miniscule flowers are borne (Photograph 2.1). Inflorescences are either terminal and/or 
axillary and can occur singly, in 2-3’s or in an umbellate cluster of 3-5 (Photographs 2.2 and 2.3). 
Within these clusters, it is common to find one mature inflorescence surrounded by irmnature spikes 
at a similar stage in development or by spikes showing a developmental series {personal observation).

i *
f t  ■■

Peperom<a s p  
Pipeiiceae

G D. Can

■ . '

' S t  »

V

Photograph 2,1: Peperomia inflorescence 
(photograph taken by G.D. Carr)
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Photograph 2.2: Flowering pattern in P. blanda var. floribunda

Photograph 2.3: Flowering pattern in P. grantii

The flowers can be spirally or randomly arranged in small indentations in the rachis and the density of 
flowers on a spike can vary between species (personal observation). Flowers mature from the base of 
the spike upwards (personal observation). The gynoecium generally matures before the androecium 
(Zomlefer 1994) although not strictly so (P. hendersonemis, P. palUda, P. pitcaimensis, P. blanda 

var. floribunda under cultivation, personal observation). Field observations suggest that the



flowering spike can be branched. In general this is a relatively uncom m on occurrence w ithin the 

genus but was observed a number o f times within som e species (m ost notably P. pallida).

The peduncle has hairs in a number of species {P. blanda v&r.floribunda, P. hybrid, P. tetraphylla, P. 

rapensis, P. grantii, P- fosbergii) but only P. tetraphylla has hairs on the rachis (F igure 2.10).

; /<i ̂  

a.

Figure 2.10: Rachis section of P. tetraphylla showing rachis hairs. Cutting collected from Tahiti 

(Society Islands), living collection TCD. Magnification x 4

In Peperomia the flow er itself is extremely sim ple (Figure 2.11). Each flower is sub tended by a 

fleshy bract, w hich is attached to the lower area o f  the receptular depression. The structure lacks a 

perianth, consisting only o f two stamens that are fused in the upper part to form a single anther and a 

single carpel containing a single basal ovule (Hey wood 1998).

anther

ovary

bract

Figure 2.11: Peperomia flower
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I
Anatomical observations of the bract (based on P. blanda var. floribunda, P. tetraphylla, P. 

hendersonensis, P. pitcairnensis, P. sp. (Pitcairn) and P. hybrid (indet)) suggest that it is a relatively 

uniform structure (Figure 2.12). Notably, P. blanda vax. floribunda has distinctive conical shaped 

cells on the bract margin. They were not observed on any of the other species studied, and are 

speculated to be glands (Figure 2.13).

Figure 2.12: P. hybrid (indet) (Pitcairn) bract. Living material collected  from Pitcairn (1997), living 

collection TCD. Magnificationx 10

Figure 2 .13; P. blanda var. floribunda bract. S eed  collected from Pitcairn (1997), living collection  

TCD. Magnification x 10

The stigma position is a useful taxonomic character and can be arranged in either an apical/subapical 

or in a terminal/subterminal manner. It is normally divided and originates from one or two adjacent 

points (Yuncker 1933). Of the 16 species o f Peperomia in SE Polynesia, 10 have a subapical stigma 

(Florence 1997). The stigma itself differs slightly between species in SE Polynesia, being more or 

less penicillate (Figures 2.14 and 2.15).
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Figure 2.14: P. hendersonensis  stigma. S eed  collected from H enderson (1991), living collection  

TCD. Magnification x  10

Figure 2.15: P. pitcairnensis stigma. S eed  collected from Pitcairn (1997), living collection TCD. 

Magnification x 10

In SE Polynesia the ovary is globose to obovoid and gradually pushes outwards from the sunken 

depression as it m atures, this facilitates dispersal o f the fruit (Yuncker 1933). The structure o f  the 

anther and filam ent are relatively uniform within species o f  Peperom ia  in SE Polynesia. F igure 2 16 

is a typical example.
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Figure 2.16: P. tetraphylla anther and filament. Living material collected  from Pitcairn (1997), living 

collection TCD. Magnification x 10

Fruit

With the exception o f P. tetraphylla, fruit from species of Peperomia in SE Polynesia is distinctive 

and relatively uniform, a general description has been written based on observations o f fresh fruits for 

the following species: P. hombronii, P. pallida, P. rapensis, P. x abscondita, P. grantii, P. wilderi, P. 

australana, P. blanda var. floribunda, P. pitcairnensis, P. sp. (Pitcairn), P. hendersonensis and P. 

societatis. Photograph 2.4 shows developing fruits on the flowering spikes o f P. rapensis.

P hotograph  2.4: Developing fruits on P. rapensis. S eed  collected from R aivavae (2000), living 

collection TCD.



General description o f the fruit in SE Polynesian species o f Peperomia:

%
I  The fruit is entirely covered by a thick, moist, brown-black mucoid pericarp (splitting in some 

individuals to reveal a white-yellow interior). The outer layer has transparent globular projections (of 

up to 0.08 mm length) that can be either small and rounded {P. blanda \ar. floribunda, P. australana) 

or distinctly peg like {P. hombronii, P. rapensis). The extent to which they cover the fruit also varies. 

In some species, the fruit is entirely surrounded by projections giving it a ‘time-bomb’ appearance {P. 

hombronii) while in others projections are not dense and are more localised (P. rapensis). These 

become increasingly sticky when fruits are clumped together. Fruit shape varies slightly but is 

approximately spherical in most cases.

Peperomia tetraphylla fruit has an elongate shape and is covered in the lower third by a smooth 

slightly thicker pseudocapsule (Yuncker 1937). Tiny projections that do not appear to be globular 

surround the fruit. The outer layer is less moist and less sticky than in other species.

Fruit size varies between species. 100 measurements were taken from dried fruit of at least 3 

individuals of each species (with the exception of P. grantii, which is from one individual). Mean 

values are represented graphically in Figure 2.17.
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Figure 2.17: Fruit dimensions of SE Polynesian spec ies of Peperomia 

(standard deviation error bars for both widtli and length have been included).

Seedling development

Initial leaf development observed in P. pitcairnensis, P. hendersonensis, P. sp (Pitcairn), P. blanda 

var. floribunda, P. pallida, P. hombronii, P. wilderi and P. x abscondita followed a basic pattern. A 

pair of cotyledons form which are adnate at the base and have apices pointing outward in opposite 

directions. A single leaf then forms at right angles to the initial pair. In the majority of species (P. 

pallida, typical example) the intemode is extremely short and the single leaf sits on top o f  the initial 

pair.

Leaf development in P. wilderi is unusual. A pair of cotyledons form, as in the manner typical of 

those species described above. The second leaf then similarly occurs at right angles. In this case the 

internode is relatively long so that the second leaf is widely separated from the original cotyledons. 

Germination and seedling development also occur more rapidly in P. wilderi. The m ost obvious 

difference is however in the leaf shape. In the majority o f species the initial leaves are predominantly 

oval, whereas in P. wilderi they are distinctly elongate. Leaf formation in P. hombronii appears to 

follow a similar pattern to that in P. wilderi. The initial leaves in this species more strongly resemble 

P. wilderi in shape than the other species but do not elongate to the same extent.
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Horphometric studies

2.3.2 Morphometric analysis of living material

Variation within an i slanH group -  Case study of the Pitcaim Islands 

Analysis of morphological and anatomical characters
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Figure 2.18: C orrespondence Analysis of 5 species of Peperomia from the Pitcaim Islands based  on 

analysis of 38 morphological and anatomical characters.

CA of taxonomic data recorded from living collections of Peperomia from the Pitcaim Islands is 

presented in Figure 2.18. Thirty-eight characters were analysed for 14 individuals, which fall within 

5 taxa of Peperomia. Two distinct groups formed on both axes, one containing P. hendersonensis, P. 

species (Pitcaim) and P. pitcairnensis, and a second containing P. blanda var. floribunda and P. 

hybrid (indet). Within the first group, P. hendersonensis and P. sp. (Pitcaim) associate more closely 

together on axis 2. Axes 3 and 4 did not provide further resolution. Observation of the eigenvector 

scores for the characters used in the analysis revealed that vestiture characters (stem, leaf  ̂petiole and 

peduncle) are important distinguishing characters on both axes 1 and 2. Ramification, leaf 

arrangement and bract shape are also important on both main axes. Micro-morphometric characters 

such as the length of the ovary, anther length or filament length are not important, nor are characters 
such as leaf width, leaf ratio, inflorescence length or petiole length.
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2m3.3 Morphometric analysis of taxonomic data collected in the field

2.3.3.1 Variation of Pepernmio in South Eastern Polynesia
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Figure 2.19: Correspondence Analysis of 7 species of Peperomia that occur in SE Polynesia based 
on analysis of 15 morphological characters.

CA of taxonomic data collected from Peperomia in SE Polynesia is presented in Figure 2.19. Fifteen 

characters were analysed for 64 individuals, which were assigned to 7 species of Peperomia. 

P. blanda var, floribunda, P. grantii, P. rapensis, P. australana, P. hombronii and P. wilderi formed 

relatively distinct species groups although the variability within species was evident, particularly in 

P. blanda var. floribunda (axis 1) and P. australana (axis 2). P. pallida was less well defined and 

interestingly individuals fell into 4 separate groups. The one individual analysed from Tahiti has 

associated with individuals of P- blanda var. floribunda. The individuals lying just below axis 1 are 

from Rarotonga (Cook Islands); those along axis 2 are from Raivavae (Austral Islands) while those to 

the left of the P. wilderi group were collected on Rurutu (Austral Islands). P. wilderi is associated 

with individuals of P. pallida collected in the Australs, and P. hombronii groups with P. australana. 

Axes 3 and 4 did not provide further resolution. Observation of the eigenvector scores for the 15 

characters used in the analysis reveals that leaf arrangement is an important distinguishing character 

on the two main axes. Petiole length and upper leaf vestiture are important on axis 2. Characters that
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are of least importance in distinguishing species are rachis vestiture, stem diameter and intemode 

length,

2,3.3.2 Variation within a single island -  Ca.se study of Raivavae
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Figure 2.20: Correspondence Analysis of Peperomia from Raivavae based on analysis of 15 

morphological characters.

CA of taxonomic data recorded from Peperomia on Raivavae is presented in Figure 2.20. Fifteen 

characters were analysed for 22 individuals of Peperomia collected on Raivavae, Individuals from 

each of the three taxa associate together in clearly defined groups, P. pallida and P. australana x 

rapensis associate more closely on axis 1 with the P. rapensis group being widely separated on this 

axis. Axes 3 and 4 did not provide fiirther resolution. Observation of the eigenvector scores for the 

characters used in the analysis reveals that vestiture characters (stem, lower leaf, petiole and 

peduncle) are an important distinguishing character on both axes 1 and 2. Leaf ratio is also an 

important character on both main axes. On axis 2, stem height, the presence of anthocyanin and the 

leaf arrangement are important. Characters that are of least importance in distinguishing between the 
taxa are intemode length, stem diameter and rachis vestiture.

89



f

2

1.5
♦  ♦ •  P. pallida

^  P. australana x  rapensis 

□ P. rapensis
•  1 - 

□
♦

0.5 -
□

♦

♦ •  

•
1 1 1 1 ——1---- u—

2.5 -2 -1.5 -1 -0.5 ( 

^  -0.5 - 
□

-1 -

1 0.5 1 1-5 2 
•  •
•

•  •
•

♦ -1.5 ^

-2 -
•

-2.5 -
PCA axis 1

Figure 2.21: Principal Components Analysis of Peperomia from Raivavae based on analysis of 7 
morphological characters.

PC A of taxonomic data recorded from Peperomia on Raivavae is presented in Figure 2.21. In this 

analysis, axis 1 accounts for 59.3% of the variation, while 17.7% is explained by axis 2. In contrast to 

Figure 2.20, individuals do not form clearly defined species groups, displaying high levels of 

variability on both axes. Inspection of the figure reveals that P. pallida can be roughly separated 

fi'om P. australana x rapensis and P. rapensis on axis 1. Individuals o f P. rapensis and P. australana 

X rapensis cannot be separated from each other based on the 7 characters analysed. Axis 3 does not 

provide fiuther resolution.
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2 J.4 Morphometric analysis of taxonomic data collected from herbarium material

Analysis o f the species o f Yimcker (1937) -  Case study o f  the P .  a u s t r a l a n a  complex
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Figure 2.22: Correspondence Analysis of herbarium collections within the P. australana complex 
based on analysis of 17 morphological characters

CA of taxonomic data recorded from herbarium samples o f  P .  a u s t r a l a n a  is presented in Figure 2.22. 

Seventeen characters were analysed for 20 individuals within the P .  a u s t r a l a n a  complex (P. 

a u s t r a l a n a  (12), P .  r a i v a v a e a n a  (5) and P .  r u r u t a n a  (3)), The figure shows the presence o f a group 

of 8 individuals, which associate together, these include the five individuals o f P .  r a i v a v a e a n a  studied 

as well as an individual o f P .  r u r u t a n a .  One o f the two P .  a u s t r a l a n a  individuals falling within the 

group was collected on Raivavae and the other on Tubuai. P .  a u s t r a l a n a  is widely dispersed on both 

axis 1 and 2, with the remaining two individuals o f  P . r u r u t a n a  falling within this variable group. 

Axes 3 and 4 do not provide further resolution. Observation o f the eigenvector scores for the 

characters used in the analysis reveals that the leaf arrangement is an important distinguishing 

character on both axes land 2. Peduncle length is also important on axis 2. Vestiture characters are 

not o f  importance, nor are characters such as the intemode length, the stem diameter, the leaf width or 

the petiole length.
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2^.5 Morphometric analysis of Peperomia pallida

Analysis o f  morphological data collected in the field
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Figure 2.23(a): Correspondence Analysis of P. pallida individuals from four islands in SE Polynesia 

based on analysis of 15 morphological characters collected under field conditions (CA axis 1 versus 
CA axis 2).
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Figure 2.23(b); C orrespondence Analysis of P. pallida individuals from four islands in SE Polynesia 

based on analysis of 15 morphological characters collected under field conditions (CA axis 1 versus 

CA axis 3).

C A of taxonomic data collected from P. pallida in SE Polynesia is presented in Figures 2.23(a) and 

2.23(b). Fifteen characters were analysed for 24 individuals of P. pallida. The individual from Tahiti 

and the group of individuals from Rumtu are w îdely separated, being located at opposite ends of axis 

1. The individuals from Rarotonga and Raivavae remain in roughly defined groups that are clearly 

distinguished only on axis 3. On axis 1 the individuals from Raivavae are located more towards those 

from Rurutu, while the individuals from Rarotonga are located towards the individual from Tahiti. 

Observation of the eigenvector scores for the characters used in the analysis indicates that vestiture 

characters (stem vestiture, upper leaf and petiole) are important in distinguishing populations on both 

main axes Leaf arrangement and leaf ratio are important on axis 2. Characters of least importance 

are intemode length, stem diameter, stem height, rachis vestiture and the presence of anthocyanin.

93



Analysis o f taxonomic data collected from herbarium samples
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Figure 2.24: Correspondence Analysis of P. pallida herbarium collections based on analysis of 17 

morphological characters

C A of taxonomic data recorded from herbarium specimens o f P. pallida  in SE Polynesia is presented 

in Figure 2.24. Seventeen characters were analysed for 12 herbarium samples o f P. pallida  (6), P. 

pallida var. rurutensis (4) and P. pallida var. tuamotuemis (2). Individuals o f P. pallida  var. 

rurutensis associated together to some degree on axis 1 and axis 2. They can not however be clearly 

distinguished from P. pallida or P. pallida var. tuamotuensis, both o f  which are variable and widely 

dispersed on both axes. Axis 3 does not provide further resolution. Observation o f the eigenvector 

scores for the characters used in the analysis reveals that vestiture characters (lower leaf vestiture, 

stem vestiture and peduncle) are an important distinguishing feature on axes 1 and 2. The length o f 

the inflorescence and the peduncle length are also important on both main axes. Leaf arrangement, 

upper leaf vestiture, petiole length and leaf ratio are important on axis 2. O f least importance are 

characters such as intemode length, stem diameter, the presence o f anthocyanin and the rachis 

vestiture.
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2.4 DISCUSSION

2.4.1 Morphological analysis of Peperomia in South Eastern Polynesia

Traditionally floral features have been most important in plant taxonomy with vegetative features 

regarded as more plastic and therefore more difficult to use in taxonomic classifications (Stace 1984; 

Stuessy 1990). Peperomia lacks distinctive floral characteristics (the flower is an extremely simple, 

uniform structure) and has traditionally been classified on minor vegetative features. An analysis of 

the morphology o f Peperomia in SE Polynesia clearly demonstrates the lack o f taxonomic characters 

that can be used to distinguish between species.

Based on observations of living material from species o f Peperomia collected in SE Polynesia, stem 

features such as the length o f the intemode and the presence o f anthocyanin display levels of random 

variability that minimise their taxonomic relevance. Stem vestiture is a useful distinguishing 

characteristic and has traditionally been taxonomically important (Yuncker 1937).

In terms o f the leaves, characters such as shape, colour and presence o f anthocyanin are highly 

variable within species and therefore of minimal direct taxonomic use. Characters such as leaf length, 

leaf breadth or petiole length, are too variable to be of any value as a character on their own merit but 

mean values could be included in a statistical analysis that includes a range of numerical data. Leaf 

ratio varies accordingly with leaf length and width and is a more useful character than leaf shape. 

Leaf shape can vary greatly within an individual plant making it difficult and subjective to assign a 

general descriptive term. Other characters such as venation patterns can be variable within species 

but do not vary enough at the species level in SE Polynesia to be taxonomically informative. Two 

leaf characters have traditionally been taxonomically important: leaf vestiture and predominant leaf 

arrangement.

The inflorescence in Peperomia is an extremely simple and relatively uniform structure. Features 

such as rachis and peduncle length can vary greatly within species but mean values could be included 

in a statistical analysis of a range of numerical data. One character that may be taxonomically 

relevant is the (predominant) inflorescence arrangement (axillary or terminal). Field studies suggest 

that the ramification is too variable within a number of species for it to be useful as a general 

taxonomic character. Flowering density may also be relevant although detailed studies have not been 

carried out on this character, making it difficult to speculate. Other features that are o f importance are 

the vestiture o f the rachis and the peduncle. One inflorescence character that has been commonly



used within Peperomia classification is the stigma position (Yuncker 1933). Differences in stigma 

position are subtle and it can be extremely difficult to consistently distinguish an apical (or subapical) 

stigma from one which is terminal (or subterminal) {personal observation).

Excluding P. tetraphylla, this study found that fruit shape and texture are not variable enough within 

SE Polynesia to be useful taxonomic characters. There is a significant difference in fruit size between 

species of Peperomia in SE Polynesia. Data used in Figure 2.17 indicate that P. sp. (Pitcairn) and P. 

hendersonensis have the largest fruit with P. hombronii the smallest. Before concluding on the 

importance o f this characteristic, further studies are necessary to exclude the possibility that it is 

affected by conditions under cultivation (the largest fruit sizes were recorded from P. pitcairnensis, 

P. hendersonensis and P. sp (Pitcairn) from which only measurements from living material were 

used).

Observation o f the eigenvector scores for each character in the morphometric analyses reveals that it 

is possible to distinguish those characters that are consistently important and those that are 

consistently unimportant in distinguishing between species. In general only a small number are 

important with the majority of characters of little value in separating species. The most important 

general characters identified were binomial characters relating to vestiture (particularly o f the stem, 

leaf and petiole) and to leaf arrangement. Those characters that were consistently o f little taxonomic 

value were anatomical characters {e.g. Figure 2.18), continuous characters in general (stem diameter, 

leaf width, inflorescence length), the presence of anthocyanin and the rachis vestiture.

Notably, outside these generalisations important distinguishing characters differed depending on the 

analyses. In the analysis of morphological and anatomical characters o f Peperomia species from the 

Pitcairn Islands (Figure 2.18) bract dimensions were important, reflecting the small bract size of 

P. pitcairnensis in relation to the other species. In the analysis o f morphological data collected from 

7 species o f P eperom ia  under field conditions petiole length was an important character, and is 

worthy of further investigation (Figure 2.19). At lower taxonomic levels, leaf ratio was important in 

distinguishing geographically distinct populations o f P . pallida in both the analysis of morphological 

data collected in the field and from herbarium material. Analysis o f morphological data collected 

from herbarium material of the P. australana complex identified peduncle length as important.

Traditionally taxonomic treatments of Peperomia have relied on features such as vestiture characters 

and leaf arrangement. In all morphometric analyses (from the study of living material which was 

based on analysis o f 36 taxonomic characters, to the studies of field material which were based on 15 

characters) both these characters were identified as taxonomically important. The problem within
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Peperomia is that while characters may be identified as important in the general sense, variability 

below the species level can make their practical application difficult.

Leaf arrangement is a good example of a character that is of taxonomic importance but is problematic 

in general use. Some taxa can have lower leaves alternate and upper leaves opposite making the 

differences between individual plants indistinct and the variation between species extremely difficult 

to distinguish (Swingle 1946). This is evident in Peperomia (Murty 1960). Leaf arrangement is not 

always fixed within Peperomia e.g. P. rapensis can be alternate or opposite leaved. In addition the 

predominant arrangement can be variable in a number of species. Field collection revealed P. pallida 

as such an example; o f the 65 individual collections made within this typically opposite-leaved 

species, 28% had a predominantly alternate leaf arrangement. While P. pallida  is an extreme 

example, some individuals o f the alternate-leaved species P. hendersonensis, P. australana and P. 

societatis were observed with a predominantly opposite leaf arrangement. Field observation revealed 

stem vestiture as a fixed characteristic in all species observed with the exception o f P. pallida. Leaf 

vestiture is more problematic and can be variable within species e.g. o f  the 65 collections made of P. 

pallida, 51% were glabrous.

An analysis o f P eperom ia  morphology in SE Polynesia clearly indicates the lack o f taxonomic 

characters that can be used to morphologically distinguish species. Peperomia is extremely variable 

in terms o f vegetative features but unfortunately these are continuous and appear to be influenced by 

the environment (personal observation). There are relatively few discrete characters and, where 

present, these are rarely fixed in all species.

While the difficulties o f using morphological data to hypothesise on phylogenetic relationships within 

Peperomia in SE Polynesia are apparent, there are a number o f examples that may reflect patterns of 

morphological evolution. In the southernmost Austral-Pitcaim group, 4 of the 5 endemic species are 

glabrous, while in the northernmost Marquesan group only 1 o f the 4 endemics has a glabrous stem. 

The question remains as to whether this has an evolutionary basis, with species that have a common 

stem vestiture being more closely related.

Leaf arrangement is also interesting from a geographic perspective. O f the 17 species in SE 

Polynesia, 9 have an alternate leaf arrangement (53%). Notably, in the Hawaiian Flora, which 

contains 26 species of Peperomia, only 3 are altemate (12%) (Wagner et al. 1990) while in the Flora 

of Fiji, which contains 24 species, 21 of these are alternate (87.5%) (Sohmer 1990). This raises the 

question as to the evolutionary significance o f these geographic differences. Within SE Polynesia the 

majority of alternate-leaved species are found in the Society-Austral-Pitcaim group (7 o f the 9 species
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are alternate leaved; P. fosbergii is opposite-leaved and P- rapensis can be either alternate or 
opposite).

Fruit dimensions also show a geographic pattern. The Society and Cook Islands species associate 

together and can be roughly distinguished from those species foimd in the Austral/Pitcaim Islands 

according to frmt size (Figixre 2.25). This Figure was originally presented as Figure 2.17, here 

species have been labelled according to their geographic distribution (data used in this figure is based 
on measurements made from a statistically small number of individuals).
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Figure 2.25: Geographical patterns in fruit dimension in SE Polynesian species of Peperomia. 

2.4.2 Morphometric studies

A successfiil morphological study has been earned out on the endemic species of Peperomia on the 

Juan Fernandez Islands (Valdebenito et al. 1992). This study compared three island endemics with a 

species that was also foimd in continental Chile. These species are closely related and can, given 

their difference from the South American species, be analysed cladistically by assigning primative 

and derived character states. The SE Polynesian species, in contrast, are considerably greater in 

number, are dispersed over a much greater geographic area and are morphologically more variable. 

With a number of potential migratory pathways, the origins of the species are unknown, as is the 

morphological form of the species from which they have evolved. It is therefore difQcult to assign 

primative or advanced character states, making a cladistic analysis difficult. The variability of 

individual species also increases the difficulty of carrying out a subjective phenetic analysis.
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Analysis of iTiorphological and anatomical rharacters

Studies o f cultivated material have an advantage over field studies in that anatomical characters 

requiring microscopic observation can be included and indeed 14 have been used in the study o f 

Peperomia on the Pitcairn Islands (Figure 2.18). While the continuous characters included in this 

study can be highly variable, the majority of binomial characters are fixed within species. Exceptions 

are leaf arrangement which was found to be opposite on occasional nodes o f the alternate leaved P. 

sp. and P. hendersonensis. Inflorescence arrangement and ram ification also varied between 

individuals within a species (predominant character states were used in these cases).

Observation o f Figure 2.18 revealed that the taxa from the Pitcairn Islands formed distinct species 

groups. The analysis suggested that the endemics P. hendersonensis, P. pitcairnensis and P. sp. are 

considerably more similar to each other than to P. blanda var. floribunda  or P. hybrid (indet). 

P. hendersonensis, P. pitcairnensis and P. sp. are all entirely glabrous and have a predominantly 

alternate leaf arrangement (this is in contrast to P. blanda var. floribunda  and P. hybrid (indet)). 

Based on axis 2, P. hendersonensis and P. sp. appeared to be more similar to each other than to P. 

pitcairnensis

Vestiture characters and leaf arrangement were the most important distinguishing characters, with 

ramification and bract shape also being important {P. pitcairnensis has a smaller bract than the other 

species). Interestingly (with the exception of the bract dimensions) the micro-morphometric 

characters {e.g. ovary length, anther length, filament length) were not important, nor were quantitative 

characters such as leaf length, leaf width, leaf ratio or inflorescence length. Characters that were most 

important are those that can be observed under field conditions and can therefore be practically 

included in taxonomic treatments of the genus. The evolutionary relationships between the five taxa 

on the Pitcairn Islands are discussed in Chapter 4, in light of molecular evidence.

Analysis of morphological data collected in the field

One problem encountered in taxonomic studies of field material is the time consuming nature of data 

collection, which restricts the number of individuals that can be included. Small sample numbers 

mean that individuals analysed are not necessarily representative o f  the species nor can they be 

regarded as such.

With the exception o f P. pallida, individuals analysed in Figure 2.19 remained within species groups 

although some of these were more distinct than others. This approach is a useful way to illustrate the

99



variation that can be present within species, e.g. the highly variable species P. pallida  does not form a 

distinct group. It is o f interest that P. australana and P. hombronii associate together and that 

P. wilderi associates with P . pallida. P. australana and P. hombronii are both alternate leaved and 

glabrous but bear little general similarity. In contrast, P. wilderi is strictly glabrous but does 

superficially resemble a small form of P. pallida, and in one case was misidentified as such. P. 

pallida itself is o f interest as the individual collected on Tahiti falls as an outlier to the P. blanda var. 

floribunda group and the remaining individuals from 3 distinct geographic groups (further discussed 

in section 2.4.3).

Analyses of field-collected taxonomic data from SE Polynesia indicate that the most important 

taxonomic characters that distinguish P eperom ia  species are vestiture features and the leaf 

arrangement, with petiole length also being important.

Analysis o f morphological data collected from herbarium material

Peperomia raivavaeana Yunck. and P. rurutana Yunck. were included in P. australana Yunck. by 

Florence (1997). Unlike P. raivavaeana or P. rurutana, P. australana has lower branches that are 

often substoloniferous and root at the nodes. The leaf arrangement is entirely alternate in P. 

raivavaeana and P. rurutana, while in P. australana it is alternate but with the uppermost leaves not 

uncommonly opposite. In P. australana the inflorescences are terminal or in the uppermost axils, and 

spikes can be up to 7 cm in length. Inflorescences o f both P. rurutana  and P. raivavaeana are 

terminal and axillary. In P. raivavaena they form paniculately branching infloresences and can be up 

to 4 cm in length; in P. rurutana the infloresences are slender and can be up to 11 cm in length. 

Excluding features that are potentially environmentally variable such as leaf size and shape, P. 

raivavaeana differs from P. rurutana in only one other feature: P. raivavaeana is an epiphytic species 

while P. rurutana is terrestrial (Yuncker 1937).

Correspondence analysis of taxonomic data collected from voucher samples o f the Yuncker taxa does 

not provide clear evidence o f a morphological distinction (Figure 2.22). Peperomia australana 

(sensu stricto) was widely dispersed on both axes suggesting that it is morphologically variable. 

Peperomia rurutana could not be distinguished from the other individuals. Individuals o f P. 

raivavaeana form a distinct (although not exclusive) group, which is distinguished from the majority 

of individuals o f P. australana on axis 1. While this analysis does not provide evidence for 

Yuncker’s prior classification, it does indicate that there may be distinct and identifiable variation 

within the species. The CA revealed that the individuals were distinguished mainly on leaf
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arrangement and peduncle length, both of which are important in Yuncker’s species distinctions. 

Molecular analysis was used to determine if this variability had an identifiable genetic basis.

Correspondence Analysis of data collected jfrom herbarium material is hmited both by the characters 

that can be used and the difficulty in obtaining adequate numbers o f herbarium samples from a remote 

location. An additional problem can be the subjective nature and margin of error within identification 

of Peperomia individuals by various authors {e.g. St John’s collection 16641 (Rurutu) was originally 

described as P. australana by Yuncker and subsequently determined to be P. pallida by Florence).

2.4.3 Morphological variation within Peperomia pallida in South Eastern Polynesia

Peperomia blanda var. floribunda and P. pallida are the most polymorphic species in French 

Polynesia (Florence 1997). Levels of variation within P. pallida are evident from Photographs 2.5 

and 2.6 which were taken from individuals of P. pallida collected on Rxirutu (right) and Rimatara 

(left).

Photographs 2.5 and 2.6: Individuals of P. pallida collected on Rurutu (left, individual UB0094) and 

Rimatara (right, individual UB006).
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The levels o f variation within P. pallida are also evident in Figures 2.23(a) and 2.23(b), but notably 

these figures suggests that geographically isolated populations can be morphologically distinguished. 

P. pallida from Rurutu was distinguished from the other individuals, as was the individual collected 

on Tahiti. The individuals from Raivavae and Rarotonga associated more closely together but still 

remain within distinct groups.

Yuncker (1937) agreed with Brown’s (1935) classification and felt that the variation present within 

P. pallida was enough to warrant distinct geographic varieties, recognizing P. pallida  in the Australs 

as P. pallida var. rurutensis. It differs from P. pallida in that it has a glabrous stems and larger leaves 

that are glabrous or with a few hairs near the base. The variety P. pallida var. tuamotensis (found on 

the Tuamotu) differs in that it has stems that are glabrous and leaves that are glabrous but often 

abundantly ciliated at the apex. A morphometric analysis o f  taxonomic data collected from 

herbarium material (Figure 2.24) provides little evidence of this distinction. Unfortunately this 

analysis is o f little statistical significance as it was only possible to record data from a total of 12 

herbarium samples o f P. pallida (6), P. pallida var. rurutensis (4) and P. pallida  var. tuamotuensis 

(2). The analysis indicated that based on the characters used, vestiture features and the infloresence 

length were the most important distinguishing features. Upper leaf vestiture, petiole length and leaf 

ratio were also important.

Field observations o f P. pallida within the Austral and Southern Cook Islands showed that in all 

individuals the stem was glabrous, the leaf was either glabrous or ciliated only at the apex, and the 

inflorescences were either predominantly terminal or both terminal and axillary. This fits most 

closely into the description of P. andersonii (Yuncker 1937). The polymorphic nature of the species 

was evident, with individuals extremely variable in terms o f leaf size and shape, and those that had 

entirely glabrous leaves commonly coexisting with those that have a ciliated apex.

The only collection of P. pallida made on Tahiti differed morphologically (evident in Figure 2.23) in 

that it had a puberulent stem and generally smaller leaves than those collected in the Australs/Cooks. 

The leaves were glabrous but had a ciliated apex. Based on field observations and morphometric 

analyses o f field and herbarium material, it is suggested that P. pallida  is highly variable but that this 

variation may be structured geographically. Further analyses, in particular extensive morphological 

studies o f P. pallida  on the other archipelagos and the inclusion o f molecular data, are required to 

subjectively assess whether levels of variation at present are sufficient to permit subspecies

categorization.
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2.4.4 Morphological variation within Peperomia on the island of Raivavae

In 1934 the types o f  P. australam, P. australam  var. ovalilimba, P. australana var. ovalilimba forma 

puberulenta, P. raivavaensis and P. st-johnii were collected on Raivavae. A two-week period spent 

on the island (22“** July -5* August, 2000) revealed that the habitats where the type locations of 

P. australana, P. raivavaensis and P. st-johnii has previously been collected were degraded and 

replaced by grassy shrub (caused predominantly by a large feral goat population on the island). 

Photograph 2.7 was taken on the upper slopes of Mt. Hiro (August 2000). The type o f F. raivavaeana 

was collected from the pass west of this point in 1934 in a habitat described as moist forest (St John, 

no. 16160). This no longer exists and has been replaced by the grassy vegetation evident in 

Photograph 2.7.

Photograph 2.7: The upper slopes of Mt. Hiro, Raivavae showing habitat degradation

Collections identified as P. australana x rapensis and P. rapemis were made from within the 1934 

type locations o f P. australana var. ovalilimba and P. australana var. ovalilimba forma puberulenta, 

and are speculated to respectively represent the former variety and forma distinctions of Yuncker. 

Florence (1997) classified P. australana var. ovalilimba under P. australana and P. australana var. 

ovalilimba forma puberulenta under P. rapensis. They were collected sympatrically in 1934 and 

remain so in 2000. The population collected as P. australana x rapensis strongly resembled 

P. rapensis in leaf shape, inflorescence arrangement and colouration but unlike P. rapensis was 

entirely glabrous. Both taxa had a predominantly alternate leaf arrangement.

Correspondence Analysis (Figure 2.20) clearly distinguished the population of P. australana x 

fapensis from P. rapensis. In contrast. Principal Components Analysis (Figure 2.21) did not 

distinguish between the two populations, highlighting their overall morphological similarity. PCA is
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based on quantitative characters, while CA also includes binomial characters and distinguishes 

between the two given that P. australana x rapensis is entirely glabrous while P. rapensis has hairs.

The population o f P. pallida  collected on Raivavae was not typical of the species. Unlike other 

populations o f P. pallida  observed in the Australs, it was found growing on detritus, was entirely 

glabrous and had a predominantly alternate leaf arrangement. Notably, it was originally collected as 

an unusual form o f P. australana. Observation of important characters in the CA analysis indicates 

that two important features distinguishing P. pallida from the other taxa on Raivavae are leaf ratio 

and the presence o f anthocyanin.

Raivavae can be used to make an important point with regard to the study of Peperomia specifically 

and to speciation studies in general. Human related factors (such as the introduction of goats) can 

have an enormous effect on island vegetation over a short period o f  time. This can lead to substantial 

losses o f diversity within a genus or more obviously, within a species. Such losses will have a 

significant effect on subsequent evolution.

2.4.5 Concluding remarks

Within Peperomia it is extremely difficult to provide a morphological description of a given species 

that will encompass the wide variation present in the field and to ensure that overlap with other 

species does not occur. Taxonomic difficulties are not only restricted to a lack o f informative 

characters. Polymorphic species such as P. blanda var. floribunda  or P. pallida can be difficult to 

classify due to the extreme levels of variation they display in French Polynesia (Florence 1997). This 

problem is also evident within other species although at a lesser level {e.g. P. australana, P. rapensis,

P. societatis, P. wilderi, personal observation). Levels o f variation within P. blanda var. floribunda  

is evident from photographs 2.8 and 2.9, taken from individuals o f  the species in the Austral Islands 

(July 2000).
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Photograph 2.8:

P. blanda var floribunda individual 
cx)llected on Raivavae.

Photograph 2.9:

Individuals of P. blanda var 
floribunda collected on Tubuai.

In addition, identification can be complicated by a lack o f knowledge on species phenology 

(particulary problematic for P. blanda var. floribunda, personal observation) and by individuals that 

have morphological features suggestive of hybridisation events {e.g. P. australana x pallida 

individuals on Rimatara; P. australana x rapensis individuals on Raivavae).

A phylogenetic analysis of Peperomia in SE Polynesia was generated with a significant emphasis on 

molecular data. Bateman (1999) discusses the potential problems and shortcomings o f this approach. 

Ideally methods of phylogenetic analysis would strongly incorporate traditional taxonomic data, but
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for certain genera it is not possible to construct a well-supported morphological phylogeny. The 

floral structure in Peperomia is extremely simplified and within SE Polynesia there are simply not 

enough discrete characters to perform a phylogenetic analysis. In discrete and particularly in 

continuous morphological characters, many species within the genus display a vast degree of 

variability that may be at least partially environmentally induced. In combination with historical 

confusion over the number o f distinct species and their delimitation, it is suggested that in studies of 

evolution within Peperomia, emphasis should be placed on molecular evidence. The generation of 

molecular phylogenies may allow the potential of morphological data, in this and similar situations, to 

be fully assessed.
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CHAPTERS

MOLECULAR ANALYSIS OF PEPEROMIA IN 

SOUTH EASTERN POLYNESIA

3.1 INTRODUCTION

3.1.1 DNA sequencing

Molecular data forms an integral part of many systematic studies in plants. Data used can be o f 

nuclear, plastid or mitochondrial origin. Phylogenies constructed using DNA sequence data have 

become increasingly important in systematic research (Pagel 1999; Crawford 2000; Soltis & Soltis 

2001). These phylogenies are based upon synapomorphies, which arise in the genomes of organisms 

and are reflected in nucleotide sequence variation. Mutations can affect one or more nucleotides and 

are termed synonymous or non synonymous (non synonymous mutations will alter gene expression 

while synonymous mutations will not). Mutations are further classified according to the manner in 

which they alter the nucleotide sequence:

1. Substitution mutations replace one nucleotide by another. These can be further sub

divided into transitions or transversions. Transitions are substitutions that occur within 

purines or pyrimidines, whereas transversions are substitutions that occur between 

purines and pyrimidines.

2 . Insertions and deletions (indels) refer to the addition or removal one or more

nucleotides from a sequence.

3. Gene conversion refers to the non-reciprocal transfer o f genetic data from one chromatid

to another.

4. Crossing over refers to the mutual exchange o f genetic information between linked loci.

5. Inversions rotate by 180° a segment of a DNA duplex (Li 1997).

One o f the advantages of using DNA sequence data in phylogenetic studies is that it is readily 

analysable and requires little of the background botanical knowledge necessary to conduct and 

interpret morphological studies. A large number of characters can readily be gained from nucleotide 

sequence data in comparison to the effort required to obtain useful morphological characters.
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Importantly, a substitution at one nucleotide site is normally independent of another, so each character 

can be assessed separately. In addition, sequence data is thought to be less homoplasious (in 

reference to parallelism, convergence and reversal) than morphological data as it is less likely to be 

subject to selection (Donoghue & Sanderson 1992). Algorithmic character weighting techniques for 

different types of nucleotide substitution are also possible with sequence data (Li & Graur 1991).

Initially it is important to highlight potential problems and to discuss the limitations of molecular data 

in assessing phylogeny. One problem is that homoplasy can arise in nucleotide sequence data 

because data from coding regions can be subject to functional constraints (Hershkovitz et al. 1999). 

Homoplasy can also arise in a selectively neutral sequence so that at one site genetic drift alone can 

cause multiple substitutions and reversals. Another difficulty is that it can be impossible to 

distinguish phylogenetic change relating to a radiation event from random changes accumulated 

gradually through genetic drift (Donoghue & Sanderson 1992).

As many genes in the nuclear genome are thought to have arisen through duplication of existing genes 

it is extremely important to ensure that any sequences compared from a genome have the same 

evolutionary history. A comparison of a duplicate gene from one taxon and the original from another 

is described as paralogous and merely gives a history of the genes as opposed to the taxa (Wendel & 

Doyle 1998). Phylogenetic studies require that orthologous sequences (that have diverged after a 

speciation event) be compared (Donoghue & Sanderson 1992; Olmstead & Palmer 1994).

One consequence of analysing multiple molecular datasets is that the phylogenies inferred may differ 

from each other. Wendel and Doyle (1998) state that “phylogenetic incongruence is usually regarded 

as an undesirable result, which represents an impediment to achieving phylogenetic understanding”. 

Such incongruence can result from one or more or a combination of biological and technical factors 

and in many instances it is extremely difficult to pinpoint its exact origin (Wendel & Doyle 1998). 

Technical causes include insufficient data, gene choice or taxon sampling. Biological processes that 

can give rise to phylogenetic incongrunce include convergent evolution, rapid diversification, 

hybridisation/introgression, lineage sorting, horizontal transfer, orthology/parology conflation or rate 

heterogeneity among taxa/molecular sites. On a positive point, many of these biological factors 

reflect evolutionary processes, which it is likely would have gone undetected in the absence of 

phylogenetic incongruence (Wendel & Doyle 1998). Sang and Zhong (2000) have characterised 

distinctions between hybridisation and other biological process (lineage sorting, paralogy and lateral 

gene transfer) that are responsible for topological incongruence between gene trees.
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A limitation also arises with particular reference to speciation studies and in particular to those 

involving recent radiation events, in that a key innovation underlying a radiation is likely to be first 

recognised as the phenotypic expression of an actively evolving (typically developmental) gene rather 

than the non-phenotypically expressed genes currently in favour for phylogenetic research (Bateman 

1999). With reference to the general limitations o f molecular analysis, Donoghue and Sanderson 

(1992) conclude that successful phylogenetic studies combine molecular and morphological evidence 

in a method that utilises the maximum amount of possible information.

In general uniparentally inherited chloroplast genes are more conserved than nuclear genes due to 

non-recombination (Wolfe et al. 1987; Palmer 1991; Downie & Palmer 1992a). Due to functional 

constraints, coding genes are more constrained than intron or spacer sequences (Geilly & Taberlet 

1994b). Studies also indicate that multicopy genes are more conserved than single copy genes due to 

gene conversion events and the forces of concerted evolution (Wolfe et al. 1987). The evolutionary 

rate o f a particular DNA region may vary in different lineges, meaning that a region of DNA which is 

phylogenetically informative for one group will not necessarily be informative for another (Soltis et 

al. 1998).

Phylogenies can be inferred from homologous sequences of chloroplast DNA (Palmer 1987; Palmer 

et al. 1988) and traditionally plant molecular systematics has been based on studies o f this genome. 

Plastids are intracellular organelles, which contain their own genetic systems. Most plastid genomes 

of higher plants consist of circular molecules about 120-160 kb in length (Shimada & Sigura 1991) 

which are characterised by a large (ca 25kb) inverted repeat which divides the remainder o f the 

genome into one large and one small single copy gene (Soltis et a l  1998). Most chloroplast genes are 

usually single copy, minimising problems of sequence heterogenetity (Palmer 1985a). Another 

important advantage is that plastid DNA is uniparentally inherited and is not subject to 

recombination, making it useful for enhancing and increasing internal support for clades (Soltis et al. 

1998).

Despite its conservative nature, different portions o f the plastid genome evolve at different rates. 

Both rbcL (Chase et al. 1993; Olmstead & Palmer 1994) and regions o f the 18S rDNA (Soltis, Soltis, 

Nickrent et al. 1997) have been commonly used to resolve relationships between distantly related 

angiosperms. At the interfamilial level rbcL has also been useful (Conti et al. 1993; Price & Palmer 

1993; Morgan et a l  1994), as have other regions such as mafK (Hilu & Liang 1997). In some 

instances however the rbcL gene lacks the resolution to reliably estimate phylogenetic relationships 

between closely related taxa (Kim et al. 1992; Xiang et al. 1993). Analysis o f regions such as ndhV, 

and trnL increase the resolution and can be more useful in elucidating phylogenetic relationships
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at the intergeneric and interspecific level (Wolfe et al. 1987; Clegg & Zurawski 1991; Taberlet et al. 

1991).

One disadvantage o f cpDNA for determining phylogeny at lower taxonomic levels is the potential 

occurrence of chloroplast capture; the movement of a chloroplast genome from one species to another 

by introgression (Soltis et al. 1998). The problems of reticulation in phylogenetic reconstruction have 

been reviewed by a number o f authors (Rieseberg & Soltis 1991; Rieseberg & Brunsfeld 1992) and 

are discussed in more detail in Chapter 1.9.2.

The nuclear genome is extremely large, yet despite its size, most attempts to infer phylogeny with 

nuclear gene sequences have involved the nuclear ribosomal DNA cistron (rDNA). There are 

thousands o f copies o f rDNA cistrons in the plant nuclear genome which are arranged in tandem 

repeats distributed at one to several chromosomal loci (Liston et al. 1996). The cistron is composed 

of three genes, the 18S, 5.8S and 26S, with each separated by an internal transcribed spacer (ITS). 

The ITS region averages 565-700 bp in angiosperms (Liston et al. 1996). This region is commonly 

used in systematic studies o f closely related species for a number o f reasons as outlined by Baldwin et 

al. (1995).

The sequence has a high copy number which promotes detection, amplification and 

sequencing

The sequence is highly uniform within a species

The ITS region has highly conserved regions on either side which are good binding sites 

for primers that can be used to amplify and sequence the appropriate fragments from 

different taxa. The region itself has a small size, enhancing the practicality of PCR and 

sequencing.

