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ABSTRACT 

Diospyros forms a large genus of woody flowering plants of the family Ebenaceae. New 

Caledonia is an archipelago in the south-western Pacific and harbours a great range of diverse 

habitats and a characteristic flora. In total there are 31 Diospyros species found in New 

Caledonia, of which 30 are endemic. Previous phylogenetic studies of the genus Diospyros 

based on sequences of plastid markers, showed the New Caledonian species to form three 

groups. Two of these groups contain only few species (two and, respectively, five), and the 

majority of species (24) forms the third group. The New Caledonian Diospyros species are 

morphologically diverse and occupy ecologically different habitats. This thesis focuses on the 

species rich third group, which is addressed as group 3 in this abstract. 

In our first study, including sequences of two nuclear and four plastid markers, the species 

of group 3 are shown to be closely related. Diospyros vieillardii is clearly shown to be sister to 

the rest of this group. Apart from this, individuals of only four species formed unique groups. 

The morphological species concept, on which the species have been described, is supported by 

our AFLP results. However, with AFLP data we were not able to elucidate the phylogenetic 

relationships between these closely related species. Analysis of molecular variance (AMOVA) of 

the AFLP data set showed that most of the genetic variation occurs within the species rather 

than among them. Species delimitations inferred from next generation sequencing technique 

RAD (Restriction site associated DNA