The uniformity o f the repeat structure allows pooled PCR products to be sequenced 

directly.

The mutations in ITSl and ITS2 are characterised by frequent point mutations and rare 

insertions and deletions, making the sequences relatively easy to align.

One problem with using sequence data from rDNA is the occurrence of sequence heterogeneity, 

which can be o f particular relevance when taxa are hybrid in origin. Heterogeneity occurs when 

concerted evolution fails to homogenise all repeat units o f a gene family and can result in the 

incorporation o f paralogous sequences into phylogenetic analyses. Such incorporations give rise to 

inaccurate phylogenetic hypotheses (Baldwin e? a/. 1995; Soltis e? a/, 1998). Incomplete 

homogenisation has been shown to occur in a number of taxa: Gossypium (Wendel et al. 1995a);
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Paeonia (Sang e ta l. 1995); Cucurbita (Jobst et al. 1998); Limonium (Palacios e ta l. 2000);

Miscanthus (Hodkinson et al. 2002). In Amelanchier, polymorphism has been shown to persist long 

after initial hybridisation (Campbell et al. 1997). Wichman et al. (2002) suggest that intra-individual 

heterogeneity o f the ITS region provides a means to examine hybridisation histories.

ITS sequence data has been successfully used in systematic studies of a number o f plant groups 

(reviewed by Baldwin et al. 1995). It was however found to be uninformative in studies of 

Saintpaulia (Moller & Cronk 1997a) and inArgyranthemum (Francisco-Ortega etal. 1997b).

Moller et al. (1999) integrated molecular phylogenies and developmental genetics in a study o f the 

Gesneriaceae. In this study the phylogenetic potential of a nuclear developmental gene cycloidea was 

compared with phylogenies generated from ITS and trnL-trnF gene sequences. It was found that the 

two nuclear genes Gcyc and ITS both evolve more rapidly than the cpDNA. At the inter-genus level 

ITS appeared to be more divergent, while at lower levels of sequence divergence (inter-species) Gcyc 

diverged to a greater extent. The authors suggest that this is an artifact o f the methodology used to 

generate sequence data. PCR-based sequencing generates a consensus sequence in a repeat family 

like ITS (Hershkovitz et al. 1999) and therefore mutations will not be seen unless they are near 

complete fixation. Thus low levels of ITS divergence will not be picked up whereas mutations in a 

single copy gene such as Gcyc will be detected. However, unlike ITS, a gene like Gcyc will be under 

functional constraint that will place limits on its divergence rate. Moller et al. (1999) suggest that 

given the similarity o f the trees generated from Gcyc, ITS and trnL+¥ sequence data, a combination 

of these gene regions is phylogenetically useful

3.1.2 Methods of Phylogenetic Analysis

There are many different methods for the construction of phylogenetic trees (Felsenstein 1988). 

Maximum Likelihood Analysis and Maximum Parsimony Analysis are discussed briefly. Identifying 

the best optimality criterion for phylogenetic inference is extremely difficult as there is no way of 

determining with certainty the effectiveness of any criterion at recovering true phylogeny (Lewis 

1998).

(a) Maximum Likelihood A nalysis

Maximum likelihood uses a model-based approach to evaluate specific evolutionary hypotheses using 

explicit models o f evolutionary change (Lewis 1998). Maximum likelihood methods were first 

applied to nucleotide sequence based phylogenetic studies by Felsenstein (1981a). Models used are
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base substitution models, which attempt to account for the conversion of one nucleotide sequence to 

another. A number o f different models have been developed, reflecting different assumptions on the 

specific substitution parameters (Swofford et al. 1996). Maximum likelihood evaluates the 

probability that the chosen model will have generated the observed sequences, with the phylogeny 

being inferred by finding the trees that yield the highest likelihood. A number o f different models are 

discussed briefly:

Jukes/Cantor Model (1969): this model assumes that the frequency o f the four bases is the same and 

that all substitutions (transitions and transversions) occur at the same rate.

Kimura two-parameter model (1980): this model assumes that transitions and transversions do not 

occur at the same rate, and sets a transition/transversion ratio

Hasegawa/KishinoA^ana model (1985b): this model assumes unequal base frequencies in addition to 

unequal transition and transversion rates

In both the Kimura two-parameter and the Hasegawa/Kishino/Yana model a number o f parameters 

need to be estimated from sequence data prior to running the model. Lewis (1998) points out that 

models in which substitution parameters are not fixed enables analyses to be tailored to a greater 

extent. In choosing the most appropriate model, a failure to account for factors such as rate 

heterogeneity and non-independence among sites will result in the occurrence o f problems such as 

long branch attraction and base compositional attraction. The major disadvantage o f maximum 

likelihood analysis over alternative methods such as Parsimony lies in the considerably greater 

computational time necessary to calculate likelihoods. A number of authors (Swofford et al. 1996; 

Lewis 1998) also criticise maximum likelihood methods for the number of prior assumptions that are 

made about the evolutionary process. Despite criticism, it has been shown that even with very short 

sequences, maximum likelihood inference tends to outperform other methods {e.g. Parsimony) when 

evaluated under many models of sequence evolution (Kuhner & Felsenstein 1994; Huelsenbeck 

1995a).

(b) Parsimonv based phvloeenetic analysis

The maximum parsimony optimality criterion finds the phylogeny that requires the “smallest number 

of evolutionary changes to explain the differences observed among the taxa under study”. Like 

niaximum likelihood, it is a character-based technique that utilises the state o f individual characters at 

3 particular nucleotide site (Li & Graur 1991). Within Parsimony analysis there are a number of
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different approaches to inferring phylogeny. These differ from each other with regard to the 

constraints (or lack of) placed on the means by which characters transform from one state to another. 

Fitch and Wagner parsimony is the simplest method, imposing no (Fitch) or minimal (Wagner) 

constraints on the permissible character state changes. Fitch parsimony is used most often with 

molecular sequence data and allows any state to transform directly to any other state while Wagner 

parsimony assumes that any transformation from one character state to another also implies a 

transformation through any intervening states. Both methods permit free reversibility, with a change 

in character state in either direction assumed to be equally probable (Swofford et al. 1996),

Exhaustive parsimony analysis evaluates all possible tree topologies and is therefore guaranteed to 

find those that are optimal. As the number of taxa increase however, so to do the number of possible 

trees. Given that there are 2 million trees possible trees for 10 taxa and 34 million for 11 taxa 

(Swofford & Begle 1993) it is recommended that 10-11 taxa is the maximal number that should be 

analysed by this method (Stewart 1993). For data sets of greater than 10-11 taxa, a heuristic analysis 

is computationally more appropriate. The heuristic method (when used in maximum parsimony or 

maximum likelihood anlayses) may however find only a subset or none o f the optimal trees 

(Swofford & Begel 1993).

Statistical Support: Bootstrap Analysis

Support for tree topologies are commonly assessed using the Bootstrap procedure (Felsenstein 1985). 

This method randomly re-samples the original dataset and creates a new one with the same number of 

characters. These new datasets are then analysed using a heuristic parsimony search algorithm with 

10 replicates o f stepwise addition to create the starting tree. A majority rule consensus tree is 

constructed which shows the number of times any partition appears on the trees and is expressed as a 

percentage (Swofford & Begel 1993). Two different bootstrap search algorithms are commonly used; 

the heuristic bootstrap re-samples the dataset and constructs a heuristic parsimony tree, using branch 

swapping to find the shortest one; a stepwise addition bootstrap uses the same method but does not 

perform any branch swapping.

3.1.3 DNA sequencing studies in the Piperaceae

A recent study (Jaramillo & Manos 2001) looked at phenology and pattens o f floral diversity in the 

genus Piper. This work constructed a molecular phylogeny o f the genus using sequences of the ITS 

region of nuclear ribosomal DNA from 51 widely dispersed species. A single un-rooted parsimony 

network suggested that taxa from the 3 major geographic areas potentially formed three monophyletic
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groups (Asia, the South Pacific and the Neotropics). The authors perform ed a simultaneous 

phylogenetic analysis of an expanded alignment including outgroups and suggested that taxa from the 

South Pacific and Asia formed a group which provisionally support a single origin o f dioecy. Within 

the Neotropical clade, resolution was high and strong bootstrap support confirmed the monophyly of 

several traditionally recognised infrageneric groups. No published evidence has been found of 

molecular work involving Peperomia.

3.1.4 DNA sequencing of Peperomia in SE Polynesia

This research is concerned with the assessment o f evolutionary relationships at the species level 

making it necessary to use gene regions with relatively high substitution rates. For this reason two 

non-coding regions were chosen, one of plastid origin {trnL-trnY) and one of nuclear origin (ITS).

The trnL-trnV gene region is approximately 900 bp in length. It includes two non-coding 

components, the trnL (UAA) intron and the trriL-trnV (GAA) intergenic spacer (Taberlet et al. 1991). 

The trnL-trnV region has been successfully used to evaluate phylogenetic relationships at the lower 

taxonomic level (Ferris et al. 1993; Geilly & Taberlet 1994b; Van Ham et al. 1994; Geilly & Taberlet 

1996; Bakker et al. 1999; Hodkinson et al. 2002).

ITS-1 and ITS-2 are the internal transcribed spacers o f the 18S -  26S nuclear ribosomal DNA. This 

region is approximately 600 bp in length and includes the 5.8S gene. The ITS region is part o f the 

transcriptional unit o f rDNA, but the spacer regions are not incorporated into the mature ribosomes 

(they are thought to play a role in the maturation of the nrDNAs, Baldwin et al. 1995). The ITS 

region has been successfully used to evaluate phylogenetic relationships at the lower taxonomic level 

(Hsiao et al. 1993; Downie & Downie 1996; Gemandt & Liston 1999). One practical problem that 

can be encountered with the use of the ITS region is the inability to obtain clean sequence data. This 

can be due to sequence heterogeneity, which occurs when concerted evolution has failed to 

homogenise all repeat units in the region (Baldwin et al. 1995). In such cases the ITS region can be 

cloned in an attempt to sequence the individual repeat copies present.

3.1.5 Cloning of the ITS region

In ITS cloning during this project the PCR product was inserted into the lacZ gene of a plasmid 

vector which also contained an antibiotic resistance gene such as kanamycin. The vector is placed 

into the bacteria E. coli by transformation and the bacterial cells plated onto a medium with the 

relevant antibiotic {e.g. kanamycin) and X-gal. The kanamycin in the medium ensures that only
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plasmid-containing bacterial cells grow, for only they have the kanamycin resistance gene. The X-gal 

in the medium makes it possible to identify colonies o f bacteria whose plasmids carry foreign DNA. 

X-gal is hydrolysed by P-galactosidase to yield a blue product, meaning that bacterial colonies 

containing intact P-galactosidase genes will be blue. I f  the plasmid vector has foreign DNA inserted 

into its lacZ  gene, then the colony of cells containing it will be white, because the cells cannot 

produce P-galactosidase. Based on the assumption that if  different copies o f the ITS region are 

present, not all colonies will contain the same copy, a number o f white colonies are individually 

selected and placed directly into a PCR reaction. If  successfully amplified, they are sequenced using 

the normal protocols and the sequences analysed to identify if  multiple copies are present. This 

technique has been successfully used to identify both parental copies of the ITS region in taxa 

suspected to hybrid in origin (Franzke & Mummenhoff 1999; Wichman et al. 2002; Hodkinson et al. 

2002).

3.1.6 DNA Fingerprinting

Population biology is becoming increasingly important in plant systematic studies (Schall & Leverich 

2001). Much progress has been made in the study o f genetic structuring and differentiation within 

and among species, especially with the development of new molecular markers (Wolfe & Liston 

1998). DNA fingerprinting techniques can be particularly important in studies of plant speciation as 

“the genetic structuring o f populations and their future as independent evolutionary lineages is 

strongly influenced, not only by the present or future pattern o f gene flow within and between 

populations but also by historical patterns of relationships o f these populations” (Sytsma & Piers 

2001).

Amplified Fragment Restriction Polymorphism (AFLP) analysis generates a complex multi-locus 

fingerprint that is highly reproducible and provides a large number o f informative markers derived 

from loci that are generally distributed across the genome (Ridout & Donini 1999). The technique is 

extremely useful for resolving relationships between closely related species and infra-specific taxa 

(Karp et al. 1996; Mueller & Wolfenbarger 1999). It is regarded as an efficient method for 

systematic studies o f plants that have insufficient variation to be detected through sequence analysis 

(Hodkinson et al. 2000). It is also advantageous over sequence analysis in that the data is less likely 

to be misinterpreted due to the presence of hybrids (Riesberg & Soltis 1991) or the presence o f DNA 

regions that are paralogous (Baldwin et al. 1995). AFLP analysis is increasingly being used in 

systematic studies o f plants (Hodkinson et al. 1997; Paul et al. 1997; Hodkinson et al. 2000; 

Hodkinson, Chase & Renvoize 2002).
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3.2 METHODS

3.2.1 Genomic DNA isolation

DNA was isolated from 0.05-0.1 g of silica gel dried Peperomia leaf material (Chase and Hills 1991) 

using a modified CTAB procedure from Doyle and Doyle (1987) (Protocol in Appendix 2.1). The 

yield and size o f the genomic DNA was estimated by comparison with a 1 kb ladder using agarose gel 

electrophoresis (Protocol in Appendix 2.2). Each DNA sample was stored at -20°C.

3.2.2 DNA sequencing

The majority o f sequence reactions were carried out during a research visit to the Cullman Laboratory 

at the New York Botanical Garden (NYBG) (Jan -  March 2001). Additional reactions were 

completed in Trinity College Dublin (TCD). Protocols used in both laboratories have been included.

3.2.2.1 Amplification of Target DNA regions

Both nuclear and plastid DNA regions were amplified using the Polymerase Chain Reaction. Primers 

used in the amplification of the ribosomal DNA region ITS1-5.8S-ITS2 and the chloroplast trnh-trnF 

region are listed in Table 3.1.

Table 3.1 Primers used to amplify the nuclear ITS1-5.8S-ITS2 region and the chloroplast 

trn\--tm¥ region

Region Primers used in TCD Primers used at the 
NYBG

Reference

ITS1-5.8S-
ITS2

AB101 (100 ng/^l)and 
AB102(100ng/^l)

NY183 (10 ng/)il) and 
241R (10 ng/|nl)

Baldwin (1992) 
Sun etal. (1994)

trnL-trnV
trnL c (100 ng/]ul) and 
trnL f  (100 ng/[il)

VA55 (10 ng/|Lil) and
VA57 (10 ng/^il)

Taberlete^a/. (1991)
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PCR amplifications were performed on a PE 9600 GeneAmp PCR System (Perkin-Elmer Applied 

Biosystems, Inc., Foster City, CA) at the NYBG and on a PE 480 GeneAmp PCR System (Perkin- 

Elmer Applied Biosystems, Inc., Foster City, CA) in TCD. Protocols including PCR programme 

details for amplification of the ITS1-5.8S-ITS2 and the trnL-trnF region are given in Appendix 2.3

Amplified products were purified using QlAquick columns (Qiagen, Valencia, CA) or Concert Rapid 

PCR Purification System (Life Technologies) following manufacturers protocols (Appendix 2.4). 

Purified PCR products were stored at -20°C.

3.2.2.2 Sequencing o f amplified PCR products

Cycle sequence reactions at the NYBG were carried out directly on purified PCR products, using 

standard dideoxy cycle protocols for sequencing with dye terminators on an ABI PRISM 377 

automated DNA sequencer (according to manufacturers protocols; Applied Biosystems Inc.). In TCD 

they were carried out on the purified PCR products using the Big Dye Terminator sequence mix of 

Applied Biosystems™.

For the trnL-trnF region, it was necessary to use the internal primers VA56 (10 ng/^1) and VA 66(10 

ng/fil) as well as the external primers VA55 (10 ng/|xl) and VA57 (10 ng/|il) in order to obtain double 

stranded sequence for the entire region. The equivalent primers c, d, e and f  (5 ng/|j,l) were used in 

TCD.

Cycle sequence reactions were carried out on a PE 9600 GeneAmp PCR System (Perkin-Elmer 

Applied Biosystems, Inc., Foster City, CA) at the NYBG and on a Peltier Thermocycler PTC-200 

(MJ Research) in TCD. Protocols including cycle sequence programme details for both the ITSl- 

5.8S-ITS2 region and the trnL-trnF region are given in Appendix 2.5

After purification (protocol in Appendix 2.6), the cycle-sequenced samples were run on an ABI 

PRISM 377 automated DNA sequencer (Applied Biosystems Inc.) at the NYBG and on a ABI 310 

Genetic Analyzer (Applied Biosystems Inc.) in TCD (Appendix 2.7). In TCD trnL-trnF sequences 

were run on the ABI Prism™ 310 module SEQ P0P6 (1.0 ml) E. ITS1-5.8S-ITS2 sequences were 

run on the ABI Prism™ 310 module SEQ P0P6 RAPID (1.0 ml) E. The sequences were analysed 

using ABI Prism™ DNA Sequencing Analysis Software, v 2.1.1. (Applied Biosystems Inc.).
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3.2.2.3 Sequence Alignment

Sequences were initially assembled using the sequence editing and alignment program Sequencher 

(Gene Codes, Inc., Ann Arbor, MI). They were then entered into the alignment programme 

CLUSTAL X (Higgins & Sharp 1988; Thompson et al. 1997) and the final alignments edited 

manually in the programme Se-Al v 2.0al. (Rambart A., Oxford University UK; distributed by 

author).

3.2.2.4 Phylogenetic Analysis

Phylogenetic analyses, based on maximum parsimony (MP) and maximum likelihood (ML) were 

performed using PAUP* version 4.0b8 (Swofford 2001).

For the ML analysis. Model Test 3.06 (Posada & Crandall 1998) was used to select the most 

appropriate model o f sequence evolution and to estimate the following param eters: the

transition/transversion rate, the gamma shape parameter for rate heterogeneity among sites, and the 

proportion o f invariable sites. Model Test selected the TrNef + G model for the ITS1-5.8S-ITS2 

sequence data and the K3Puf + G Model for trriL-trriF data. ML analyses were performed using the 

heuristic search algorithm of PAUP* version 4.0b8 (Swofford, 2001) with a nearest neighbor 

interchange (NNI) branch-swapping algorithm. Starting trees for branch swapping were obtained by 

Neighbor joining. Bootstrap values were obtained via a heuristic search (100 reps) using the same 

search parameters.

Maximum Parsimony analyses of the dataset were performed using the heuristic search algorithm of 

PAUP with ACCTRAN, tree bisection reconnection (TBR) branch swapping for 100 random addition 

sequence replicates. Gaps were treated as missing data. In a separate analysis, unambiguous indels 

greater than 5 bp and shared between species were coded as additional binary characters (applies only 

to the trnL-trnF matrix). Clade support was examined using 1000 bootstrap replicates (Felsenstein 

1985) and a complete heuristic search.

Sequencing artefacts at the ends of all matrices and one region o f ambiguous alignment in the trnh- 

trnF matrix (totalling 208 bp) were excluded prior to analysis.
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3.2.2.S The ITS1-5.8S-TTS2 dataset

The ITS1-5.8S-ITS2 data set contains 28 individuals from within 16 Peperomia taxa in SE Polynesia. 

Where a species is present on more than one island, an individual from each is included. Also 

included are any individuals with unusual or extreme m orphological features as well as any 

individuals suspected to be o f hybrid origin. Three outgroup species o f  Peperomia (one from Tonga 

and two from South America) and two outgroup genera from within the Piperales (Saururus and 

Piper) have been included. Voucher details for all taxa are given in Appendix 2.12.

3.2.2.6 The trnL-trnF dataset

The trnh-trnF dataset contains 34 individuals from within 16 Peperomia taxa in SE Polynesia. Four 

outgroup species (one from Tonga, two from South America, and one from Papua New Guinea) have 

been included. Voucher details for all taxa are found in Appendix 2.12. Variable sites between 542 

and 750 bp were excluded from the analyses due to ambiguous alignment. Gaps were scored as 

missing data, but indels greater than 5 bp in length and shared by more than one individual were 

coded as additional binary characters. This resulted in the coding of one binary character to represent 

a 9 bp repeat common to 7 individuals {P. rapensis (UB0086, UB0066, UB00215, 97-267), P. 

rapensis x  australana (UB00205, UB00155) and P. pitcairnensis (97-742)).

In as far as was possible individuals used in the trnh-trnF study are identical to those used in the ITS 

analysis. Practical problems with DNA sequencing made this impossible in a number o f cases. 

Quality trnh-trnF sequence data could not be obtained from out-group material available (collections 

within the genus Piper). Trees generated from the trnh-trnF sequence data have been rooted with P. 

tetraphylla (based on its position in the ITS analyses and that it falls within a distinct subgenus). 

Peperomia australana X pallida was represented by UB0026 in the ITS study and is represented by 

UB0027 in the trnh-trnF study. Two additional individuals have also been included in the trnh-trnF 

analysis {P. rapensis UB0086 and P. australana UB005). Interpretable ITS1-5.8S-ITS2 sequence 

data was extremely difficult to obtain for individuals o f P. blanda var. floribunda  collected from SE 

Polynesia (see section 3.2.3). This species is represented by only one individual in the ITS study. 

Sequencing of the trnh-trnF region of the species was without such problems, and has resulted in the 

inclusion of four individuals within this analysis.
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3.22.1 Combined analysis of ITS1-5.8S-TTS2 and trn\.-trnV data

ITS1-5.8S-ITS2 and trnL-trriF sequence data were combined in Se-Al v.2.0al. This analysis includes 

26 individuals from within 16 taxa of Peperomia  in SE Polynesia. Three outgroup species of 

Peperomia have been included (one from Tonga and two from South America). Gaps were scored as 

missing data but indels greater than 5 bp and shared between species were coded as additional binary 

characters. This resulted in the coding of one binary character to represent a 9 bp repeat in the trnL- 

trnF sequence (discussed above). P. blanda var. floribunda  has been included but due to sequencing 

problems, the ITS and trnL-trnV sequence data do not come from the same individual. ITS sequence 

data is from individual UB0082 and trnL-trnF sequence data from individual UB0099 (both were 

collected in the same locality). In the absence o f trnL-trnF sequence data from an outgroup genus, 

combined trees have been rooted with P. tetraphylla based on its basal position in both the ITS and 

the trnL-trnF analyses.

3.2.3 ITS Cloning

Cloning of the ITS region was carried out using a TOPO TA Cloning® Kit (with PCR® 2.1 - TOPO® 

and TOPIO One Shot® Chemically Competent cells, Invitrogen Life Technologies). Tag polymerase 

has a nontemplate-dependent terminal transferase activity that adds a single deoxyadenosine (A) to 

the 3 ’ ends o f the PCR products. The TOPO TA Cloning® Kit has a linearized vector with single, 

overhanging 3 ’ deoxythymidine (T) residues, allowing the direct insertion of Taq polymerase- 

amplified PCR products into a plasmid vector (Protocol in Appendix 2.8). Transformation o f the 

vector into the bacteria E. coli was by One Shot Chemical Transformation (Protocol in Appendix 

2.9). Bacterial cells were plated onto a medium containing kanamycin and X-gal (section 3.1.5). 

Five white colonies were randomly selected and placed directly into a PCR reaction. The PCR 

protocol used was identical to that outlined in Appendix 2.3 with the exception that the ABlOl and 

AB102 primers were replaced by M13F and M13R (supplied with the TOPO TA Cloning® Kit) and 

the initial denaturing step was increased to 10 mins. Successfully amplified products were sequenced 

in the normal manner (Chapter 3.2.2.2) and the ITS1-5.8S-ITS2 region compared (Chapter 3.2.2.3 

^nd 3.2.2.4) to determine if multiple copies were present. Two individuals were cloned, and are listed

in Table 3.2.
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Table 3.2 Individuals for which the ITS region has been cloned

Species Individual Island Reason for Cloning

P. blanda var. 
floribunda UB0099 Rurutu

Inability to obtain interpretable sequence data 
for the majority o f individuals o f  P. blanda var. 

floribunda collected in SE Polynesia.

P. rapensis 97-621 Pitcairn Difficulty in obtaining clean sequence data

3.2.4 AFLP Analysis

Extractions o f total DNA from the sequencing study were purified using the CONCERT Rapid PCR 

Purification System (Appendix 2.4). Preliminary trials showed that this yielded insufficient quantities 

of DNA for AFLP analysis (250ng/_L is recommended). Each purified DNA sample was 

subsequently re-concentrated into half its volume to yield a DNA concentration o f between 200- 

300ng/_L (Appendix 2.10). The AFLP method was adapted from Vos et al. (1995) and was carried 

out using the Perkin Elmer Applied Biosystems AFLP Plant mapping kit (protocol in Appendix 2.11). 

The AFLP procedure can be divided into 4 separate stages:

Restriction and Ligation: At this stage the genomic DNA was digested completely with two 

restriction endonucleases (EcoBI and Msel). The fragments were then ligated with two adaptors 

generating template DNA for amplification.

Preselective amplification: the amount of fragments was reduced by only amplifying those that had 

an EcoRI site at one end and an Msel site at the other. The preselective primers are complementary to 

the adaptor oligonucleotides and the modified restriction site. An additional selective base caused an 

amplification o f only a quarter o f these fragments.

Selective amplification: In this reaction two primers were used each having 3 selective bases at the 

3'end. The primers were labelled with fluorescent dyes at their 5'end. The dyes used were: 5- 

carboxyfluorescein (FAM), 6-carboxy-2', 7'-dimethoxy-4 ,5'-dichlorocar b oxyfluorescein (JOE) and

N,N,N',N'-tetramethyl-6-carboxyrhodamine (TAMRA).
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Electrophoresis: Separation of the bands was carried out on an ABI 310 Genetic Analyser using a 

denaturing 5% polyacrylamide gel. The use of different dyes allowed three primer combinations to 

be analysed together with an internal length standard, the fluorescent dye 6-carboxy-X-Rhodamine 

(ROX), in one lane.

15 primer pairs with various three-base anchors were used to screen 5 individuals and to establish the 

most informative primer combinations for Peperomia fingerprinting. Three suitable primers which 

each produced a large number of polymorphic bands were selected for the analysis (Table 3.3).

The collection and analysis of data was performed with 310 Gene scan 3.1.2 analysis software and 

Genotyper 2.2 software from Perkin Elmer Applied Biosystems. DNA fragments from 50 to 500 base 

pairs in size were scored as presence/absence characters. Ambiguous or weak bands were removed 

from the matrix before analysis with PAUP* version 4.0b8 (Swofford 2001). Genetic distance 

between all pairs of individuals were calculated using Nei-Li’s distance method (Nei & Lei 1979), 

and trees drawn using the N-J procedure (Swofford et al. 1996). Support for tree topology was 

assessed using the Bootstrap procedure (Felenstein 1985). Fingerprints were also analysed by PCO 

(Principle Coordinates Analysis) in Le Progiciel R v4.0d (Casgrain 1999) using the Dice algorithm 

(Dice 1945).

Table 3.3: Primer combinations tested for Peperomia AFLP fingerprinting.

The three combinations selected for the Selective Amplification Module are in bold

FAM (blue) labelled: £coRI (ACA) and M sel (CAT)
Ecom  (ACA) and Msel (CTG) 
£:coRI (ACA) and Msel (CAC) 
£coRI (ACT) and Msel (CAA) 
£coRI (ACT) and Msel (CAT) 
^coRI (ACT) and Msel (CAC)

JOE (green) labelled: EcoKl (AGG) and M sel (CAG)
EcoRl (AGG) andM^el (CTC) 
EcoRl (AGG) and Msel (CTG) 
£coRI (ACG) and Msel (CTC) 
EcoRl (AAG) and Msel (CTG)

TAMRA (yellow) labelled: EcoRl (AAC) and M sel (CTG)
£coRI (AAC) and Msel (CTC) 
EcoRl (ACC) and Msel (CTC) 
EcoRl (ACC) and Msel (CTA)
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The AFLP study included 72 individuals from within 20 species (voucher details for the taxa analysed 

are in Appendix 2.13). They were chosen to reflect morphological variation within species, to 

investigate possible hybridisation, and where possible to complement field taxonomic studies. 

Following initial analysis of all three primers, it was decided to omit the primer EcoRI (ACA) / Msel 

(CAT) (FAM - blue). While all individuals were successfully amplified with this primer, 

considerably fewer bands were present and the trace was weak for a number of individuals. To 

minimise subjective scoring error, it was excluded from the analyses. Results are based on analysis of 

the primers: EcoRI (AGG) / Msel (CAG) (JOE -  green) and EcoRI (AAC) /  M sel (CTG) (TAMRA -  
yellow).
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3.3 RESULTS

3.3.1 DNA Sequencing

3.3.1.1 Phylogenetic Analysis o f Peperomia in SE Polynesia based on 

ITS1-5.8S-ITS2 sequence data
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Figure 3.1 Parsimony Analysis of Peperomia in SE Polynesia based on 

ITS1-5.8S-ITS2 sequence data.

One of 1751 equally most parsimonious trees. Tree length = 860. Cl = 0.7105; HI = 0.2863; 

Rl = 0 7101 Branch lengths are given above, numbers below in bold are bootstrap percentages 

(1000 replicates). The tree has been rooted with Saururus chinensis.
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Figure 3 .2  Strict consensus of 1751 equally most parsimonious trees

found by analysis of ITS1-5.8S-ITS2 sequence data.

Numbers below in bold are bootstrap percentages (1000 replicates). The tree has been rooted with 

Saururus chinensis.
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Figure 3 .3  Maximum Likelihood Analysis of Peperomia in SE  Polynesia

based on ITS1-5.8S-ITS2 sequence data.

Numbers below in bold are bootstrap percentages (100 replicates). The tree has been rooted with 

Saururus chinensis.
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The P eperom ia  ITS alignment was 658 bp long and had 139 parsimony informative sites. 

Unweighted parsimony analysis of the matrix (including out-groups), with gaps scored as missing 

data, generated 1751 equally parsimonious trees of 860 steps with a consistency index (Cl) of 0.7105 

and a retention index (RI) o f  0.7101 (Figure 3.1). In both Maximum Parsimony (MP) and Maximum 

Likelihood (ML) analyses, the monophyly of Peperom ia  is clearly supported (100% and 99% 

bootstrap support respectively).

Polynesian species of Peperomia do not form a distinct clade, with no bootstrap support for the 

distinction o f the South American out-groups. The ML analysis provides bootstrap support for the 

distinction o f the widespread P. tetraphylla (64%). Both MP and ML Analyses o f the ITS region 

identify four strongly supported clades: P. pallida, P. hendersonensis, P. sp (Pitcairn) and P. x  

abscondita associate together (bootstrap values of 77% and 72% respectively). A second clade 

includes P. australana, P. rapensis (collected in the Australs) and the hybrid individuals and is 

supported by bootstrap values of 89% (MP) and 80% (ML). P. p itcairnensis  and P. rapensis 

(collected on Pitcairn) associate together with bootstrap support o f 95% (MP) and 89% (ML). The 

Society and Cook Island endemics form a fourth clade (P. societatis, P. grantii, P. hombronii, P. 

wilderi), with P. hybrid (indet) from Pitcairn falling as an sister-group (bootstrap values of 89% (MP) 

and 95% (ML)). The remaining Society endemic {P. fosbergii) does not fall within this clade.

Despite that branch lengths are low within the clade containing P. pallida, two strongly supported 

groups are formed. One contains P. x abscondita collected on Tahiti and P. pallida collected on 

Rarotonga (supported by a bootstrap value of 96% in the MP and 97% in the ML analyses). Within 

the second group P. hendersonensis and P. sp (Pitcairn) cannot be distinguished from individuals of 

P. pallida collected in the Austral Islands (supported by a bootstrap value of 86% in the MP and 84% 

in the ML analysis). P. pallida (UB00113) collected on Rurutu is distinguished from other 

individuals o f the species; it falls with P. australana in the tree topology o f both the MP and ML 

analyses, but no boostrap support is available for this relationship.

Three of the four endemics from the Society Islands {P. grantii, P. hombronii and P. societatis) form 

a distinct clade along with the only endemic on the Cook Islands (P. wilderi). P. hybrid (indet) 

collected from Pitcairn falls as an outgroup to this clade, and has a long branch length in comparison 

to the other four species. The relationship between the five taxa is well supported (bootstrap support 

of 89% (MP) and 95% (ML)). Both analyses indicate that P. wilderi is most closely related to P. 

grantii (with bootstrap support of 83% (MP) and 84% (ML)). P, societatis associates most closely to 

these two (bootstrap support o f 55% (MP) and 64% (ML)), with P. hombronii the most basal of the 

four taxa (bootstrap support of 77% (MP) and 78% (ML)). The only other endemic in the Society

127



Islands, P. fosbergii from Tahiti, has a considerably longer branch length and is distinct from this 

clade. This species does not closely associate with any o f the other species included in the study.

Both analyses form a clade containing P. australana, P. rapensis (collected in the Australs) and P. 

tutuilana (included species from Tonga), although this relationship is not strongly supported 

(boostrap value o f  62% in the MP analysis and by 68% in the ML analysis) and branch lengths are 

extremely low. ITS data does not provide further resolution on the relationship between these 

species. Individuals collected as P. australana x rapensis (represented by UB00155 and UB00205) 

on Raivavae also fall within this clade. Individuals collected as P. australana xpa llida  on Rimatara 

(represented by UB0026 and UB0029) fall as sister-groups but their relationship to this clade 

containing P. australana is strongly supported. The "P. australana ’ clade is supported by a bootstrap 

value of 89% in the MP analysis and 80% in the ML analysis.

Both analyses identify a strongly supported relationship between P. rapensis collected on Pitcairn 

(represented by 97-621) and P. pitcairnensis (supported by bootstrap values o f 89% (ML) and 95% 

(MP)). Branch lengths within this clade are high.

The ML analysis supports a relationship between the clade containing P. pallida and that containing 

P. australana (low bootstrap value of 54%). This relationship is not supported in the MP analysis. 

Aside from this, neither analysis resolves the relationship between the four identified clades or their 

relationship to those species falling outside (P. fosbergii - Tahiti; P. verticillata - South America; P. 

macrostachya - Guyana or P. blanda vax.floribunda collected in SE Polynesia). P. verticillata and P. 

macrostachya associate together in the ML analysis with a bootstrap value of 60%.
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3.3.1.2 Phylogenetic Analysis o f Peperomia in SE Polynesia based on trnL-trnF  sequence data
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Figure 3.4 iVlaximum Parsimony Analysis of Peperomia in SE  Polynesia

based on trnL-trnF sequence data

One of 100,000 equally parsimonious trees. Tree length = 156. Cl = 0.9103; HI = 0.0897; Rl =

0.8692. Branch lengths are given above, numbers below in bold are bootstrap percentages (1000

replicates). The tree has been rooted with Peperomia tetraphylla.
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Figure 3.5 Strict consensus of 100,000 trees found by analysis of

the trnL-trn f sequence data.

Numbers below in bold are bootstrap percentages (1000 replicates). The tree has been rooted with 
Peperomia tetraphylla.
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Figure 3.6 Maximum Likelihood Analysis of Peperomia in SE Polynesia

based on tmL-tmF sequence data.

Numbers below in bold are bootstrap percentages (100 replicates). The tree has been rooted with 

Peperomia tetraphylla.
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The trnL-trnF alignment is 1048 bp long and has 34 parsimony informative sites. Unweighted 

parsimony analysis o f the matrix (including out-groups), with gaps scored as missing data, generated 

100,000 plus equally parsimonious trees of 157 steps with a consistency index (Cl) o f 0.9045 and a 

retention index (RI) o f 0.8598 (Figure 3.4). An upper limit on the number o f trees was set at 100,000 

(analyses with an unset limit continued until PAUP ran out o f memory). Branch lengths are 

extremely low in the MP analysis of Peperomia in SE Polynesia based on trnL-trnF data. There is 

little resolution in either the ML of the MP analysis, with bootstrap support for only 3 clades.

P. tetraphylla, P. macrostachya and P. sp (PNG) are initially distinguished from the other individuals 

in both the MP and ML analyses. The ML analysis also distinguishes P. fosbergii and P. hybrid 

(indet) (Pitcairn).

All individuals o f P. australana and P. tutuilana analysed form a strongly supported clade with a 

branch length o f 10 (100% bootstrap support in both the MP and the ML analyses). Observation of 

the dataset reveals that this clade is characterised by five distinct 1 bp transversions (at positions 11, 

93, 342, 711 and 842) and five distinct 1 bp transitions (at positions 502, 506, 773, 801 and 988).

A second clade contains two of the four individuals of P. blanda var. floribunda included in the study. 

The relationship between 97-267 from Pitcairn and UB002 collected on Rimatara is supported by 

bootstrap values o f 85% (MP) and 86% (ML). Both analyses suggest that these two individuals are 

related to P. verticillata (88% and 92% bootstrap support). The remaining two collections o f P. 

blanda y w . floribunda from Tubuai (UB0099) and Tahiti (UB00288) do not associate with this clade.

A clade containing all individuals of P. rapensis and P. pitcairnensis as well as individuals o f P . 

rapensis x  australana (UB00155 and UB00205) is supported in both analyses (bootstrap support of 

62% in the MP analysis and 68% in the ML analysis). Within this, the two individuals of P. rapensis 

from Tubuai are most closely related in terms of trnL-trnF sequence data. Individuals within this 

clade share a 9 bp repeat at position 882 in the trnL-trnF region that has been coded as an additional 

binary character. When all gaps were scored as missing data this clade was not maintained in either 

analyses.
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3.3.1.3 Phylogenetic Analysis of Peperomia in SE Polynesia based on ITSI-5.8S-ITS2  

and trnL-trnV sequence data
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Figure 3.7 Parsimony Analysis of Peperomia in SE Polynesia based on

IT S 1 -5 .8 S - IT S 2  and tml-trnF sequence data.

One of 84 equally most parsimonious trees. Tree length = 636. Cl = 0.7626; HI = 0,2374; Rl = 

0.7313 Branch lengths are given above, numbers below in bold are bootstrap percentages (1000 

replicates). The tree has been rooted with Peperomia tetraphylia.
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Figure 3 .8  Strict consensus of 84 equally most parsimonious trees found by

analysis of ITS1-5.8S-ITS2 and trnL-tm f sequence data.

Numbers below in bold are bootstrap percentages (1000 replicates). The tree has been rooted with 

Peperomia tetraphylla.
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The combined ITS1-5.8S-ITS2 and trnL-trnV alignment is 1784 bp long and has 151 parsimony 

informative sites. Unweighted parsimony analysis of the matrix (including out-groups), generated 84 

equally parsimonious trees o f 636 steps with a consistency index (Cl) of 0.7626 and a retention index 

(RI) of 0.7313 (Figure 3.7).

P. tetraphylla and P. macrostachya are distinguished from all other individuals. Within the main 

clade four well-supported groups are formed, with P. fosbergii, P. blanda var. floribunda  and P. 

vertcillata falling outside these. These are identical to those formed in the analysis o f the ITS 1-5.8S- 

1TS2 analysis with two exceptions. In the combined analysis P. pallida  (UB00113) falls as an out

group to the clade containing the other individuals o f the species (70% bootstrap support). In the ITS 

analysis (Figures 3.1 to 3.3) it fell as an out-group to the clade containing P. australana, although this 

position was not supported. The unresolved clade containing P. australana, P. rapensis (collections 

made in the Australs), P. rapensis x australana and P. tutuilana that was identified in the ITS analysis 

(Figures 3.1 to 3.3) is strongly supported in the combined analysis (95% bootstrap support) but 

divides into two groups (Figure 3.7). One group contains P. australana and P. tutuilana and is 

strongly supported by a bootstrap value of 100%. The other group is less well supported (54% 

bootstrap support) and contains P. rapensis (collections made in the Australs) as well as individuals 

collected as P. rapensis x australana. P. pallida x australana remains as the sister-group to this 

clade. The P. pitcairnensis-P. rapensis clade is well supported in the combined analysis (96% 

bootstrap support) as is the clade containing P. wilderi and the Society endemics (P. grantii, P. 

societatis and P. hombronii) (98% bootstrap support).

3.3.2 ITS Cloning studies

3.3.2.1 Cloning o f P. rapensis from Pitcairn

Cloning studies on individual 97-621 from Pitcairn did not pick up multiple copy types. The five 

cloned colonies that were analysed sequenced cleanly and had very similar but not identical ITS 

sequence data (evident from branch lengths in Figure 3.9). Figure 3.9 is a parsimony analysis o f the 

of the ITS region for the five copies of individual 97-621 plus two individuals of P. pitcairnensis 

from distinct populations. Also included are P. rapensis and P. rapensis x australana collections 

from the Austral Islands as well as an individual of P . australana, P. tutuilana, P. p allida  and P. 

fosberg ii. The tree has been rooted with P. tetraphylla. Figure 3.10 is a parsimony analysis of 

Peperomia  in SE Polynesia (originally presented in Figure 3.1) with the original individual 97-621 

replaced by clean sequence data obtained by cloning.
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Figure 3.9: Parsimony Analysis of P. rapensis in SE Polynesia based on 
ITS1-5.8S-ITS2 sequence data

One of 98 equally most parsimonious trees. Tree length = 256. Cl = 0.8789; HI = 0.1211; Rl = 

0.8784. Branch lengths are given above, numbers below in bold are bootstrap percentages (1000 

replicates). The shaded block represents the five cloned copies of the ITS region from individual 97- 

621. The tree has been rooted with Peperomia tetraphylla.
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Figure 3.10: Parsimony Analysis of Peperomia in SE Polynesia based on
ITS1-5.8S-ITS2 sequence data

One of 307 equally most parsimonious trees. Tree length = 809. Cl = 0.7219; HI = 0.2781; Rl = 

0.7340. Branch lengths are given above, numbers below in bold are bootstrap percentages (1000 

replicates). Sequence data from the individual in red was obtained by cloning of the ITS region for 

individual 97-621. The tree has been rooted with Saururus chinensis.
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Each of the five copies of the ITS region of individual 97-621 have very similar ITS sequence data 

(differences are accounted for predominantly by 1 bp additions). Figure 3.9 indicates that individual 

97-621 is very closely related to P. pitcairnensis (100% bootstrap support). Weak bootstrap support 

(67%) is available to suggest a closer relationship to one of the two P. pitcairnensis individuals (97- 

717). In Figure 3.10 (originally presented in Figure 3.1) the position o f P. rapensis (97-621) does not 

change but the bootstrap support for the relationship between P. pitcairnensis and P. rapensis 

(Pitcairn) increases from 95% to 100%. The branch length o f P. rapensis 97-621 also decreases when 

the original sequence is replaced by that obtained through cloning.

3.3.2.2 Cloning o f P. blanda var floribunda in SE Polynesia

Cloning studies on individual UB0099 (P. blanda \dx. floribunda) did not result in clean interpretable 

sequence data. Although the cloned sequences are o f poor quality, when added to the individuals 

analysed in Figure 3.1, they strongly associate with the individual o f P. blanda vai. floribunda  

(UB0082) included in this analysis (boostrap support of 100%).

3.3.3 AFLP Analysis

Both Parsimony and Maximum Likelihood analyses o f ITS sequence data revealed a clade which 

contains 4 o f the 5 endemic species in the Society Islands as well as the one endemic species that 

exists in the Cook Islands (Figures 3.1 and 3.3). ITS sequence data resolved relationships between 

these species, and also suggested that P. hybrid (indet) is related to this clade. An AFLP analysis was 

attempted that included 12 individuals from within these 5 taxa. This analysis was not completed as 

the divergence between taxa (in terms of AFLP bands) was felt to be too great to use the technique 

with any statistical confidence (e.g. only 9.6% of the bands scored with the EcoRI (AAC)/ Mse I 

(CTG) primer (TAMRA-yellow) were present in all individuals).
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3.3.3.1 AFLP analysis of suspected hybrid individuals

I
I
(

This analysis includes 16 individuals from within 4 species as well as 7 individuals from two 

suspected hybridisation events (P. pitcaimensis (2), P. australana (4), P. pallida  (4), P. rapensis (4), 

P. rapensis x australana (4) and P. pallida x australana (5)). Analysis using the two primers resulted 

in a total of 199 characters.

P.australana

CM
JO

8 «  
D.

- 0.2 - 0.1 0.2 0.3

P. pallida

P. pitcaimensis \ m
-0.3 J

PCO Axis 1

♦  p. australana A P. rapensis ■ P. pallida

•  P. pitcaimensis ♦ P. pallida x australana ♦  P. rapensis x australana

Figure 3.11: Principal coordinates analysis (PCO) of AFLP data from suspected hybrid

individuals of Peperomia in SE Polynesia

PCO of the ALFP data from suspected hybrid individuals of Peperomia is presented in Figure 3.11, 

32.6% of the variation is explained by axis 1 with 23.9% being explained by axis 2. The 23 

individuals analysed fall into five distinct groups. P. pallida, P. pitcairnensis and P. australana 

remain within species groups. The individuals collected as P. australana x pallida fall in a group 

intermediate to P. pallida and P. australana. The fifth group is intermediate to P. australana and P. 

pitcairnensis and includes P- rapensis collected from the Austral Islands, as well as individuals 

collected as P. australana x rapensis (Raivavae). Notably the individual of P. rapensis included from 

Pitcairn associates closely with P. pitcaimensis as in the sequence analysis. The species are not 

clearly separated on Axis 3, which accounts for 9.6% of the variation.
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33X2 AFLP analysis of P. pallida and related species

Both Maximimi Parsimony and Maximum Likelihood analyses o f ITS sequence data revealed a clade 

which contains P. pallida, P. hendersonemis, P. sp (Pitcairn) and P. x abscondita (Figures 3.1 and 

3.3). Within this clade two groups formed, P. x abscondita associated with P. pallida collected on 

Rarotonga in the Cook Islands, while P. pallida collected in the Australs associated with P. 

hendersonemis and P. sp (Pitcairn). ITS data did not resolve the relationship between these latter 

three taxa.

This analysis includes 22 individuals: P. pallida (16), P. hendersonensis (2), P. sp (Pitcaini)(2) and P. 

X abscondita (2). The individuals of P. pallida were collected from a total of 5 different islands: 

Rurutu (7), Rimatara (4), Raivavae (2), Rarotonga (2) and Tahiti (1). Analysis using the two primers 

resulted in a total of 185 characters.

Rimatara
Rarotonga

Tahiti
0.05-

0.05 0.30.250 .:;- 0.1 - 0.1

F;urutu

PC O  Axis 1

♦ p. pallida ■ P. hendersonensis a  P. species (Pitcairn) m P x  abscondita

Figure 3.12(a): Principal coordinates analysis (PCO) of AFLP data from P. pallida and

related species (PCO axis 1 versus PCO axis 2).
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Figure 3.12(b): Principal coordinates analysis (PCO) of AFLP data from P. pallida and

related species (PCO axis 1 versus PCO axis 3).

PCO of the ALFP data from P. pallida and related species is presented in Figures 3 .12(a) and 3.12(b), 

40.6% of the variation is explained by axis 1 with 8.3% being accounted for by axis 2. The 22 

individuals analysed fall into two major groups, P. pallida (Rarotonga), P. pallida (Tahiti) and P. x 

abscondita associate together (although each can be distinguished within this group) and are strongly 

separated from all the other individuals on Axis 1. Within the second group, individuals of F. pallida 

from Rimatara can be distinguished on Axis 1. Axis 2 distinguishes P. pallida (Raivavae and Rurutu) 

from P. sp. and P. hendersonensis. Little resolution is provided by axis 3, which accoimts for 7.9% 

of the variation.

Attempts were made to further assess the relationship between P. pallida (Rurutu and Raivavae), P. 

hendersonensis and P. sp (Pitcaim) by performing an analysis on these 13 individuals alone.
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♦ P. pallida a  P. sp (Pitcairn) ■ P. hendersonensis

Figure 3.13: Principal coordinates analysis (PCO) of AFLP data from P. pallida (Rurutu

and Raivavae), P. hendersonensis and P. sp (Pitcairn).

PCO of the ALFP data from P. pallida (Rurutu and Raivavae), P. hendersonemis and P. sp (Pitcairn) 

is presented in Figures 3.13, 28.9% of the variation is explained by axis 1 with 20.8% being 

accounted for by axis 2. P. hendersonensis and P. sp (Pitcairn) are distinguished from each other and 

clearly separate from the individuals of P. pallida on axis 1. Individuals of P. pallida from Raivavae 

and Rurutu remain within the same group. The two individuals o f P. hendersonensis do not associate 

strongly together. Axis 3, which accounts for 13.8% of the variation, does not provide further 

resolution between the taxa.

3.3.3.3 AFLP analysis of the widespread species P. blanda vai.floribunda

In an attempt to assess levels of variation within dispersed populations of a widespread species, 14 

individuals o f P. blanda var. floribunda collected from 8 islands in the Pacific were analysed using 

AFLP (Austral/Society Islands (9), Cook Islands (2), Pitcairn (1), Hawaii (2)). The three primer pairs 

produced a total o f 144 bands.
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Figure 3.14: Principal coordinates analysis (PCO) of AFLP data from P. blanda var. 

floribunda in Eastern Polynesia

PCO of the ALFP data from P. blanda vax. floribunda in the Pacific is presented in Figure 3.14, 

33.7% of the variation is explained by axis I with 16.5% being accounted for by axis 2. Individuals 

from the four geographic areas cannot be clearly distinguished. Individuals of P. blanda var. 

floribunda from Pitcairn and Rarotonga lie at opposite ends of Axis 1. Individuals of the species from 

Hawaii cannot be clearly separated from those in French Polynesia. Neither axis 2 nor axis 3 

(accoimts for 13.1% of the variation) separate the geographic groups.

P- blanda . floribunda from Pitcairn was compared with an individual of the species from Hawaii. 

Analysis of the yellow and green primer revealed that the individuals shared 83% of the bands in 

common. An equivalent analysis of individuals of the widespread species P. tetraphylla from Tahiti 

and Hawaii found that these individuals had 78% of bands in common. This is contrasted with P. 

pallida. An analysis of four individuals from the adjacent islands of Rimatara, Raivavae, Rurutu 

(Ausfral Islands) and Rarotonga (Southern Cook Islands) revealed that they share only 56% of bands.
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3.4 DISCUSSION

Sequence analysis of the collections made in SE Polynesia indicate that Paperom ia  is a genus in 

which it can be difficuh to obtain clean and interpretable ITS sequence data. While extreme problems 

are discussed in section 3.2.3 (cloning of the ITS region), this problem also occurred with a number of 

other individuals, albeit at a lesser scale. The probability of error in inclusion o f these individuals due 

to subjective editing has resulted in the omission of many. P. rapensis collections from Raivavae and 

Pitcairn were particularly problematic. When the original ITS sequence data o f  P. rapensis from 

Pitcairn (97-621) is replaced by sequence data obtained through cloning the position o f the individual 

does not change but the branch length decreases from 57 to 5 (Figures 3.1 and 3.10). This suggests 

that the original branch length reflects background sequence noise and should not be interpreted as 

evolutionary divergence. Studies found no evidence that the original branch length resulted from 

sequence heterogeneity due to hybridisation events, although more extensive cloning studies are 

required to confirm this.

It was extremely difficult to obtain clean ITS sequence data from individuals o f P. blanda var. 

floribunda  collected in SE Polynesia (attempts were made to sequence the ITS region o f 12 

individuals from 7 different islands). The possibility of sequence heterogeneity due to hybridisation 

was eliminated by cloning the ITS region of individual UB0099. Cloning of this individual did not 

detect multiple copies and like the original PCR product, the cloned products did not sequence 

cleanly. In all cases the ITS region is initially sequenced but then fades. The reason for this 

sequencing problem is not fully understood but it could be due to a microsatellite region near the 5 ’ 

end that interferes with both the initial PCR and the cycle sequencing reactions. It may also be partly 

due to primer template mismatch. This problem is worthy of further investigation, particularly as it 

may reflect an evolutionary pattern; Hawaiian individuals of the species have been sequenced without 

such problems.

Both phylogenetic analysis techniques (Maximum Parsimony and Maximum Likelihood) agree 

closely in their construction of phylogenetic relationships within SE Polynesian species of Peperomia 

based on ITS1-5.8S-ITS2 and trnh-trnV sequence data.

ITS sequence data has been informative and has identified 4 major clades within SE Polynesia 

(Figures 3.1 and 3.3). Within the analyses, P. pallida, P. hendersonensis, P. species (Pitcairn) and P.

X abscondita associated together. A second clade included P. australana, P. rapensis (collected in 

the Australs) and P. tutuilana from Tonga. P. pitcairnensis and P. rapensis (collected on Pitcairn) 

associated together. Three of the four Society endemics {P. grantii, P. societatis and P. hom bronii)
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formed a fourth clade that also included the one endemic in the Cook Islands. One Society endemic 

(P. fosbergii) did not fall w ithin this clade, and did not associate with any o f  the other individuals 

included in the study. Also falling outside these four clades were the w idespread species P. blanda 

\ar. floribunda, P. tetraphylla  and the two South American outgroup species (P. verticallata  and P. 

m acrostachya). The M axim um  Likelihood analysis distinguished P. tetraphylla  from the other 

species but aside from this neither the MP nor the M L analysis o f  the ITS data further resolved 

relationships between the clades or indicated their relationship to the five species falling outside.

trnL-trnF sequence data did not provide enough resolution to indicate relationships between species 

o f Peperomia  included in this study (Figures 3.4 and 3.6). The pace o f diversification in som e insular 

island groups has been too rapid for fixation o f enough synapom orphic mutations to allow robust 

phylogenetic reconstruction using a limited number o f  cpDNA characters (Baldwin et al. 1998). This 

may explain the situation in Peperomia. Despite the lack o f variation in the trnh-trnF  region, it has 

been an important source o f information.

The trriL-trnF  reg ion  o f  P. tutuilana and P. australana  is characterised by five d istinct I bp 

transitions and five I bp tranversions. This identifies a phylogenetic link between these species and 

also allows them to be clearly distinguished from the other SE Polynesian taxa. The trnL-trn¥  region 

also had a num ber o f  indels (particularly multiple base pair repeat regions). W hile the majority o f 

these are individual or possibly species specific, one is shared between species and has been coded as 

an additional binary character. This repeat (9 bp in length) is unique to P. rapensis, P. pitcairnensis 

and P. rapensis X  australana, indicating a possible phylogenetic link between these taxa.

P. pallida, P. hendersonensis, P. sp. (Pitcairn) and P. X  abscondita formed a strongly supported clade 

in the ITS analysis (it was not maintained in analyses o f  the trnL-trnF  region). Both ITS analysis and 

AFLP analysis (Figure 3.12) divided this clade into two well-supported groups. One contained P. 

pallida from Rarotonga (Southern Cook Islands) and P. x  abscondita. An individual o f P . pallida  

(UB00350) collected on Moorea (Society Islands) also fell within this clade (it was not vouchered and 

has not been included in the trees presented in the results). Peperomia pallida  from Tahiti fell within 

this group in the AFLP analysis (interpretable ITS sequence data could not be obtained from this 

individual). The second group contained individuals o f  P. pallida  from the Austral Islands as well as 

P hendersonensis and P. sp. (Pitcairn). Within this group P. pallida, P. hendersonensis and P . sp 

were distinguished from each other only in the AFLP analysis.

The relationship between P. pallida  and P. x  abscondita is o f  interest. P. x  abscondita has been the 

cause o f  m uch taxonom ic confusion. The species P. abscondita  J.W . M oore is d e sc r ib e d  in



Yuncker’s Revision o f  Peperomia in SE Polynesia (1937). According to this source the type (260) 

was collected by Moore in 1926 on Raiatea (Society Islands), with a collection also being made from 

Tubuai (Austral Islands) by St. John in 1934 (16518). Yuncker states that P. abscondita “is most 

closely allied with P. leptostachya (syn. P. hlanda var. floribunda) with which it should perhaps be 

united. It differs chiefly, however, in the mostly larger plants and leaves, longer internodes and less 

hirtellous stem and leaves”. He also states that “it is also closely allied to P. pallida  var. rurutensis 

differing from that variety mainly in the presence of the hairs and other minor characteristics” .

In 1997 Florence revised P. abscondita and placed the collection from Tubuai (16518) within P. 

blanda var. floribunda. The collection from Raiatea (260) was given hybrid status -  P. x  abscondita 

J.W. Moore. Also included under this new category, P. x  abscondita, is the population represented in 

this study (UB00262). It is located at a specific location on Tahiti, being found at the Maraa Caves. 

The cliff face and the area around the mouth of the caves are extremely damp and have surfaces that 

continuously drip water. P. x  abscondita was abundant at the Maraa Caves (August, 2000) where it 

was freely flowering and fruiting. Seed was collected and living collections o f this population are 

currently held in the TCD Botanic Garden.

Not unusually, the Maraa Caves population has also been subject to taxonomic confusion. It was 

initially collected by Setchell and Parks (182) in 1929 as a type specimen of Peperomia moerenhoutii 

C.DC. variety subglabra Setch. Yuncker (1937) placed it within the species P. pallida  and includes 

“on dripping rocks, Maraa caves” as a specific location o f P. pallida  within the Society Islands. The 

collection 182 (Setchell and Parks) was most recently revised in 1997 when Florence placed it in the 

separate hybrid category: P. x  abscondita. Florence suggests that P. x abscondita is a hybrid 

between P. blanda var. floribunda and P. pallida. Molecular data indicates that P. x  abscondita is 

related to P. pallida  but analyses completed in this chapter have not found evidence to suggest it is 

hybrid in origin.

The relationship between P. x  abscondita (Tahiti) and P. pallida from Rarotonga is of interest as this 

geographic link between the Cook Islands and the Society Islands is also evident in the relationship 

between P. wilderi (endemic to Rarotonga) and P. grantii, P. hombronii and P. societatis (endemic to 

the Society Islands).

Individuals o f P. pallida, P. hendersonensis and P . sp. (Pitcairn) are closely related based on both 

analysis o f the ITS sequence data and analysis of the AFLP data. This suggests that these taxa have 

evolved from P. pallida  on the remote islands o f Henderson and Pitcairn, respectively. P 

hendersonensis has an alternate leaf arrangement, enlarged turgid nodes and is entirely glabrous



(Yuncker 1937), making it distinguishable from P. pallida. It is significant that ITS divergence is not 

sufficient to distinguish between these two recognised species. Figures 3.1 and 3.3 indicated that of 

the individuals o f P. pallida  included in the ITS study, P. hendersonensis was most closely related to 

the population on Raivavae (this was the only population located during a two week period spent on 

the island -  August 2000). AFLP studies (Figures 3.12(a) and 3.12(b)) also suggested that P. 

hendersonensis and P. sp (Pitcairn) were more closely related to P. pallida  collections from the 

islands o f Rurutu and Raivavae than to individuals from Rimatara. Rurutu and Raivavae lie to the 

east o f Rimatara and it is thus hypothesised that propagules o f P. pallida from one o f these two 

islands have dispersed to Henderson and Pitcairn and through founder events given rise to P. 

hendersonensis and P. sp. The speciation of P. pallida  and related species is discussed in detail in 

Chapter 4.5.3.

Analyses o f both ITS and trnL-trnV sequence data indicated a strongly supported relationship 

between P. australana and P. tutuilana. While it is difficult to determine the direction of speciation 

events, based on evidence from a range of biota that suggests colonisation of the Pacific has been 

from the west (Stoddart 1992), it seems more likely that P. tutuilana (distributed on Tonga and 

Samoa) has migrated east into the Austral Islands where it evolved into the endemic species P. 

australana. This speciation event is discussed in Chapter 4.5.1 in light of morphological data.

Analysis of both sequence data (ITS and trnh-trn¥ region) and AFLP data indicated that P. rapensis 

(represented by 97-621) collected on Pitcairn is closely related to the endemic species P. pitcairnensis 

and not to other individuals of P. rapensis collected in the Austral Islands. The species P. rapensis 

has a distribution centred predominantly on the island o f Rapa, 2000 km to the east o f Pitcairn 

(Florence 1997). Unfortunately material from Rapa has not been included in this study. All 

individuals o f P. pitcairnensis and P. rapensis studied shared a unique 9 bp repeat in the trnL-trn¥ 

region leading to the hypothesis that propagules of P. rapensis dispersed from Rapa to Pitcairn and 

speciated into the endemic P. pitcairnensis, with subsequent migrations resulting in the current 

distribution o f P. rapensis sensu stricto on the island. Given the difficulty of obtaining clean 

sequence data for P. rapensis on Pitcairn (evident from the branch length in Figure 3.1) it was 

suspected that sequence heterogeneity due to hybridisation events between P. pitcairnensis and P. 

rapensis might be a factor. The ITS region of individual 97-621 was cloned (Chapter 3.3.2) but as 

multiple copies o f  the ITS region were not detected, no evidence is available to support this 

hypothesis. The possibility that P. rapensis (individual 97-621) is not distinct from P. pitcairnensis 

requires investigation. This is discussed in detail in Chapter 4.5.2.
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The phylogenetic relationships indicated by analysis o f the ITS and trnL-trn¥ regions conflict in a 

number of cases. While complex, these are highly informative and give an indication of evolutionary 

processes within the genus. Individuals with morphological characteristics o f both P. australana and 

P. pallida were collected on Rimatara (UB0026 - UB0030). These individuals fell as sister-groups to 

the clade containing P. australana in analysis of the ITS region (Figures 3.1 and 3.3) but did not share 

the characteristic trnL-trnV sequence of this species (Figures 3.4 and 3.6). One hypothesis is that they 

reflect a hybrid population between P. australana and P. pallida  (with P. pallida  as the maternal 

parent, although trnh-trn¥ data does not confirm this) that may have backcrossed with P. australana 

and thus has an ITS sequence more similar to this species (introgression). In AFLP analysis the 

population fell within a defined group that was intermediate to P. pallida and P. australana, 

providing further support of hybridisation between the two taxa.

A second example involves P. australana and the individuals o f P. rapensis collected in the Austral 

Islands. Collections o f P. rapensis from Tubuai and Raivavae (Austral Islands) could not be 

distinguished from P. australana in analysis of the ITS region but did not share the characteristic 

trnL-trnF sequence o f this species (Figures 3.1 to 3.6). Instead trnL-trn¥ data indicated that these 

individuals are phylogenetically related to P. pitcairnensis, with which they share a unique 9 bp 

repeat. Based on sequence analyses, one hypothesis is that the individuals of P. rapensis collected in 

the Australs have introgressed with P. australana (with P. rapensis as the maternal parent). This 

hybridisation event was also supported by the AFLP analysis where P. rapensis from the Australs fell 

within a defined group that was intermediate to P. australana and P. pitcairnensis (Figure 3.11). The 

situation is somewhat complicated by the inability to determine the molecular status of P. rapensis on 

Rapa (discussed in Chapter 4.5.2).

P. rapensis collected from Tubuai and Raivavae were positively identified under the species 

description o f Florence (1997). On both islands populations of P. australana and P. rapensis were 

sympatric but the morphological integrity of P. rapensis was maintained {personal observation). On 

Raivavae, individuals felt to display morphological characteristics o f both P. australana and P . 

rapensis were collected (represented by UB00155 and UB00205). Molecular analysis does not 

distinguish these individuals from collections of P. rapensis in the Australs. Given the evidence to 

suggest that P. rapensis in the Australs has introgressed with P. australana, it appears that these 

individuals also fall within this hybrid clade and happen to reflect the hybridisation event 

morphologically. Hybridisation within Peperomia in the Austral Islands is discussed in detail in 

Chapter 4.6 in light o f both morphological and molecular data.
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ITS data suggested that P. hombronii, P. grantii, P. societatis (endemics from the Society Islands) 

and P. wilderi (Cook Island endemic) are closely related. Within this clade P. hombronii formed the 

most basal branch followed by P. societatis, with P. wilderi most closely related to P. grantii. It may 

be that the Society endemics evolved from P. hombronii (or alternatively from a now extinct ancestral 

species) with P. grantii (or an ancestral taxon) migrating to the Cook Islands where it gave rise to P. 

wilderi. In the ITS analysis, P. hybrid (indet) from Pitcairn, fell as an sister-group to this clade. The 

speciation o f Peperomia in the Society and Cook Islands is discussed in Chapter 4.5.4.

Peperomia hybrid (indet) was collected from one location on the island of Pitcairn, some 2500 km 

southeast of the Society Islands. It was putatively identified as a hybrid given its vigorous growth and 

consistent failure to set seed. Observation of the pollen sacs under cultivated conditions revealed that 

they are empty (personal observation). Mature stigmas of P. hybrid have been manually cross

pollinated with P. blanda var. floribunda, P. hendersonensis, P. pitcairnensis, P. hombronii and P. 

wilderi but individuals have not set seed (experimental observation, TCD Botanic Gardens). 

Morphologically this species does not strongly resemble any o f the other species observed in SE 

Polynesia. Its precise relationship to the Society endemics is difficult to determine without further 

analyses, particularly the inclusion of more species in the sequencing study. Further studies should 

also include a greater number of chloroplast genes to obtain greater resolution o f relationships 

through this lineage. If  it is hybrid in origin, cloning of the ITS region may identify parental ITS 

types (this has not been attempted). The origin of this taxon on one o f  the most remote islands in the 

Pacific is something of a mystery and clearly serves to illustrate the complexity of plant speciation.

Molecular data has indicated that P. fosbergii (endemic to Tahiti) is distinct from the other endemic 

species in the Society Islands. It is assumed to represent a separate colonisation event from that 

which gave rise to P. grantii, P. hombronii and P. societatis. It did not strongly associate with any of 

the other individuals from SE Polynesia nor any of the outgroup individuals included in the study in 

terms o f either ITS or trnL-trnF data. It is difficult to speculate on the origin of this species without 

the inclusion of a greater number of outgroup taxa.

On a side point. Figure 3.10 suggests that of the outgroup taxa used, Peperomia  is more closely 

related to the species o f Saururus than to the species of Piper. In previously drawn trees (Figures 3.1 

3nd 3.3) Saururus chinensis (China) was pre-selected as the outgroup taxa given that it falls within a 

separate family, Sauraceae, while both Peperomia and Piper are in the Piperaceae (Tucker 1993). 

Interestingly the South Pacific species Piper methysticum separates from the South American species 

of Piper in Figure 3.10, associating instead with Saururus chinensis and the Peperomia species. A 

molecular phylogeny of the Piper genus constructed using ITS sequence data (Jaramillo & Manos
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2001) found that Piper methysticum was more closely related to South Pacific species of Macropiper 

than to the Asian species o f  Piper included in the study. Building on the recommendation of 

Jaramillo & Manos that further research is necessary to elucidate the phylogenetic relationships of 

South Pacific species o f Piper, molecular studies at the genus level in the Piperales may also be of 

interest.

Concluding Remarks

Molecular analysis of Peperomia in SE Polynesia has been extremely valuable from the perspective 

of understanding speciation o f the genus. ITS sequence data has been successfully used to identify 

phylogenetic relationships between the species. trnL-trnV sequence data is less variable and therefore 

provides less resolution but does back up a number o f the major clades identified in the ITS tree. As 

a means o f assessing hybridisation, AFLP studies have been extremely informative, and add weight to 

the suggestion that those individuals yielding incongruous ITS and trnL-trnF sequence data are 

hybrid in origin. In addition, AFLP analysis has been successful in providing greater resolution to a 

number o f the clades identified by analysis of the ITS data.
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CHAPTER 4: DISCUSSION

THE EVOLUTION OF PEPEROMIA IN SOUTH EASTERN

POLYNESIA

4.1 LIMITATIONS OF THE FIELD COLLECTIONS

An evolutionary study o f a single genus is highly dependent on the collections used to represent that 

genus. For this reason, conclusions on the process cannot be drawn without reference to a number o f 

intellectual concerns with regard to field collection.

The first concern refers to the constraints (both time and financial) commonly imposed on field 

studies. In the case o f Peperomia, a relatively short period was spent collecting on each island 

(Expedition to SE Polynesia, 2000). The collections used in this study represent as much variation as 

it was possible to locate. As it was impractical to cover an island in its entirety, there is a degree of 

chance in those collections that were made and used to represent the genus.

A field problem that is specific to Peperomia is the difficulty in immediate and positive species 

identification. Lack o f information on phenology, the enormous variation present within many 

species and the potential for hybridisation makes field identification problematic. This may lead to 

sub-optimal collections, as it is difficult to consciously collect all o f  the variation present. Attempting 

to collect hybrids is particularly problematic as they are often difficult to identify, yet those 

collections made directly affect conclusions about the effects o f this phenomenon on the speciation 

process.

In terms o f field collections for this study, a notable exclusion from the analyses are the Marquesan 

species o f  Peperom ia. Unfortunately financial constraints made the collection of these species 

impossible. The Marquesas are the most northerly archipelago in French Polynesia, being remote 

from the southern islands of SE Polynesia, which form the basis o f this study. There are 6 species of 

Peperomia distributed on the archipelago, which lies 1300 km northeast of the Society Islands: the 

widespread P. blanda  var. flo r ib m d a , the eastern Polynesian species P. pallida, and 4 endemic 

species. P. marchionensis and P. oliveri are endemic to the Marquesasan archipelago, P. tooviiana is 

endemic to the island of Nuka Hiva and P. adamsonia is endemic to Hiva Oa.
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Descriptions o f the Marquesan species raise a number o f interesting hypotheses. One species of 

particular note is P. adamsonia. It was collected in 1929 by Mumford and Adamson and classified by 

Brown (1935) as P. pallida  A. Dietr. var. adamsonia F.Br. but subsequently revised to P. adamsonia 

(F.Br.) Yunck. (Yuncker 1937). Interestingly Yuncker compared it to the most southerly endemic in 

SE Polynesia, P. rapensis, and suggested that P. rapensis “differs from P. adamsonia to which it 

bears some resemblance principally in its more erect habit of growth, longer peduncles and more or 

less hispidulous rachis”. This raises the question o f whether P. adamsonia and P. rapensis have a 

close phylogenetic relationship or the tenuous morphological similarities are due to chance or to 

convergent evolution. The inclusion of the Marquesan species are necessary to generate a complete 

phylogenetic picture o f Peperomia  in SE Polynesia but of lesser importance in understanding 

speciation mechanisms within the genus.

4.2 MORPHOLOGICAL ANALYSIS

It can be difficult to provide a morphological description o f a given species that will encompass the 

wide variation present in the field and to ensure that overlap with other species does not occur. 

Personal observations o f Peperomia have revealed that general features quoted within species 

descriptions commonly show a much greater variability under field conditions.

There are also a number of historical taxonomic problems. One o f the most relevant of these 

concerns the species P. hendersonensis Yunck. and P. rhomboidea Hook. & Arn. Both species are 

described in the Revision o f  the Polynesian species o f  Peperomia (Yuncker 1937). Peperomia 

hendersonensis is described from Henderson Island in the Pitcairn group and P. rhomboidea from 

Rarotonga in the southern Cook Islands and from ‘Coral Island’ (thought to be Henderson). Florence 

(1997) states that P. rhomboidea was originally the name given to the type collection made on Coral 

Island by Hooker and Arnott collected during the Beechey Voyage in 1832, and that subsequent 

collections made on Henderson (and classified by Yuncker as P. hendersonensis - 15090 and 15153,

St. John and Fosberg, 1934) should fall within that definition.

The endemic on Henderson which is commonly known as P. hendersonensis Yunck. should thus be 

correctly classified as P. rhomboidea Hook. & Arn. (it is referred to as P. hendersonensis in this 

chapter to avoid confusion). The question remains as to the correct definition of the taxon T. 

’’homboidea’’ described from Rarotonga {P. rhomboidea Hook. & Am. collected by Cheesman in 

1899 (644) and P. rhomboidea Hook. & Am. var. rarotonga Yunck. collected by Parks and Parks in 

1929 (22127)). Florence (1997) includes Yuncker’s description o f this species (T.G. Yuncker, B.P.



Bishop Museum Bulletin 143:30 figure 16) within P. societatis J.W. Moore. P. societatis is endemic 

to the Society Islands. In contrast, a list of Cook Islands native flowering plants (Cook Islands 

Natural Heritage Programme, 2000) states that P. rhomboidea is a synonym for P. pallida.

Herbarium samples o f P. rhomboidea collected on Rarotonga bear striking similarity to P. 

hendersonensis (personal observation). The morphology o f  both P. hendersonensis and P. 

rhomboidea is discussed in Appendix 1.6 using information from Yuncker (1937). Based on these 

data and personal observations of herbarium material, the only difference found between the two 

species appears to be that in P. rhomboidea the stem is consistently un-branched. In situ, P. 

hendersonensis has a distinctive red coloration on the stem, petioles and leaf veins, unfortunately it is 

impossible to predict the colouration of P. rhomboidea from herbarium specimens. Individuals 

resembling P. rhomboidea (based on species description o f Yuncker (1937) and personal observation 

of herbarium material) were not located on Rarotonga despite extensive searching of its previously 

known localities (August 2000). This is unfortunate as molecular analysis of living material would 

have been o f some interest. The difficulty in assessing species status within a genus can confound the 

formulation o f evolutionary theories, as can a lack o f knowledge about now extinct entities and their 

past distributions.

Fieldwork was carried out with the intention of independently assessing variation within Peperomia 

with respect to the differing species of Yuncker (1937) and Florence (1997). To use P. australana 

as an example, Yuncker (1937) described the species but found sufficient variation within this 

complex to warrant the separate definitions of P. australana, P. australana var. ovalilimba, P . 

australana war. ovalilim ba forma puberulenta, P. furutana, P. raivavaeana, P. raivavaeana war. 

rim atarana  and P. raivavaeana var. tubuaiana, which were disregarded by Florence (1997). 

Unfortunately field studies revealed that the type locations o f  many of these taxa have been 

devastated by human influenced factors, particularly the introduction o f feral goats and the presence 

of invasive species in the Austral Islands. Thus, it may have been the case that a greater degree of 

morphological variation was present within P. australana in the past, but habitat destruction makes it 

impossible to apply current molecular techniques to speculate on this or on the effect it may have had 

on the subsequent evolution of Peperomia in Polynesia.

Given the historical disagreements in taxonomic treatments of the genus Peperomia, it is perhaps not 

surprising that this study concludes that morphological data alone cannot be used to hypothesise on 

phylogenetic relationships within the genus in SE Polynesia. One common difficulty is the 

superficial similarity between unrelated species. Cladistic hypotheses based on morphology are 

common in early revisions of the genus. Brown (1935) suggests that P. rapensis, endemic to the
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southern islands in SE Polynesia, is “evidently allied to P. latifolia Miquel o f  Hawaii, from which it 

differs in the glabrous to subglabrous exterior and the distinctly 7-veined leaves” . He also 

hypothesises that P. marchionensis, an endemic species to the Marquesas, is “evidently related to P. 

circinata Link o f Brazil, from which it differs in the larger, differently shaped leaves, longer petioles, 

and smoother surfaces”. Yuncker (1937) suggests that P. wilderi endemic to Rarotonga in the Cook 

Islands is “closely related to P. marchionensis but differs from that species because o f its entirely 

glabrous stems and leaves and its thin and membranous leaves in which the midrib is no more 

prominent than the slender lateral nerves”. Molecular data provide no evidence o f a relationship 

between P. rapensis and P. latifolia.

Accepting the fact the morphological data alone cannot be used in phylogenetic treatments o f 

Peperomia in SE Polynesia, the question remains as to whether patterns of morphological evolution 

can be identified. To answer this, two significant taxonomic characters (identified in Chapter 4.3) 

were chosen and superimposed onto a phylogenetic tree of Peperomia in SE Polynesia (constructed 

using combined ITS and trnL-trnV sequence data). The taxonomic characters that were superimposed 

are predominant leaf arrangement (Figure 4.1) and stem vestiture (Figure 4.2).
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Figure 4.1: Phylogenetic pattern of leaf 

arrangement in SE Polynesia

Branches in bold indicate species that have 

a predominantly alternate leaf arrangement. 

Branches in semi-bold indicate species in 

which leaf arrangement is not fixed.

Figure 4.2: Phylogenetic pattern of 

stem vestiture in SE Polynesia

Branches in bold indicate species that 

have a glabrous stem. B ranches in 

semi-bold indicate species in which 

stem vestiture is not fixed.
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Figures 4.1 and 4,2 suggest that the evolution of Peperomia in SE Polynesia does not follow any 

obvious morphological pattern. It appears that even these characters, regarded as taxonomically 

important, have evolved independently within different lineages. So while they may be regarded as 

key characters to distinguish between taxa, and hence o f value in taxonomy, they are o f little 

phylogenetic significance. This approach to understanding patterns o f morphological evolution is 

clearly biased as it restricts the analysis to characters that are presupposed to be directly involved in 

evolutionary events and reduces the chance of discovering novel phenotypic characters evolving 

within clades (Bateman 1999). However, it is solely a reflection of the difficulty in finding 

appropriate characters within the Peperomia genus. Morphological changes associated with 

speciation events are discussed in detail in section 4.5.

Another limitation in a speciation study lies in the quality o f available data. Peperom ia  is a 

notoriously difficult genus to interpret morphologically and has been subject to much revision both at 

the species level and at the individual level. From personal experience it is not uncommon to find 

individual herbarium collections revised multiple times. This difficulty can lead to incorrect 

taxonomic interpretation and consequently to misinformed evolutionary theories. The problem is 

minimised in the study of material collected and analysed personally but is of particular relevance 

when such studies are expanded to discuss data from other authors and attempts are made to place 

them in a wider context.

Based on studies o f  Peperomia in SE Polynesia, lack of significant taxonomic characters and apparent 

lack o f evolutionary patterns in morphology prevent morphological data from providing direct 

evidence on the speciation process. More detailed studies of Peperomia, linking morphological and 

molecular data, are necessary to understand the relationship between molecular and morphological 

evolution. Combined with detailed studies on the levels o f variation that can be displayed by a single 

species and the relationship between phenology and morphology, this may allow a useful basis to be 

set for the taxonomic treatment o f this problematic genus.
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4.3 CHROMOSOME STUDIES

4.3.1 Introduction

Sytsma and Pires (2001) suggest that counting chromosomes and examining their gross structural 

changes is difficult, time consuming and one of the least rewarding sources o f systematic data. 

Despite this it is an extremely important taxonomic resource (recent reviews by Heslop-Harrison 

2000; Stace 2000). More recently, chromosome studies have also taken a more integrated approach 

involving an analysis of hybridisation and polyploidisation using fewer taxa (Rieseberg et al. 2000; 

Soltis & Soltis 2000; Wendel 2000). Rieseberg (2001) specifically discusses the relationship between 

chromosomal rearrangements and speciation.

Floras o f oceanic islands contain many endemic taxa that have evolved from continental ancestors. 

Chromosomal surveys of the Hawaiian, Juan Fernandez, Bonin and Galapagos islands reveal very 

little change in chromosome number during the evolution of endemic taxa (Stuessy & Crawford 

1998). The authors suggest that the absence of changes in chromosome number on oceanic islands is 

due to “low levels o f hybridisation due to habitat exclusion o f  endemic taxa, short periods of 

geological time and selection against aneuploid cytotypes which might disrupt the adaptive complex 

of traits that lead to successful establishment, colonisation and radiation”.

Chromosome studies in the Piperaceae can be difficult due to the extremely small size but high 

number o f chromosomes, interclonal variations and heavy cytoplasmic contents (Dasgupta & Datta 

1976; Sharma & Bhattacharyya 1959). Jose & Sharma (1985) used improved techniques (Sharma & 

Sharma 1980), to understand the number, structure and behaviour o f chromosomes in relation to the 

systematic position of Peperomio within the Piperaceae family. This study found that the majority of 

species studied within the genus Peperomia had a chromosome number of 2n=22. P. pellucida  

H.B.K., a widespread pantropical species, is a tetraploid with 2n=44 (numerical variations within the 

same individual have been recorded in P. pellucida). Another species P. nummularifolia H.B.K. has 

2n=23 chromosomes, suggested as a derivative of 2n-22.

Other studies (Samuel & Morawetz 1989) have identified P. metallica Lind, as a triplold with 2n=33, 

P fenzlei Regel.and P. flexicaule C.DC. as tetraploids and P. longespicata C.DC. as a heptaploid with 

2n=66. This study analysed the chromosomes o f 26 different species within the genera Piper, 

Peperomia and Pothomorphe and discovered that the basic chromosome numbers are 2n=26, X=13 

for both Piper and Potomorphe and 2n=22, X = ll for Peperomia. Polyploid series are com m on for 

both Piper  and Peperom ia  as are Interspecific size variation o f  the chromosomes. The largest
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chromosomes were observed in Peperomia, which has mostly reticulate to euchromatic nuclei. Piper 

has the smallest chromosomes and prochromosomal interphase nuclei. Pothomorphe is intermediate 

in both characters. Detailed studies of the chromosome structure in Peperomia (Jose & Sharma 1985) 

revealed that the karyotype is more or less symmetrical. Even at the diploid level the species differ in 

minute details o f the karyotype and in the 10 species studied the number o f secondary constrictions 

ranged from 2 to 6. The authors suggest that the genus may be homogeneous, yet minute alterations 

affecting the chromosomes with secondary constrictions could have been effective in evolution.

Samuel and Morawetz (1992) summarise that the genus Peperomia is characterised by a chromosome 

base number o f X = l l  (Jose & Sharma 1985; Samuel & Morawetz 1989), frequent polyploidy 

occurring from the diploid to the hexaploid level, the lack o f dysploid events and no obvious 

chromosomal rearrangements. Piper species, in contrast, exhibit less extensive polyploid series and 

dysploid chromosome numbers (Samuel & Morawetz 1989).

Samuel and Morawetz (1989) discuss the high speciation rate o f Piper and suggest it is linked with 

polyploidy and the relatively high cytogenetical lability o f the genus as compared with other members 

in the woody M agnoliidae (Morawetz 1986a, 1986b, 1988). They suggest that changes in 

chromosome number and structure can serve as crossing barriers which allow divergent evolutionary 

pathways and that these mechanisms normally operate more frequently in herbaceous epiphytic and 

epilithic plants such as Peperomia. Interestingly if the herbaceous Peperomia is regarded as more 

advanced then the evolution from small to larger chromosomes and from prochromosomal to 

euchromatic-reticulate nuclei is in contrast with general patterns suspected within the Magnoliidae 

(Morawetz 1986b). The differing base number of the two groups do, however, indicate an early 

separation from each other.

Chromosome numbers have not been previously studied for species of Peperomia in SE Polynesia. 

Chromosome numbers have however been determined for the widespread species that are distributed 

in the area, P. blanda (Samuel & Morawetz 1989) and P. tetraphylla (Huang et al. 1989). P. blanda 

is a widespread old world species and P. tetaphylla is pantropical.

4.3.2 Methods

In accordance with a protocol used with success in the Piperaceae (Samuel & Morawetz 1989), root 

tips were pretreated in 8-hydroxyquinoline (0.002 M) for 4-5 hours and then fixed in glacial acetic 

acid/methanol (1:3). The usual schedule for aceto-orcein staining was followed. Chromosome counts
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were made o f one individual o f each species in cultivation in the TCD Botanic Gardens. Within each 

individual three separate counts were made.

4.3.3 Results

Table 4.1: Chromosome counts obtained from living collections of 11

sp ecies of Peperomia collected in SE Polynesia.

Species TCD living 
collections

2n recorded 2n previous 
record

P. hendersonensis 19920504 circa 22

P. pitcairnensis 19970063 circa 22

P. blanda var. 
floribunda

20011019 circa 22 Samuel & 
Morawetz 1989 

(2n=22)
P. species (Pitcairn) 19980094 circa 22

P. hombronii 20011022 circa 22

P. rapensis 20011016 circa 22

P. X abscondita UB00262 circa 22

P. wilderi 20011018 circa 22

P. pallida 20011023 circa 22

P. hybrid (indet) 97-675 circa 22

P. tetraphylla 19970067 circa 22 Huang etal. 1989 
(2n=22)

Table 4.1 indicates that all of the taxa studied had a chromosome count of circa 22. For P. blanda 

var. floribunda and P. tetraphylla this agrees with previously published results.

4.3.4 Discussion

Chromosome counts of SE Polynesian species of Peperomia suggest that 2n = circa 22 and show no 

evidence o f polyploidy. Accurate counts were not obtained, but rather chromosomes were observed 

in an attempt to detect polyploidy. Unfortunately individuals o f suspected hybrid origin {P. 

^ustralana x pallida on Rimatara or P. aiistralana X rapensis on Raivavae) have not been included in 

this study as it was not possible to collect seed from these individuals in the field. Polyploidy was not 

detected in P. x  abscondita (postulated hybrid between P. pallida  and P. blanda var. floribunda.
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Florence 1997), nor in P.hybrid (indet) from Pitcairn. Hybridisation analyses have been backed by 

cytogenetic evidence in a number of studies on evolution in island plants (Carr & Kyhos 1981, 1986).

It is possible that changes in chromosome structure may have played a role in the speciation of 

Peperomia but this has not been investigated. Samuel and Morawetz (1989) suggest that changes in 

chromosome number and structure can serve as crossing barriers which allow divergent evolutionary 

pathways and that these mechanisms normally operate more frequently in herbaceous epiphytic and 

epilithic plants such as Peperomia.

Chromosome studies on the 3 endemic species in the Juan Fernandez Islands have also found that 

2n=22-24 (Sanders, Stuessy & Rodriquez 1983). Interestingly however, chromosome numbers 

reported by Sastrapradja (1968) indicate that the basic chromosome number for Hawaiian endemic 

species is 2n= 44 or 88. 2n=48 and 2n=96 have also been reported for P. macreana (also 2n=44) and 

P. oahuensis (also 2n=44) respectively although these need to be confirmed. Earlier chromosome 

studies on Hawaiian species of Peperomia (Skottsberg 1953) suggested additional numbers of 2n=28, 

ca. 36, 42, 46, 66 for various species. Interestingly the chromosome number quoted for P. tetraphylla 

in the M anual o f  the flowering plants o f  Hawaii (Wagner et al. 1990) is 2n=40, which differs from 

that of Huang et al. (1989) who analysed this pantropical species and suggested that 2n=22. Given 

the variability o f counts for the Hawaiian endemics it is suggested that detailed studies be completed 

to accurately determine chromosome number and that this be superimposed onto phylogenetic data to 

determine if polyploidy has played a role in the evolution of the genus on this archipelago.

4.4 MOLECULAR ANALYSIS

Molecular analysis has been successful in revealing details of the speciation process in Peperomia. 

The most significant shortcomings of this aspect of the research were time and financial constraints, 

which have limited the numbers of species studied. Ideally a greater number of Pacific-wide out

groups would be included in the sequencing study. The chance inclusion of P. tutuilana from Tonga 

and its revealed evolutionary relationship to the Australs endemic, P. australana, illustrates the point.

Sequence analysis o f the nuclear ITS region identified 4 major clades within SE Polynesia. The 

widespread P. tetraphylla fell as an outgroup to the other species. P. pallida (occurs in Tonga, Niue, 

and SE Polynesia) associated with the SE Polynesian endemics P. hendersonensis, P. sp (Pitcairn) 

and P. X abscondita. A  second clade included P. tutuilana (species included from Tonga), P■ 

oustralana and P. rapensis (collected in the Australs). P pitcairnensis and P. rapensis (collected on 

Pitcairn) associated together. Three of the four Society Island endemics {P. societatis, P. grantii, P.
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hombronii) and the one endemic species in the Cook Islands {P. wilderi) formed a fourth clade. The 

remaining Society endemic {P. fosbergH) did not fall within this clade, nor did it associate with any of 

the other species included in the study. Analysis of the ITS region did not provide any indication of 

relationships between these four clades.

The clade containing P. pallida  was divided into two distinct groups (supported by both the ITS 

sequence analysis and AFLP analysis). One contained individuals o f P. pallida  from Rarotonga 

(Southern Cook Islands) and individuals of P. x  abscondita. The second group contained individuals 

of P. pallida  from the Austral Islands and individuals of P. hendersonensis and P. sp. (Pitcairn). 

Within the second group P. pallida (Australs), P. hendersonensis and P. sp. (Pitcairn) were 

distinguished from each other only in the AFLP analysis. Within the clade containing the Society and 

Cook Island endemics, P. hombronii (Society Islands) formed the basal branch followed by P. 

societatis (Society Islands). P. wilderi (Cook Islands) was most closely related to P. grantii (Society 

Islands). The ITS analysis did not distinguish individuals of P. rapensis (collected in the Australs) 

from P. australana but the two taxa did clearly separate in the AFLP study.

The trn'L-trnV sequence data were less variable than the ITS data and did not resolve relationships 

between the species o f Peperomia in SE Polynesia. This may reflect the fact that speciation has been 

relatively recent in evolutionary terms, allowing insufficient time for random mutations to build up in 

the trnL-trnF gene region. Significantly however, all individuals of P. australana (and P. tutuilana) 

analysed had distinctive trnL-trnY sequence data and were readily distinguishable from the other SE 

Polynesian species. P. rapensis and P. pitcairnensis could also be clearly identified as all individuals 

of these two species analysed had a unique 9bp repeat at position 882. Combined analysis o f the 

ITS1-5.8S-ITS2 and trnL-trnF sequence data reflected this and distinguished individuals o f P. 

rapensis collected in the Australs from P. australana (Figure 3.7). Otherwise the tree generated with 

combined ITS and trnL-trnF data was similar to that generated from ITS data alone.

Fine scale molecular studies using ALFP analysis complemented the phylogenetic relationships 

indicated by the combined sequence analysis and provided greater resolution to a number o f the 

clades. This technique was also extremely important in assessing individuals suspected to be hybrid in 

origin.

Molecular studies have been important not only in providing a phylogeny for the genus, but also in 

making fundamental points about the methods employed in speciation studies. Conflicts between 

molecular and m orphological datasets indicate that the relationship between morphological and 

molecular evolution in Peperomia is com plex. Conflicts also arise between molecular datasets.

160



Conflicts in the relationships indicated by analysis o f the ITS and trnL-trnV region suggest that 

introgression events may have occurred between P. pallida  and P. australana  and between P. 

rapensis and P. australana (discussed in section 4.6). Such reticulation events can pose severe 

limitations to commonly used methods of phylogenetic analysis that construct bifurcating trees 

(MacDade 1990; discussed in chapter 1.9.2). Peperomia clearly demonstrates how interpretation of 

data from a single molecular source can lead to the formation of incorrect phylogenetic conclusions.

Relationships that reflect reticulation patterns can be found in a number of phylogenetic situations 

such as hybridisation between species or microevolution of local populations within a species 

(through genetic differentiation of allopatric populations and/or gene exchange through migration) 

(Legendre & Makarenkov 2002). Reticulograms are a type o f graph capable o f representing 

relationships among organisms that may have more than one path connecting one organism to 

another, thus removing a major limitation of dendrograms (Legendre & Makarenkov 2002). The T- 

REX package (Makarenkov & Casgrain 2000) is used for reticulogram reconstruction. This program 

first computes a classical additive tree from a dissimilarity matrix using one o f five available tree 

reconstruction algorithms. It then improves on the tree solution by adding reticulation branches to the 

growing network, using a least squares or weighted least squares method to optimally place a new 

reticulation branch during each iteration (the method is described in detail by Legendre & 

Makarenkov 2002).

The authors recommend the use of reticulograms in phylogenetic problems where researchers suspect 

hybridisation. Conflicts between the phylogenetic relationships indicated by nuclear ITS and cpDNA 

trnL-trnF sequence data provide evidence of hybridisation events in Peperom ia  between P. 

oustralana and P. pallida and between P. australana and P . rapensis. These have also been indicated 

by AFLP analysis.

Reticulograms have been constructed using AFLP data from suspected hybrid individuals (originally 

presented in Figure 3.11) and also from ITS sequence data o f Peperom ia  in SE Polynesia. The 

presence/absence ALFP data were converted to a distance matrix (1-Dice algorithm) in Le Progiciel R 

v4.0d (Casgrain 1999) and imported into T-REX where a reticulogram was constructed using an 

initial Neighbour-joining (Saitou & Nei 1987) method of tree reconstruction (Figure 4.3). ITS 

sequence data (includes only SB Polynesian endemic species) were converted into a pair-wise 

distance matrix in PAUP* version 4.0b8 (Swofford 2001). It was opened as a text (tab delimited) file 

in Progiciel R v4.0d and saved in the Simil format, before being imported into T-REX where a 

reticulogram was constructed using an initial Neighbour-joining method of tree reconstruction (Figure 

4.4).
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Figure 4.3; Reticulogram constructed from AFLP data of suspected hybrid individuals of 

Peperomia in SE Polynesia.

Individuals of P. pitcairnensis are labelled green, P. rapensis - red, P. rapensis x australana - pale 

blue and P. pallida x australana -  dark blue. Numbers at the end of each branch are  collections 

numbers. Voucher details are in Appendix 2.13, w here num bers a re  prefixed by UBOO.

The reticulogram has formed three major clades: one containing the 4 individuals of P. australana, a 

second containing the 4 individuals of P. pallida and 5 individuals of P. pallida x australana and the 

third containing individuals o f P. rapensis, P. pitcairnensis and P. rapensis x australana. The broken 

lines indicate a relatively large number of reticulation events have occurred between the taxa, with the 

majority between P. pallida and P. australana, between P. australana and P. rapensis and between P. 

pitcairnensis and P. rapensis.
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Figure 4.4: Reticulogram constructed from ITS sequence data of Peperomia in SE

Polynesia.

Society and Cook Island endemics are labelled light blue, P. pallida — red, P. australana -  green and 

P. rapensis -  dark blue. Abbreviations: hyb (P. hybrid (indet) Pitcairn), novo (P. species (Pitcairn)), 

hen (P. hendersonensis), abs (P. x abscondita), tut (P. tutuilana). Numbers at the end of each 

branch indicate collections numbers. Voucher details are given in Appendix 2.12 where numbers are 

prefixed by UBOO.

The reticulogram has formed four major groups (these closely correspond to those indicated by the 

maximum parsimony (Figure 3.1) and maximum likelihood (Figure 3.3) analyses of ITS sequence 

data). One group contains P. australana, P. rapemis (collections from the Australs), P. australana x 

rapensis and P. australana x pallida. A second contains P. pallida, P. hendersonensis, P. sp. 

(Pitcairn) and P. x abscondita. A third group contains the Society and Cook Island endemic species 

plus P. hybrid (indet) Pitcairn. P. pitcairnensis and P. rapensis (collected on Pitcaim) form a fourth
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group. This technique has constructed a large number o f reticulation events between the taxa, making 

the output difficult to interpret.

Hybridisation events can make the interpretation o f dendrograms problematic. Figure 4.3 (based on 

AFLP data) clearly shows evidence of reticulation events between the taxa and is a more accurate 

way of presenting AFLP data than a NJ dendrogram. In contrast, the reticulogram constructed using 

ITS sequence data o f the endemic species of Peperomia  in SE Polynesia is extremely difficult to 

interpret (Figure 4.4). The number of reticulation events drawn by the program increases greatly on 

addition o f outgroup taxa with divergent sequence data {e.g. P. tetraphylla), suggesting that it may 

reflect hybridisation events and microevolutionary process but also depend on the levels o f nucleotide 

variation between species. Thus the technique may be the most effective way of presenting data o f a 

small number o f closely related taxa where hybridisation is suspected, but as a method of presenting 

an overall dataset it is not, in itself, a more useful way to accurately represent evolutionary events 

within Peperomia. That said, the concept of presenting trees in a 3D format with broken lines to 

indicate reticulation events that have been positively identified should be further investigated as an 

alternative to bifurcating trees.
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4.5 SPECIATION EVENTS

Molecular studies o f  the genus Peperomia in SE Polynesia have revealed evidence o f  a number of 

speciation events. These are discussed separately:

4.5.1 P. australana and P. tutuilana

Sequence analysis o f  the both the nuclear ITS1-5.8S-ITS2 and the chloroplast trriL-trnF region 

indicate a strongly supported relationship between P. australana (an endemic to the Austral Islands o f 

French Polynesia) and P. tutuilana (distributed in Tonga and Samoa). Based on this evidence it is 

hypothesised that P. tutuilana  migrated in an easterly direction from Tonga/Samoa along a southern 

route into the Austral Islands. P. australana has also been recorded from M angaia, the most easterly 

of the southern Cook Islands (Florence 1997). Given the current m orphological distinction o f the two 

species it is suggested that P. tutuilana (or a more ancestral form) reached the Austral Islands where it 

subsequently became isolated and diverged into P. australana.

In Yuncker’s description o f P. tutuilana (1937), it is stated that P. tutuilana"s “hirtellous stems and 

leaves and short spikes distinguish it from P. oblancifolia to which it resembles”. Unfortunately little 

is known about this species. Yuncker describes it from only one individual o f  vague location; 

“Danger Islands: Pukapuka (?), altitude about 25 feet, March 1924, Whitney Expedition, Isidore, 

without num ber (type. Bishop Museum)” . Pukapuka (o f the Danger Islands) lies within the Northern 

Cook Islands. P. australana, P. tutuilana and P. oblancifolia  do not bear strong morphological 

similarity to each other (personal observation o f species descriptions and herbarium material). A 

morphological comparison is included in Appendix 1.7 using information from Yuncker (1937).

Without the inclusion o f  P. oblancifolia in molecular analyses it is difficult to predict its phylogenetic 

relationship ( if  any) to P. australana and P. tutuilana. Given the location o f the Danger Islands, it 

may be that an ancestral species migrated from islands such as Sam oa through Tonga along two 

separate routes - one in a northerly direction to the Northern Cook Islands, and the other along a 

southerly route into the Southern Cook Islands and the Australs.

M igration from Tonga/Samoa into the Cook Islands and French Polynesia has been documented for a 

range o f  species (e.g. P achygone  v iten se , Streblus an thropophagorum , Pouteria grayana, 

^ilkstoem ia  fo e tid a , Terminalia glabrata, Macaranga harveyana). There are also a num ber of 

species w hose d istribu tion  is restricted to the Southern Cook Islands and the Austral Islands,
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indicating the viability o f this specific migration route (e.g. Pilea bisepala, Charpentiera australis, 

Carex stokesii) (Based on species distribution data taken from a list of Cook Islands native flowering 

plants; Cook Islands Natural Heritage Project 2000).

The hypothesised speciation of P. australana from P. tutuilana clearly demonstrates the difficulty in 

using morphological data to speculate on phylogenetic relationships within the genus. It is unlikely 

that studies based on morphological information would associate P. tutuilana with P. australana 

other than on a geographic distribution basis {personal observation), yet both nuclear and chloroplast 

sequence data clearly and unequivocally indicate a close phylogenetic relationship between the two 

species.

The subspeciation of P. australana {Yunclxr, 1937)

Peperomia australana has previously been regarded as three distinct species (Yuncker 1937; Chapter 

1.18, Chapter 2.3.4). Fieldwork was carried out with the intention o f independently assessing 

variation within this taxon. Unfortunately this was limited by the discoveiy that the type locations of 

P. raivavanana and P. australana (Yuncker 1937) have been degraded, and that individuals of the 

species are no longer located at the previous type location of P. rurutatana. Molecular analysis of 

field collections o f P. australana that were made, suggest that the situation has been complicated by 

hybridisation rather than distinct speciation events.

During a 6-week period spent in the Austral Islands (June-Aug 2000) P. australana sensu  Florence 

(1997) was collected from populations on Rimatara and Tubuai. It was extremely rare on Rurutu 

where only one individual was collected. P. australana could not be located on Raivavae, but one 

population was found that was felt to display hybrid characteristics between P. australana and P. 

rapensis. This population corresponded  to the type location of P. australana var. ovalilimba Yunck. 

and individuals fell within the description of this variety (P. australana var. ovalilimba Yunck. has 

been placed within P. australana Yunck. by Florence, 1997). Sequence data indicates that P. 

australana x rapensis on Raivavae (represented by UB00205) has chloroplast DNA characteristic of 

P- rapensis. The hybrid origin of this population may explain its morphological distinction, reflected 

in the sub-specific status granted by Yuncker (1937).

Ideally fine scale molecular analysis such as AFLP would be used to assess levels of variation within 

collections o f P. australana. Unfortunately insufficient field collections were located to carry out 

such an analysis. Given that Peperomia no longer exists at many of the type locations it is speculated 

that greater variation was present within australana' in the past, but has since been elim inated by
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habitat destruction. A number o f voucher specimens o f P. australana were collected on Raivave and 

Rurutu in 1934, yet little evidence was found of the species on either island in 2000. Attempts were 

made to extract DNA from voucher material collected in the 1930’s at the NYBG but with no success 

(Jan-March 2001).

Using one individual to represent P. australana on each island, ITS sequence data from individuals 

on Rimatara, Rurutu and Tubuai were compared with P. tutuilana (speculated progenitor) (Table 4.2). 

None o f the indels or substitutions were shared between species.

Table 4.2: Nucleotide differences in the ITS region of P. australana individuals compared to

P. tutuilana

Species and individual Island B ase p a ir  
difference

Differences

P. australana 
(UB0067)

Tubuai 7 bp 3 deletions, 2 additions, 
and 1 transversion

P. australana 
(UB0025)

Rimatara 8 bp 5 transitions and 3 
transversions

P. australana 
(UB00103)

Rurutu 17 bp 8 transitions and 9 
transversions

Within P. australana divergence has occurred in terms of ITS sequence data, particularly on Rurutu. 

This may suggest that individuals on the different islands have been isolated for significant periods, 

but the possibility that it has been affected by introgression of P. rapensis or P. pallida cannot be 

excluded. Within P. australana sequence divergence is not accompanied by structured morphological 

divergence at sufficient levels to permit subspecies characterisation. It does however raise an 

interesting point with regard to the relationship between molecular and morphological divergence. 

The Society and Cook Island endemics {P. hombronii, P. wilderi, P. grantii and P. societatis) differ 

significantly in morphological terms. Their ITS sequence data were comparatively analysed and it 

was found that less variation exists between the four species than occurs within P. australana, 

suggesting that the relationship between morphological divergence and DNA sequence divergence of 

the ITS region cannot be easily defined.
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4.5.2 P. rapensis and P. pitcairnensis

Peperomia rapensis is centred on the island o f Rapa, the most easterly island in the Australs chain. Is 

also distributed on the Austral Islands of Tubuai and Raivavae to the west and on the remote island of 

Pitcairn, 2000 km  to the east (Yuncker 1937; Florence 1997). P. p itca irnensis  is endemic to Pitcairn 

(Yuncker 1937). P. pitcairnensis and P. rapensis are morphologically similar; the presence o f micro

pubescence, longer inflorescences and shorter petioles are a few o f  the distinguishing characteristics 

of P. rapensis (Yuncker 1937).

A unique 9 bp repeat was found in the trnL-trnV region o f all individuals o f P. rapensis and P. 

pitcairnensis analysed suggesting a phylogenetic relationship between these two species. Analysis o f  

the IT S1-5 .8S-IT S2 region suggests that P. rapensis from P itcairn  is closely related to P . 

pitcairnensis. In  contrast, individuals o f  P. rapensis collected from Tubuai and Raivavae in the 

Austral Islands cannot be distinguished from P. australana based on ITS data. G iven the remote 

nature o f  Rapa, it has not been possible to include material from this island. In AFLP analyses, P. 

rapensis from the Australs fell as a distinct group that was interm ediate to P. australana  and P. 

pitcairnensis, while the individual of P. rapensis included from Pitcairn closely associated with P. 

pitcairnensis.

Preliminary work to this project included a small-scale molecular study on Peperomia in the Pitcairn 

Islands using RAPD analysis (L. Kilmartin, B.A. Mod Thesis, Departm ent of Botany, TCD, 1999). 

Of relevance is that this study found that two o f the three individuals o f P. rapensis included strongly 

associated with the three individuals o f P. pitcairnensis analysed. The third individual o f P. rapensis 

did not fall within this group. Based on this evidence, it was concluded that the initial two individuals 

had been m isidentified in the field and that the outlying individual represented P. rapensis sensu  

stricto. DNA from this outlying individual was not available for the sequencing study. The inclusion 

of the initial two individuals in the ITS study found that they closely associated with P. pitcairnensis 

(sequencing o f both individuals was problematic and sequences are o f  very poor quality). The only 

remaining collection made o f  P. rapensis on Pitcairn is the individual 97-621 that has been included 

in the sequencing results (it was not included in the 1999 RAPD study). Unfortunately voucher 

material is not available from any o f the collections o f P. rapensis made on Pitcairn.

Based on this evidence and the fact that 97-621 cannot be distinguished from P. pitcairnensis in the 

sequencing analyses (ITS1-5.8S-ITS2 and trnL-trnV  region) nor in the AFLP study, suggests that it 

may also be an individual o f P. p itca irnensis  that has been incorrectly identified in the field. 

Distinguishing P. rapensis from P. pitcairnensis  is extremely difficult on Pitcairn where the two
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species show no ecological separation and exist in similar niches (N. Kingston & S. Waldren, pers 

comm.). Photographs 4.1 and 4.2 were taken of P. rapensis and P. pitcaimensis on Pitcaim (S. 
Waldren 1997).

Photograph 4.1

Peperomia rapensis 
(Pitcairn)

Photograph 4.2

Peperomia pitcairnensis 

(Pitcairn)

P- rapensis is characterised by micro-pubescence while P. pitcairnensis is glabrous (Yuncker 1937). 

If it is accepted that three of the four collections of P. rapensis on Pitcaim (including 97-621) were 

niisidentified, a number of hypotheses are raised:

It may be that only one genetic entity exists on Pitcaim (P. pitcaimensis) and that this species 

displays high levels of morphological variation, with the presence or absence of hairs not being a 

fixed character. Under this hypothesis the outiier in the RAPD study is explained by random or 

scoring error. I f  it is accepted that a single genetic entity exists on the island (extensive collecting 

work tied to molecular analysis is necessary to confirm this) then its taxonomic status needs to be 

confirmed. The inclusion of Rapan material is necessary to determine if it simply represents P■
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rapensis that has dispersed to Pitcairn, or if It has in fact, evolved into a subspecies or into a distinct 

species {P. pitcairnensis).

Alternatively, it may be that P. rapensis and P. pitcairnensis currently exist sympatrically on Pitcairn 

(with the outlying individual in the RAPD study reflecting P. rapensis sensu stricto). It is 

hypothesised that a small number of propagules of P. rapensis dispersed from Rapa to Pitcairn and 

through founder events evolved into P. pitcairnensis. Given the geographic distance, it is unlikely 

that dispersal events between the two islands are a frequent occurrence for endozoically-dispersed 

seed. Thus it is possible that initial propagules remained isolated for a sufficient period for P. 

pitcairnensis  to partly or fully evolve. Current distributions may be explained by subsequent 

dispersals of P. rapensis to the island. If this is the case detailed morphological studies are necessary 

to characterise each species.

This pattern o f speciation between Pitcairn and Rapa has previously been documented. There are 13 

genera with related endemics on Rapa and the Pitcairn Islands (Kingston 2001). While it is difficult 

to determine the direction of speciation events, based on evidence from a range of biota that suggests 

colonisation o f the Pacific has been from the west (Stoddart 1992), it seems more likely that 

speciation occurs on Pitcairn following migration from Rapa. Rapa is the youngest island in the 

Austral-Cook geological chain (4.1-4.8 Myr; Diraison 1991), with the oldest island Mangaia dated at 

17.0-19.4 Myr (Turner and Jarrad 1982). Pitcairn is considerably younger at 0.75 Myr (Spencer 

1989).

If it is accepted that P. pitcairnensis has evolved from P. rapensis, it begs the question of how or why 

P- pitcairnensis became morphologically distinct, and more particularly why it has become glabrous 

(based on the acceptance of the species definitions of P. rapensis sensu  Florence (1997) and P. 

pitcairnensis sensu Yuncker (1937)). If a considerable amount o f  variation was naturally present 

within P. rapensis then it may be more easily explained by founder events (the dispersal and 

subsequent evolution o f a small random collection of propagules). Unfortunately little detailed 

information is known on the variation present within P. rapensis on Rapa.

If both P. pitcairnensis and P. rapensis currently exist on Pitcairn the potential for hybridisation 

between the two taxa should be investigated as they may currently be distinguished but may not be in 

the future. Indeed it is possible that a single entity resulting from a hybridisation event between the 

two species is the situation currently being reflected in the molecular analyses. If hybridisation events 

have occurred it is possible that individuals still contain both parental ITS types. A  sm a ll-sc a le  

cloning study o f P. rapensis individual 97-621 (Chapter 3.3.2) did not find evidence of this,
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identifying only one copy type, that which strongly associates with P. pUcaimensis. Extensive 

collecting work on Pitcairn tied to both molecular and morphometric analysis is necessary to 

determine the status of each species. Possible mechanisms of reproductive isolation between the two 

should also be investigated. Unfortunately time and financial constraints do not allow these issues to 
be addressed within this project.

A second complication arises fi-om the fact that P. rapensis individuals collected from the Austral 

Islands of Tubuai and Raivavae (photograph 4.3) cannot be separated from P. australam in sequence 

analysis of the nuclear ITS region but are clearly distinguished in sequence analysis of the chloroplast 

trriL-trnV region (Figure 4.5). Such non-concordance between ITS and trnh-tm¥ data suggests that a 

hybridisation event has occurred between the two taxa. Figure 4.5 is a maximum parsimony analysis 

of the ITS1-5.8S-1TS2 region of individuals of P. rapensis and P. australana from different islands. 

Also included are individuals representing P. tutuilana, P. pitcairnensis and P. rapensis x amtralana. 

P. societatis (endemic to the Society Islands) has been included as an out-group. The tree is rooted 

with P. pallida (endemic to French Polynesia, Cook Islands, Tonga and Niue). Coloured bars 

represent the two distinct trriL-trn¥ clades.

Photograph 4.3

Peperomia rapensis 

(Tubuai)
V
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Pepefomia tutuilana (Tonga) NT970503

flepe/Dm/a aws^ra/ana(Rumtu)uB00io3

 Peperomia australana (Rifnatara)uB0025

 Peperomia australana (Tubual) uboo67

 Pepefomia rapensfs (Raivawae) UBO0215

- B  Paperomia rapensis (Tubuai) usoose

 Peperomia rapensisx australana (^b/avae)  UB00155

 Peperomia rapensts x australana (Raivavae) ueoozos

 Peperomia pitcaimensis (Pitcajrn)»7742

  Pep&omia pitcaimensis (Pitoa\m)077^7

■ Peperomia rapensis (Pitcairn) 97621

■ Peperomia pallida (SE Polynesian endemic)uwioii:

-----------------------------------------------------------------Peperomia sodetatis (Society Islands endemic)TM2047

Figure 4.5: Maximum Parsimony Analysis of P. australana, P. rapensis and P. pitcairnensis based 
on analysis of ITS1-5.8S-ITS2 sequence data.

Strict consensus of 23 equally most parsimonious trees. Tree length = 228. Cl = 0.8465; Hi = 

0.1535; Rl = 0.7368. Numbers in bold are bootstrap percentages. Coloured bars indicate the two 

distinct clades identified in analysis of the trnL-trnf region. The tree has been rooted with P. pallida.

Although these data can only be used to speculate on the direction o f the introgression events 

observed, it appears less likely that P. rapensis has introgressed into P. australana (P. australana as 

the maternal parent) as both ITS and trnL-trnf data indicate that P. australana sensu stricto is closely 

related to P. tutuilana, which is distributed on the islands o f Tonga and Samoa to the west o f  the 

Australs. I f  P. rapensis had introgressed into P. australana it may be possible to distinguish P. 

australana from P. tutuilana based on ITS sequence analysis, but this is not the case. This leaves that 

other ahemative, that in the case observed, P. australana has introgressed into P. rapemis (P. 

rapensis as the maternal parent).
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It is extremely difficult to predict the exact pattern of evolutionary events without further study. In 

the absence o f additional information, (speculative) patterns are suggested that best fit the data 

collected. It is thus hypothesised that an entity exists on Rapa {P. rapensis). This taxon dispersed to 

Pitcairn, 2000 km to the east, where it may have evolved into a separate species {P. pitcairnensis). P. 

rapensis also colonised and established on Tubuai and Raivavae o f the Austral Islands. On coming 

into contact with P. australana on these islands it introgressed with this species {P. rapensis as the 

maternal parent), explaining the inability to distinguish between P. australana and P. rapensis in the 

Australs based on analysis of the ITS sequence data (Figure 3.1). This also fits the position o f P. 

rapensis (Australs collections) in the AFLP analysis where individuals lie intermediate to P. 

australana and P. pitcairnensis (Figure 3.11). The position of P. rapensis from Rapa within this plot 

would be o f some interest.

When P. rapensis is removed from the ITS analysis o f Peperomia in Eastern Polynesia, P. australana 

(and P. tutuilana) associate with P. pitcairnensis, although this is weakly supported. One hypothesis 

is that the Polynesian species P. tutuilana (or an ancestral taxon) has given rise to P. australana, and 

that a second ancestral taxon from Melanesia also migrated into the Australs where it centred on Rapa 

and evolved into P. rapensis. At some point propagules o f P. rapensis dispersed to Pitcairn where 

they may have evolved further into a second species P. pitcairnensis. If  the ancestral taxa of P. 

australana and P. rapensis were related, it would explain the weak association between P. australana 

and P. pitcairnensis (based on ITS data). Directly interpreting the phylogenetic relationship between 

P. australana and P. rapensis is clouded by evidence o f introgression between the two species.

In this study, P. tutuilana was included by chance as a Pacific outgroup species. The fact that its 

omission could lead to misinterpretation of the evolution o f the genus in SB Polynesia, yet its 

inclusion was purely on a chance basis, makes an important general point with regard to speciation 

studies. Speciation within SE Polynesia may only be fully understood with the addition of a greater 

number o f Pacific species, particularly those in that are located in Western Polynesia and in 

Melanesia.

173



4.5.3 P- pallida and related species

Analysis o f ITS1-5.8S-ITS2 sequence data and AFLP data have both suggested a strong phylogenetic 

relationship between P. pallida, P. hendersonensis, P. sp (Pitcairn) and P. x  abscondita. Both 

sources suggest that P. hendersonensis and P. sp (Pitcairn) are most closely related to populations of 

P. pallida from the Austral Islands, while P. x abscondita is more closely related to populations of P. 

pallida from Tahiti in the Society Islands and Rarotonga in the Southern Cook Islands (Figures 3.1,

3.3 and 3.12).

In discussing the speciation of P. pallida it is important to stress that a high amount o f variation exists 

within the species in SE Polynesia (Florence 1997). Quantitative characters can vary greatly between 

populations (and between individuals within populations), and discrete characters (such as presence 

or absence o f hairs) are not fixed {personal observation). Each population can thus have a distinct set 

of morphological features from within the total variation present in P. pallida. This is clearly evident 

in a summary of basic morphological data from populations of P. pallida  in SE Polynesia along with 

P. hendersonensis, P. sp (Pitcairn) and P. x abscondita (Appendix 1.8). Berry (1992) argues that 

differentiation in island taxa is usually the result of the chance characteristics of the colonies of each 

species (founder effects). The variation within P. pallida may facilitate evolution within the species 

by making it susceptible to divergence through founder events.

Peperomia pallida  was located from only one population on the island of Raivavae (represented in 

the molecular studies by UB00188). This population was morphologically unusual and did not bear 

strong resemblance to other individuals of the species observed in the Australs. It may have 

developed from a small number of propagules with specific morphological features that have become 

more obvious with a period of isolation. Sequence data did not distinguish individuals within this 

population from any of the other individuals o f P. pallida in the Australs. It appears unlikely that 

this population is reproductively isolated or distinct from the species, but it may represent the initial 

stage in the speciation process. In this case it is unlikely that this population will remain in isolation, 

given the potential for re-colonisation from neighbouring islands.

W ith  regard to P. hendersonensis, it is hypothesised that propagules of P. pallida migrated to the 

remote island o f Henderson where they evolved into P. hendersonensis. P. hendersonensis has 

distinct morphological features which are likely to have a genetic basis but it has not been isolated for 

a sufficient period o f time for random mutations to have accumulated in the ITS or trriL-trn¥ region. 

Endemics on Henderson have had only 285-380 kyr to evolve as the island has only been e m e r g e n t
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this long (Diamond 1985). P. sp. (Pitcairn) resembles P. pallida in morphological terms but has a 

number of distinct features - consistently glabrous nature, predominantly alternate leaf arrangement, 

stunted growth habit, short thick inflorescences and large seed (Figure 2.17). It also displays 

ecological specificity, being found on Pitcairn only on damp coastal cliffs. Molecular evidence 

suggests that this taxon has also arisen through founder events following the dispersal of P. pallida 

propagules from one of the Austral Islands. Morphologcial differences between P. pallida, P. 

hendersonensis and P. species (Pitcairn) are evident in Photographs 4.4, 4.5 and 4.6. Photograph 4.4 

was taken of P. pallida on Rimatara (Austral Islands) in 2000. Photographs 4.5 and 4.6 were taken on 

Henderson and Pitcairn respectively (S. Waldren 1997).

Photograph 4.4:

Peperomia pallida 

(Rimatara)

J-i- i
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Photograph 4.5:

Peperomia hendersonensis

Photograph 4.6:

Peperomia species 
(Pitcairn)

V

Fine scale AFLP analysis of P. pallida (collected in the Austral Islands), P. hendersonensis and P. sp. 

(Pitcairn) distinguished collections of P. pallida made on Rimatara (the most westerly of the Austral 

Islands) from the other individuals. P. hendersonensis and P. sp (Pitcairn) associated more closely 

with P. pallida from Raivavae and Rurutu, but each could be distinguished within this group. These 

data suggest that propagules of P. pallida from Rurutu or Raivavae dispersed to Pitcaim and 

Henderson, and gave rise to P. sp. (Pitcaim) and P. hendersonensis. Notably, the unusual population 

of P. pallida  on Raivavae is glabrous and alternate leaved (Appendix 1.8). It is speculated that the 

(predominantly) alternate leaved species P. hendersonensis and P. sp (Pitcaim) may have evolved 

from propagules of this population. Sequence analysis of the ITS region also indicates a relationship 

between P. hendersonensis and the population o f P. pallida on Raivavae. If this is the case, it is a 

clear example of the founder effect in operation.

Biogeographic patterns between the Austral and F*itcaim Islands have previously been documented 

for a number o f species. The Pitcaim Islands are located some 2500 km east of Raivavae, with only
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the remote and southerly island of Rapa lying between the two. 73% of the Pitcairn flora is also 

found in the Austral Islands (Kingston 2001). Kingston suggests that both Rapa and the Pitcairn 

group may have been separately colonised by ancestral species from the Austral Islands, with parallel 

speciation events occurring in some cases (e.g. Glochidion raivavaense (Australs) may have given 

rise to G. comitum  and G. pitcairnense on the Pitcairn Islands and to G. longfieldiae on Rapa). The 

closest relatives o f Pilea, Haloragis, Homalium and Coprosma on Pitcairn are on the Austral Islands 

and Rapa (N. K i n g s t o n , comm.). Specific links between Raivavae, Rapa and the Pitcairn Islands 

have been recorded for a number of species e.g. Senecio stokesii, Meryta brachypoda, Hibiscus 

australensis and Hernandia stokesii (S. Waldren, pers comm.)

The extent o f reproductive isolation between P. pallida, P. hendersonensis and P. sp (Pitcairn) is of 

some interest as are mechanisms of reproductive isolation within the genus in general. Unfortunately 

cross breeding studies in Peperomia are problematic given the structure o f the inflorescence and the 

difficulty o f preventing self-pollination. Evidence suggests that species that are clearly separate (in 

both morphological and molecular terms) are capable of hybridisation and are thus not strictly 

reproductively isolated.

Another interesting point with regard to P. pallida is the previous suggestion (Brown 1935; Yuncker 

1937) that individuals of the species in the Austral Islands are sufficiently different to warrant variety 

status {P. pallida  var. rurutensis). The individual o f P. pallida collected on Tahiti is distinguishable 

from the individuals in the Australs but unfortunately it was not possible to make sufficient 

collections o f this species in the Society Islands for statistical comparison. Adequate collections were 

made from the island of Rarotonga in the Cook Islands. A small-scale morphological study (Figures 

2.23(a) and 2.23(b)) distinguished populations from different islands but did not provide evidence of a 

general distinction between P. pallida collections in the Cook and Austral Islands. A clear distinction 

between P. pallida  from the Australs and from Rarotonga in the Cook Islands is however evident 

from both analysis of ITS sequence data (Figure 3.1) and AFLP data (Figure 3.12). A distinction is 

also made with regard to the ecology of P. pallida. In the Australs, P. pallida was relatively common 

on both Rimatara and Rurutu but on each island was observed only on makatea substrates. Makatea 

is absent from both Raivavae and Tubuai. The only population located on either of these islands was 

found on Raivavae where it was growing on leaf litter. This population (previously mentioned) had 

distinct morphological features and did not bear strong similarity to the other collections of P. pallida 

made in the Australs. On Rarotonga, P. pallida was common and interestingly was frequently found 

growing both on rock and as an epiphyte. It may be that this ecological feature constitutes an evolved 

difference between P. pallida on the two island systems.
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Given that P. pallida  occurs in Tonga to the west, it is possible that ancestral forms colonised the 

Cook/Society Islands and the Austral Islands of French Polynesia in separate waves and that this is 

reflected in some molecular divergence between the two. Conversely, given evidence of 

hybridisation events involving P. pallida, the possibility that the divergence in nuclear DNA is due to 

a past introgression event involving one group cannot be discounted.

Peperomia x abscondita  has been suggested as a hybrid between P. pallida  and P. blanda var. 

florihunda (Florence 1997). Both ITS sequence data and AFLP analysis suggest that it is related to P. 

pallida and, within this clade, more so to P. pallida from Rarotonga and Tahiti. No evidence has 

been found in this study to suggest that it is a hybrid or that it is related to P.blanda var. floribunda.

P. X abscondita is fully fertile with living collections of the Maraa Caves population currently held in 

the TCD Botanic Garden. Based on both molecular and morphological data, P. x abscondita can be 

distinguished from P. pallida  in the Australs. Reflecting this with a specific taxonomic rank is 

problematic as the complexity of Peperomia and the lack of understanding o f polymorphic species 

such as P. pallida  makes it difficult to draw up general criteria for taxonomic distinction (based on 

molecular data P. pallida  from Rarotonga is distinct from individuals in the Australs and is closely 

allied with P. x  abscondita yet morphologically it cannot be distinguished from the Australs ^
I

individuals). i
i
i

Peperomia rhomboidea was collected from Rarotonga in the Southern Cook Islands in 1899 and !

1929. Collections bear strong morphological resemblance to P. hendersonensis {personal I
observation). A list o f Cook Islands native flowering plants (Cook Islands Natural Heritage

Programme, 2000) states that P. rhomboidea is a synonym for P. pallida {P. rhomboidea is discussed 

in chapter 4.2). I f  P. hendersonensis (correctly named as P. rhomboidea Hook. & Arn.) and P. 

rhomboidea (from Rarotonga) are accepted as morphologically similar but distinct species, then the 

question is raised as to their evolutionary relationship. Like P. hendersonensis, P. rhomboidea may 

have evolved from P. pallida. If this is the case it then raises an additional question as to the past 

relationship between P. rhomboidea and populations of P. pallida on Rarotonga. It is unfortunate that 

living material is no longer available for P. rhomboidea on Rarotonga, as molecular studies 

(particularly AFLP analysis) may have provided greater information on the chain of events that 

occurred.

The speciation o f P. pallida usefully demonstrates a number o f the universal problems of species 

definition. Two related taxa may be geographically isolated for a long period and become 

molecularly divergent (in terms of DNA sequence data o f non-coding region such as ITS or trnh-
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trnV). I f  they remain morphologically similar and, given their floral morphology, do not become 

reproductively isolated, can they be regarded as separate species? P. pallida  collections from the 

Australs and Cook Islands (Rarotonga) are used as an example. These taxa differ in terms of ITS 

sequence data and AFLP data but remain morphologically similar. I f  they are not reproductively 

isolated, it could be argued that the speciation process is not complete. The taxa may be likely to be 

isolated from each other for a period long enough for definite speciation to occur, but it is impossible 

to predict the likelihood of this. Under the concordance principle (CP) (Avise & Ball 1990) when 

phylogenetic concordance is demonstrated across genetic barriers solely because o f extrinsic barriers 

to reproduction, subspecies status is suggested. In a contrasting situation, two related taxa may 

become geographically isolated and diverge morphologically in a relatively short period o f time yet 

remain molecularly similar. P. pallida (Australs collections) and P. hendersonensis are a useful 

example o f taxa that are morphologically distinct but can only be distinguished by fine scale 

molecular analysis (AFLP).

One important feature of P. pallida appears to be a sub-structure at the population level, with 

geographically separate populations possessing different morphological characteristics and therefore 

subject to interdemic selection. In combination with a lack of ecological specificity, this makes P. 

pallida susceptible to founder events and to speciation through non-random survival or reproduction 

at the population level.

Detailed studies have been completed on P. pallida in the Austral Islands, similar studies are required 

in the Society and Marquesan archipelagos to allow an informed basis on which an accurate 

taxonomic treatment of P. pallida and its related species can be proposed. Given the historical levels 

of taxonomic confusion within the genus, it is essential to have a greater understanding o f this 

polymorphic species before attempting to apply taxonomic rank to such entities as P. x absocondita 

or P. sp. (Pitcairn).
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4.5.4 The Society and Cook Island endemics

Analysis o f the ITS1-5.8S-ITS2 sequence data suggested that P. hombronii, P. grantii, P. societatis 

(endemic to the Society Islands) and P. wilderi (endemic to the Cook Islands) form a monophyletic 

clade. This suggests a possible migratory route between the two island systems. This link is also 

evident from the distributions of a number of other species. Homalanthus moerenhoutianus and Ixora 

triflora are found only in the Society Islands and Cook Islands (based on a List o f Cook Islands native 

flowering plants; Cook Islands Natural Heritage Project 2000). In addition it is also evident in the 

close relationship between P. pallida from Rarotonga and P. x absocondita from Tahiti.

Within this clade, P. hombronii (Society Islands) formed the basal branch followed by P. societatis 

(Society Islands). P. wilderi (Cook Islands) appeared to be most closely related to P. grantii (Society 

Islands). The relationships are not backed by trnL-tmY data due to insufficient levels of variation in 

this region. Notably, the four species in question do not closely resemble each other in morphological 

terms and it is unlikely that a morphological analyses, would suggest any evolutionary relationship 

between the species other than from a biogeographic angle (personal observation). Two 

morphological features worthy of further research are the fruit dimensions and the seedling 

development. P. hombronii, P. grantii and P. wilderi have the smallest fruits of those species studied 

(Figure 2.25), which may reflect a pattern of morphological evolution. Seedling development in P. 

wilderi and P. hombronii (Chapter 2.3.1) is unique {personal observation), raising the question of 

whether P. grantii and P. societatis (neither observed) also follow a similar pattern. Species of 

Peperomia are commonly characterised by having a particular suite from a range of morphological 

features, rather than by distinctly evolved adaptations. In the case o f the Society and Cook Islands 

clade, morphological divergence may have developed as species diverged ecologically into available 

niches. Both P. hombronii (endemic to the Society Islands) and P. wilderi (endemic to Rarotonga in 

the Southern Cook Islands) are strictly epiphytic.

A second point o f interest with regard to this group is the exclusion of the other endemic in the 

Society Islands, P. fosbergii. Branch lengths in the trees generated from analysis of the ITS and trnL- 

trnV sequence data suggest that P. fosbergii is distinct not only from the other endemics in the Society 

and Cook Islands but also from the other eastern Polynesian species included in this study. Again it is 

of note that morphological studies are unlikely to have picked up the significant difference of this 

species. A morphological study in this case is likely to lead to different conclusions than would a 

solely molecular study. The two combined provide information that requires interpretation and 

highlights the potential underlying complexity in such studies.
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Molecular data suggest that P. fosbergU  represents a distinct colonisation event into the Society 

Islands, separate from that which has given rise to the other endemic species. Questions as to the 

origin of this taxon can only be answered by the inclusion of a greater number o f out-group species. 

A second question raised is why one migration has resulted in the formation o f 3 distinct taxa (plus P. 

wilderi on Rarotonga), while the other has not.

Peperomia societatis is found on Borabora, Huahine, Raiatea, Tahaa and Tahiti; P. hombronii is 

found on Tahiti, Moorea and Raiatea while P. grantii is found on only Tahiti and Moorea. Given the 

phylogenetic relationships between the species, the basal species may have dispersed to the Society 

Islands after their formation (6 Myr ago; White & Duncan 1996) and subsequently dispersal (and 

speciation) occurred along the chain from the older to younger islands as they gradually formed. P. 

grantii, the most derived species in terms of ITS data, is found only on the younger islands o f Tahiti 

and Moorea.

Peperomia fosbergii is endemic to Tahiti, the youngest island in the chain at 0.67 Myr (White & 

Duncan 1996). It is hypothesised that this taxon migrated into Tahiti within the last 0.67 million 

years where it (may have) evolved into the endemic P. fosbergii. Given the distinction o f this species 

from the other endemics in terms of both ITS and trnL-trn¥ sequence data, it seems likely that they 

have evolved from ancestral lineages that were not closely related.
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4.5.5 P.blanda\zr.floribunda

It is impossible to discuss the speciation of P ep e ro m ia  without m e n tio m n g  P .b la n d a  war. f lo r ib u n d a .  

P eperom ia  b la n d a  is an old world species. The International Plant Names Index lists 10 varieties, 

most of which are found in Central and South America. P. h la n d a  var. f lo r ib u n d a  is widespread in 

the Pacific. Theories to explain the evolution of P e p e ro m ia  must account for the fact that this taxon 

does not appear to have speciated in SE Polynesia.

An AFLP analysis o f  P. b la n d a  v&x. f lo r ib m d a  from 8 islands in Polynesia (Figure 3.14) found that it 

displayed lower levels o f variation than that found in species such as P. p a l l id a .  Based on the 

collections used, variation between the individuals did not show a clear geographic pattern.

Tryon (1986) stated that the genetic divergence of a small population will be affected by the extent of 

genetic variation, the extent of genetic drift, the degree of phenotypic plasticity, the breadth o f 

ecological tolerance, the type of breeding system, the extent of gene flow from other populations and 

the stability o f the environment. P. blanda var. f lo r ib u n d a  has a number o f features that minimise its 

evolutionary potential. Based on field observations, it displays no ecological specificity and is 

commonly the most abundant species. It could thus be argued that its lack of speciation is due to a 

large source pool and the possibility of re-immigration, which makes divergence through isolation 

difficult. More striking is the large phenotypic variation that the species displays (chapter 2.4.5). P. 

blanda  vav. f lo r ib u n d a  varies greatly under different environmental conditions (observed both in the 

field and under cultivation). It is speculated that this phenotypic variation acts as a buffer against 

selection. The species also displays significant phenological variation although this is poorly 

understood (personal observation of individuals grown from seed collected in the Austral Islands).
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4.6 THE EFFECTS OF HYBRIDISATION WITHIN PEPEROMIA IN SE POLYNESIA

The Austral Islands o f French Polynesia are used as a case study on the effect o f hybridisation within 

the genus. There are five islands in the Austral chain (Rimatara, Rurutu, Tubuai, Raivavae and 

Rapa). Including the widespread species P. blanda var. floribunda, three Polynesian endemics are 

found in the archipelago. P. australana is endemic to the chain and is found on Rimatara, Rurutu, 

Tubuai and Raivavae. P. rapensis is a endemic species centred on Rapa but also distributed on 

Raivavae and Tubuai. P. pallida is endemic to SE Polynesia, Tonga and Niue and is found on each of 

the five Austral islands (Florence 1997).

A two-month period was spent collecting material from four of the Austral Islands (June-Aug 2000; 

Rapa was not visited). During this period individuals felt to display morphological characteristics 

suggestive o f a hybridisation event were identified on two occasions. P. pallida  x australana were 

collected on Rimatara and P. rapensis x australana on Raivavae.

AFLP studies were carried out the suspected hybrid individuals collected in the Austral Islands as 

well as their parent species (originally presented in Chapter 3.3.3.1). This analysis includes 14 

individuals from within 4 species as well as 9 individuals from the two suspected hybridisation events 

(P. pitcairnensis (2), P. australana (4), P. pallida (4), P. rapensis (4), P. rapensis x australana (4) 

and P. pallida x australana (5)).

The AFLP results are presented here to illustrate the non-concordance between molecular datasets, 

and between morphological and molecular data. In Figure 4.6 individuals have been labelled 

morphologically. In Figure 4.7 individuals are labelled according to the clade they fell into in the 

analysis o f the nuclear ITS1-5.8S-ITS2 region. In Figure 4.8 individuals are labelled according to the 

ciade they fell into in the analysis of the chloroplast trnL-trri? region (In Figure 4.8 P. pallida  x 

australana individuals did not associate with P. australana or P. pitcairnensis, and have been placed 

in the P. pallida  clade by default although trnL-trnF data did not provide clear support for this 

association).
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Figure 4.6: Principal coordinates analysis of AFLP data from suspected hybrid individuals of

Peperomia in the Austral Islands. Individuals have been labelled morphologically.

In Figure 4.6 P. pallida, P. australana and P. pitcairnensis form strict species groups. The 

individuals that morphologically resembled a hybrid between P. pallida  and P. australana fall 

intermediate to the parent species. P. rapensis and P. rapensis x  australana associate together and 

fall in a group that is intermediate to P. australana and P. pitcairnensis.

•  %•
- 0.1- 0.2 0.30.2

-0.2

-0.3 J

PCO axis 1

•  P. australana/rapensis a  P. pitcaim ensis m P. pallida

Figure 4.7: Principal coordinates analysis of AFLP data from suspected  hybrid individuals of

Peperomia in the Austral Islands, Individuals have been labelled according to the 

clade they fell into in sequence analysis of the nuclear ITS1-5.8S-ITS2 region.
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Figure 4.8: Principal coordinates analysis of AFLP data from suspected hybrid individuals of

Peperomia in the Austral Islands, individuals have been labelled according to the 

clade they fell into within sequence analysis of the chloroplast trnL-trnF region.

Based on these data, each of the hybrid populations are discussed separately.

Rimatarar P. pallida x australana hybrid individuals

Individuals with morphological characteristics of both P. australana and P. pallida were collected on 

Rimatara (UB0026 - UB0030). This population (of approximately 8 individuals) was collected from 

a specific location where P. australana and P. pallida overlapped in distribution (Chapter 3.2.2). The 

hybrid individuals fell intermediate to P. australana and P. pallida in the AFLP analysis but based on 

ITS data, appeared to have backcrossed to P. australana. They retain cpDNA more similar to P. 

pallida, suggesting that they are the products of pollen transfer from P. australana onto P. pallida 

flowers (based on the assumption that chloroplast DNA is maternally inherited).

Evidence suggests that in situations of sympatry (where gene flow can occur), P. pallida and P. 

australana will not converge as species but will result in the likely formation o f a small number of 

hybrid individuals. Diploid hybrid speciation is unlikely as it is difficult to establish species when 

backcrossing to the parental species is possible (Turelli et al. 2001). Lewontin and Birch (1966) 

3Tgue that introgression of genetic material from one taxon into the genome of another could lead to 

the spread of the introgressed form into habitats different from those o f either parent given that novel 

adaptation might arise from recombination between two divergent genomes.
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On Rimatara P. pallida can be distinguished from P. australana in terms of habitat preference. All of 

the individuals o f P. pallida  observed were growing on makatea. P. australana was either epiphytic 

on Barringtonia or found growing on detritus (Chapter 3.2.2). Like the maternal parent, the hybrid 

individuals were found on makatea and might therefore be more likely to backcross to P. pallida, yet 

the ITS data suggests a greater nuclear component from P. australana. Thus the hybrid individuals 

appear to have backcrossed to P. australana but do not distinguish from P. pallida  in habitat 

preference. Stabilised introgressants can form new species (Reiseberg & Wendel 1993). I f  the 

introgressant on Rimatara becomes stabilised, it may have a different evolutionary potential than 

either if its parent species.

Stabilisation will occur only if hybrid inviability and hybrid sterility are avoided. Mature fruits were 

not observed on the P. pallida x  australana individuals although this may simply be a reflection o f 

time. Collecting coincided with the fruiting period o f P. pallida but not of P. australana.

Florence collected individuals on Rurutu which he classified as P. pallida-australana (5590 and 5931 

held at the herbarium in the Musee de Tahiti de des lies, Tahiti), suggesting that hybridisation events 

between P. pallida and P. australana may not be restricted to Rimatara.

Raivavae: P. rapensis x  australana hybrid individuals

Individuals were collected on Raivavae that showed morphological characteristics o f both P. 

australana and P. rapensis (represented by UB00155 and 205). These were collected from two 

distinct populations. Morphologically P. australana can be clearly distinguished from P. rapensis; P. 

australana has a strictly alternate leaf arrangement, is entirely glabrous, and the leaves are commonly 

elliptic in shape (Florence 1997). P. rapensis has minute hairs on the stem, petiole and peduncle, and 

may have hairs on the leaves. The leaf arrangement can be either alternate or opposite, and the leaf 

shape is most commonly obovate. In-vivo the species commonly has distinctly red stems, petioles 

and leaf veins (Florence 1997). Hybrid individuals were glabrous and had an alternate leaf 

arrangement. They strongly resembled P. rapensis in leaf shape and had the red colouration 

distinctive o f the species. P. rapensis on Raivavae was distinguishable from these individuals only by 

the fact that it had minute hairs on the stem, petiole, lower leaf surface and peduncle.

The hybrid individuals on Raivavae could not be distinguished from P. rapensis (in the Australs) with 

any of the molecular techniques used in this study (sequence analysis of the ITS1-5.8S-ITS2 region, 

sequence analysis o f the trriL-trn¥ region, AFLP analysis). This is significant as they clearly differ 

from P. rapensis in being strictly glabrous, a character that it is assumed has some genetic basis.
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Studies on pubescence in Oxalis grandis indicate that within this species pubescence is most lilcely 

under genetic control and therefore a valuable taxonomic character (Moore et al. 1994).

Individuals collected as P. australana x rapensis (represented by UB00205) were sympatric with a 

population o f P. rapensis (represented by UB00215). Evidence suggests that these represent the taxa 

P. australana var. ovalilimba  Yunck. and P. australana var. ovalilimba  forma puberulenta Yunck. 

respectively (further discussed in Chapter 4.4.4). If the individuals included in this study do represent 

the variety and forma of Yuncker, then the differences between the taxa have been maintained in 

sympatry for a period of at least 66 years. The individuals on which Yuncker’s taxonomy was based 

were collected by St John and Fosberg in 1934.

Florence (1997) placed P. australana var. ovalilimba within P. australana and P. australana var. 

ovalilimba forma puberulenta within P. rapensis. The incorporation of molecular evidence suggests 

that the collections o f P. rapensis and P. rapensis x australana represent a hybrid clade that has 

arisen through an introgression event (identifiable in the combined sequencing study (Figure 3.7) and 

in the AFLP study (Figure 3.11)). Only the P. rapensis x australana individuals on Raivavae reflect 

the hybridisation event morphologically. Under field conditions the morphological integrity of P. 

rapensis sensu Florence (1997) was maintained and hybrid events were not suspected {personal 

observation on Tubuai and Raivavae). A detailed morphological comparison with individuals on 

Rapa (on which P. australana is not distributed) is required to confirm whether or not P. rapensis in 

the Australs does display hybrid features.

Hybrids will only be morphologically uniform if the genotype was stabilised before colonisation of 

other habitats (discussed with respect to H elianthus, Ungerer et al. 1998). Despite the overall 

similarity o f their nuclear DNA (detected by ITS sequencing and AFLP analysis), the range o f 

morphological features displayed by individuals within this hybrid clade may result in each having a 

different evolu tion ary  potential. While these individuals are extremely difficult to taxonomically 

characterise under current theories, they are likely to be important in an evolutionary sense.

Observation o f the tree obtained by parsimony analysis of ITS1-5.8S-ITS2 sequence data from 

Peperomia in SE Polynesia (Figure 3.1) indicates that within the P. australana clade, P. australana x 

rapensis (UB00205) has a short branch length in relation to the other individuals. Closer observation 

of the sequence data reveals that UB00205 differs by only Ibp (1 transversion) from the Tongan 

species P. tutuilana (two other individuals (UB00204, UB00208) of this population were also 

compared with P. tutuilana and similarly found to differ by only Ibp). Significantly P. australana 

differed from P. tutuilana (suspected progenitor) on Rimatara (UB0025), Tubuai (UB0067) and
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Rurutu (UB00103) by 8bp, 7bp and 17bp respectively (Chapter 4.5.1). Individuals o f / ’. rapensis on 

Raivavae (including UB00215) did not sequence cleanly and therefore the long branch length (19 bp 

difference from P. tutuilana) of this individual may be partly due to subjective editing of this 

sequence (cloning of the ITS region of this individual is likely to result in more interpretable sequence 

data).

While it is difficult to explain such observations, one explanation may be that the population of P. 

rapensis x australana (UB00205) does not reproduce sexually. Seed was not observed on any o f the 

individuals although this may be time-related as collecting did not coincide with the fruiting period of 

P. australana. P. rapensis on Raivavae was observed to set seed and living collections cultivated 

from this seed are currently held in the TCD Botanic Gardens. If  the P. rapensis x australana 

population is reproductively isolated from the population of P. rapensis with which it is sympatric, it 

would explain how the morphological differences between the two have been maintained in sympatry 

since at least 1934 when they were first described.

Studies in SE Polynesia suggest that Peperomia fits the general pattern, in that of the many examples 

of hybridisation reported as a result of discordant organellar and nuclear phylogenies, the 

evolutionary outcome of most of these appears to be introgression rather than hybrid speciation 

(Rieseberg 1997). There are relatively few confirmed cases o f  homoploid speciation, eight are 

recognised by Rieseberg (1997); all have an outcrossing breeding system and all differ from their 

parents in habitat preference. Morphologically they exhibit a large proportion of extreme or novel 

characteristics compared to the parental forms (Rieseberg 1997).

With respect to hybridisation events within Peperom ia, a number of broad issues need to be 

addressed. One question is whether the hybridisation event between P. rapensis and P. australana 

and the subsequent introgression of the hybrid individuals with P. australana has occurred 

independently on Tubuai and Raivavae. It may be that the introgressant developed on Raivavae 

(geographically closer to Rapa) and subsequently dispersed and established on Tubuai. If this is the 

case (and the introgressant is a stabilised entity) then it should have an ITS sequence more similar to 

P. australana on Raivavae than to P. australana on the other islands. Unfortunately it is impossible 

to test this (even if  suitable molecular techniques were available), as P. australana sensu stricto no 

longer occurs on Raivavae.

Another question is why in both cases of confirmed hybridisation in the Australs, P. australana is the 

paternal parent (based on the assumption that chloroplast DNA is maternally inherited). No evidence
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has been found of hybridisation events with P. australana as the maternal parent. P. australana 

flowers in April, May, June and August, P. rapensis flowers in January, February, June and July 

while P. pallida  flowers all year (Florence 1997). The identification o f this pattern offers a useful 

system in which the fundamentals of the hybridisation process can be studied.

Franzke & Mummenhoff (1999) used the recent allopolyploid speciation o f Cardamine insueta and C. 

schulzii to understand the evolution of the internal transcribed spacers (ITS) o f  nuclear ribosomal 

DNA in recently formed hybrids. They detected homogenisation to one parental ITS type with a very 

strong bias to the maternal sequence. Nevertheless, maintenance o f both parental ITS sequences in 

the alloploids was also recorded. Cloning of the ITS region o f individuals within the ‘P. rapensis 

hybrid clade’ would be o f interest, as this technique may identify the presence o f different parental 

ITS copies (this information would be maximised by the identity o f the ITS sequence of P. rapensis 

from Rapa). Interestingly, cloning studies of the ITS region in the genus Coprosma (Wichman et al. 

2002) found that elevated levels of hybridisation, combined with a depression o f concerted evolution, 

have together produced the high levels of intra-individual heterogeneity observed in the genus. The 

authors suggest that these two features have evolved to provide C oprosm a  with an interactive 

mechanism to enhance heterogeneity, which facilitates rapid adaptation in complex and unstable 

environments. They conclude that these features may “constitute a means for diploid organisms to 

maintain heterogeneity that, although less comprehensive, would be analogous to that seen in 

allopolyploids”.

An integration o f phylogenetic and population level approaches is essential to understanding the role 

of hybridisation and introgression in plant speciation and evolution (Comes & Abbott 1999). 

Detailed molecular analysis of Peperomia in the Austral Islands (French Polynesia) suggests that 

hybridisation is a widespread occurrence. This raises the question o f whether hybridisation will only 

occur between species that are closely related, or whether more distantly related species of Peperomia 

will also hybridise. Hybrids were not observed between P. pallida  and P. rapensis in the Austral 

Islands, raising the question whether this simply reflects the fact that the two species do not occur 

sympatrically on the archipelago (personal observation). Florence (1997) suggests hybridisation 

events have occurred in the Society Islands between the widespread taxon P. blanda \ar.Jloribunda 

and the SE Polynesian endemics P. pallida and P. societatis. Field observations in the Hawaiian 

Islands have lead collectors to suspect the phenomenon may also be widespread on this archipelago 

(C. Morden, pers comm.). The trnL-trnV study of Peperomia in SE Polynesia revelaed that only P. 

^ustra lana  and P. pitcairnensis/P. rapensis have trriL-trnV sequence data, that is clearly 

distinguishable from the other species (discussed in chapter 3.4). This allowed incongruence between 

ITS and trnL-trn¥ trees to be readily detected, and all hybridisation events documented here have
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involved these species. It may be that introgressive hybridisation also occurs between other species 

but has not been detected due to a lack of resolution in the trnL-trn¥ data.

Hybridisation between taxa that are molecularly and morphologically diverse from each other {e.g. P. 

blanda 'wax.floribunda and P. societatis) can lead to ‘molecular leakage’, which is the convergence of 

the neutral and advantageous genes in two species through occasional hybridisation. Thus, as species 

become more alike at the molecular level, they will become progressively less alike in their anatomy 

and ecology, and reproductive isolation will gradually come into play (Clarke et a l  1998). Further 

research is necessary both to determine the extent and patterns of hybridisation with Peperomia and 

to understand the mechanisms of reproductive isolation between species.

Introgression can provide the opportunity for new epistatically interacting systems o f genes to 

become established (Grant & Grant 1994) and can result in new combinations o f genes producing 

novel phenotypic properties (Chiba 1993). Lewontin & Birch (1966) argue that “the introduction of 

genes from another species can serve as the raw material for an adaptive evolutionary advance”. The 

hybridisation and subsequent introgression between P. australana and P. rapensis in the Austral 

Islands appears to be one example of a stabilised and reproductively viable introgressant Peperomia 

taxon.

In making two species molecularly similar, introgression can retard the process of divergence or even 

collapse it completely (discussed by Grant 1998). This study has found that the introgressant 

(Australs collections o f P. rapensis) can be distinguished from P. australana by fine scale molecular 

analysis (AFLP studies). This taxon differs molecularly and morphologically from either parent 

species, and may have a distinct evolutionary potential and therefore be susceptible to speciation 

events. I f  the molecular integrity of P. rapensis sensu stricto is maintained on Rapa (on which P. 

australana does not occur) then it could be argued that this hybridisation event has increased the 

evolutionary potential of the genus (this may not be the case if all populations within P. rapensis 

reflected introgression events). Evidence o f introgression from this localised study raises an 

important question o f the effect introgression has had on the evolution of the genus in general and 

whether any extant species have originated by this means.

Hybrids by their nature pose problems to systems of species nomenclature and have been accepted 

within current theories as infrequent and of minor evolutionary importance. Peperomia highlights the 

limitations o f this approach. Studies indicate that within this genus, hybrids can be difficult to 

identify morphologically but are potentially widespread and of significant evolutional importance.
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4.7 CONCLUDING REMARKS

This study was based on collections of 13 P ep ero m ia  taxa made in SE Polynesia (based 

predominantly on the species descriptions of Florence, 1997). Based on sequence analysis o f the ITS 

region, 12 o f these taxa appear to be molecularly distinct species, P. australana, P. blanda var. 

floribunda, P. fosbergii, P. grantii, P. hendersonensis, P. hombronii, P. pallida, P. pitcairnensis, P. 

rapensis, P. societatis, P. tetraphylla, P. wilderi. No evidence has been found to distinguish the 

remaining taxon P. x abscondita from P. pallida.

It has been impossible to apply molecular techniques to assess the status o f many of the species 

Yuncker (1937) described from the Austral and Cook Islands, that have since been reduced to 

synonomy by Florence (1997). Due to habitat destruction Peperomia no longer exists at the previous 

locations o f P. raivavaeana Yunck., P. rurutana Yunck., P. st-johnii Yunck. (Raivavae) or P. 

rhomboidea  Hook. & Arn. (Rarotonga). Molecular analysis o f  collections made from the type 

locations o f P. australana var. ovalilimba and P. australana var. ovalilimba forma puberulenta  

indicate that both populations have resulted from hybridisation between P. rapensis and P . 

australana.

Brown (1935) recognised three distinct geographic varieties within P. pallida that were confirmed by 

Yuncker (1937) and disregarded by Florence (1997) {P. pallida  var. fatuhivensis, P. pallida  var. 

tuamotuensis, P. pallida var. rurutensis). Molecular evidence indicates that individuals of P. pallida 

collected in the Australs can be distinguished from individuals of the species collected in the Society 

and Cook Islands. Detailed morphological studies as well as the inclusion of individuals from the 

other archipelagos in the molecular study are necessary to determine whether the geographic variation 

present within this polymorphic species should best be characterised by varietal status.

Molecular analysis has indicated that P. x abscondita is closely related to P. pallida but has found no 

evidence to suggest that it is hybrid in origin. P. x abscondita can be molecularly distinguished from 

P- pallida  in the Australs, but not from P. pallida in the Cook Islands. Based on morphology it 

differs from P. pallida  in the Australs, but there do not appear to be any diagnostic features that 

conclusively distinguish it from P. pallida in general {personal observation). While this taxon should 

not be given hybrid status, assigning a correct taxonomic rank is difficult without a greater 

understanding o f P. pallida sensu stricto.

In a similar vein, molecular analysis indicates that P. sp (Pitcairn) is closely related to P. pallida, 

being distinguishable only by fine scale molecular analysis (AFLP). P- sp has a number of
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morphological distinguishing features, most notably a stunted growth habit, a short, thick 

inflorescence, large fruits, a strictly glabrous nature and a predominantly alternate leaf arrangement 

{personal observation). It also displays ecological specificity being found only on damp coastal 

cliffs. Peperom ia  sp may be best characterised by subspecies or species rank. Given the lack of 

understanding o f the extent of molecular and morphological variation within P. pallida sensu stricto it 

is recommended that more detailed morphological and molecular studies o f the species in SE 

Polynesia be initially completed before assigning taxonomic rank to P. sp or to P. x abscondita.

The endemic species on Henderson commonly referred to as P. hendersonensis Yunck. is correctly 

classified as P. rhomboidea Hook. & Am. (Florence 1997).

Peperomia rapensis  from Rapa should be included in the molecular analyses to determine if  

individuals identifiable as P. rapensis on Tubuai and Raivavae (Austral Islands) should be given a 

separate taxonomic rank, reflective of the hybridisation events that have occurred.

Within SE Polynesia, a number of biogeographic conclusions can be drawn. The relationship 

between P. tutuilana (Tonga and Samoa) and P. australana (endemic to the Austral Islands) suggests 

one possible migration route from the islands of Western Polynesia along a southerly route into SE 

Polynesia via the Cook-Austral chain of islands. Relationships between P. pallida from the Australs 

and endemics on the Pitcairn Islands {P. hendersonensis and P. sp. (Pitcairn)) as well as evolutionary 

relationships between P. rapensis (centred on Rapa) and the endemic P. pitcairnensis on Pitcairn 

suggest that this southerly route from Western Polynesia along the Cook-Austral chain also extends 

further east to the Pitcairn Islands. Phylogenetic relationships between three of the endemics in the 

Society Islands and the endemic Cook Islands species {P. wilderi) suggests a migration route between 

the Cook Islands and the more northerly Society Islands.

Evidence suggests that many o f the endemics in SE Polynesia have evolved there. Questions are 

raised about the origin of a number of key species (most notably P. pallida  and P. rapensis). It could 

be assumed that the most likely source pool for migration into this area would be the island systems 

immediately to the west. For this reason a natural extension would be to include species from Samoa, 

Tonga and Fiji in the DNA sequencing study.

Evidence o f hybridisation within Peperomia indicates that reproductive isolation is not complete 

between all species, leading to problems in the use of the Biological Species Concept (BSC). Wu 

(2001) suggests the need to revise the BSC by redirecting the focus from reproductive isolation of the 

whole genomes to differential adaptation at the genic level. Under this theory reproductive isolation
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is treated as divergence in the underlying reproductive or developmental traits. This divergence can 

be used to delimit species even when reproductive isolation is incomplete, and may be o f practical 

value in genera like Peperomia.

Ideally a speciation study of a given genus in a defined geographic area requires accurate knowledge 

about the numbers o f species present and their distributions. Consideration o f this requirement 

reveals an initial condition that the speciation process be complete in all cases. Genera that cannot be 

treated in this way, while complex, have enormous potential to reveal details o f the speciation process 

in action.

193



CHAPTER 5

MOLECULAR ANALYSIS OF PEPEROMIA IN 

e a s t e r n  POLYNESIA

Collaborative study with the New York Botanical Garden

Dr Tim Motley (Cullman Laboratory for Molecular Systematics, New York Botanical Garden) has 

been working on the molecular systematics of Peperomia in Hawaii using ITS1-5.8S-ITS2 sequence 

data. A collaborative project was set up to combine DNA sequence data from the Hawaiian and SE 

Polynesian species.

5.1 INTRODUCTION

Eastern Polynesia is defined here as Hawaii, The Cook Islands, French Polynesia and the Pitcairn 

Islands. Currently there are 26 recognised species within the Hawaiian Islands, 23 o f  which are 

endemic (Wagner et al. 1990). This number is greatly reduced from earlier estimates (Table 5.1).

Table 5.1 Outline of taxonom ic revisions within the Hawaiian sp e c ie s  of Peperomia

AUTH O R SOURCE YEAR TAXO NO M IC STATUS OF 
PEPEROM IA

deCandolle Bulletin Number 2 o f  
the College o f Hawaii 1913

73 species, 5 varieties and 13 
forms (described as new: 47 
species, 3 varieties and 11 forms)

Yuncker Revision o f  the 
Hawaiian species o f  

Peperomia
1933

38 species and 25 varieties, of 
which 8 species and 11 varieties 
are new to science

Wagner 
et al.

Manual o f the 
Flowering Plants o f  

Hawaii
1990

26 species, 23 o f  which are 
endemic, 2 indigenous and one 
naturalised
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Yuncker (1933) divided the Hawaiian species of Peperomia into three subgenera. The pantropical 

species P. tetraphylla fell within the subgenus Micropiper. The remaining species were divided into 

two subgenera on the basis of fruit characters. Basic characteristics and currently recognised species 

(Wagner et al. 1990) that fall within each subgenus are outlined in Table 5.2. Strangely, Yuncker 

(1933) described the stigma as being apical or subapical in the Hawaiian species yet Wagner et al. 

(1990) refers to it as being terminal or subterminal. Like Yuncker, Wagner et al. (1990) regard the 

position o f the stigma as a character of taxonomic significance, stating that “although the terminal or 

nearly terminal condition o f the stigmas in a number o f Hawaiian Peperomia  species appears to 

define related groups o f species, it is often somewhat variable in species such as P. eekana, P. 

ellipticabacca, P. expallescens and P. hypoleuca”.

Table 5.2 Characteristics of Peperomia subgenera in Hawaii according to Yuncker (1933)

SUBGENERA FRUIT CHARACTERISTICS SPECIES

M icropiper
(Miq.) Dahlst.

Fruit with a pseudocupule, rachis 
puberulent

P. tetraphylla (G. Forst.) Hook. & Arn.

Hawaiiana
Yunck.

Fruit without a pseudocupule, rachis 
glabrous. Fruit mostly ovoid to 
obovoid-turbinate, apex mostly 
rounded or pointed, stigma divided, 
penicillate, apical or slightly subapical

P. eekana C. DC.
P. ellipticibacca C. DC. 
P. expallescens C. DC. 
P. hesperomanii Wawra. 
P. hirtipetiola C. DC.
P. hyopleuca Miq.
P. macraeana C. DC.
P. obovatilimba C. DC. 
P. rockii C. DC.
P. subpetiola Yunck.

Sphaerocarpidium
Dahlst.

Fruit without a pseudocupule, rachis 
glabrous. Fruit globose to ovoid, apex 
oblique, stigma subapical, single or 
divided

Sect. Alternifoliae Dahlst. 
P. oahuensis C. DC.
P. alternifolia Yunck.
P. Yunck.
Sect. Verticillatae Dahlst.
P. cookiana C. DC.
P. globulanthera C. DC.
P. kipahuluensis H.St.John 
P. kokeanaYunck.
P. latifolia Miq.
P. ligustrina Hillebr.
P. blanda \ar. floribunda Hook. & Am. 
P. mauensis Vawra.
P. membranacea Hook. & Am.
P. remyi C. DC.
P. sandwicensis Miq.
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There are six islands in the Hawaiian chain. Both indigenous species (P. tetraphylla and P. blanda 

vsi. floribunda) are distributed on each of the six islands {P. pellucida is a naturalised species and is 

not discussed here). Of the 23 endemic species, only 3 are found on all of the six islands, and 9 are 

restricted to a single island (Table 5.3).

Table 5.3 The distribution of Peperomia in the Hawaiian islands.

The presence of a species on an island is denoted by X. Species in bold are those w hose distribution 

is restricted to a single island.

SPECIES
ISLAND

Molokai Lanai Maui Kauai Hawaii Oahu

P. alternifolia X X X
P. cookiana X X X X
P. deseneri X
P. eekana X X
P. ellipticibacca X
P. expallescens X X
P. globulanthera X
P. hesperomanii X
P. hirtepetiola X X
P. hvpoleuca X
P. kipalulensis X
P. kokeana X
P. latifolia X X X X X X
P. blanda var. floribunda X X X X X X

P. ligustrina X X X
P. macreana X X X X X
P. mauiensis X X X

P. membranacea X X X X X
P. oahuensis X X
P. obovatilimba X X
P. remvi X X X X X X
P. rockii X
P. sandwicensis X X X
P. suboetiolata X
P. tetraphylla X X X X X X
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The Hawaiian species o f Peperomia display a large range o f morphological variation (Wagner et al. 

1990). The largest species can have stem lengths o f greater than 100 cm (P. hirtepetiola, P. 

macreana, P. rockii and P. subpetiola), in three species the stem length does not exceed 20 cm (P. 

hypoleuca, P. ligustrina, P. mauensis) and in P. degeneri it does not exceed 5 cm. Leaf dimensions 

also vary greatly (the maximum leaf dimensions recorded for P. macreana are 1 5 x 7  cm, while the 

maximum recorded for P. mauiensis are 2 x 1 cm), as does the maximum inflorescence length (for P. 

latifolia it is 15 cm while for P. eekana it is 2.5 cm).

Of the 23 endemic species in Hawaii, 3 have an alternate leaf arrangement {P. alternifolia, P. 

degeneri, P. oahuensis), 19 have an opposite leaf arrangement and in P. latifolia it can be alternate or 

opposite. Seven species have a glabrous stem {P. alternifolia, P. globulanthera, P. hesperomanii, P. 

hypoleuca, P. ligustrina, P. membranaceae and P. oahuensis) while in the remaining 16 the stem is 

hairy. Five species have glabrous leaves {P. alternifolia, P. globulanthera, P. hesperomanii, P. 

membranaceae and P. oahuensis) and 9 species have a glabrous peduncle {P. alternifolia, P. 

globulanthera, P. hesperomanii, P. hypoleuca, P. kipahuluensis, P. ligustrina, P. membranaceae, P. 

oahuensis and P. subpetiola).

The stigma is terminal in 11 species {P. eekana, P. ellipticabacca, P. expallsecens, P. hesperomanii, 

P. hirtepetiola, P. hypoleuca, P. kipahuluensis, P. macreana, P. obovatilimba, P. rockii and P. 

subpetiola) and subterminal in the remaining 12. Flowering spikes occur only on axillary nodes in P. 

alternifolia, only on terminal nodes in P. mauiensis and P. sandwicensis, and occur on terminal nodes 

or in uppermost leaf axils in P. expallescens. In the remaining 19 species inflorescences can be either 

terminal or axillary. Only in P. mauiensis and P. sandwicensis do inflorescences occur as solitary 

spikes (Wagner et al. 1990).

The species o f Peperomia in the Hawaiian Islands have been morphologically compared with the 

species in French Polynesia based on observation of 7 taxonomic features (Table 5.4). P. pellucida, 

naturalised in both areas has not been included.
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Table 5.4: Morphological comparison of 25 Hawaiian and 13 French Polynesian sp ecies of

Peperomia using mean data from Wagner etal. (1990) and Florence (1997)

CHARACTER HAWAIIAN
ISLANDS

FRENCH
POLYNESIA

Mean value for 
‘Maximum stem length’ 53.52 cm 34.17 cm
Mean value for 
‘Maximum leaf length’ 6.86 cm 7.00 cm
Mean value for 
‘Maximum leaf width’ 2.67 cm 3.94 cm
Mean value for 
‘Maximum inflorescence 
length’

7.82 cm 9.29 cm

Number of alternate 
leaved species

3 of the 25 species 
(12%)

6 of the 13 species 
(46%)

Number of strictly 
glabrous species

7 of the 25 species 
(28%)

1 o f the 13 species 
(8%)

Number of species with a 
stigma position that is 
terminal or subterminal

25 of the 25 species 
(100%)

7 of the 13 species 
(54%)

Considering the mean ‘maximum stem lengths’ recorded, the Hawaiian species are on average larger 

than those in French Polynesia. The maximum stem length recorded in French Polynesia is 50 cm (P. 

blanda war. floribunda, P. societatis) while in Hawaii it is 200 cm {P. macreand). French Polynesian 

species have marginally larger mean values for leaf length, leaf width and inflorescence length.

Notably almost half o f the species in French Polynesia have a predominantly alternate leaf 

arrangement. This is in contrast to the Hawaiian species o f which only 3 (12%) have alternate leaves 

(the 3 endemic taxa from the Pitcairn Islands which are adjacent to but politically excluded from 

French Polynesia also have an alternate leaved arrangement). Although a number o f species in 

French Polynesia are commonly glabrous, only one o f the 13 {P. australana) is strictly so. This 

contrasts with Hawaii in which 7 of the 25 species (28%) are strictly glabrous. An interesting 

morphological comparison can also be drawn in terms o f stigma position. Wagner et al. (1990) 

suggest that all o f  the species in Hawaii have a terminal or subterminal stigma while in French 

Polynesia just under half of the species have a stigma that js apical or subapical (6 of the 13 species).
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Based on morphology Wagner et al. (1990) make a number o f observations with regard to 

phylogenetic relationships between species and to the evolution o f the genus within the Hawaiian

Islands. They suggest that the 25 native Hawaiian species appear to be the result of at least 3 or 4

independent colonisations represented by;

1. P. tetraphylla

2. P. blanda wax.floribunda and related endemic species

3. The alternate-leaved species, P. oahuensis, P. alternifolia and P. degeneri

4. Probably P. latifolia and allied species

They also suggested that P. alternifolia is closely related to P. oahuensis, differing only in leaf size 

and shape. P. degeneri may represent a young, preciously flowering growth o f P. latifolia. P. 

mauiensis is closely related to P. sandwicensis from which it differs primarily in leaf shape and 

overall size. P. ellipticibacca is closely related to P. eekana and P. expallescens but is distinctive in 

leaf characters and in its thickened rachises. P. kipahuluensis is a nearly glabrous species closely 

related to the pubescent P. eekana. Related to, but distinct from, P. macreana are P. hesperomanii, P. 

hypoleuca and the robust species P. hirtipetiola, P. rockii, P. obovatilimba and P. subpetiolata.

Peperomia cookiana, P. blanda war. floribunda and P. remyi form a closely related complex differing 

in only a few characters and in their habitat preferences. Both P. remyi and P. cookiana appear to 

have been independently derived from P. blanda var. floribunda, with P. remyi representing a more 

robust derivation adapted to wet forest. P. membranacea also appears to be closely related to P. 

remyi, differing primarily in its lack of pubescence. Based on its fine pubercence, P. kokeana may be 

most closely related to P. blanda var. floribunda. P. globulanthera appears to essentially represent a 

glabrous form o f P. cookiana but alternatively could represent a less robust species derived from the 

P. membranacea lineage.

Descriptions o f the Hawaiian species of Peperom ia  raise a number of questions. In terms o f 

morphological evolution one important question is whether the glabrous species are more closely 

related to each other, or whether they have evolved a number o f  times from hairy progenitors? 

Wagner et al. (1990) suggest the second alternative for a number o f species: ‘T . globulanthera 

appears to essentially represent a glabrous form of P. cookiana', P. kipahuluensis is a nearly glabrous 

species closely related to the pubescent P. eekana”. O f the 7 species that are glabrous, only 1 is 

widespread across the archipelago. A similar evolutionary question is raised with respect to leaf 

arrangement. Are the alternate leaved species more closely related to each other or has the alternate
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leaved form evolved a number of times from opposite leaved progenitors? None of the alternate 

leaved species are widespread in their distribution.

A molecular study o f Peperomia in the Hawaiian Islands presents a unique opportunity to follow the 

evolution and to address such hypotheses. The Hawaiian Islands are considerably more remote than 

those o f French Polynesia and if monophyly is assumed, represent a clear example o f evolution in 

isolation. The only molecular work carried out on Peperomia in Hawaii has been done by Dr Tim 

Motley and his student Hugh Cross of the New York Botanical Garden (NYBG) who obtained and 

analysed DNA sequences of the nuclear ITS region for 16 of the 25 native species o f Peperomia in 

Hawaii (unpublished). In 2000 a collaborative Polynesian Peperomia  project was established to 

combine molecular data from Hawaii and SE Polynesia.
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5.2 METHODS

5.2.1 Collaboration

The ITS region o f 14 o f the endemics in Hawaii were sequenced by T. Motley and H. Cross (NYBG). 

Methods used were identical to those outhned in Chapter 3.2.2 under the NYBG protocol (T. Motley 

and H. Cross, pers comm.). This project extended that work and the ITS region o f a further 3 

Hawaiian species were sequenced. DNA from Hawaiian material was also made available for 

inclusion in a chloroplast trnL-trnF sequencing study. Initial trnL-trnF sequencing was carried out at 

the NYBG (research visit 2001) and completed in TCD. In addition to the Hawaiian material, Dr 

Motley provided ITS sequences or silica gel dried samples o f  a number o f other species o f 

Peperomia: P. marianensis (Guam), Peperomia sp. (Pohnpei), P. palauensis (Palau), Peperomia sp. 

(Peru), and P. perambucensis (South America).

Methods o f phylogenetic analysis are identical to those outlined in Chapter 

included in this chapter were completed in TCD and personal observations and 

drawn for the purposes of this thesis. Voucher details of all individuals used in 

are given in Appendix 2.12.

5.2.2 DNA sequencing of Peperomia in Hawaii

Analysis o f  the ITS1-5.8S-ITS2 region

The ITS study includes 17 o f the 23 endemic Hawaiian species. Also included are Hawaiian 

collections of the widespread species P. blanda vax. floribunda and P. tetraphylla. Six outgroup taxa 

have been included, three species of Peperomia  (two from South America and one from French 

Polynesia) and three species from within the genus Piper. Where sequences are available from more 

than one individual within a given Hawaiian species, these have been included.

Analv.sis o f the trn\ArnY  region

The trnL-trnV analysis includes 13 of the 23 endemic species in Hawaii. Also included are Hawaiian 

collections of the widespread species P. blanda var. floribunda  and P. tetraphylla. Three outgroup 

species o f  Peperomia have been included (two from South America and one from French Polynesia). 

Variable sites between 542 and 750 bp were excluded from the trnL-trnF analyses due to ambiguous 

alignment. Gaps were scored as missing data, but indels greater than 5 bp in length and shared by
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more than one species were coded as additional binary characters. Two binary characters were coded, 

one to represent a 19 bp repeat common to 4 individuals {P. hypoleuca (NT960124), P. ligiistrina 

(HBC16), P. cookiana (HBC 22) and P. obovatilimba (HBC 26) and the other to represent a 7 bp 

repeat common to P. kokeana (NT960124) and P. latifolia (RP8).

In as far as was possible individuals included in the trnh-trriF study are identical to those used in the 

ITS analysis. Practical problems with DNA sequencing made this impossible in a number of cases. 

Quality trnL-trnV sequence data could not be obtained from outgroup material available (collections 

within the genus Piper). Trees have been rooted with P. tetraphylla (based on its position in the ITS 

sequence analysis). DNA was not available from P. remyi or P. hirtepetiola and quality trnL-trn¥ 

sequence data could not be obtained from the individuals of P. elliptobacca or P. alternifolia.

Combined analysis o f the ITS1-5.8S-ITS2 and trnL-trnV regions

The combined analysis o f ITS1-5.8S-ITS2 and trriL-trriP sequence data contains identical individuals 

to those present in the trnL-trnF study. Variable sites between 542 and 750 bp were excluded from 

the trnL-trnF region due to ambiguous alignment. Gaps were scored as missing data, but indels 

greater than 5 bp in length and shared by more than one species were coded as additional binary 

characters. Two were coded as additional binary characters (present in the trnL-trnF region).

5.2.3 DNA sequencing of Peperomia in Eastern Polynesia

Analysis o f the ITS1-5.8S-ITS2 region

The ITS sequencing study includes 17 of the 23 endemic Hawaiian species and 12 taxa endemic to SE 

Polynesia. Also included are the widespread species P. blanda var. floribunda  and P. tetraphylla, 

distributed in both areas. Nine outgroup species of Peperomia have been included (four distributed 

in the Pacific and five from South America) as well as species from within two outgroup genera 

{Piper and Saururus).

Analysis o f the trnL-trnF region

The trnL-trnF sequencing study includes 13 of the 23 endemic Hawaiian species and 12 taxa endemic 

to SE Polynesia. Also included are the widespread P. blanda war. floribunda  and P. tetraphylla, 

distributed in both areas. Nine outgroup species of Peperomia have been included (four distributed in 

the Pacific and five from South America). Variable sites between 542 and 750 bp were excluded
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from the trnL-trnV analyses due to ambiguous alignment. Gaps were scored as missing data but 

indels greater than 5 bp in length and shared by more than one species were coded as additional 

binary characters. Four were coded as additional binary characters (listed in Table 5.5). In as far as 

was possible individuals used in the trnL-trn¥ study are identical to those used in the ITS analysis. 

Practical problems with DNA sequencing made this impossible in a number o f cases. Quality trnL- 

trnF sequence data could not be obtained from out-group material available (collections within the 

genus Piper). Trees have been rooted with P. tetraphylla (based on its position in the ITS tree). 

DNA was not available from P. remyi, P. hirtepetiola, Peperomia sp. (Pohnpei) or P. perambucensis 

and quality sequence data could not be obtained from individuals o f P. rotundifolia, P. alternifolia or 

P. elliptobacca. P. blanda var. floribunda from SE Polyneisa is represented by UB0082 in the ITS 

study and is replaced by 97-267 in the trnL-trnF analysis.

Combined analvsis o f the ITS1-5.8S-ITS2 and trnL-trnV regions

The combined analysis of ITS1-5.8S-ITS2 and trnL-trnY sequence data includes 13 o f the 23 endemic 

Hawaiian species and 12 taxa endemic to SE Polynesia. Also included are the widespread species P. 

blanda var. floribunda  and P. tetraphylla, distributed in both areas. Six outgroup species of 

Peperom ia  have been included (three distributed in the Pacific and three from South America). 

Variable sites between 542 and 750 bp were excluded from the trnh-trnF analyses due to ambiguous 

alignment. Gaps were scored as missing data, but indels greater than 5 bp in length and shared by 

more than one species were coded as additional binary characters. Four were coded as additional 

binary characters (present in the trnL-trnF region).

Table 5.5: indels coded as additional binary characters in the analysis of Peperomia in Eastern

Polynesian based on trnL-trnF seq u en ce data.

SPECIES POSITION LENGTH OF REPEAT

P. hombronii (TCD20011022) 
P. kokeana (NT960124)
P. latifolia (RP8)

254 7 bp

P. macrostachya (Guyana) (UB00512) 
P. species (Peru) (NT980483)

472 6 bp

P. hypoleuca (CRA 3746) 
P. ligustrina (HBC 16)
P. cookiana (HBC 22)
P. obovatilimba (HBC26)

561 19 bp

P. pitcairnensis (97-742) 
P. rapensis (97-621)

882 9 bp
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5.3 RESULTS

5.3.1 DNA Sequencing study of Peperomia in Hawaii

5.3.1.1 Phylogenetic Analysis of Peperomia in Hawaii based on ITS1-5.8S-ITS2 sequence data
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Pepeiomia australana (French Polynesia) usooioa 
Pepe/omiavertidSata (SouthAmerica) t c d i 9bioo67 

Peperomia maaostadJya (Guyana) u b o is i2 

Pepemmiacool<iana hbci4 r
Pepe/omiacoofQana hbc22 J
Peperomiagtobulanthera hbcb
Pepeiumia oahuensis JM991 j
Peperomiacooldana  hbc20  ^

Peperom iahypoleuca  h b c i?  ^

Pepe ivm ^kokeana  nT960i24 ^

PeperomialaGfoHa h b c 2 7  4
Peperomia Kgustma h b c ib

PeperomiaSgustiha h b c i9 ^
Pepeiomia maaeana h b c h  J
Peperomiamaaeana h b c 23 .

Pepeiomiamacfeana hbc3i -
Pepefomiaobovataimba h b c 26 j
Peperomia cool^ana h b c 2b ^
Pepefom^eekana hbc4 ^
Peperomiamembianxsa  r p 2 4
Peperomagfobuteinff?eraHBcio 4
Peprenmia hktepetiola krw395i ^

Pepeiomia hypoleuca c r a 3T46 ,
PepeiomialatifoBa h b c s  .

PepeiomialatUbHa m b c 6 j
Pepeiomialigustiina h b c 2s ^
Peperomiamaaeana hfiC29 ^
Peperomiagtobulanffiera h b c s  4
Pepeiomia koheana h b c i3 4
PepeiomialatifoSa h b c 7 4
PepeiomialatifyKa n t 980240 ^
Peperomia latifoSa r p s  ^
Pepeiomialatifoki RPQ j
Peperomia membranacea k r w 6172 j

Peperomiaaltemffolia krw716S ^
Peperomiamaaeana r p s  4
PeperomiaelSptobacca c m i 3Si  4
Peperomiasandwichensis r p 4 4
Pepeiomiamauiensis n t 960273 4
Peperomia sarKiw'ichensis nt98ooo2 ^
Pepeiomia sarxiwichensis r p j  C
Pepemmiavarftor^unda n t9 i i o 92 
Peperomia remyi wt3833 a
Pepeiom ia te tr^hy la  t c d i 997oo67

Figure 5 1 Parsimony Analysis of Peperomia in Hawaii based on

ITS1-5.8S-ITS2 sequence data

One of 91 equally most parsimonious trees. Tree length = 504. Cl = 0.7857; HI = 0.2143; Rl = 

0.7647. Branch lengths are given above, numbers below in bold are bootstrap percentages (1000 

replicates). Lines in bold are not maintained in the strict consensus tree. The shaded blocks 

represent Hawaiian endemic species. The tree has been rooted with P i p e r  bartlingianum.
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Figure 5.2 Maximum Likelihood Analysis of Peperomia in Hawaii based on

ITS1-5.8S-ITS2 sequence data.

Numbers below are bootstrap percentages (100 replicates). The shaded blocks represent Hawaiian 

endemic species. The tree has been rooted with Piper bartlingianum.

205



The ITS1-5.8S-ITS2 alignment was 593 bp long and had 57 parsimony informative sites. 

Unweighted parsim ony analysis of the matrix (including outgroups) generated 91 equally 

parsimonious trees o f 504 steps with a consistency index (Cl) of 0.7857 and a retention index (RI) of 

0.7647 (Figure 5.1). In both MP and ML analyses, the monophyly o f P eperom ia  is strongly 

supported by a bootstrap value of 100% (Figures 5.1 and 5.2).

With the exception of P. remyi, all of the Hawaiian endemic species included in the analysis form a 

strongly supported monophyletic clade with high bootstrap support in both MP (Figure 5.1) and ML 

(Figure 5.2) analyses (95% and 97% respectively). P. remyi strongly associates with the widespread 

species P. blanda war. floribunda (supported by a bootstrap value of 100% in both MP and ML 

analyses).

Branch lengths are extremely low within the Hawaiian clade and based on ITS data relationships 

between the endemic species are poorly resolved. Only P. sandwicensis (RP7 and NT980002) and P. 

m auiensis  (NT960273) appear to separate from the main clade. The relationship between the 

remaining Hawaiian endemics is supported by a bootstrap value o f 74% in the MP analysis and 91% 

in the ML analysis.

Where more than one individual has been included from within a given species, these do not associate 

together (e.g. P. cookiana, P. macreana, P. latifolia). In terms o f relationships within the Hawaiian 

endemics, both analyses provide bootstrap support for associations between a number o f individuals. 

The relationship between P. mauiensis (NT960273) and P. sandwicensis (NT9800002) is supported 

by bootstrap values of 65% (MP) and 54% (ML). The relationship between P. macreana (RP5) and 

P. elliptobacca  (CM1351) is supported by bootstrap values o f 65% (MP) and 72% (ML). The 

relationship between P. latifolia (RP6) and P. latifolia (RP8) is supported by bootstrap values of 83% 

(MP) and 87% (ML). The relationship between P. eekana (HBC4) and P. membranaceae (RP2) is 

supported by bootstrap values of 83% (MP) and 86% (ML). Within the ML analysis, there is 51% 

bootstrap support for a relationship between P. cookiana (HBC14), P. cookiana (HBC22) and P. 

globulanthera (HBC8).

The Maximum Parsimony bootstrap tree (not shown) suggests that of the species included, P. 

australana associates most closely with the Hawaiian species (58% bootstrap support). This is not 

evident in the strict consensus tree. This relationship is also indicated in the ML tree (60% bootstrap 

support).
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5.3.1.2 Phylogenetic Analysis o f Peperomia in Hawaii based on trn L -trn F  sequence data
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Figure 5.3 Parsimony Analysis of Peperomia in Hawaii based on

trnl-trnF  sequence data

One of 100,000+ equally most parsimonious trees. Tree length = 219. Cl = 0.8767; HI = 0.1233; Rj = 

0.7404. Branch lengths are given above, numbers below in bold are bootstrap percentages (1000 

replicates). The shaded blocks represent Hawaiian endemic species. The tree has been rooted with 

P- tetraphylla.
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Figure 5.4 Strict consensus tree of 100,000 most parsimonious trees found by analysis 

of trnL-tmF sequence data

Numbers in bold are bootstrap percentages (1000 replicates). The shaded blocks represent 

Hawaiian endem ic species. The tree has been rooted with P. tetraf3hylla.
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Figure 5.5 Maximum Likelihood Analysis of Peperomia in Hawaii based on 

tmL-trnf sequence data.

Numbers in bold are bootstrap percentages (100 replicates). The shaded blocks represent Hawaiian 

endemic species. The tree has been rooted with P. tetraphylla.
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The trriL-trnV alignment was 1126 bp long and had 22 parsimony informative sites. Unweighted 

parsimony analysis of the matrix (including outgroups), generated 100,000 plus equally parsimonious 

trees of 127 steps with a consistency index (Cl) of 0.9449 and a retention index (RI) of 0.7941 (Figure 

5.3). An upper limit on the number of trees was set at 100,000 (analyses with an unset limit 

continued until PAUP ran out of memory).

Neither the ML nor the MP analysis resolves relationships between the species, with bootstrap 

support available for only a small number of clades. Only P. tetraphylla and P. macrostachya were 

clearly distinguished from the other species. P. blanda \w . floribunda appears to be most closely 

related to P. verticillata (relationship supported by a bootstrap value of 79% in MP analysis and by 

73% in the ML analysis).

Based on trnL-trnF data the Hawaiian species are not monophyletic. P. australana, P. blanda var. 

floribunda and P. verticillata fall within the clade containing 11 of the 13 Hawaiian endemic species 

included in the study (bootstrap support for this clade is 69%> in the MP analysis and 71 % in the ML). 

The clade containing the remaining two Hawaiian endemics, P. eekana and P. kokeana, is strongly 

supported in both the MP and ML analysis (bootstrap values of 99% and 98% respectively).

trnL-trn¥ data provides little resolution of the relationships between the Hawaiian endemics but P. 

hypoleuca (CRA 3746), P. ligustrina (HBC 16), P. cookiana (HBC 22) and P. obovatilimba (HBC26) 

associate together in the Parsimony analyses (bootstrap value of 64%) due to the presence of a 19 bp 

repeat region present in these 4 individuals which has been coded as a separate binary character. This 

clade is not maintained when all gaps are scored as missing data.
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Figure 5.3.1.3 Phylogenetic Analysis of Peperomia in Hawaii based on combined 

ITS1-5.8S-ITS2 and trnh-trnF sequence data
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Figure 5.6 Parsimony Analysis of Peperomia in Hawaii based on combined 

ITS1-5.8S-ITS2 and tml-trnF sequence data

One of 342 equally most parsimonious trees. Tree length = 430. Cl = 0.8605; HI = 0.1395; Rl = 

0.6273. Branch lengths are given above, numbers below in bold are bootstrap percentages (1000 

replicates). The shaded block represents Hawaiian endemic species. The tree has been rooted with

P- tetraphylla.
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Figure 5.7 Strict consensus of 342 most parsimonious trees found by analysis of 

combined ITS1-5.8S-ITS2 and sequence data

Numbers in bold are bootstrap percentages (1000 replicates). The shaded block represents 

Hawsiian endemic species. The tree has been rooted with P. tstrsphyllB.
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The combined ITS1-5.8S-ITS2 and trnh-trnV ahgnment was 1631 bp long and had 79 parsimony 

informative sites. Unweighted parsimony analysis o f the matrix (including out-groups), with gaps 

scored as missing data, generated 342 equally parsimonious trees o f 430 steps with a consistency 

index (Cl) o f 0.8605 and a retention index (RJ) of 0.6273 (Figure 5.6).

Peperomia tetraphylla and P. macrostachya (South American outgroup) were distinguished from the 

other species. The group containing the 13 endemic Hawaiian species, P. blanda w&r.floribunda, P. 

australana  (outgroup from French Polynesia) and P. verticillata (South American outgroup) is 

supported by a bootstrap value of 70%. Within this group the monophyly of the 13 endemic species 

is strongly supported (bootstrap value of 96%).

The combined data does not resolve the relationships between the endemic species o f Peperomia in 

Hawaii. As in the ITS1-5.8S-1TS2 analysis, only P. sandwicensis (RP7) and P. mauiensis 

(NT960273) separate from the main clade. The remaining Hawaiian endemics are supported by a 

bootstrap value o f 83%. The combined analysis provides strong support for a relationship between P. 

eekana and P. kokeana (bootstrap value of 98%).
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5.3.2 DNA sequencing study of Peperomia in Eastern Polynesia

5.3.2.1 Phylogenetic Analysis o f Peperomia in Eastern Polynesia based on 

ITS1-5.8S-ITS2 sequence data
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Figure 5.8 Parsimony Analysis of Peperomia in Eastern Polynesia based on
ITS1-5.8S-ITS2 sequence data

One of 108 equally most parsimonious trees. Tree length = 954. Cl = 0.6960; HI = 0.3040; Rj = 

0.7463. Branch lengths are given above, numbers below in bold are bootstrap percentages (1000 

replicates). Hawaiian endemics are coloured red, SE Polynesian endemics are coloured blue and 
species with a distribution restricted to the Pacific are coloured green. The tree has been rooted with 

Saururus chinensis.
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Figure 5.9 Strict consensus of 108 most parsimonious trees found by

Maximum Parsimony analysis of the ITS1-5.8S-ITS2 data set

Numbers in bold are bootstrap percentages (1000 replicates). Hawaiian endemics are coloured red, 

SE Polynesian endemics are coloured blue and species with a distribution restricted to the Pacific are 

coloured green. The tree has been rooted with Saururus chinensis.
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Figure 5.10 Maximum Likelihood Analysis of Peperomia in Eastern Polynesia
based on ITS1-5.8S-ITS2 sequence data

Numbers below in bold are bootstrap percentages (100 replicates). Hawaiian endemics are coloured 
red, SE Polynesian endemics are coloured blue and species with a distribution restricted to the 

Pacific are coloured green. The tree has been rooted with Sdururus chinGnsis.
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The P e p e ro m ia  ITS alignment was 630 bp long and had 159 parsimony informative sites. 

Unweighted parsimony analysis of the matrix (including out-groups), with gaps scored as missing 

data, generated 108 equally parsimonious trees of 952 steps with a consistency index (Cl) o f 0.6960 

and a retention index (RI) of 0.7463 (Figure 5.8). In both MP and ML analyses, the monophyly of 

Peperomia is clearly supported by a bootstrap value of 100% (Figures 5.8 and 5.10).

Pacific species o f  Peperomia do not form a distinct clade, with no bootstrap support for the 

distinction o f the South American out-groups. Both MP and ML analyses provide bootstrap support 

for the distinction o f the widespread species P. tetraphylla (66 and 63% respectively).

Both MP and ML analysis of sequence data generated from the ITS1-5.8S-ITS2 region, identify eight 

strongly supported clades.

With the exception o f P. remyi, all of the Hawaiian endemic species included in the analysis form a 

strongly supported monophyletic clade (bootstrap support o f 95% in the MP analysis and 99% in the 

ML analysis). The relationship between P. marianensis, P. palauensis and P. sp (Pohnpei) is strongly 

supported in both MP and ML analyses (bootstrap values of 99% and 100% respectively).

The clade containing P. perambucensis, P. remyi and a representative individual of P. blanda var. 

floribunda  from both Hawaii and SE Polynesia is strongly supported in both MP and ML analyses 

(bootstrap values o f 96% and 99% respectively). Within this clade both analyses indicate that P. 

blanda var. floribunda  from Hawaii (NT911092) is most closely related to P. perambucensis from 

South America. The association between P. rotundifolia and P. macrostachya (both collected in 

Guyana, South America) is supported by a bootstrap value of 77% in the MP analysis and 73% and 

ML analysis. The MP analysis suggests a relationship between P. verticillata (South America) and P. 

sp (Peru) although this is not strongly supported.

The four clades previously identified in SE Polynesia are maintained. Analyses suggest a 

relationship between the P. australana - P. tutuilana clade and the P. rapensis - P. pitcairnensis 

clade, although this is supported by relatively low bootstrap values (59% - MP and 67% -ML).

The ML analysis suggests a relationship between the combined clade containing P. australana, P. 

tutuilana, P. pitcairnensis and P. rapensis and the clade containing P. pallida, P. hendersonensis, P. 

sp and P. X abscondita, although this is supported by a low bootstrap value (52%). Other than this, 

neither analysis resolves the relationship between the eight identified clades.
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5.3.2.2 Phylogenetic Analysis of Peperomia in Eastern Polynesia based on trriL -tm Y  sequence data
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Figure 5.11 Parsimony Analysis of Pepemmia in Eastern Polynesia based on 

trn l-trn f sequence data

One of 100,000+ equally most parsimonious trees. Tree length = 219. Cl = 0.8767; HI = 0.1233; Ri = 

0.7404. Branch lengths are given above, numbers below in bold are bootstrap percentages (1000  

replicates). Hawaiian endemics are coloured red, SE Polynesian endemics are coloured blue and 

species with a distribution restricted to the Pacific are coloured green. The tree has been rooted with 

P. tetraphylla.
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Figure 5.12 Strict consensus of 100,000 most parsimonious trees found by

Maximum Parsimony analysis of the trn l-trn f data set

Numbers in bold are bootstrap percentages (1000 replicates). Hawaiian endemics are coloured red, 

SE Polynesian endemics are coloured blue and species with a distribution restricted to the Pacific are 

coloured green. The tree has been rooted with P. tetraphyiia.
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Figure 5.13 Maximum Likelihood Analysis of Peperomia in Eastern Polynesia

based on trnL-trnF sequence data

Numbers below in bold are bootstrap percentages (100 replicates). Hawaiian endemics are coloured 

red, SE Polynesian endemics are coloured blue and species with a distribution restricted to the 

Pacific are coloured green. The tree has been rooted with P. tetraphylla.
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The trnL-trnV  alignment was 1126 bp long and had 22 parsimony informative sites. Unweighted 

parsimony analysis of the matrix (including outgroups), generated 100,000 plus equally parsimonious 

trees o f 127 steps with a consistency index (Cl) of 0.9449 and a retention index (RI) o f 0.7941 (Figure 

5.11). An upper limit on the number of trees was set at 100,000 (analyses with an unset limit 

continued until PAUP ran out of memory).

In both analyses P. tetraphylla and P. macrostachya were initially distinguished from the other 

species, followed by P. sp (PNG). In the ML analysis P. eekana, P. kokeana, P. fosbergii and P. sp 

(Peru) were also distinguished from the remaining individuals (Figure 5.13).

Based on MP and ML analysis of the trnL-trriF sequence data the Hawaiian species are not 

monophyletic. In both the MP and ML analysis P. eekana from Hawaii associates with P. fosbergii 

from Tahiti (bootstrap values of 67% and 60% respectively). These two species are strongly 

associated with P. kokeana (also endemic to Hawaii) in the MP analysis (bootstrap support of 94%) 

and in the ML analysis (bootstrap support of 95%). Observation o f the dataset reveals that this clade 

of 3 species is characterised by eleven 1 bp transversions (at positions 6, 350, 356, 364, 755, 972, 

1080 and 1104) and by one 1 bp transition (at position 973).

Both analyses recognise three other clades. P. pitcairnensis is associated with P. rapensis (bootstrap 

support o f 71% and 65% in the MP and ML analyses respectively). The relationship between P. 

austra lana  and P. tutuilana is supported by a bootstrap value of 100% in both analyses. P. 

verticillata is associated with the two individuals of P. blanda \ar. floribunda  (bootstrap support of 

79% (MP) and 76%(ML)). P. remyi has not been included in the trnL-trnV study.

In the MP analysis a clade containing 4 endemic species from Hawaii {P. hypoleuca (CRA3746), P. 

ligustrina (HBC16), P. cookiana (HBC22) and P. obovatilimba (HBC26)) is supported by a low 

bootstrap value o f 55%. This relationship is not supported in the ML analysis. This clade of 4 

species is characterised by a 19 bp repeat at position 561 and is only supported in the MP analysis 

when this repeat is coded as a separate binary character.
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5.3.23 Phylogenetic Analysis o f Peperomia in Eastern Polynesia based on combined 

ITS1-5.8S-ITS2 and trriL-trnF sequence data
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Figure 5.14 Parsimony Analysis of Peperomia in Eastern Polynesia based on combined
ITS1-5.8S-ITS2 and trnL-trnF sequence data

One of 54,646 equally most parsimonious trees. Tree length = 677. Cl = 0.7563; HI = 0.2437; Ri = 

0.7140. Branch lengths are given above, numbers below in bold are bootstrap percentages (1000 
replicates). Hawaiian endemics are coloured red, SE Polynesian endemics are coloured blue and 

species with a distribution restricted to the Pacific are coloured green. The tree has been rooted with 
P. tetraphylla.
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Figure 5.15 Strict consensus of 54,646 most parsimonious trees found by analysis of the

combined ITS1-5.8S-ITS2 and trnL-trn? data set

Numbers in bold are bootstrap percentages (1000 replicates). Hawaiian endemics are coloured red, 

SE Polynesian endemics are coloured blue and species with a distribution restricted to the Pacific are 

coloured green. The tree has been rooted with P. tetraphyiia.
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The combined alignment was 1631 bp long and had 163 parsimony informative sites. Unweighted 

parsimony analysis o f the matrix (including outgroups) generated 54, 646 equally parsimonious trees 

of 677 steps with a consistency index (Cl) of 0.7563 and a retention index (RI) o f 0.7140 (Figure 

5.14).

Maximum Parsimony analysis of the combined dataset strongly indicates that the Hawaiian species 

included in the analysis are monophyletic (bootstrap support of 84%). While the data provides little 

further resolution o f the Hawaiian endemics it does suggest that P. sandwicensis (represented by RP7) 

and P. mauiensis (represented by NT960273) are basal, and that there is a strongly supported 

relationship between the endemics P. kokeana (NT960124) and P. eekana (HBC4).

The relationship between the two Micronesian species {P. marianensis and P. palauensis) is strongly 

supported by a bootstrap value of 100%. The data provides no indication of their relationship to any 

of the other clades.

Four previously identified clades are maintained within the SE Polynesian endemic species. P. 

grantii, P. hombronii and P. societatis (endemic to the Society Islands) form a strongly supported 

clade that includes the Southern Cook endemic P. wilderi (97% bootstrap support). The relationship 

between P. pallida, P. hendersonensis. P. sp. (Pitcairn) and P. x  abscondita is strongly supported 

(bootstrap value o f 99%), with P. x abscondita as the outgroup taxon within this clade. P. 

pitcairnensis is associated with P. rapensis (bootstrap support o f 92%) and P. australana associates 

with P. tutuilana (bootstrap support of 100%). The analysis suggests a relationship between these 

later two clades although bootstrap support for this relationship is low (55%). The Tahitian (Society 

Islands) endemic P. fosbergii does not associate with any of the other taxa included in the combined 

study. This species associated with P. eekana and P. kokeana in the trnh-trnF study (Figures 5,11 

and 5.13).

The combined analysis does not provide an indication o f the relationships between any o f the 

identified clades, nor of how they relate to the widespread taxa distributed in Eastern Polynesia (P. 

blanda v&r.floribunda, P. tetraphylla) or the South American outgroup taxa included.
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5.4 DISCUSSION

5.4.1 Molecular analysis of Peperomia in Hawaii

ITS1-5.8S-ITS2 sequence data strongly suggests that the Hawaiian species o f Peperom ia  are 

monophyletic but does not provide enough resolution to speculate on inter-species relationships 

(Figures 5.1 and 5.2). Some individuals (in this case P. sandwicensis (RP7 and NT980002) and P. 

mauiensis (NT960273)) appeared to be basal, although hypothesising further on the evolutionary 

pathways using only ITS sequence data is difficult. Random mutations in regions such as the nuclear 

ITS1-5.8S-ITS2 region build up gradually over time. The low branch lengths evident in Figure 5.1 

suggest that radiation within Peperomia on the Hawaiian archipelago has been relatively recent in 

evolutionary terms. Thus, while the Hawaiian species of P eperom ia  display high levels o f 

morphological variation, genetic variation between species is low (based on ITS sequence data). 

Similar observations have been previously documented for other genera in the archipelago -  “despite 

the genuine morphological, ecological, physiological and anatomical diversification of Hawaiian 

plants, there has apparently not been concomitant genetic change” Carlquist (1996).

Like the situation observed in SE Polynesia, the trnL-trnF region is not highly variable and cannot be 

used to resolve the relationships between the species of Peperomia in Hawaii. It does not support the 

hypothesis that the Hawaiian endemics are monophyletic. It does however suggest a definite 

relationship between the endemic species P. eekana and P. kokeana, and the distinction o f these 

species from the other endemics included in the trnL-trnF study (no relationship between these two 

species was evident from the ITS study). P. eekana and P. kokeana do not bear any notable 

morphological similarity to each other (personal observation o f species descriptions). Under 

Yuncker’s classification of the Hawaiian species o f Peperomia (1933), P. eekana falls within the 

subgenus H awaiiana  Yunck. while P. kokena falls within the subgenus Sphaerocarpidium  Dahlst. 

sect. Verticillatae Dahlst. Wagner et al. (1990) suggested that P. eekana may be related to P. 

expallescens and that P. kokeana may be related to P. blanda var. floribunda. The chromosome 

numbers o f the two species also differ. In P. eekana it is 2n = ca. 36, 44, while in P. kokeana it is 2n 

= 88 (Wagner et al. 1990). The distributions of the two species do not overlap, with P. eekana 

distributed on Molokai and Maui and P. kokeana being found only on the older island of Kauai.

Observation of the trnL-trnF sequence data revealed that it has a number of repeat regions. Many o f 

these are restricted to a single species, but others are shared by two or more species. The 19 bp repeat 

common to P. hypoleuca (CRA 3746), P. ligustrina (HBC 16), P. cookiana (HBC 22) and P. 

obovatilimba  (HBC26) may represent a phylogenetic link between these species. Given the small



numbers o f individuals included in the trnL-trnF sequencing study, it is possible that these individuals 

are not representative of their respective species. No morphological connection has previously been 

drawn between these species (Wagner et al. 1990). Yuncker (1933) placed P. hypoleuca and P. 

obovatilimba within the subgenus Hawaiiana Yunck. and the species P. ligustrina and P. cookiana 

within the subgenus Sphaerocarpidium Dahlst. sect. Verticillatae Dahlst. P. cookiana is present on 

the oldest island o f Kauai and is also found on Molokai, Maui, and the youngest island, Hawaii. P. 

ligustrina is found on Molokai, Maui and Hawaii, P. obovatilimba is found on Maui and Hawaii and 

P. hypoleuca is endemic to Hawaii (Wagner et al. 1990).

Phylogenetic relationships revealed by analysis o f the trriL-trn¥ data indicate an underlying 

complexity in the evolution of Peperomia on the Hawaiian Islands. Based on ITS data the endemics 

studied are monophyletic (excepting P. remyi). Given the lack o f genetic variation in this region, 

which is insufficient to indicate phylogenetic relationships between the species, it could be concluded 

that they have radiated recently. Complexities arise in that the trnL-trnF data clearly indicates a 

number o f  phylogenetic relationships through the maternal lineage (based on the assumption that 

chloroplast DNA is maternally inherited in Peperomia). In general uniparentally inherited chloroplast 

genes are more conserved than nuclear genes due to their lower mutation rate (Wolfe et al. 1987; 

Palmer 1991; Downie & Palmer 1992a). Observation of the branch lengths in the study o f SE 

Polynesian species of the genus confirms this pattern, with variation in the ITS region (Figure 3.1) 

considerably greater than that in the trnL-trnF region (Figure 3.4). This is not however the case in 

Hawaii, where many of the branch lengths in the trnL-trnF study (Figure 5.3) are greater than those in 

the ITS analysis (Figure 5.1).

Studies in the Austral Islands o f French Polynesia suggest that inter-species hybridisation is common 

between sympatrically occurring species of Peperomia. If  this is representative of the genus as a 

whole, widespread hybridisation may be a feature o f the closely related Hawaiian endemics, and it 

may be that the ITS data is clouded by high levels o f introgression between species. Further more 

detailed studies are clearly required to understand the complexity revealed by molecular studies o f 

P eperom ia  in Hawaii. I f  hybridisation is widespread it presents both an enormous taxonomic 

challenge and a unique opportunity for further research on the hybridisation process.

Given the lack o f variation in the ITS region, phylogenetic relationships between the species of 

Peperomia on the Hawaiian Islands may best be resolved by incorporating data from a suite o f gene 

regions. The potential use of chloroplast microsatellites should also be assessed. Preliminary AFLP 

work on Hawaiian species in TCD has been successful, suggesting that this technique may be useful 

in both providing greater resolution to closely related groups of species and in identifying potential
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hybrids. Molecular work should also be closely tied to morphological studies. The possibility of 

misidentification of the Hawaiian species of Peperomia used in this study has been raised by Hugh 

Cross (HBC), one of the collaborative partners and the principle collector (pers comm.).

Based on morphology Wagner et al. (1990) made a number o f observations with regard to 

phylogenetic relationships between species and to the evolution of the genus within the Hawaiian 

Islands. These authors suggest that the 25 native Hawaiian species appear to be the result o f at least 3 

or 4 independent colonisations, represented by:

P. tetraphylla

P. blanda v&v.floribunda and related endemic species

The alternate-leaved species, P. oahuensis, P. alternifolia and P. degeneri

Probably P. latifolia and allied species

P. tetraphylla and P. blanda \ar. floribunda clearly represent two separate migrations into Hawaii. 

Based on the monophyletic nature of the endemic species studied (excepting P. remyi) it could be 

suggested that they have radiated from a single colonisation event. Unfortunately, without inclusion 

of all 23 endemics and ideally a molecular means of accurately assessing phylogenetic relationships 

between the species, it is difficult to hypothesise further on this or on colonisation patterns.

Neither analysis o f the ITS1-5.8S-ITS2 nor analysis of the trriL-trnY region suggests a relationship 

between the three alternate-leaved species or between the seven species with a glabrous stem. This is 

of interest from the perspective of understanding patterns of morphological evolution within the 

genus. Data from SE Polynesia also provides little evidence to phylogenetically link species o f a 

given leaf arrangement or stem vestiture. Thus these appear to be key taxonomic characters but not 

characters o f phylogenetic signficance. The phylogenetic relationships identified between endemic 

species on Hawaii based on DNA sequence data suggest that, like the situation in SE Polynesia, it 

may be difficult to observe patterns of morphological evolution.

Sequence analysis of the ITS1-5.8S-ITS2 region indicates that one important event in Hawaii has 

been the formation o f P. remyi from the widespread species P. blanda v a r .  floribunda. P. remyi was 

classified as P. blanda var. rem yi C. DC. (deCandolle 1913) and later revised to P. remyi C.DC 

(Wagner et al. 1990). Molecular data has backed the previous suggestion (Wagner et al. 1990) that P. 

remyi is a robust derivative of P. blanda var. floribunda, adapted to wet forest. It appears to be a 

successful derivative species given that, like P. blanda \a.r. floribunda, it is distributed on all six 

islands within the archipelago. No evidence has been found to suggest that P. blanda war. floribunda
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has speciated in SE Polynesia. Further research on the factors that triggered the formation of P. remyi 

may allow a greater understanding of speciation events in widespread taxa e.g. comparison of 

material from each of the Hawaiian islands to determine if the origin of the taxon is monophyletic or 

polyphyletic.

The basic chromosome number for the Peperomia genus is 2n=22 (Jose & Sharma 1985). Studies by 

Sastrapradja (1968a) indicate that the basic chromosome number for Hawaiian endemic species is 

2n= 44 or 88. More detailed studies are recommended to determine if  polyploidy has played a role in 

the evolution o f the genus on this archipelago.

Evolutionary relationships between species of Peperomia are rarely obvious. The genus displays high 

levels o f intra-species morphological variation and studies indicate that inter-specific hybridisation is 

a viable occurrence, making species delimitation difficult. These complexities, in combination with 

its monophyletic nature on Hawaii and potentially recent radiation, make it an extremely useful genus 

for a case study. Detailed molecular and morphological tracking o f the speciation process in 

combination with chromosome studies could offer invaluable information into the general 

phenomenon and build upon the insights already gained from the study o f P eperom ia  in SE 

Polynesia.

5.4.2 Molecular analysis of Peperomia in Eastern Polynesia

While a number of taxa are widespread in the Pacific, (notably P. blanda var. floribunda  and P. 

tetraphylla) the majority of species are endemic, existing on only one island or within a small 

geographical area. Identifying phylogenetic relationships between these endemics provides 

information on migratory patterns within Peperomia. Neither analysis of ITS or trnL-trnF sequence 

data strongly distinguish species with a solely Pacific distribution from those with a solely South 

American distribution, raising interesting issues concerning the colonisation of Polynesia. Studies o f 

a range o f biota suggest that colonisation of Polynesia has been from the species-diverse areas on the 

margins o f South East Asia, with the intervening pacific islands acting as stepping stones (Stoddart 

1992). While it is not discounted, more data are required to examine the possible movement o f 

Central and South American Peperomia species in a westerly direction.

One o f the most interesting conclusions drawn from this study (based on analysis of sequence data 

from the IT S1-5.8S-IT S2 region) is that the Hawaiian endemics are monophyletic (excepting P. 

remyi, which has apparently evolved from P. blanda 'v&T.floribundd).
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Based on analysis of the trnL-trnF sequence data P. fosbergii (endemic to Tahiti) closely associates 

with P . eekana (endemic to Hawaii), with both of these species being closely related to P. kokeana 

(endemic to Hawaii). This is an interesting biogeographic disjunction and may have resulted from an 

ancestral form that migrated into Hawaii and across the Pacific. More detailed molecular work is 

required to determine the precise relationship of these species to the other Hawaiian endemics. The 

possibility that further species will associate with this clade, or that additional phylogenetic patterns 

will become apparent needs to be investigated by the inclusion o f all endemics in the trnL-trnF 

sequencing study (currently 9 of the 23 are missing).

One question raised in terms of Peperomia in Hawaii, is where colonising species may have 

originated. I f  it is assumed that they came from Indo-Malesia, potential ‘stepping stones’ would be 

the islands o f Micronesia. Three species from Micronesia have been included in the DNA sequencing 

study: P. palauensis from Palau (Palau Islands), P. marianensis from Guam (Mariana Islands) and P. 

sp. from Pohnpei (Caroline Islands). While the three species associate strongly together in the ITSl- 

5.8S-ITS2 study, neither ITS nor trnL-trnF data provide evidence that they are any more closely 

related to the Hawaiian species than they are to those in SE Polynesia. It is impossible to exclude 

these islands as a possible migratory route without inclusion o f a greater number o f Micronesian 

species, particularly those from the more easterly archipelagos (such as the Marshall or Kiribati 

Islands). The origin of Peperomia in Hawaii is likely to be identified only by widescale sequencing 

studies, particularly given that they may have evolved from a very small number of initial colonists, 

and that the sticky fruits of the genus make it suitable for long distance dispersal (Ridley 1930). The 

clear distinction of P. eekana and P. kokeana from the other endemics based on trnL-trnF sequence 

data is o f  interest as it suggests that P. eekana /  P. kokeana (or an ancestral form) may represent one 

colonisation event.

DNA sequence data from the trnL-trnF region clearly indicates that P. kokeana, P. eekana and P. 

fosbergii are phylogenetically related through their maternal lineage. Notably, this relationship is not 

evident from analysis of the ITS sequence data, nor do the three species bear notable morphological 

similarity to each other (comparative morphological data from the three species is included in 

Appendix 1.9). The possibility that the ancestral taxa to P. kokeana, P. eekana and P. fosbergii may 

have introgressed with another species in each geographic area and assumed their nuclear DNA is 

worthy o f further investigation. Within the ITS study, P. fosbergii is distinguishable from the other 

endemics in SE Polynesia by its relatively long branch length, in contrast, neither P. kokeana nor P. 

eekana are distinguished within the Hawaiian dataset.
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As with the situation in SE Polynesia, the combined study indicates that it is difficult to observe 

obvious patterns of morphological evolution within the genus. Two important taxonomic characters 

were chosen (identified in Chapter 2) and superimposed onto a phylogenetic tree of Peperomia in 

Eastern Polynesia (constructed using combined ITS and trhL-trriF sequence data). The taxonomic 

characters that were superimposed are predominant l e a f  arrangement (Figure 5.16) and stem vestiture 
(Figure 5.17).
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Figure 5.16: Phylogenetic pattern of leaf 

arrangement In Eastern Polynesia

Branches in bold indicate sp ec ies  that have 

a predominantly alternate leaf arrangement. 

Branches in semi-bold indicate sp ecies in 

which leaf arrangement is not fixed,

Figure 5.17: Phylogenetic pattern of 

stem vestiture in Eastern Polynesia

Branches in bold indicate species that 

have a glabrous stem. Branches in 

semi-bold indicate species in which 

stem vestiture is not fixed.

Hawaiian endemics are coloured blue and SE Polynesian endemics coloured red.

Figures 5.16 and 5.17 suggest that the evolution of Peperomia in Eastern Polynesia does not follow 

any obvious morphological pattern. It appears that even these taxonomically important characters 

have evolved independently a number of times. On a Pacific scale, predominant leaf arrangement
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within Peperomia shows a biogeographic pattern that is worthy o f further investigation. In Fiji 21 of 

the 24 species are alternate leaved (87.5%) (Sohmer 1990). This contrasts to Hawaii where only 3 of 

the 25 species show this leaf arrangement (12%). In the islands o f SE Polynesia, which lie to the west 

of Fiji, there are 17 taxa o f Peperomia, of which 10 are alternate leaved (59%). Comparative 

speciation studies on these three island systems may offer the greatest potential to understand the 

relationship between molecular and morphological evolution within the Peperomia genus.

Unfortunately it has been impossible to include material from the Marquesas, the most northerly 

archipelago in SE Polynesia. This is a significant omission in terms of hypothesising on potential 

migration within the Pacific, particularly given that a number of biogeographic links have been drawn 

between this archipelago and the Hawaiian Islands (e.g. Cheirodendron\ Florence 1987). Fosberg 

(1963) suggests that the distribution of wind dispersed genera (such as Metrosideros) on both 

archipelagos is explained by prevailing high-velocity winds that circle the equatorial zone o f the 

globe in a west-to-east direction.

The random addition of South American out-group taxa reveals a number of interesting phylogenetic 

links. P. permabucensis appears to be closely related to P. blanda var. floribunda and like P. remyi, 

may be derived from this widespread species. P. macrostachya and P. rotundifolia collected in 

Guyana appear to be most closely related to each other. This is o f interest as they display extremely 

different morphological characteristics. Conclusions drawn from the addition o f a small number of 

out-group taxa highlight the potential to geographically expand the DNA sequencing study.
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CHAPTER 6

g e n e r a l  d is c u s s io n

6.1 SPECIATION MECHANISMS IN PEPEROMIA

Oceanic island archipelagos are ideal ecosystems in which to ask questions about evolutionary 

patterns and processes (Stuessy & Ono 1998). Their unsaturated habitats, non-equilibrial 

communities, unique biotas, and isolation from recurrent gene flow have all been suggested to play a 

role in directing evolutionary response distinct from that observed in related continental taxa (Barrett 

1998). Stochastic forces involving founder effects and genetic drift have frequently been used to 

explain the patterns of variation that occur in many island groups (Husband & Barrett 1991; 

Brakefield 1990). Following establishment many plants, particularly those on oceanic islands, 

diversify rapidly in morphology and ecology as a result of adaptive radiation (Carr et al. 1989; 

Ganders 1989).

One o f the clearest conclusions to be drawn is the complexity and range o f factors that can play a role 

in plant speciation. The environment, in terms o f location, geology and climate can influence 

speciation rates directly. The clearest example comes from the high endemism rates o f islands such 

as Rapa, where physical factors conspire to facilitate general plant speciation (Chapter 1.16).

Not all plant genera that have dispersed into the Pacific have speciated there. Peperomia is one 

example that has, and in this project is used as a case study on plant speciation on oceanic islands.

Speciation through adaptive radiation is well documented on island systems (Givnish et al. 1997, 

1998; F ra n c iso -O rte g a  et al. 1996a; Baldwin 1997; Carr & Kyhos 1986; Carr et al. 1989; Lowery 

1995; Sakai et al. 1997; Givnish & Patterson 2000). No clear evidence has been found of adaptive 

radiation events involving Peperomia in SE Polynesia. Instead species are commonly characterised 

by having a particular suite from a range of variable features, rather than by distinctly evolved 

adaptations to their environment.

This study o f Peperomia in SE Polynesia suggests that allopatric speciation events are most common. 

In addition, hybridisation between species is possible and therefore also of potential evolutionary
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importance. The likely colonisation of SE Polynesia by Peperomia  from islands to the west has 

resulted in a number o f allopatric speciation events e.g. the dispersal o f  P. tutuilana from 

Tonga/Samoa into the Austral islands where it evolved into P. australana. Expanding the 

sequencing study to include island systems such as Samoa, Tonga and Fiji is likely to reveal other 

examples.

The Austral-Cook Islands are a southerly lying chain of hot-spot islands that extend 2500 km from 

Palmerston Atoll in the west to Rapa in the east. The remote Pitcairn Islands lie at the south eastern 

end o f the Tuamotu chain, 2000 km to the east o f Rapa. The Australs (Chapter 1.17.1) are small 

islands that are relatively old and do not reach high elevations. Extensive studies o f Peperom ia  

within the Austral and Pitcairn Islands reveal that speciation has occurred through founder events e.g., 

the speciation o f P. hendersonensis and P. species (Pitcairn) from populations o f P. pallida  on the 

adjacent Austral Islands and the possible speciation of P. pitcairnensis from P. rapensis on Pitcairn. 

It is likely that these founder events have been facilitated by the remoteness of the island systems and 

by the widely dispersed nature of the islands themselves. It is difficult to hypothesise on whether the 

founder events can be explained by non-random colonisation, inbreeding and drift (falling within the 

general confines o f allopatric specation) or whether it is necessary to invoke genetic reorganisations 

produced in founder events as stated under the peripatric model (Grant & Grant 1998, discussed in 

Chapter 1.7.3).

Based on molecular data and species distributions, it appears that speciation within the Society 

Islands may have followed the ‘Progression Rule’ of hot-spot island speciation where species disperse 

from older to younger islands with an associated speciation event (Funk & Wagner 1995). It is 

impossible to state this with certainty, as there are only 3 closely related endemic species on the 

archipelago, but the more basal species are found on a greater number of islands with the most 

derived species found only on the younger islands o f Tahiti and Moorea. Like the situation in the 

Austral Islands, this mechanism of speciation is likely to have been facilitated by the nature o f the 

archipelago. In contrast to the Austral Islands the Society Chain is younger (Chapter 1.17.5) and 

consists o f large high islands that are dispersed over a much smaller area. The greater degree of 

ecological diversification between the endemic species (e.g. P. hombronii is obligately epiphytic) is 

likely to reflect the greater range o f habitat diversity in the archipelago.

Hybridisation within Peperomia is also likely to have played an important role in the evolution o f the 

genus in SE Polynesia. No evidence was found o f diploid or polyploid hybrid speciation and 

molecular studies did not back-up the suggestion that P. x abscondita is a hybrid between P. pallida 

and P. blanda sax. floribunda as stated by Florence (1997) (discussed in Chapter 4.5.3). Despite this.



inter-species hybridisation can occur within Peperomia and evidence has been found of introgressive 

hybridisation events between P . pallida and P. australana and between P. australana and P. rapensis. 

It is liicely that such events are also possible between other species in situations where species are 

found sympatrically. Introgression between P. australana and P. rapensis in the Austral islands has 

resulted in a stabilised taxon that is distributed on the islands o f Tubuai and Raivavae. Based on 

sequence analysis of the nuclear ITS and chloroplast trnL-trnV regions, it has nuclear DNA similar to 

P. australana (but distinguishable from this species by AFLP analysis) and chloroplast DNA similar 

to P. rapensis. This taxon can be morphologically defined, is reproductively viable and is likely to 

represent an independent evolutionaiy trajectory.

While the Austral Islands may be conducive to speciation through founder events, and speciation 

through ecological diversification more likely in the Society archipelago, not all species of Peperomia 

and not all genera within SE Polynesia have speciated, indicating that other factors also play a role.

Peperomia blanda var.floribunda is a widespread species that is common in SE Polynesia where it 

occupies a large ecological range. It has not speciated in SE Polynesia and is evidence of the fact that 

not all taxa are equally prone to speciation. Tryon (1986) discusses speciation and states that within 

small populations genetic divergence will be affected by the extent o f genetic variation, the extent of 

genetic drift, the degree of phenotypic plasticity, the breadth o f ecological tolerance, the type of 

breeding system, the extent of gene flow from other populations and the stability o f the environment. 

Within this context, P. blanda war. floribunda  has a range of features that are likely to minimise the 

likelihood of genetic divergence between populations. Based on AFLP analysis o f individuals from 

different islands in Polynesia, it displays less genetic variation than that observed within other species 

(Chapter 3.3.3.3). Under cultivation individuals in isolation have been observed to set seed indicating 

self-compatibility (personal observation). It displays little ecological specificity and is commonly the 

most abundant Peperomia species (field observations, SE Polynesia), minimising the potential for 

divergence through isolation from gene flow. More striking is the phenotypic variation that the 

species displays (observation o f field and living material). This phenotypic variation appears to be 

influenced by environment {personal observation) and is likely to act as a buffer against selection. 

Carson & Templeton (1984) have argued that species that are particularly good at invading new 

habitats usually have a ‘general purpose genotype’ characterised by a balanced system of heterosis. 

The balancing selection involved in maintaining these systems means that they can be carried through 

the founder event without much change and are therefore less likely to experience a genetic shift. In 

conclusion, the breeding system, ecological tolerance and genetic system of a species or genus are 

examples o f factors that can affect the potential for speciation. It is suggested that there are other 

factors operating at both the species and genus level that can also have an indirect effect on the
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speciation process. One of these is the potential for establishment and colonisation. Peperomia has a 

range of features that permit establishment and colonisation in new environments, without which 

subsequent speciation events would be impossible.

Features oiPeperomia that facilitate establishment and colonisation

Ecology; As many Peperomia species occupy a wide ecological niche {personal observations), 

dispersal to specific habitats is not required for successful establishment.

Seed germination and establishment; Seed germination studies on species of Peperomia from SE 

Polynesia suggest that most species do not have specific requirements and will germinate after a 

period of approximately 5-6 weeks. The widespread P. blanda var. floribunda germinates after a 

period of 2-3 months (Appendix l.IO). Seed collected in the field has been successfully germinated 

after a period of six months.

One characteristic of Peperomia that makes it suitable for long distance dispersal is sticky fruits 

(Ridley 1930). As it is endozoically dispersed, it does not require a specific dispersal agent (this will 

apply to dispersal to and within islands). Valdebenito et al. (1990) have shown that the two known 

subpopulations of the species P. berteroana exist on islands that are separated by more than 5000 km, 

a distance suggested to be one of the broadest natural distributions among flowering plants.

The most likely mode of dispersal of Peperomia into SE Polynesia is by birds. In particular 

migratory birds of the South Pacific such as Alaskan birds that follow a north-south route, or the 

Long-tailed Cuckoo that travels from NZ to most of the South Pacific. The Grey Duck also travels 

extensively in the Pacific and can readily carry seeds that are small or sticky. Other facilitators of 

endozoic dispersal in SE Polynesia are likely to be Petrels, the Wandering Tattler and the Bristle 

Thighed Curlew. Although hurricanes are not common in the Cook Islands and rare in French 

Polynesia, over a long period of time they are likely to be a relevant consideration. In a hurricane 

many birds are blown off islands and may make it to other islands, dispersing seed by endozoic and 

ectozoic means (pers comm. Gerald McCormack, Cook Islands Natural Heritage Programme).

The possibility that Peperomia has been dispersed by human migration within SE Polynesia cannot be 

discounted.
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B reeding system: P eperom ia  is hermaphroditic and some species appear to be readily self

compatible (experimental studies of P. pitcairnensis and P. hendersonensis, Appendix 1.10). One 

obvious consideration in a speciation study is the extent and means by which species are 

reproductively isolated. In the absence of detailed field studies or relevant living material for a 

detailed experimental study, the situation is discussed in a general (and therefore subjective) sense.

Reproductive isolation can be achieved by a number of means. These are outlined by Levin (1971) 

and discussed specifically for Peperomia below.

Premating factors:

Temporal ('seasonal/diurnal'): While a number o f species of Peperontia  in French Polynesia have 

distinct flowering periods (Appendix 1.11) these tend to be relatively long and to overlap to some 

extent in all cases. It is therefore suggested that temporal isolation may play a role in some cases but 

cannot be regarded as a major factor.

Ecological: A number of Peperomia species have a strictly defined habitat. Examples would include 

P. wilderi and P. hombronii, which are epiphytic. These excluded, the other species observed rarely 

mingle but often grow in close proximity to one another, if not necessarily on the same substrate. 

Given that species of Peperomia tend to occur in small populations and that pollinators are likely to 

be generalists, cross transfer o f pollen between species is possible in most cases. Strictly epiphytic 

species may experience greater degrees of isolation as they occur in a more specific habitat that may 

have different faunal elements.

Floral: Isolation in this category is divided into 3 factors (behavioural, structural or achieved through 

self-fertilisation). A microscopic study of the flowering spike and observation of pollinators in the 

field found that the species o f Peperom ia  studied had a very uniform inflorescence and were 

pollinated by generalists in all cases observed. This would suggest that neither behavioural nor 

structural factors play a role in reproductive isolation within the genus in SE Polynesia. Peperomia is 

protogynous (Zomlefer 1994) but personal observation found that this is not strictly defined within 

flowering spikes nor do spikes develop in unison. Based on observed overlaps between stigma 

development and stamen maturity (field observations) it is suggested that self-pollination frequently 

occurs, and that this is enhanced by any kind of agitation of the spike. If self-fertilisation is a common 

occurrence it is likely to be an important factor in maintaining species identity as it effectively 

eliminates gene flow within populations (Levin 1971). A detailed study over a number of flowering 

periods on the temporal development of individual spikes with respect to stigma maturation and
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pollen production and also on how different spikes on the same plant develop in relation to each other 

would be o f interest. This would permit a more informed speculation on the extent to which self

fertilisation occurs within the genus in general.

Post-mating factors:

This category includes pollen incompatibility and incompatibility at the post-zygotic seed stage. Also 

functioning at this point are hybrid inviability, hybrid floral isolation, hybrid sterility and hybrid 

breakdown. It is impossible to speculate on the role, if any, of these factors without relevant research.

To use P eperom ia  as a model, it appears that certain genera are capable o f undergoing (possibly 

frequent) inbreeding while still maintaining genetic variation. Molecular evidence suggests that 

levels o f variation within species (and populations) o f Peperomia  are relatively high {e.g. AFLP 

studies o f P. pallida. Chapter 3.3.3.2). The extent to which outcrossing occurs or if the rate varies 

between species is unknown (and experimentally difficult to study given the morphological structure 

of the Peperomia inflorescence). Molecular data (DNA sequence and AFLP evidence. Chapter 3.3) 

also suggests that certain species do not have strict reproductive isolating mechanisms, and despite 

being clearly distinguished in a morphological and molecular sense are capable o f inter-species 

hybridisation.

Peperomia is an example of a genus whose breeding system facilitates evolution. Self-compatibility, 

coupled with its short generation time greatly enhances its chance o f establishment in new habitats. 

Restricted gene flow, inbreeding, and genetic drift can lead to greater inter-population variation 

(Stace 1984; Barrett 1998). In parallel, its generalist pollination mechanism encourages out-crossing 

where possible. The success o f the genus in an evolutionary sense may also be partially related to its 

potential for occasional hybridisation. Molecular analyses (chapter 3) provided evidence of 

introgression, where hybridisation was followed by backcrossing to the parental species. 

Introgressive hybridisation may also result in occasional ‘injections’ o f genetic variation between taxa 

with subsequent inbreeding (backcrossing with the maternal species) effectively eliminating gene 

flow and maintaining species identity.

To accept the hypothesis that there are characteristics (or a suite o f characteristics) that will leave 

genera predisposed to establishment and colonisation on oceanic islands, and that these populations 

may then be subject to speciation by whatever mechanism, requires that the theory also explain why 

certain genera are not speciose {e.g. Pisonia is an example o f a genus that has not speciated in the 

Pacific. It is dioecious and like Peperomia has sticky fruits that are endozoically dispersed). To
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summarise it appears likely that not all genera have a sufficient source pool or a capability for long 

distance dispersal to island habitats. Of those that have, some will have features that minimise the 

likelihood  o f  establishm ent and colonisation (strict ecological specific ity , specific 

germination/establishment requirements, self-incompatibility, specific pollination requirements, 

susceptibility to inbreeding depression). A genus may be capable o f colonisation but less susceptible 

to speciation events (founder effects, hybridisation events, adaptive radiation) either due to the 

genetic system on which they are based or to the environment in which they become established. In 

addition the entire process is superimposed by the unpredictability of stochastic factors and selection 

pressures. In essence, it is possible to speculate on why speciation occurs, but difficult to understand 

fully given the number of potential interacting variables. Comparative case studies o f genera that 

have speciated and those that have not represent the best chance to build upon current knowledge.

6.2 COMPARATIVE SPECIATION STUDIES IN THE PACIFIC

Like the suggestion that Peperomia has a range of features that permit establishment and colonisation 

on oceanic islands, Wilson (1996) argues that speciation within the genus Metrosideros is due to a 

number o f  ‘adaptive attributes’. Metrosideros subg. Metrosideros has ca. 26 species distributed 

widely across the Pacific Basin from an apparent centre of diversity in New Zealand. Metrosideros 

has dehiscent capsules that release large numbers of small light seed that are easily dispersed by wind. 

Studies o f  the early history o f the group have shown that the distribution patterns are strictly in 

accordance with vicariance. Long distance dispersal is a relatively late novelty, playing a part in the 

distribution o f the genus after it crossed the Tonga trench and moved into the islands o f the Pacific 

plate. Flowering in Metrosideros is often prolific and the flowers are recorded as being rich in nectar 

and bird pollinated. Studies on the Hawaiian species suggest that it has a flexible pollination system 

with bird, insect and self-pollination all effective to varying extents. The genus also has an ability to 

colonise exposed sites on a wide range of substrates, including lava flows (Wilson 1996).

In common with Peperomia, Metrosideros is easily dispersed with a capacity for long distance 

dispersal, it flowers prolifically producing large numbers o f seed and has a flexible pollination 

system. It also displays little ecological specificity. The significant difference between the two 

genera lies in their dispersal mechanism. Carlquist (1974) suggests that M etrosideros  and 

Weinmannia are “virtually the only tree species occurring on reasonably remote oceanic islands for 

which wind dispersal is possible or probable”. Studies suggest that the speciation o f Peperomia in SE 

Polynesia is highly influenced by founder effects and hybridisation events. A comparative study of 

the speciation mechanisms in Metrosideros within the Pacific would be of interest.
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It is difficult to generalise on why some genera are more species rich than others without relevant 

research. In Hawaiian Bidens evolutionary divergence of founder populations, either on different 

islands or at different elevations on the same island, is characteristic of the speciation process 

(Ganders 1989). Within the Hawaiian Silversword Alliance, allopatry and ecological isolation have 

been im portant in evolution, with partial internal isolation through reciprocal chromosome 

translocations also playing a role. Founder effects associated with long distance dispersal between 

islands have facilitated major adaptive shifts. Diversification into new habitats has been aided by the 

evolution of novel physiological traits. Once the speciation process is initiated, self-incompatibility, 

frequent outcrossing and hybridisation between differentially adapted genotypes encourage rapid 

diversification (Carr et al. 1989).

Based on molecular and morphological analysis, Setoguchi et al. (1998) divided Crossostylis into two 

monophyletic clades; one comprising the 6 species distributed on Fiji (4) and the SolomonA/^anuatu 

Islands (2), and the other comprising the 4 species found on New Caledonia (3) and Polynesia (1). 

Species clades are distributed allopatrically on different islands, with inter-island speciation linked to 

adaptive radiation events in a number of cases. In New Caledonia species are distributed according to 

edaphic conditions. They display substantial variation in floral and seed coat characters, due to 

adaptation to ecological factors such as pollinators and seed dispersers. Polynesia is located some 

2500 km east o f New Caldonia, representing an unusual long distance dispersal event. On Fiji the 

occurrence o f 4 monophyletic species suggests that speciation occurred from a single ancestral 

introduction. In contrast to the situation in New Caledonia, they show relatively little morphological 

variation. The authors suggest that uniform structures may have been maintained from their common 

ancestry (Setoguchi e? a/. 1998).

6.3 THE POTENTIAL FOR FUTURE RESEARCH

This study has raised a number of areas that merit further research. In terms of discussing the 

speciation o f Peperom ia  in the Pacific, the inclusion o f more species is necessary. The addition of the 

Marquesan species would allow the construction of a complete molecular phylogeny for Peperomia 

in SE Polynesia (collections have recently been made of the Marquesan species of Peperomia - S 

Waldren, September 2002). Moving westwards from SE Polynesia, the next obvious species to 

include in a DNA sequencing project would be those from Samoa, Tonga and Fiji. Fiji is of interest 

in its own right, as it has 24 species of Peperomia, 21 of which are endemic. Speciation of the genus 

on this island system would potentially make an interesting comparative study with speciation o f the 

genus in the more dispersed area of SE Polynesia. It would also be o f interest to include species of 

Peperomia from the island systems to the east (Juan Fernandez, Easter Island, Galapagos Islands).
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Within SE Polynesia more detailed molecular and morphological studies should be carried out on P. 

pallida  (particularly within other island archipelagos such as the Society Islands and the Marquesas). 

This may allow a greater understanding of the levels of molecular and morphological variation that 

can be displayed by polymorphic species within the genus. With regard to P. pallida  specifically it 

will allow an informed basis to be set accurate taxonomic classification o f related entities such as P. 

sp (Pitcairn) and P. x abscondita.

In terms o f this project specifically, more research should be carried out on determining the extent 

and patterns o f hybridisation within the genus. Given the floral structure of Peperomia, it is very 

difficult to eliminate self-pollination, making controlled hybridisations and the molecular analysis of 

parents and progeny problematic. Collecting work complemented by molecular analysis should be 

employed on other archipelagos to determine if levels o f hybridisation detected in the Austral Islands 

of French Polynesia are representative of the genus as a whole. This should also include sequencing 

of additional chloroplast genes to resolve relationships between species through this lineage, and thus 

to allow detection o f all incongruities between nuclear (ITS) and chloroplast trees.

Samuel and Morawetz (1989) suggest that changes in chromosome number and structure can serve as 

outcrossing barriers which allow divergent evolutionary pathways and that these mechanisms 

normally operate more frequently in herbaceous epiphytic and epilithic plants such as Peperomia. 

More detailed studies of both chromosome number and structure should be carried out on Peperomia 

in SE Polynesia. Attempts should also be made to determine if any o f the known speciation events 

are characterised by chromosomal changes.

Field observation suggests that phenology plays a role in species morphology. These effects are 

poorly understood and make field identification difficult. Detailed studies on the phenology of 

species such as P. blanda \w .floribunda  under controlled cultivated conditions would be of value.

The Hawaiian species of Peperomia offer huge potential for further research. The inclusion of all the 

endemic species in the sequencing studies (5 are missing from the ITS study, and 9 from the trnL- 

trnV study) are required to answer broad questions about the colonisation of the archipelago by 

Peperom ia  and its subsequent evolution. ITS sequence data suggests that speciation has been 

relatively recent and therefore a suite of gene regions may be required to provide sufficient variation 

to resolve relationships between the species. The potential use o f universal chloroplast primers 

should also be assessed. Preliminary AFLP work on the Hawaiian species suggests that this 

technique may be useful in both providing greater resolution to closely related groups of species and
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in identifying potential hybrids. If Hawaiian species of Peperomia  are closely related it is possible 

that hybridisation is widespread within the archipelago. While this offers an enormous taxonomic 

challenge it also presents a unique opportunity to study the phenomenon.

Given the variability of chromosomes counts for the Hawaiian endemics and the suggestion that some 

are polyploids (Sastrapradja 1968a), detailed studies should be completed to accurately determine 

chromosome number, with this being superimposed onto phylogenetic data to determine if 

chromosomal changes have played a role in the evolution of the genus on the archipelago.

Taxonomically Peperomia is difficult to characterise. High levels o f intra-specific morphological 

variation and the potential for hybridisation make species delimitation difficult. Detailed 

morphological and molecular studies of Peperomia in a closed system, such as Hawaii, offers the 

potential to understand the relationship between morphology and molecular evolution, to develop 

protocols for the taxonomic treatment o f the genus, and to build upon the insights already gained from 

the study o f the speciation of Peperomia in SE Polynesia.

If speciation studies within the Pacific are used to hypothesise on the phenomenon as a whole, studies 

should be completed on a range of genera. One useful comparative genus to Peperomia  in French 

Polynesia is Glochidion (Euphorbiaceae). Glochidion was the subject o f substantial revision in the 

Flore de la Polynesie Frangaise (Florence 1997) where it was determined that a total o f 22 endemic 

species exist. Field collections of Glochidion were made in parallel with Peperomia (SE Polynesia, 

2000). Sequence analysis of the ITS region did not resolve the relationships between these endemics 

(based on analysis of 15 endemic species. Appendix 1.12). It could be argued that this is time- 

dependent, reflecting a recent origin and that fine scale molecular work (such as AFLP analysis) 

could potentially be used to determine the exact extent o f molecular divergence between the species. 

Glochidion species are distinguished on minor morphological features. Field collection revealed that 

identification is difficult, often being dependent on minute features of the female flower, which is 

extremely small and given the nature of monoecious plants, not always present. In addition, in some 

species e.g. G. societatis, the vestiture of the ovary (a fundamental identifying character) appeared to 

be variable.

Glochidion species are distinguished on minor morphological features. The question remains as to 

whether in the absence o f additional evidence (molecular, reproductive isolation mechanisms) these 

can be accepted as species. The fact that species are distinguished primarily on features of the female 

flowers is interesting and potentially a useful comparison to the reladvely uniform inflorescences of
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Peperomia species in SE Polynesia. It is possible that such differences represent reproductive 

isolating mechanisms, and if so, have resulted in evolutionary events that have proceeded in an 

entirely different manner to those observed in Peperomia.

Phylogenetic studies of the Piper genus (based on ITS sequence data) found that Piper methysticum 

was more closely related to South Pacific species of Macropiper than to the Asian species of Piper 

analysed (Jaramillo & Manos 2001). Building on the their recommendation that further research is 

necessary to elucidate the phylogenetic relationships of South Pacific species of Piper, it is suggested 

that a genus level phylogenetic study of the Piperales in the Pacific and SE Asia would be of interest.

6.4 CONCLUDING REMARKS

Regardless of the mechanism, evolution is a continually occurring process. Studies of speciation 

simply interrupt it at a given point in time and should only ever be regarded within this context. It is 

therefore impossible to understand the speciation of a plant genus completely (in much the same way 

it is impossible to know the possibility, location or identity of now extinct species). R.C. Lewontin 

has compared evolutionary explanations to “informed speculative rationalisations of history” (Skelton 

1993).

Speciation studies using specific genera can only hope to add to understanding of the process in a 

general sense. While studies in which the speciation process can be observed in a clear and logical 

pattern allow the framework for the process to be drawn, it is studies which are less clear cut and 

which are interrupted at less interpretable stages in the process that add to the existing knowledge. 

One of the greatest challenges arises from the traditional method of basing such studies on species 

defined under the BSC. Species definition under this theory is useful in the practical sense but 

somewhat artificial within the context of evolution.

The speciation of Peperom ia  is complex, and has been revealed (to this point) by detailed 

morphological and molecular analyses. Speciation, in both definition and theory have traditionally 

been understood without the luxury of such combined information and therefore it is of little surprise 

that Peperomia forces a ‘looser’ understanding of the process. It is significant that the extent of 

hybridisation within the genus is revealed only by detailed molecular analysis, yet is likely to have 

had a significant taxonomic impact on the genus and been of some importance in its evolution. The 

question remains as to whether the mechanisms of speciation as revealed by Peperomia, are specific 

to this genus, or whether they are representative of one mechanism by which the process can occur.
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Appendix 1.1 Peperomia collections made in Soutl^ Eastern Polynesia (June -  September 20CK))

Collection No. Date ^Lrchioelaao 1 island Soecies 1.ocalitv GPS Altitude 1 Collection type
UB001 26-Jun-OO fi ustral Islands Rimatara f\  pailida /^naooto, t>each d iff NW of villaae 22 38 46 S. 152 49 04 W 5 m DNA. seed, photograph
UB002 26-Jun-OO Pustral Islands Rimatara ^ blanda var fioribunda /Knaooto. beach cliff NW of villaoe 22 38 46 S. 152 49 04W 5 m DNA. seed, photograph
UB003 28-Jun-OO ;kustral Islands Rimatara ' / blanda var floribunda /\naooto. beach cliff NW of viltaae 22 38 46 S. 152 49 04 W 5 m DNA
UB004 26-Jun-OO /Austral Islands 1 Rimatara australana ^aooto. beach cliff NW of village 22 38 46 S. 152 49 04 W 5 m DNA
UB005 26-Jun-OO >Austral Islands Rimatara australana \naDoto. beach cliff NW of village 22 38 46 S, 152 49 04 W 5 m DNA, herbarium, photograph
UB006 26^un-00 ^ustral Islands Rimatara D^lida ^napoto. beach cliff NW of villaoe 22 38 46 S. 152 49 04 W 5 m DNA. seed
UB007 26-Jun-OO Austral Islands Rimatara P. pallida Anapoto. beach cliff fadng sea. NW of villaoe 22 38 37 S. 152 48 57 W 21m  DNA
UB008 26-Jun-OO Austral Islands Rimatara P. blanda var floribunda Anapoto. beach diff fadnq sea. NW of villaoe 22 38 37 S. 152 48 57 W 21m  DNA
UB009 26-Jun-OO Austratlslands 1 Rimatara P. australana v^alcatea woodland among cultivated area NW of Anaooto 22 38 44 S. 152 48 53 W 10 m Id NA
UB0010 26“Jurv*00 Austral Islands Rimatara P. australana ^akatea woodland among cultivated area NW of Anapoto 22 38 44 S. 152 48 53W 10 m DNA
UB0011 26-Jun-OO Austral Islands ^imatara P. oalllda ^lakatea woodland among cultivated area NW of Anaooto 22 38 44 S. 152 48 53 W 10 m DNA
UB0014 28-JurhOO Austral Islands Rimatara P. oetlkia N^akatea trail between Amari and Anapoto 22 38 32 S. 152 48 23 W 7 m DNA
UB0015 28-Jun-OO Austral Islands Rimatara P. oallida N^akatea trail between Amari and Anapoto 22 38 32 S. 152 48 23 W
UB0016 28-Jun-OO Austral Islands Rimatara P. australana Makatea trail between Amari and Anapoto 22 38 32 S. 152 48 23 W 7 m DNA
UB0021 28-Jun-OO Austral Islands Rimatara P. blanda var floribunda Makatfia trail between Amari and Anapoto 22 38 34 S. 152 48 22 W 31 m 1 Herbarium, photoqraph
UB0022 28-Jun-OO Austral Islands Rimatara P. blanda var floribunda Makalaa trail between Amari and Anapoto 22 38 34 S. 152 48 22 W 31m DNA
UB0023 Austral Islands Rimatara P. australana Makatea trail between Amari and Anapoto 22 38 35 S. 152 48 22 W 22 m DNA

Rimatara P. australana Makatoa trail hatween Amari and Anapoto 22 38 35 S. 152 48 22 W 22 m 1 DNA
UB0025 Austral Islands Rimatara P. australana Makatea trail between Amari and Anapoto 22 38 35 S. 152 48 22 W 22 m DNA
UB0Q26 I 28-Jun-OO Rimatara P. oallida-australana Makatea trail between Amari and Anaooto 22 38 35 S. 152 48 22 W 22 m 1 DNA
UB0027 Rimatara P. oallida-australana Makatea trail t)etween Amari and Anapoto 22 38 35 S. 152 48 21 W 23 m DNA. herbarium

Rimatara P. o^lida-auslralana Makatea trail between Amari and Anapoto 22 38 35 S. 152 48 21 W 23 m DNA

UB0029 28-Jun-OO [Austral Islands Rimatara P. oailida-australana Makatea trail between Amari and Anapoto 22 38 35 S. 152 48 21 W 23 m Id NA
Rimatara P. oailida-australana Makatea trail between Amari and Anaooto 22 38 35 S. 152 48 21 W 23 m DNA
Rimatara P. blanda var floribunda Fnd of main Anaooto-Amaru road, west onto makatea 22 38 34 S. 15248 22 W Herbarium, photoaraph

28-Jun-OO Austral Islands Rimatara P. oaUida End of main Anapoto-Amaru road, west onto makatea 22 38 35 S. 152 48 22 W Herbarium
28-Jun-OO Austral Islands Rimatara P. oallida Makatea area halfway between An^>oto and Amaru, to west 22 38 34 S. 152 48 21 W 23 m Seed

Tubuai P. raoensis SW crest lust before main summit of Mt Taitaa 23 22 33 S. 149 28 10W 380 m DNA. herbarium
Tubuai P. blanda var floribunda SW crest lust before main summit of Mt Taitaa 23 22 33 S. 149 28 10W 380 m DNA

4-Jul-OO Austral islands Tubuai P. australana SW crest lust before main summit of Mt Taitaa 23 22 33 S. 149 28 10W 380 m DNA
Tubuai P. australana SW crest lust before main summit of Mt Taitaa 23 22 33 S. 149 28 10 W 380 m DNA

P. blanda var floribunda SW crest just before main summit of Mt Taitaa 23 22 33 S. 149 2810W 380 m DNA
P. blanda var floribunda SW crest hjst before nrtain summit of Mt Taitaa 23 22 33 S. 149 28 10W 380 m DNA. seed

Tubuai P. raoensis SW crest KjsI before main summit of Mt Taitaa 23 22 33 S. 149 28 lo w 380 m DNA
Tubuai P. australana RW rrftsl jiist before main summit of Mt Taitaa 23 22 33 S. 149 28 10W 380 m DNA
Tubuai P. australana .«;w rrest before main summit of Mt Taitaa 23 22 33 S. 149 28 10 W 380 m DNA

P. australana SW crest iust before main summit of Mt Taitaa 23 22 33 S. 149 2810W 380 m DNA
Tubuai P. australana SW crest iust before main summit of Mt Taitaa 23 22 33 S. 149 2810W 380 m DNA
Tubuai P. raoensis Summit of Mt Taitaa 422 m DNA

Tubuai P. blanda var floribunda Trail from Mahu, NW of Vairani bassin 23 23 20 S, 149 27 52 W 200 m DNA

Tubuai P. raoensis SW crest iust before main crest of Mt Taitaa 23 22 33 S. 149 28 10 W 380 m DNA

Tubuai P. blanda var floribunda Summit of Mt Taitaa 422 m DNA
Mato Arei. makatea cliff cave 500m SE of Moerai 22 27 37 S. 151 19 34W 20 m DNA. seed, photograph
Mato Arei. makatea cliff cave 500m SE of Moerai 22 27 37 S. 151 19 34W 20 m DNA
Mato Arei. makatea cliff cave 500m SE of Moerai 22 27 37 S, 151 19 34 W 20 m Seed

UB0096 Rurutu P. oallida Mato Arei, makatea cliff cave 500m SE of Moerai 22 27 37 S. 151 19 34W 20 m DNA
UB0097 15-Jul-OC Austral Islands Rurutu P. blanda var floribunda Mato Arei. makatea cliff cave 500m SE of Moerai 22 27 37 S. 151 19 34W 20 m DNA
UB0098 15-Jul-OC Austral Islands Rurutu P. blanda var floribunda Mato Arei. makatea d iff face SE of Moerai 22 27 42 S. 151 19 26W 20 m DNA. herbarium
UB0099 15-JuM) ) Austral Islands Rurutu P. blanda var floribunda Mato Arei. makatea cliff face SE of Moerai 22 27 42 S, 151 19 26W 20 m DNA. herbarium, seed
UB00100 15-Jul-O D Austral Islands Rurutu P. blanda var floribunda Mato Arei, makatea cliff face SE of Moerai 22 27 42 S, 151 19 26W 20 m DNA
UB00101 15-Jul-O 3 Austral Islands Rurulu P. oallida Mato Arei. makatea diff face SE of Moerai 22 27 42 S. 151 19 26W 20 m DNA. herbarium, photograph
UB00102 IWuW) 3 Austral Islands Rurutu P. pallida Mato Arei. makatea diff face SE of Moerai 22 27 42 S. 151 19 26W 20 m DNA
UB00103 16-Jul-O0 Austral Islands Rurutu P. australana Makatea diffs along beach south of Villaoe Hotel 22 26 53 S. 151 22 30 W 11 m DNA. herbarium
UB00104 16-JuW)0 Austral Islands Rurutu P. pallida Makatea diffs along beach south of Villaoe Hotel 22 26 53 S. 151 22 30 W 11 m DNA. herbarium
UB00105 16-JuM>0 Austral Islands Rurutu P. pallida Makatea diffs along beach south of Villaoe Hotel 22 26 53 S. 151 22 30 W 11 m Seed
UB00106 16-Jul-O0 Austral Islands Rurutu P. pallida Makatea diffs along beach south of Villaoe Hotel 22 26 53 S, 151 22 SOW 11 m DNA
UB00112 17-JuW)0 Austral Islands Rurutu P. pallida South side of makatea diff, 50m inland about 1/2km SE of Moerai DNA. herbarium
UR00113 17-JuW ] Austral Islands Rurutu P. pallida South skJe of makatea diff. 50m Inland about 1/?km SE of Moerai DNA. herbarium

Colleclors: Una Bradley (UB) and Naomi Kingston (NK).
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C o llec tion  No. Date \rchiDelaao I Is land  Soecies .cc a lity GPS A ttitude
UB00114 17-Jul-OO \us lra i Islands Rurutu f ^ D^lida South side o f makatea cliff. 50m inland about 1/2km SE of Moerai DNA
UB00115 17-Jul-OO Austral Islands Rurutu F\  pallida South side o f makatea cliff. 50m inland about 1/2km SE of Moerai Herbarium
UB00116 1 7 ^ u k )0 Austral Islands 1 Rurutu ^ pallida South side o f makatea cliff. 50m inland about 1/2km SE of Moerai DNA
UB00117 18-Jul-OO Austral Islands Runjtu /^  rapensis eanapapa, makatea rock along road just north o f Viilaqn Hotel 22 26 29 S. 151 22 18W 12m
UB00126 19-Jul-OO Austral Islands Rurutu oailida reanapaoa. makatea rock aiono road iust north o f V illage Hotel 22 26 29 S. 151 22 18 W 12 m
UB00127 19-Jul-OO Austral Islands Rurutu oallida Teanapapa. makatea rock akxia road iust north o f Villaae Hotel 22 26 29 S. 151 22 18 W 12m DNA
UB00128 19-Jul-OO Austral Islands Rurutu oallida Teanapapa. makatea rock ak>na road iust north o f V illage Hotel 22 26 29 S. 151 22 18 W DNA
UB00129 19-Jul-OO Austral Islands Rurutu P. blanda var floribunda Roadside makatea c liff rock at Mato Arei. 10m from sea 22 27 37 S. 151 19 3 2 W 22 m
UB00130 19-Jul-OO Austral Islands xurutu blanda var floribunda Roadside makatea c liff rock at Mato Arei. 10m from sea 22 27 37 S. 151 19 3 2W 22 m
UB00131 19-Jul-OO Austral Islands ^urutu blanda var floribunda Roadside makatea cliff rock at Mato Arei. 10m from sea 22 27 37 S. 151 19 3 2W
UB00132 19-Jul-OO Austral Islands Rurutu P. blanda var floribunda Roadside makatea cliff rock at Mato Arei, 10m from sea 22 27 37 S. 151 19 3 2 W 22 m
UB00133 19-Jul-OO Austral Islands Rurutu P. blanda var fioribunda Makatea cliff face 1/2km SE o f Moerai 22 27 42 8 . 151 19 2 6 W
UB00134 19-Jul-OO Austral Islands Rurutu P. blanda var floribunda Makatea c liff face 1/2km SE of Moerai 22 27 42 S. 151 19 2 6 W
UB00135 19-Jul-OO Austral Islands Rurutu P. blanda var floribunda Makatea cliff face 1/2km SE of Moerai 22 27 42 S. 151 19 2 6 W 20 m
UB00136 19-Jul-OO Austral Islands Rurutu P. blanda var floribunda Makatea c liff face 1/2km SE of Moerai 22 27 42 S. 151 19 2 6 W 20 m
UBG0137 19-Jul-OO Austral Islands Rurutu P. blanda var floribunda Makatea cliff face 1/2km SE of Moerai 22 27 42 S. 151 19 2 6 W 20 m
UB00138 19-Jul-OO Austral Islands Rurutu P. blanda var floribunda Makatea cliff face 1/2km SE of Moerai 22 27 42 S. 151 19 2 6 W 20 m
UB00139 19-Jul-OO Austral Islands Rurutu P. blanda var floribunda Makatea cliff face 1/2km SE of Moerai 22 27 42 S. 151 19 2 6 W 20 m
UB00140 19-Jul-OO Austral Islands Rurutu P. blanda var floribunda Makatea cliff face 1/2km SE of Moerai 22 27 42 S. 151 19 2 6 W 20 m DNA
UB00141 19-Jul-OC Austral Islands Rurutu P. blanda var floribunda Makatea c liff face 1/2km SE of Moerai 22 27 42 S. 151 19 26 W 20 m
UB00142 19-Jul-OC Austral Islands Rurutu P. pallida Makatea cliff face 1/2km SE of Moerai 22 27 42 S. 151 19 2 6W 20 m DNA
UB00143 19-Jul-0() Austral Islands Rurutu P. pallida Makatea cliff face 1/2km SE of Moerai 22 27 42 S. 151 19 2 6W 20 m DNA
UB00144 19-Jul-OO Austral Islands Rurutu P. pallida Makatea cliff rocks facina sea lust south of Villaae Hotel 22 26 53 S. 151 22 SOW 2m DNA
U600145 19-Jul-OO Austral Islands Rurutu P. pallida Makatea cliff rocks tedna sea iust south of Village Hotel 22 26 53 S. 151 22 30 W 2m DNA
UB00146 19-Jul-OO Austral Islands Rurutu P. pallida Makatea cliff rocks facina sea iust south of Village Hotel 22 26 53 S. 151 22 30 W 2m DNA
UB00147 19-Jul-OO Austral Islands Rurutu P. p ^ lid a Makatea cliff rocks ^ d n a  sea lust south of Villaoe Hotel 22 26 53 S. 151 22 30 W 2 m DNA. seed
UB00152 24-Jul-OO Austral Islands Raivavae P. blanda var floribunda Sk)oes to the east of Mt Matotea. aoDroached from track to rkiht 23 52 S. 147 41 W 75 m DNA
UB00153 24-Jul-OO Austral Islands Raivavae P. blanda var floribunda Skx>es to the east of Mt Matotea. aoDroached from track to rkiht 23 52 S. 147 41 W 75 m DNA
UB00155 24-Jul-OO Austral Islands Raivavae P. australana-raoansis Skapes to the east of Mt Matotea. approached from track to right 23 52 S. 147 41 W 75 m DNA. herbarium, photoaraph
UB00156 24*Jul-00 Austral Islands Raivavae P. blanda var floribunda SkxMS to the east of Mt Matotea. aooroached from track to right 23 52 S. 147 41 W 75 m DNA. seed, photograph
U B X 157 24-Jul-OO 1 Austral Islands Raivavae P. australana'fapensis Sk)pes to the east o f Mt Matotea. approached from ^ c k  to right 23 52 S. 147 41 W 75 m DNA. herbarium, photograoh
UB00158 24-Jul-OOl Austral islands Raivavae P. australana-raoansis Sk>oes to the east o f Mt Matotea. aooroached from track to riaht 23 52 S. 147 41 W 75 m DNA
UB00159 24-Jul-OO Austral Islands Raivavae P. australana-raoensis Skipes to the east o f Mt Matotea, approached from track to right 23 52 S. 147 41 W 75 m DNA
UB00160 24-Jul-OO Austral Islands Raivavae P. austratana'Taoensis Sk)Des to the east of Mt Matotea. approached from track to riaht 23 52 S. 147 41 W 75 m DNA
UB00169 26-Jul-OO Austral Islands Raivavae P. blanda var floribunda Vaianaua. slooes aooroachirxi Mont Taamora from SE 60 m DNA
UB00171 26-JuM30 Austral Islands Raivavae P. blanda var floribunda Headland east o f Pointe Matoaitanata 23 51 51 S. 142 40 56 W 3 m DNA
UB00174 1-Auo-OOl Austral Islands Rarvavae P. blanda var floribunda Rkjoetoo iust east of Mt Hiro 23 51 47 S. 147 38 56 W 380 m DNA, herbarium
UB00175 1-Aua-OO Austral islands Raivavae P. blanda var floribunda Crest iust west o f Mt Mouatapu 215 m DNA
UB00178 1-Aua-00| Austral Islands Raivavae P. blanda var floribunda Crest iust west o f Mt Mouatapu 215m DNA
UB00177 1-Aua-OO Austral Islands Rarvavae P. blanda var floribunda Crest iust west of Mt Mouatapu 215 m DNA
UB00178 1-Aua-OO Austral Islands Raivavae P. australana Descent to west of Mt Mouataou. 1/2km SE o f school in Anatonu 23 51 31 S. 149 37 55 W 40 m DNA
UB00179 1-^a-O O  Austral islands Raivavae P. australana Descent to west of Mt Mouataou. 1/2km SE of school in Anatonu 23 51 31 S. 149 37 55 W 40 m DNA
UB00180 1-Auq-00| Austral Islands Raivavae P. australana Descent to west o f Mt Mouatapu, 1/2km SE o f school in Anatonu 23 51 31 S, 149 37 55 W 40 m DNA
UB00181 1-Aua-OOl Austral Islands Raivavae P. australana Descent to west of Mt Mouatapu, 1/2km SE of school in Anatonu 23 51 31 S. 149 37 55 W 40 m DNA
UB00182 1-Aua-OO Austral Islands Raivavae P. australana Descent to west of Mt Mouataou. 1/2km SE of school in Anatonu 23 51 31 S. 149 37 55 W 40 m
UB00183 1-Auq-OO Austral Islands Raivavae P. australana Descent to west of Mt Mouataou. 1/2km SE o f school in Anatonu 23 51 31 S. 149 37 55 W 40 m Herbarium
UB0Q184 1-Auq-001 Austral Islands Raivavae P. australana Descent to west of Mt Mouataou. 1/2km SE of school in Anatonu 23 51 31 S. 149 37 5 5W 40 m
UB00185 1-Aua-OO Austral Islands Raivavae P. australana Descent to west o f Mt Mouataou. 1/2km SE of school in Anatrtmi 23 51 31 S. 149 37 5 5W DNA
UB00186 1-Aua-00 Austral Islands Raivavae P. australana Descent to west of Mt Mouatapu. 1/2km SE o f school in Anatonu 23 51 31 S. 149 37 55 W
UB00187 1-Ayg-OO Austral Islands Raivavae P. australana Descent to west of Mt Mouataou. 1/2km SE of school in Anatonu 23 51 31 S. 149 37 55 W
UB00188 1-Aufl-OO Austral Islands Raivavae P. australana Descent to west of Mt Mouatapu. 1/2km SE o f school in Anatonu 23 51 31 S. 149 37 55 W
UB00189 1-Aug-OO Austral Islands Raivavae P. australana Descent to west of Mt Mouataou. 1/2km SE o f school In Anatonu 23 51 31 S. 149 37 55 W
UB00190
UB00191
UB00193
UB00200
1JR00201

1-Aua-OO
1-Aua-OO
1->Wa-00
2-Aua*00 
2-Auo-OO

Austral Islands 
Austral Islands 
Austral Islands 
Austral Islands 
Austral Islands

Raivavae
Raivavae
Raivavae
Raivavae
Raivavae

P. australana 
P. australana 
P. blanda var floribunda 
P. australana-raoensis 
P. australana-raoensis

Descent to west of Mt Mouataou. 1/2km SE of school In Anatonu 
Descent to west of Mt Mouataou. 1/2km SE of school in Anatonu 
Cliffs east of Raima 
Slopes east of Mt Matotea 
Slooes east o f Mt Matotna

23 51 31 S. 149 37 55 W 
23 51 31 S. 149 37 55 W

23 52 56 S. 147 41 17 W 
23 52 56 S. 147 41 17 W

40 m 
40 m 
1 m 
80 m 
80 m

DNA
DNA
DNA
DNA
DNA

Collectors: Una Bradley (UB) and Naomi Kingston (NK).
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Collection No. Date 1 Archipelaao Uland Species Locality GPS Altitude Collection tvoe
UB00202 2-Aua-OO Austral Islands F.aivavae F̂  australana-raoensis Slooes east of Mt Matotea 23 52 56 S. 147 41 17 W 80 m DNA
UB00203 2-Auq-OO Austral Islands Faivavae F\  australana-rapensis Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W 80 m DNA
UB00204 2-Aua-OO Austral Islands Flaivavae f australana-raoensis Slopes east of Mt Matotea 23 52 56 S, 147 41 17 W 80 m DNA
UB00205 2-Aua-Ool Austral Islands F(aivavae / australana-raoensis Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W 80 m DNA
UB00206 2-Auq-OO Austral Islands 1laivavae / aus(ra/ana-rapens/s Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W 80 m DNA
UB00207 2-Aua-OO Austral Islands l^aivavae austra/ana-raoens/s Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W 80 m DNA
UB00208 2-Aua-Ool Austral Islands ^aivavae australana-raoensis Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W 80 m DNA
UB00209 2-Aug-OO Austral Islands ^alvavae australana-raoensis Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W 80 m
UB00210 2-Aua-OO 1 Austral Islands ^tvavae austra/ana-raoens/s Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W
UB00211 2-Aufl-OO Austral Islands ^aivavae blanda var fioribunda Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W
UB00212 3-Aua-OO Austral Islands Raivavae P. rapensis Slopes east of Mt Matotea 23 52 56 S. 147 41 17 V/
UBD0213 3-Aug-00 Austral Islands Raivavae P. rapensis Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W
UB00214 3-Aua-OO Austral Islands Raivavae P. rapensis Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W
UB00215 3-Aufl-OO Austral Islands Raivavae P. raoensis Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W
UB00226 3-Aug-OO Austral Islands Raivavae P. raoensis Slooes east of Mt Matotea 23 52 56 S. 147 41 17 W
UB00227 3-Aua-OO Austral Islands Raivavae P. rapensis Slopes east of Mt Matotea 23 52 56 S. 147 41 17 W DNA
UB00228 3-Aua-OO Austral Islands Raivavae P. raoensis Slooes east of Mt Matotea 23 52 56 S. 147 41 17 W 80 m
UB00230 9-Aug-OO Society Islands Tahiti P. arantii Taravao Plateau, trail to Mt Teatara -before ridge 17 47 45 S. 149 14 47 W 868 m
UB00232 9-Aua*00 Sodety Islands Tahiti P. hombronii Taravao Plalpiau, trail to Mt Teatara -alonfl ridge 17 47 46 S. 149 14 46 W 876 m DNA. seed
UB00233 9-Aua-OO Society Islands Tahiti P. hombronii Taravao Plateau, trail to Mt Teatara -along ridae 17 47 46 S. 149 14 46 W 876 m DNA. seed
UB00234 9-Aua-OO Society Islands Tahiti P. hombronii Taravao Plateau, trail to Mt Teatara -ak>r>a ridae 17 47 46 3^149 14 46W 876 m Herbarium
UB00235 9-Aua-OO 1 Society Islands Tahiti P. qranUI Taravao Plateau, trail to Mt Teatara -alona ridae 17 47 46 S. 149 14 46 W 876 m DNA
UB00236 9-Aua-OO Society Islands Tahiti P. arantii Taravao Plateau, trail to Mt Teatara -alona ridae 17 47 46 S. 149 14 46 W 876 m DNA. herbarium
UB00237 9-Aua-OO Society Islands Tahiti P. arantii iTaravao Plateau, trail to Mt Teatara -alona ridae 17 47 46 S. 149 14 46W 876 m DNA, herbarium
UB00236 9-Aua*00 Society Islands Tahiti P. qrantii Taravao Plateau, trail to Mt Teatara-aiona ridae 17 47 46 S. 149 14 46 W 876 m DNA
UB00240 9-Auo-OO Society Islands Tahiti P. hombronii 1 Taravao Plateau, trail to Mt Teatara -alor>a ridae |920m DNA
UB00241 ^Aua>00 Society Islands Tahiti P. qrantii Taravao Plateau, trail to Mt Teatara -alona ridae 920 m DNA
UB00242 9-Aua-OO Sodetv Islands Tahiti P. arantii Taravao Plateau, trail to Mt Teatara -alona ridae 920 m DNA. herbarium
UB00247 9-Aua-OO Sodetv Islands Tahiti P. societatis Taravao Plateau, trail to Mt Teatara -bevond ridae 920 m Herbarium
UB00248 9-Aua-OO Society Islands Tahiti P. societatis Taravao Plateau, trail to Mt Teatara -bevond ridge 920 m DNA, herbarium
UB00249 9-AuQ-OO Sodetv Islands Tahiti P. hombronii Taravoa Plateau viewpoint 500 m DNA. seed
UB00250 9-AuQ-OO Sodetv Islands Tahiti P. hombronii Taravoa Plateau viewpoint 500 m DNA, seed
UB00261 10-Auo-OO Sodetv Islands TahW P. pallida Maraa Caves 3 m DNA, herbarium
UB00262 lO-Auo-OO Socielv Islands Tahiti P. X abscondita tAaraa Caves 3 m DNA. herbarium
UB00263 10-Aua-00 Sodetv Islands Tahiti P. X abscondita Maraa Caves 3 m DNA, seed
UB00264 10-Auo-00|Sodetv islands Tahiti P. X abscondita iMaraa Caves 3 m DNA. seed
UB00265 lO-Auo-Ooj Sodetv Islands Tahiti P. X abscondita Maraa Caves 3 m DNA
UB00266 IO-Auo-00 Sodetv Islands Tahiti P. X abscondita 1 Maraa Caves 3 m DNA
UB00267 10-Auo-00 Society Islands Tahiti P. blanda var floribunda Maraa Caves 3 m DNA
UB00268 10-Auo-00 Society Islands Tahiti P. X abscortdita Maraa Caves 3m DNA, seed
UB00269 10-Auo-00 Sodetv Islands Tahiti P. X abscond/fa Maraa Caves 3 m DNA, seed, herbarium
UB00274 12-Auo-OO Sodetv Islands Tahiti P. hombronii Mt Aorai trail 11000 m DNA
UB00275 12-Aua-OO Sodety Islands Tahiti P. arantii 1 Mt Aorai trail 1000 m DNA, herbarium
UB00276 12-Aua-OO Society Islands Tahiti P. tetraphvtla 1 Mt Aorai trail 17 35 31 S. 149 30 23W 1299 m DNA. seed
UB00277 12-Aua-OO Society Islands Tahiti P. tetraohvila \A\ Aorai trail 17 35 31 S. 149 30 23 W 1299 m DNA
UB0Q278 13-Aua-00|Societv Islands Tahiti P. societatis ^ t Aorai trail 1000 m DNA. seed, herbarium
UB00279 13-Aua-OO 1 Society Islands Tahiti P. societatis Mt Aorai trail 1000 m DNA
UB00282 13-Auo-OO Sodetv Islands Tahiti P. fosberaii Mt Aorai trail, between walkirKi huts 1000 m
UB00283 13-Aug-OO Society Islands Tahiti P. societatis Mt Aorai trail, between walking huts DNA
UB00288 13-Aug-OO Society Islands Tahiti P. blanda var floribunda Mt Aorai trail DNA
UB00289 13-Aua-OO Sodety Islands Tahiti P. tetraphyiia Mt Aorai trail
UB00290 13-Aua*00 Sodety Islands Tahiti P. tetraphvlla Mt Aorai trail
UB00291 13-Aug-OO Sodetv Islands Tahiti P. hombronii Mt Aorai trail
UB00292 13-Aug-OO Sodety Islands Tahiti P. hombronii Mt Aorai trail
UB00293 13-Aug-OO Sodety Islands Tahiti P. soaetatis Mt Aorai trail
UB00294 13-Aua-OO Sodetv Islands Tahiti P. Qrantii Mt Aorai trail
UB00295 13-Auo-OC Sodetv Islands Tahiti P. arantii Mt Aorai trail DNA

Collectors: Una Bradley (UB) and Naomi Kingston (NK).
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C o lle c tion  No. Date 1 A rch ipe la g o  1ila n d  Species 1 Loca lity GPS A ltitud e C o llec tion  type
UB00296 13-Aua-OO Sodetv Islands Tahiti F* .  Qrantii ^ Aorai trail DNA
UB00350 21-Auo-OO Societv Islands Ktoorea f oallida  I ^oad to Belvedere Lookout DNA
UB00360 27-Auq-OO Southem Cooks Flarotonqa f wilderi rail to Maungatea Bluff DNA
UB00361 27-Auq-OO Southem Cooks 1 ^arotonqa i wilderi rail to Maunqalea Bluff DNA
UB00362 27-Auq-OO S>outhem Cooks FRarotonga wilderi rrail to Maunqatea Bluff DNA
tJB00363 1 27-Aua-OO 1 Southern Cooks Rarotonga 0 .  blanda var floribunda fra il to Maunaatea Bluff DNA
UB00364 27-Aua-OO Southern Cooks Rarotonga blanda var floribunda Trail to Maungatea Bluff DNA
UB00365 27-Aua-OO Southem Cooks Rarotonaa P. blanda var floribunda Trail to Maungatea Bluff DNA
UB00366 27-Auq-OO Southern Cooks Rarotonga | P. blanda  var floribunda Trail to Maunqatea Bluff DNA
UB00367 27-Auq-OO Southern Cooks Rarotonaa 1 P. blanda var  floribunda Trail to Maungatea Bluff DNA
UB00368 27-Auq-OO Southern Cooks Rarotonga 1 P. bianda var floribunda Trail to Maungatea Bluff DNA
UB00369 27-Auq-OO Southern Cooks Rarotonga P. blanda var floribunda Trail to Maungatea Bluff DNA
UB0037G 27-Aua-OO Southern Cooks Rarotonga P. blanda var floribunda Trail to Maungatea Bluff DNA
UB00371 27-Aua-OO Southem Cooks RarotofKia P. blanda var floribunda Trail to Maungatea Bluff DNA
UB00372 27-Aua-OO Southem Cooks Rarotonga P. blanda var floribunda Trail to Maunoatea Bluff DNA
UB00373 27-Auq-OO Soutt>em Cooks Rarotonga P. blanda var floribunda Trail to Maungatea Bluff DNA
UB00374 27-Auo-OO Southem Cooks Rarotonaa P. blanda var floribunda Trail to Maunaatea Bluff DNA
UB00375 27-Auq-OO Southem Cooks Rarotonqa P. blanda var floribunda Trail to Maunqatea Bluff DNA

28-Aua-00 Rarotonaa P. Daillda Cross Island Trail (6^ 100 m DNA
Rarotonga P. oallida Cross Island Trail (6) 100 m DNA

P. oallida Crosst Island Trail (6) 100 m DNA
UB00379 Southem Cooks Rarotonga P. pallida Cross Island Trail (6) 100 m DNA

Southem Cooks Rarotonga P. wilderi Cross Island Trail (8-11) 300 m DNA

UB00399 Southem Cooks Rarotonga P. wilderi Cross Island Trail (8-11) 300 m DNA
28-Auq-OQ Southem Cooks Rarotonga P. wilderi Cross Island Trail (&-111 300 m DNA

Rarotortqa P. wilderi Cross Island Trail (8-11) 300 m DNA

28-Auq-04 Southem Cooks Rarotonaa P. wilderi Cross Island Trail (8*11) 300 m DNA
28-AuQ-OC Southem Cooks Rarotor>ga P. wikieri Cross Island Trail (8-11) 250 m DNA
28-Auq-OC Southem Cooks Rarotonga P. wilderi Cross Island Trail (8-11) 250 m DNA
28-Auq-O' Rarotonga P. oallida Cross Island Trail (11-12) 180 m DNA
28-Auq-Oi Southem Cooks Rarolor>aa P. pallida Cross Island Trail (11-12) 180 m DNA

UB00407 28-Auq-0(} Southem Cooks Rarotonga P. pallida Cross Island Trail (11-12) 180 m DNA
2d-Auo-0( Rarotonga P. pallida Cross Island Trail (11-12) 180 m DNA

UB00409 28-Auq-0() Southem Cooks Rarotonga P. oallida Cross Island Trail (12-13) 120 m DNA. seed

UB00410 28-Aug-OC Southem Cooks Rarotonga P. oallida Cross Island Trail (13) 100 m DNA
P. pallida Cross Island Trail (13) 100 m DNA, seed

Southem Cooks Rarotonga P. pallida Cross Island Trail (13) 100 m DNA, seed

28'A uq-0( Southem Cooks Rarotor>ga P. oallida Cross Island Trail (13) 100 m DNA. seed
Rarotonaa P. pallida Cross Island Trail (12'13) 120 m DNA

28-Aua-OO Southem Cooks Rarotonqa P. oallida Cross Island Trail (12-13) 120 m DNA

UB00416 28-Auq-OC Southem Cooks Rarotonaa \ P. pallida_ _ _ _ _ _ _ _ _ _ _ Cross Island Trail (12-13) 120 m DNA. seed

Collectors: Una Bradley (UB) and Naomi Kingston (NK).



Appendix 1.2: Sheet to record taxonomic data from individuals under field conditions

COLLECTION NUMBER I VEINATION PATTERN

DATE UPPER LEAF COLOUR

SPECIES LOWER LEAF COLOUR

STEM HEIGHT (cm) APEX DESCRIPTION

STEM DIAMETER (mm) BASE DESCRIPTION

STEM VESTITURE LEAF MARGIN

PRESENCE OF ANTHOCYANIN IN STEM PETIOLE LENGTH (mm)

LEAF ARRANGEMENT PETIOLE VESTITURE

LEAF SHAPE SPIKE ARRANGEMENT

UPPER LEAF VESTITURE SPIKE RAMIFICATION

LOWER LEAF VESTITURE RACHIS LENGTH (mm)

PRESENCE OF GLANDS RACHIS VESTITURE

SUCCULENCE PEDUNCLE LENGTH (mm)

LEAF LENGTH (mm) PEDUNLE VESTITURE

LEAF WIDTH (mm) FRUIT DESCRIPTION

LEAF RATIO (mm) OTHER FEATURES
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Appendix 1.3: Sheet to record taxonomic data from herbarium samples

COLLECTION NUMBER
LEAF RATIO (mm)

C U L L bC lbU A S VEINATION

YEAR APEX DESCRIPTION

LOCATION BASE DESCRIPTION

REVISED NOMENCLATURE PETIOLE LENGTH (mm)

INTERNODE LENGTH (mm) PETIOLE VESTITURE

STEM HEIGHT (cm) SPIKE ARRANGEMENT

STEM DIAMETER (mm) SPIKE RAMIFICATION

STEM VESTITURE RACHIS LENGTH (mm)

LEAF ARRANGEMENT RACHIS VESTITURE

LEAF SHAPE PEDUNCLE LENGTH (mm)

UPPER LEAF  VESTITURE PEDUNCLE VESTITURE

LOWER LEAF VESTITURE FRUIT DESCRIPTION

LEAF LENGTH (mm) OTHER NOTES

LEAF WIDTH (mm)
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Appendix 1.4: Individuals from which complete taxonomic data was recorded in the field

Species Island Individuals
P. rapensis Raivavae UB00212, UB00214, UB00226, UB00227

P. australanax 
rapensis

Raivavae
UB00200, UB00201, UB00202, UB00203, 
UB00204,’ UB00205, UB00206, UB00207, 
UB00208

P. blanda var 
floribunda

Rurutu UB0098, UB00129, UB00130, UB00131

Rarotonga UB00363, UB00365, UB00366, UB00368, 
UB00371, UB00372, UB00373, UB00375

P. wilderi Rarotonga
UB00360, UB00361, UB00362, UB00398, 
UB00399, UB00400, UB00401, UB00402, 
UB00403, UB00404

P. pallida

Rurutu UBOOlOl, UB00112, UB00113, UB00115, 
UB00126

Raivavae UB00178, UB00179, UB00185, UB00186, 
UB00187, UB00188, UB00189, UB00190, 
UB00191

Tahiti UB00261

Rarotonga UB00405, UB00406, UB00408, UB00409, 
UB00410, UB00411, UB00412, UB00413, 
UB00414, UB00415, UB00416

P. X abscondita Tahiti UB00262, UB00269

P. tetraphylla Tahiti UB00296

P. fosbergii Tahiti UB00282

P. hombronii Tahiti UB00244, UB00250, UB00291

P. societatis Tahiti UB00293

P. grantii Tahiti UB00294, UB00295, UB00296
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Appendix 1.5:

Herbarium

Studied at the Musee 
de Tahiti et des lies

Studied at the 
NYBG Herbarium

Herbarium material studied

Collection Collected as 
Number

5844 P. australana
5881 P. australana
5931 P. australana
6190 P. australana
9202 P. australana
6323 P. pallida
5688 P. pallida
6045 P. pallida
7345 P. pallida
9160 P. pallida var rurutensis
5590 P. pallida-australana
6259 P. rapensis
6021 P. rurutana
9205 P. rurutana

7165 P. alternifolia
16879 P. australana
16329 P. australana
16641 P. australana
16200 P. australana
15811 P. australana var ovalilimba

foma puberulenta 
15811 P. australana var ovalilimba
5590 P. australana x pallida  hybrid
1502 P. boraborensis
17421 P. boraborensis
478 P. ciliifolia

Revised
(Florence)

Location Collector

P. australana Raivavae
P. australana Raivavae
P. pallida-australana Rurutu
P. pallida  Raivavae
P. pallida Rapa
P. pallida Rurutu
P. pallida Rurutu
P. pallida  Rurutu
P. pallida  Fatu Hiva
P. pallida Rurutu
P. pallida-australana Rurutu
P. rapensis Raivavae
P. australana Rurutu
P. australana Rurutu

Hawaii
Rimatara

P. australana Tubuai
P. pallida Rurutu
P. australana Raivavae
P. australana Raivavae

P. australana Raivavae
Rurutu

P. societatis Borabora
P. rhomboidea Borabora

Fiji

J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence 
J. Florence

Wood 
Fosberg 
St John 
St John 
St John
St John & Fosberg

St John and Fosberg
Florence
Grant
St John
Smith



Herbarium Collection Collected as 
Number

Studied at the 
NYBG Herbarium P. cookiana

P. disticha
P. hendersonensis
P. huahinensis var tahaensis
P. kokeana
P. lasiostigma
P. latifolia
P. leptostachya
P. mauiensis
P. membranaceae
P. moerenhoutiana
P. oahuensis
P. palauensis
P. pallida
P. pallida var adamsonia 
P. pallida var rurutensis 
P. pallida var nirutensis 
P. pallida var rurutensis 
P. pallida var tuamotensis 
P. pitcaimensis 
P. pterophora 
P. raivavaeana
P. raivavaeana var rimatarana 
P. raivavaeana var tubuaiana 
P. raivavaeana var tubuaiana 
P. raivavaeana var rimatarana 
P. rapensis 
P. rapensis 
P. rapensis 
P. rapensis 
P. rapensis

2390
7369
15090
5169
3403
5773
3834
21
3062
4286
1135
202
25843
9786
417
7860
16641
14217
181
969
983
16160
16889
16473
16435
16843
11634
15525
15308
11455
11315

Revised
(Florence)

Location Collector

Hawaii Degener
Fiji Smith
Henderson St John and Fosberg
Tahaa Grant
Hawaii Yunker
Fiji Smith
Hawaii Paquin

P. pallida Tahiti Leyland
Hawaii Degener
Hawaii Park

P. pallida Makatea Wilder
Hawaii Hosaka
Palau Fosberg
Niue Island Yunker

P. pallida Hiva Oa Adamson and Humford
P. pallida Tahiti Florence
P. pallida Rurutu St John
P. pallida Meetia St John

Moorea Smith
Pitcairn Chapin
Venvzuela Broadway

P. australana Raivavae St John
P. australana Rimatara St John
P. australana Tubuai St John
P. australana Tubuai St John
P. australana Rimatara St John and Fosberg

Rapa Fosberg
P. rapensis Rapa St John and Maireau
P. rapensis Rapa St John Fosberg

Rapa Fosberg
Pitcairn Fosberg &Clarky



Herbarium Collection Collected as 
Number

Collections from the 
Bishop Museum 
Hawaii

P. wilderi 
Peperomia 
Peperomia 
P. rhomboidea 
P. rurutana 
P. sandwicensis 
P. setchelli 
P. st-johnii
P. subglabra var tuamotensis

P. abscondita 
P. fosbergii 
P. leptostachya 
P. marchionensis 
P. oblancifolia 
P. pallida var rurutensis 
P. rapensis 
P. rapensis
P. rapensis var minuticaulis 
P. reflexa var emarginata 
P. subglabra var rurutensis 
P. tutuilana

837
14157
887
961
16729
20679
5269
16159
845

260
17078
15247
1630
?

16866
15671
344
15622
260
62
863

Revised
(Florence)

Location Collector

P. rhomboidea 
P. australana

P. australana

P. pallida 
P. rapensis 
P. pallida

Rarotonga
Tahiti
Raivavae
Rarotonga
Rurutu
Hawaii
Huahine
Raivavae
Niau

Wilder
St John & Fosberg
Chapin
Wilder
St John
Degener
Grant
St John
Quayle

P X abscondita {blanda x pallida) 

P. blanda var floribunda

P. pallida 
P. rapensis 
P. rapensis 
P. rapensis 
P. tetraphylla 
P.pallida

Raiatea
Tahiti
Rapa
Hiva Oa
Pukapuka
Rimatara
Rapa
Rapa
Rapa
Rapa
Rurutu
Samoa

Moore
St John and Fosberg 
St John & Fosberg 
Quayle 
Isidore
St John & Fosberg 
St John & Fosberg 
Quayle
St John &Fosberg 
Brown 
Brown 
Garber



Appendix 1.6; Morphological comparison o f P. rhomboidea and P. hendersonensis
(data taken from Yunker (1937))

Character P. hendersonensis P. rhomboidea

Stem description
Stems suberect or ascending from a 
briefly decumbent base. Branching 

upwards.

Stems ascending from a short, 
decumbent, rooting base. 

Unbranched.
Stem height Up to 30cm Up to 25cm

Stem diameter 5mm 4mm

Stem vestiture Glabrous Glabrous

Internodes
1cm above, up to 7cm below. Mostly 
2-3cm. Nodes enlarged and turgid. 1.5 - 3cm in length

Leaf arrangement Alternate Alternate

Leaf vestiture Glabrous Glabrous

Leaf shape Oval-obovate to suborbicular Oval rhombic to suborbicular

Leaf length Up to 7cm. Mostly 2-3cm Up to 6cm. 
Mostly 4-5cm

Leaf width Up to 4cm. Mostly 2-3cm Up to 4.5 
Mostly 2.5 to 3cm

Veination Palmately 5 or 7 nerved. Veins 
often reddened in vivo

Palm ately 5 or 7 nerved.

Petiole length 5-8mm 5-8mm

Petiole vestiture Glabrous Glabrous

Spike
arrangement

Terminal and axillary Terminal and 
axillary

Spike length Up to 15cm. Mostly 6 -10cm Up to 7.5cm.

Peduncle length 2-3cm 0.6 to 0.8cm

Peduncle
vestiture

Glabrous Glabrous

Bract shape Round, about 0.6cm in length Round, about 0.5 cm in length

Ovary shape Obovoid-turbinate Ovoid

Stigma position Subapical Subapical

Fruit shape Globose-ovoid Globose-ovoid

Fruit
dimensions

1.0mm 0.8mm
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Appendix 1.7: Morphological comparison of P. australana (Florence 1997), 
P. tutuilana (Yunker 1937) and P. oblancifolia (Yunker 1937)

Character P. australana P. tutuilana P- oblancifolia

Habit Eoiphyte or saxicole Terrestrial
Stem height 5-30cm Up to 15 or more cm Up to 10 cm or more in 

height
Stem

vestiture
Entirely glabrous Subappressed hirtellous in 

the upper part, hairs less than 
0.5mm in length, glabrate 
below.

Sparingly hirtellous to 
glabresent

Features of 
stem

Sterile branches often 
rampant. Axis often red 
in vivo

Suberect or ascending from a 
rooting base.

Subdichotomously or
trichotomously
branching

Leaf
arrangement

Alternate, very rarely 
opposite

Alternate or the lowermost 
opposite

Alternate or rarely some 
leaves opposite

Leaf
vestiture

Entirely glabrous Subappressed hirtellous on 
both surfaces when young, 
becoming glabrate when 
older, marginally ciliated at 
the apex

Glabrous on the lower 
surface, the upper 
surface hirtellous at the 
base, sparingly ciliated 
at the apex

Leaf shape Oval or elliptic Elliptic to suboblanceolate Elliptic to oblanceolate
Leaf length 1.8 - 8.3 cm 3 - 5 cm 3 - 5 cm
Leaf width 0.9 - 4.2 cm 1.5-2 cm 1.5 - 2.2 cm

Petiole
length

0.3 -1.4 cm 0.5 - 0.7 cm Up to 0.7 mm

Petiole
vestiture

Glabrous Hirtellous Glabrous

Leaf apex Acute - acuminate Acute - subattenuate Attenuately acute
Infloresence
arrangement

Terminal, rarely also on 
the penultimate node

Terminal and axillary Mostly terminal or in the 
axils of the uppermost 
leaves

Infloresence
length

4.2 -10.5 cm Up to 4cm Up to 6cm

Peduncle
length

0.5 - 2.0 cm, glabrous 0.8 -1.2 cm, hirtellous 0.5 - 1.0 cm, glabrous

Stigma
position

Subapical Subapical Subapical

Fruit
description

Ovoid to subglobular, 0.8 
* 0.6 mm

Subglobose, about 0.9 mm in 
length

Globose-ovoid, about 
0.9mm in length.
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Appendix 1.8: Taxonomic comparison of P. pallida, P. hendersonensis, P. species
(Pitcairn) and P. x abscondita.

Character P.pallida
Rurutu

P.pallida
Raivavae

P.pallida
Rarotonga

P.pallida
Tahiti

p*abscondita
Tahiti

P.hendersonen
sis

/ ’.sp.
Pitcairn

Number of 
individuals 

studied
5 9 11 1 2 5 3

Stem height 
(cm) 24.5 21.0 14.6 13.0 16.5 32.0 8.0

Stem
diameter

(mm)
6.25 4.61 3.91 4.5 3.0 4.5 4.2

Internode 
length (cm) 2.81 2.44 1.81 1.68 1.58 2.04 0.95

Leaf length 
(cm) 4.24 4.32 2.93 2.55 2.90 3.63 2.36

Leaf width 
(cm) 2.39 2.35 1.74 1.58 1.82 2.69 1.92

Leaf ratio L74 L84 1.65 L61 1.56 1.36 1.23

Petiole 
length (mm) 5.8 4.4 6.6 5.1 4.0 4.5 6.21

Stem
vestiture Glabrous Glabrous Glabrous Hairy Hairy Glabrous Glabrous

Leaf
arrangement Opposite Alternate Opposite Opposite Alternate Altemate Altemate

Leaf
vestiture Glabrous Glabrous Hairs at 

leaf tip
Hairs at 
leaf tip

Hairy Glabrous Glabrous

Rachis
vestiture Glabrous Glabrous Glabrous Glabrous Glabrous Glabrous Glabrous

Peduncle
vestiture Glabrous Glabrous Glabrous Hairy Hairy Glabrous Glabrous

Appendix 1.8: Taxonomic data was collected from P. pallida (Rurutu, Raivavae, Rarotonga, Tahiti) 
and P. X abscondita under field conditions (June -  Sept 2000) and from P. hendersonensis and P. 
species (Pitcairn) under cultivation (Botanic Gardens, TCD). There is a significant difference at the 
5% level between each of the populations in terms of; internode length, stem height, leaf length, leaf 
width, leaf ratio and petiole length.
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A ppendix 1.9: Morphological comparison o f P .fosbergii (Florence 1997), 
P. eekana (Wagner et al. 1990) and P. kokeana (Wagner et al. 1990).

Character P. eekana P.kokeana P. fosbergii
Stem height Up to 25 cm 30 to 50 cm 10 to 25 cm

Stem diameter 1.5 to 3mm 4 to 5 mm 1.5 cm

Stem vestiture Moderately to densely 
hirsute or sometimes 

hirtellous,the hairs 
spreading or sometimes 

somewhat appressed. 
O.six to 1mm long

Moderately to densely 
strigullose, the hairs 0.2 

to 0.4 mm long.
Densely hirtellous to 

hirsute. 0.4 to 1.0 mm

Features of stem Stems usually several, 
reddish purple. 

Ascending to erect from 
a long repent base. 

Usually dichotomously 
or trichotomously many 

branched.

Stems redish purple, 
ascending to weakly erect 
from a short repent base.

Unbranched or with a 
few short lateral branches 

above middle.

Erect, with base sometimes 
slightly repent

Leaf
arrangement

(2)3 to six per node (2)3 to 5 per node Oppostite to descusate, or 
subopposite, rarely clearly 

alternate.
Leaf vestiture Sparsely to moderately 

appressed hirtellous, 
sometimes only towards 
margins or base, lower 
surface moderately or 
sometimes sparsely 
appressed hirtellous

Strigillose, only sparsely 
so on upper surface, 

margins sparsely ciliate

Same piiosity as the axis, 
but becoming less dense 

with age

Leaf shape Elliptic, broadly elliptic 
to obovate or broadly 
obovate, sometimes 

some of them 
suborbicular or ovate

Oblong lanceolate, 
narrowly elliptic 

lanceolate or sometimes 
narrowly oblanceolate

Obovate, elliptic to 
subcircular, rarely elliptic

Leaf length 0.5 to 2.5 cm 4 to 7 cm 0.9 to 3.8 cm

Leaf width 0.2 to 1.3 cm 0.7 to 1.8 cm 0.5 to 2.7 cm

Petiole length 0.2 to 1.0 cm 0.7 to 1.1 cm 0.2 to 1.2cm

Petiole vestiture Hirtellous Strigillose Same as axis

Infloresence
arrangement

Terminal or axillary, 
usually several

Terminal and axillary, 
one to several

Terminal, solitary, rarely 
axillary on the penultimate 

node
Infloresence

length
0.5to 2.5 cm 3 to 10 cm 3.2 to 9.1 cm

Peduncle length 0.5 to 1.2cm 0.5 to 2 cm 0.6 to 2.6 cm

Stigma position Subterminal or slightly 
subterminal

Subterminal Subapical

Fruit
description

Ovoid to obovoid 
Ca. 1mm

Ovoid 
Ca. 0.8mm

Ovoid to subglobular 
0.8 X 0.6 mm

Habitat Epiphytic or 
occasionally terrestrial

Terrestrial Epiphyte, rarely a saxicole
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Appendix 1.10: Seed germination data

100 1
C
o 80  -

c 60  -
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1 2  3 4  5 6 11 12  137  8

Time (weeks)

— P.hendersonensis —a— P.pitcairnensis P.species (Pitcairn)

■X— P.blanda varfloribunda P.tetraphyiia

Appendix 1.10.1: Seed germination data from five species of Peperomia in SE Polynesia.

20 fresh seeds from living collections of each species (TCD Botanic Gardens) were 
germinated on 1% agar under 25°C/25°C incubation conditions in the light. Seed was 
collected from a number of distinct individuals. The germination rate was recorded on a 
weekly basis and the results plotted in Appendix 1.10.1.
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Appendix 1.10.2: Germination in selfmg and out-crossing individuals of P. pitcairnemis 
and P. hendersonensis.

20 fresh seeds collected from an out-crossing and a selfmg individual of each species were 
germinated on 1% agar under 25°C/25°C incubation conditions in the light (selfmg 
individuals were maintained in isolation). The germination rate was recorded on a weekly 
basis and the results plotted in Appendix 1.10.2.
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Appendix 1.11: Flowering and fruiting periods of Peperomia in French Polynesia 

(data taken from The Flore de la Polynesie francaise, Florence 1997)

SPECIES FLOWERING PERIOD FRUITING PERIOD

P. adamsonia May and July (not well known 
due to a small number of 

collections)
P. australana April, May, June, August July, August, September

P. blanda var 
floribunda

All year All Year

P. fosbergii April, August, September, 
October, November

April, August, September

P. grantii All year February, August-October

P. hombronii All year All year

P. marchionensis January, February, July, 
September-December

February, October

P. olrveri January, May, June, September, 
December (not well known)

January, May, June, September, 
December (not well known)

P. pallida All year All year

P. rapensis January, February, June, July January, February, July, August

P. societatis J anuary-N o vember March, May, July, September- 
November

P. tetraphylla F ebruary-October February-July

P. tooviiana March-July, November, 
December

March, April, May, July, 
August, September
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67

68

 —-------  Gbchidan tooviianum (Maiquesas) jy894

 —------- Glodhidion sodetatis (Australs) A 0042

  Gbchidionewarginatum (Marquesas) jy m 3

-2   GbchkHon sodetatis (Society) ub00307

59

Glochidbntahitense (Society) UB00243

Gbchidbntemehanbnse (Sodety) sooaoi

Gbchbbngrayanum  (Sodety) S00270

Gtochkibn raivavsense (A ustrals) u boo 196

Gbchidbnmanono (Society) S00271

Gbchidbnhuahineense (Sodety) ueooaie

Gbchidbn myrtifolium (Society) soo348

Gbchidbngrantii (Marquesas) jy m 3

Gbchidbn comitum (Pitcaims) 97-570

Gbchidbn pUcaimense {Pilcatms) 97-643

Gbchidbnconcobr (Cooks) UB00395

Appendix 1.12 Parsimony Analysis of Glochidion in SE Polynesia based on ITS1-
5.8S-ITS2 sequence data

One of 42 equally most parsimonious trees. Tree length = 74  ci = 0 8649' HI = 0 1351- 
Ri = 0.7297 Branch lengths are given above, numbers below' in bold are bootstrap 
percentages (1000 replicates). The tree has been rooted with G concolor irom Rarotonqa 
in the Southern Cook Islands.
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Appendix 2: Molecular Analyses

Protocol 2.1: Isolation of total genomic DNA using CTAB

1. 10 ml o f  2x CTAB* extraction buffer and 40 jal o f 2-mercaptoethanoland were placed in a labelled 12 

ml capped centrifuge tube (fume hood).

2. The tubes, pestles and mortars were preheated at 65°C in a water bath.

3. Each extraction required 0.1-0.2 g of silica gel dried leaf material

4. Extractions were carried out in the fume hood. Using initially a small amount o f extraction buffer the 

leaf material was ground up using a pre-heated pestle and mortar.

5. When the leaf material was almost ground to a pulp the remainder of the extraction buffer was added.

6 . The slurry was placed back into the 12 ml centrifuge tube, sealed and incubated at 65°C for 

approximately 10 minutes with occasional mixing.

7. 10 ml o f  C l (24; I chloroform ; isoamyl alcohol) was added to each tube and mixed gently.

8. The tubes were placed on a shaker in the horizontal position for approximately 30 minutes.

9. All samples were then centrifuged at 4500 rpm for 10 minutes.

10. The aqueous (upper) phase containing the DNA was removed using a transfer pipette and placed in 

12ml capped tubes.

11. Equal volumes o f isopropanol were added to each DNA sample.

12. The tubes were sealed and inverted to precipitate the DNA.

13. All samples were stored at -20°C for at least 7 days to further precipitate the DNA.

14. Following precipitation the samples were centrifuged at 2500 rpm for 10 minutes to pellet the DNA.

15. The supernatant was then poured off and 3 ml o f wash buffer was added to each tube, and mixed 

gently.

16. The samples were centrifuged once more at 2500 rpm for 5 minutes to pellet the DNA.

17. The supernatant was decanted off and the tubes were placed upside down for 5 minutes on a paper 

towel to let any excess wash buffer drain away.
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18. The tubes were then turned right way up and allowed to air dry in a fume hood for approximately 25- 

30 minutes to remove all traces of ethanol.

19. Each DNA sample was suspended in 0.5 ml o f  TE Buffer (lOmM Tris HCl pH 8.0; Im M  EDTA).

20. The eluted DNA samples were transferred to 1.5 ml microcentrifuge tubes and stored in a -20°or -80° 

freezer.

* 2xCTAB Buffer (lOOmM Tris-HCl pH 8., 0.14M NaCl, 20mM EDTA, 2% CTAB)

Protocol 2.2: Estimating DNA fragment size, quantity and quality using agarose gel

electrophoresis

1. 5 |J,1 o f  total DNA were mixed with 2 |J,1 of loading dye.

2. The mixture was then pipetted into a well on an agarose gel* (the first and the last well o f each lane

were left empty).

3. Once all samples were loaded onto the gel, 3 ^1 of 1Kb ladder, mixed with 2 jil o f loading dye, were

placed into the first and last well of each lane on the gel.

4. Each sample was then subjected to 118V for 30- 45 minutes.

5. The agarose gel was then placed above a UV light box and the DNA samples were visualised and

quantified through the comparison of the intensity o f florescence o f  the highest molecular weight band 

in each sample to the florescence of the different bands o f the 1Kb ladder. The fragment length of the 

band o f  the 1Kb ladder with a similar florescence to that o f the sample being quantified was then used 

to calculate (in ng per ^1) the quantity o f DNA in each sample.

* 80 ml 1.2% agarose gel (1.2 g o f  agarose (gel strength of a 2% w/ v gel), 100 ml o f IxTBE, 2 jil o f

Ethidium Bromide).
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Protocol 2.3: Polymerase Chain Reaction

Aniplilicatio

reagents:

trnl^trnF

per rcacti.

■

1. All total DNA samples and reagents were thawed and placed on ice.

2. An l;il aliquot from each total DNA sample was placed in a separate 0.5 ml tube.

3. A master mix was then made in a 1.5 ml tube adding all reagents according to the sequence stated 

above.

4. The master mix was vortexed and 49 ^1 transferred out into each 0.5 mi tube. The total reaction 

volume was 50 ftl per sample.

5. Each sample was centrifuged briefly.

6. The samples were placed into a thermocycler and subjected to the following temperature treatments:
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PCR programme ITS:

1. Denaturing at 94°C for 3 minutes

2. 32 cycles of the following: 94°C for 45secs, 52/55°C for 30secs, 72°C for 90secs

3. Final strand extension at 72°C for 7 minutes

4. Incubation at 4°C indefinitely

PCR programme trriL-trnF:

1. Denaturing at 94°C for 3 minutes

2. 30 cycles of the following: 94°C for 60secs, 55°C for 50secs, 72°C for 120secs

3. Final strand extension at 72°C for 7 minutes

4. Incubation at 4°C indefinitely

7. The PCR products were quantified using gel electrophoresis (see protocol 2.2) and refrigerated at 

-20°C .
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Protocol 2.4: Concert Rapid PCR Purification System (also used to purify tDNA)

T r i s - I i n  indis^*'

1. An aliquot o f  TE Buffer (50 |xl per sample) was preheated to 68°C.

2. An amount o f  HI four times the volume was added to each PCR (or DNA) sample and mixed 

thoroughly.

3. Each sample was then transferred to a spin cartridge.

4. The spin cartridges were placed into the wash tubes and centrifuged at 13000 rpm for one minute.

5. The flow through was discarded and the spin cartridges placed once more into the wash tubes. 700 ^1

o f H2 was added to each spin cartridge and each was centrifuged at 13000 rpm for one minute.

6. The flow through was once more discarded and the spin cartridges replaced. Each sample was

centrifuged for a third time at 13000 rpm for one minute.

7. The spin cartridges were placed into the recovery tubes and 50 (il o f  TE buffer was added directly to 

the centre o f  the spin cartridge.

8. Each was incubated at room temperature for one minute and then centrifuged at 13000 rpm for two 

minutes. The cleaned PCR (or DNA) sample in the recovery tube was stored at -20 or -80“C.
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Protocol 2.5; Big Dye Terminator Cycle Sequence Reactions

V olum e (III) p t r  reaction

;rs (conc.5ng'(.il)

1. Both the PCR products and sequencing reagents were thawed and kept on ice.

2. A 3^1 aliquot from each purified PCR product was placed in a separate 0.2 ml Eppendorf tube.

3. A master mix was made in a 1.5 ml tube adding all reagents according to the sequence stated 

above.

4. The master mix was vortexed and 7 ^1 liquated out into each 0.2 ml tube.

5. Each reaction sample was spun down and placed in a thermocycler and subjected to the following 

temperature treatments;

Cycle sequencing programme ITS:

1. Denaturation at 95°C for 1 minute

2. 32 cycles of the following: 96°C for lOsecs, 55°C for 5secs, 60°C for ISOsecs

3. Samples were then incubated at 4°C indefinitely
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Cycle sequencing programme trn\.-trnF:

1. Denaturation at 95°C for 1 minute

2. 32 cycles of the following: 90°C for lOsecs, 50°C for 55secs, 60°C for 180secs

3. Samples were then incubated at 4°C indefinitely

6. The samples were subsequently purified (see protocol 2.6) and stored at a temperature o f  

20°C.

Protocol 2.6: Purification of Cycle Sequenced Products

Kca gents  ^

1. Each sample was transferred into a 0.5 ml centrifuge tube.

2. 2 jil o f  NaAc and 50 |J,1 o f  100% EtOH were added to each tube.

3. The samples were incubated at room temperature for 5 minutes and then placed on ice for a further 10 

minutes.

4. Each sample was then centrifuged at 13000 rpm for 25 minutes.

5. The supernatant was carefully discarded and 300 ,̂1 o f  70% EtOH was then added to each tube.

6. Each sample was centrifuged at 13000 rpm for 15 minutes.

7. The supernatant was carefully discarded and steps 5 to 7 were repeated.

8. The pelleted DNA was air-dried overnight under paper towels and then stored in foil (to prevent

degradation in the light) at -20°C until ready to be run on the automated Sequencer.
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Protocol 2.7 Denaturing of Samples prior to Sequencing using the ABI Prism™ 310 Genetic 

Analyser

1. 25 |il o f  TSR (Template Suppression Reagent) was added to each sample DNA pellet.

2. The samples were then vortexed slightly and heated for 5 minutes at 95°C.

3. The DNA samples were then chilled on ice, vortexed once more and then centrifuged briefly.

4. All samples were then loaded into the automated sequencer.

Protocol 2.8 The TOPO® Cloning Reaction

Rc:.nc..ts ler reaction

:

product

Iterilc distilled wate

1. A 1 Jil aliquot from each purified PCR product was placed in a separate 0.2 ml Eppendorf 

tube

2. Salt, distilled water and topovector were added to each tube according to the sequence stated 

above and the tubes left at room temperature for 5 minutes.
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Protocol 2.9 One Shot® Chemical Transformation

1. 2 |al o f the TOPO® Cloning reaction from Protocol 2.8 were placed into a vial o f One Shot® 

Chemically Competent E. coli and mixed gently.

2. The mixture was incubated on ice for 5 minutes

3. The cells were heat shocked for 30 seconds at 42°C without shaking and then immediately transferred 

to ice.

4. 250 ,̂1 o f  SOC medium were added.

5. The tubes were capped tightly and placed horizontally in a shaker at 37°C for 1 hour.

6. Incubation plates were prewarmed to 37°C. 50 )o.l from each transformation were spread evenly onto a 

plate and incubated overnight at 37°C. To ensure that at least one plate has well spaced colonies,

additional plates were incubated with 50 jil of a 1:10 dilution o f the transformation.

7. Six white or light blue colonies were selected (dark blue colonies were disgarded) and the ITS region 

re-amplified using each colony as a PGR template.

Protocol 2.10 Re-concentration of DNA for AFLP reactions

1. An aliquot o f TE Buffer (10 ^1 per DNA sample) was preheated to 68°C.

2. 20 .̂1 o f  cleaned DNA (Protocol 2.4) was aliquoted into a 0.5 ml tube.

3. To each tube 8 fil o f NaOAc and 200 ^1 o f 100% EtOH were added.

4. The samples were incubated at room temperature for 15 minutes and then placed on ice for a further 

15 minutes.

9. Each sample was then centrifuged at 13000 rpm for 25 minutes.

10. The supernatant was carefully discarded

11 The pelleted DNA was air-dried in a fume hood for 15 minutes.

12. The DNA was then re-suspended in 10 p.1 of preheated TE Buffer
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P ro to co l 2.11 Am plified F ragm ent L ength Polym orphism  (AFLP) pro tocol

AFLP (Amplified Fragment Length Polymorphism) reactions were carried out using the Perkin Elmer Applied 

Biosystems AFLP™ Plant Mapping kit. The kit was composed of three modules:

1. Ligation and Preselective Amplification module containing EcoRl and Msel adaptor pairs, preselective 

primers and preselective amplification mix.

2. Core Mix module composed of a mix of buffer, nucleotides and AmpliTaq® DNA polymerase.

3.The Selective Amplification module containing a set of primers complementary to the EcoRl adaptor 

sequence and labelled at the 5’ end with a fluorescent dye (either FAM (blue), JOE (green) or TAMRA 

(yellow) and a set of primers complementary to the Msel adaptor sequence.

The AFLP protocol was a modified version of that suggested by the manufacturer as follows;

1. The adaptor pairs were annealed by heating to 95°C for five minutes and allowed to cool over a 10- 

minute period.

2. An enzyme master mix was prepared to contain the following for each restriction ligation reaction:
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3. Restriction-ligation reactions were prepared to contain the following for each reaction:

0.5M N aCl

4. The restriction-ligation reactions were carried out at 37° C for 2 hours in a PTC 100 MJ Research Thermal 

Cycler (the heated lid option was used).

5. A  total o f  94.5 jil o f TEo.i were added to the reactions and the reactions were stored on ice or at -20°C until 

used.

6. A  pre-selective amplification was carried out using the pre-selective primers. The reactions contained:

Dihircd rcbirii

The reaction specifications for the PCR amplification were as follows:

D enaturing Annealing r \ t i  nsion Niiinhcr of Cvclcs

5 6 °C fo r30sec

A 4°C soak ended the reaction. All ramp times were set at one degree per second.

7. A total o f  5 ^1 o f  the PCR product were diluted in 95 jil TEq.i and the reactions were stored on ice or at 2- 

6°C until used.
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8. A selective amplification reaction was performed for each primer pair with each reaction containing:

primer

The reaction specifications for the selective amplification PCR are given below:

61=C fm

9 The three PCR products for each sample were combined as follows; 0.6 |xl o f FAM product, 0.8 îl JOE 

product, 1.3 Hi NED product, 0.5 jxl ROX 500S size standard and 24 ^1 o f  formamide. This was heated to 

95°C for five minutes and then stored on ice until ready. The samples were then run on an ABI PRISM® 310

Genetic Analyzer.
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Appendix 2.12: Plant material used in the DNA sequencing study

Species DNA code Source Collector

GENBANK OUTGROUPS

Saururus chinensis Thunb. AF15921 Cultivation, Duke University
Piper bartlingianum (Miq) CDC AF275183 Guyana
Piper darienense CDC AF275181 Depto. Antioquia, Columbia
Piper methysticum Forst. f AF275194 Cultivation, Nat. Trop. Bot. Garden

OUTGROUPS

Piper species UB01506 Guyana UB
Peperomia macrostachya UB01512 Guyana UB
Peperomia marianensis TM2449 Guam TM
Peperomia palauensis NT98013 Cultivation, Nat. Trop. Bot. Garden HBC
Peperomia perambucensis NT9804 Cultivation, Nat. Trop. Bot. Garden HBC
Peperomia rotundifolia UB01500 Guyana UB
Peperomia species (PNG) TM2323 PNG TM
Peperomia species (Pohnpei) TM2514 Pohnpei TM
Peperomia species (Peru) NT980483 Cultivation, Nat. Trop. Bot. Garden HBC
Peperomia tutuilana NT970503 Cultivation, Nat. Trop. Bot. Garden HBC
Peperomia verticillata TCD 19810067 Cultivation, TCD

SE POLYNESIAN

Peperomia australana UB00103 Rurutu UB,NK
Peperomia australana UB0025 Rimatara UB,NK
Peperomia australana UB005 Rimatara UB,NK
Peperomia australana UB0067 Tubuai UB,NK
Peperomia blanda vax floribunda UB002 Cultivation, TCD UB,NK
Peperomia hlanda var floribunda UB0082 Rururut UB,NK
Peperomia blanda var floribunda UB0099 Rurutu UB,NK
Peperomia blanda var floribunda UB00288 Tahiti UB,NK

Voucher

AF15921
AF275183
AF275181
AF275194

UB01506
UB01512
TM2449
NT98013
NT9804
UB01500
TM2323
TM2514
NT980483
NT970503
TCD19810067

UB00103

UB005

UB002

UB0099



Appendix 2.12: Plant material used in the DNA sequencing study

Species DNA code Source

Peperomia blanda Max floribunda 97-267 Cultivation, TCD
Peperomia grantii UB00275 Tahiti
Peperomia grantii UB00230 Tahiti
Peperomia hendersonensis TCD 19920504 Cultivation, TCD
Peperomia hombronii TCD20011022 Cultivation, TCD
Peperomia fosbergii UB00282 Tahiti
Peperomia pallida UB00188 Raivavae
Peperomia pallida UB00112 Rumtu
Peperomia pallida UB0094 Rututu
Peperomia pallida UB00113 Rumtu
Peperomia pallida UB007 Rimatara
Peperomia pallida UB00261 Tahiti
Peperomia pallida UB00412 Rarotonga
Peperomia rapensis UB0086 Tubuai
Peperomia rapensis 97-621 Pitcairn
Peperomia rapensis UB00215 Cultivation, TCD
Peperomia species TCD 19980094 Cultivation, TCD
Peperomia societatis TM2047 Tahiti
Peperomia tetraphylla TCD 19970067 Cultivation, TCD
Peperomia wilderi TCD20011018 Cultivation, TCD
Peperomia x abscondita UB00262 Tahiti
Peperomia australana x pallida UB0026 Rimatara
Peperomia australana x pallida UB0027 Rimatara
Peperomia australana x pallida UB0029 Rimatara
Peperomia australana x rapensis UB00155 Raivavae
Peperomia australana x rapensis UB00205 Raivavae
Peperomia hybrid (indet) 97-675 Cultivation, TCD

Collector Voucher

NK, SW 
UB,NK 
UB,NK 
NK, SW 
UB, NK 
UB,NK 
UB,NK 
UB,NK 
UB,NK 
UB,NK

UB,NK
UB,NK
UB,NK
NK, SW
UB,NK
UB,NK
TM
SW
UB,NK 
UB,NK 
UB,NK 
UB, NK 
UB,NK 
UB,NK 
UB, NK 
NK, SW

97-267 
UB00275 
UB00230 
TCD19920504 
TCD20011022 
UB00282 
UB00188 
UB00112

UB00113

UB00261
UB00412
UB0060

UB00215
TCD19980094
TM2047
TCD 19970067
TCD20011018
UB00262

UB0027

UB00155
UB00209
97-675



Appendix 2.12: Plant material used in the DNA sequencing study

Species DNA code Source Collector Voucher

HAWAIIAN

Peperomia alternifolia KRW7165 Hawaiian Islands KRW KRW7165
Peperomia blanda var floribunda NT911092 Cultivation, Nat. Trop. Bot. Garden HBC NT911092
Peperomia cookiana HBC14 Hawaiian Islands HBC HBC 14
Peperomia cookiana HBC22 Hawaiian Islands HBC HBC22
Peperomia cookiana HBC20 Hawaiian Islands HBC HBC20
Peperomia cookiana HBC28 Hawaiian Islands HBC HBC28
Peperomia eekana HBC4 Hawaiian Islands HBC HBC4
Peperomia elliptobacca CM1351 Hawaiian Islands CM CM1351
Peperomia globulanthera HBC8 Hawaiian Islands HBC HBC8
Peperomia globulanthera HBC9 Hawaiian Islands HBC HBC9
Peperomia globulanthera HBCIO Hawaiian Islands HBC HBCIO
Peperomia hirtepetiola KRW3951 Hawaiian Islands KRW KRW3951
Peperomia hypoleuca HBC17 Hawaiian Islands HBC HBC17
Peperomia hypoleuca CRA3746 Hawaiian Islands CRA CRA3746
Peperomia kokeana NT960124 Cultivation, Nat. Trop. Bot. Garden HBC NT960124
Peperomia kokeana HBCI3 Hawaiian Islands HBC HBC13
Peperomia latifolia HBC5 Hawaiian Islands HBC HBC5
Peperomia latifolia HBC6 Hawaiian Islands HBC HBC6
Peperomia latifolia HBC7 Hawaiian Islands HBC HBC7
P eperom ia  latifolia HBC27 Hawaiian Islands HBC HBC27
Peperomia latifolia NT980240 Cultivation, Nat. Trop. Bot. Garden HBC NT980240
Peperomia latifolia RP6 Hawaiian Islands RP RP6
Peperomia latifolia RP8 Hawaiian Islands RP RP8
Peperomia ligustrina HBC16 Hawaiian Islands HBC HBC 16
Peperomia ligustrina HBC19 Hawaiian Islands HBC HBC19
Peperomia ligustrina HBC25 Hawaiian Islands HBC HBC25
Peperomia macraeana HBCll Hawaiian Islands HBC H BCll
Peperomia macraeana HBC23 Hawaiian Islands HBC HBC23



Appendix 2.12: Plant material used in the DNA sequencing study

Species DNA code Source Collector Voucher

Peperomia macraeana HBC29 Hawaiian Islands HBC HBC29
Peperomia macraeana HBC31 Hawaiian Islands HBC HBC31
Peperomia macraeana RP5 Hawaiian Islands RP RP5
Peperomia mauiensis NT960273 Cultivation, Nat. Trop. Bot. Garden HBC NT960273
Peperomia membranaceae RP2 Hawaiian Islands RP RP2
Peperomia membranaceae KRW6172 Hawaiian Islands KRW KRW6172
Peperomia oahuensis TM991 Hawaiian Islands TM TM991
Peperomia obovatilimba HBC26 Hawaiian Islands HBC HBC26
Peperomia remyi WT3833 Hawaiian Islands WT WT3833
Peperomia sandwicensis RP4 Hawaiian Islands RP RP4
Peperomia sandwicensis RP7 Hawaiian Islands RP RP7
Peperomia sandwicensis NT960273 Cultivation, Nat. Trop. Bot. Garden HBC NT960273

Collectors: UB (Una Bradley, TCD); NK (Naomi Kingston, TCD); SW (Steve Waldren, TCD); TM (Tim Motley, NYBG); HBC (Hugh Cross, NYBG); CM 
(Cliff Morden,UH)

Vouchers collected by UB, NK and SW are held in the Trinity College Herbarium (TCD). Those collected by TM, HBC and CM are held in the New York 
Botanical Garden Herbarium (NY).



Appendix 2.13: Plant material used in the AFLP study

Species DNA code Source Collector Voucher/ 
Accession No.

Peperomia australana UB005 Rimatara UB,NK UB005
Peperomia australana UB025 Rimatara UB,NK
Peperomia australana UB0063 Tubuai UB,NK
Peperomia australana UB00103 Rurutu UB,NK UB00103
Peperomia blanda var floribunda UB002 Cultivation, TCD UB,NK UB002
Peperomia blanda floribunda UB0061 Tubuai UB,NK
Peperomia blanda v&v floribunda UB0082 Tubuai UB,NK
Peperomia blanda var floribunda UB0099 Cultivation, TCD UB,NK UB0099
Peperomia blanda var floribunda UB00135 Cultivation, TCD UB,NK UB00135
Peperomia blanda var floribunda UB00137 Rurutu UB, NK
Peperomia blanda var floribunda UB00138 Cultivation, TCD UB,NK UB00138
Peperomia blanda var floribunda UB00174 Rurutu UB,NK UB00174
Peperomia blanda var floribunda UB00288 Tahiti UB,NK
Peperomia blanda var floribunda 97-267 Cultivation, TCD UB,NK 97-267
Peperomia blanda var floribunda UB00365 Rarotonga UB.NK
Peperomia blanda var floribunda UB00371 Rarotonga UB,NK
Peperomia blanda var floribunda TM2114 Hawaiian Islands TM TM2114
Peperomia blanda var floribunda NT911092 Cultivation, Nat. Trop. Bot. Garden HBC NT911092
Peperomia cookiana CM2811 Hawaii CM CM2811
Peperomia fosbergii UB00282 Tahiti UB,NK UB00282
Peperomia fosbergii UB00278 Cultivation, TCD UB,NK UB00278
Peperomia grantii UB00275 Tahiti UB,NK UB00275
Peperomia grantii UB00296 Tahiti UB,NK
Peperomia hendersonensis TCD19921 Cultivation, TCD NK, SW TCD 19921
Peperomia hendersonensis TCD19920504 Cultivation, TCD NK, SW TCD 19920504



Appendix 2.13: Plant material used in the AFLP study

Species DNA code Source

Peperomia hombronii UB00250 Tahiti
Peperom ia hom bronii UB00292 Tahiti
Peperomia hybrid (indet) 97-675 Pitcairn
Peperomia macreana UB00512 Guyana
Peperomia oahuensis TM991 Hawaii
Peperomia rapensis UB0066 Tubuai
Peperomia rapensis UB0086 Tubuai
Peperomia rapensis UB00215 Cultivation, TCD
Peperomia pallida UBOOl Cultivation, TCD
Peperomia pallida UB006 Cultivation, TCD
Peperomia pallida UB007 Rimatara
Peperomia pallida UB0014 Rimatara
Peperomia pallida UB0096 Rurutu
Peperomia pallida UBOOlOl Rurutu
Peperomia pallida UB00112 Rurutu
Peperomia pallida UBOOl 13 Rurutu
Peperomia pallida UBOOl 14 Rurutu
Peperomia pallida UB00117 Rurutu
Peperomia pallida UB00147 Cultivation, TCD
Peperomia pallida UB00179 Raivavae
Peperomia pallida UBOOl 88 Cultivation, TCD
Peperomia pallida UB00261 Tahiti
Peperomia pallida UB00378 Rarotonga
Peperomia pallida UB00405 Rarotonga
Peperomia species (Pitcairn) TCD dbell Cultivation, TCD
Peperomia species (Pitcairn) 97-615 Cultivation, TCD

Collector Voucher/ 
Accession No.

UB,NK 
UB,NK 
NK, SW 
UB 
TM
UB,NK 
UB,NK 
UB, NK 
UB, NK 
UB,NK 
UB,NK 
UB,NK 
UB,NK 
UB,NK 
UB,NK 
UB, NK 
UB,NK 
UB, NK 
UB, NK 
UB, NK 
UB,NK 
UB,NK 
UB,NK 
UB,NK 
NK, SW 
NK, SW

97-675
UB00512
TM991
UB0060

UB00215
UBOOl
UB006

UBOOlOl 
UBOOl 12 
UBOOl 13 
UB00115 
UB00117 
UBOOl 47 
UBOOl 82 
UBOOl 88 
UB00261

TCDl‘l^?0M4-
97-615



Appendix 2.13: Plant material used in the AFLP study

Species DNA code Source Collector Voucher/ 
Accession No.

Peperomia societatis UB00283 Tahiti UB, NK
Peperomia societatis UB00293 Tahiti UB,NK
Peperomia tetraphylla TCD 19970067 Cultivation, TCD NK, SW TCD 19970067
Peperomia wilderi UB00360 Rarotonga UB,NK
Peperomia wilderi UB00400 Rarotonga UB,NK
Peperomia wilderi UB00408 Rarotonga UB,NK
Peperomia australana x pallida UB0026 Rimatara UB,NK
Peperomia australana x pallida UB0027 Rimatara UB, NK UB0027
Peperomia australana x pallida UB0028 Rimatara UB,NK
Peperomia australana x pallida UB0029 Rimatara UB,NK
Peperomia australana x pallida UB0030 Rimatara UB, NK
Peperomia australana x rapensis UB00155 Raivavae UB,NK UB00155
Peperomia australana x rapensis UB00160 Raivavae UB,NK
Peperomia australana x rapensis UB00205 Raivavae UB,NK
Peperomia australana x  rapensis UB00208 Raivavae UB,NK UB00209
Peperomia x abscondita UB00262 Tahiti UB,NK UB00262
Peperomia x  abscondita UB00269 Tahiti UB, NK UB00269

Collectors; UB (Una Bradley), NK (Naomi Kingston), SW (Steve Waldren). All vouchers are held in the Trinity College Herbarium (TCD).



Appendix 2.14: Summary of individuals used in the DNA sequencing and AFLP studies

Species Individuals included in 
sequencing study

Individuals included in the 
AFLP study

P. australana UB005, UB0025, UB0067, 
UB00103

UB005, UB0025, UB0063, 
UB00103

P. blanda var. floribunda UB002, UB0082, UB0099, 
UB00288, 97267

UB002, UB0061, UB0082, 
UB0099, UB00135, UB00137, 
UB00138,UB00174, 
UB00288, UB00365,
UB003 71, 97267, TM2114, 
NT911092

P. fosbergii UB00278, UB00282 UB00278, UB00282

P. grantii UB00230, UB00275 UB00275, UB00296

P. hendersonensis TCDl 9920504 TCDl 9920504, 19921

P. hombronii UB00292, TCD20011022 UB00292, TCD20011022

P. pallida UB006, UB007, UB0014, 
UB0094,UB00112, 
UB00113,UB00188, 
UB00261, UB00412

UB001,UB006, UB007, 
UB0014, UB0096, UBOOlOl, 
UB00112,UB00113, 
UB00114,UB00117, 
UB00147, UB00179, 
UB00188,UB00261, 
UB00378, UB00405

P. rapensis UB0086, UB00215, 97621 UB0066, UB0086, UB00215, 
97621

P. societatis UB00283, TM2047 UB00283, UB00293

P. species (Pitcairn) TCDl 9980094 TCDl9980094, 97615

P. tetmphylla TCDl 9970067 TCDl 9970067

P. unknown (Pitcairn) 97675 97675

P. wilderi TCD20011018 UB00360, UB00400, UB00408

P. X abscondita UB00262, UB00269 UB00262, UB00269

P. australana x pallida UB0026, UB0027, UB0029 UB0026, UB0027, UB0028, 
UB0029, UB0030

P. rapensis x australana UB00155,UB00205 UB00155,UB00160, 
UB00205, UB00208
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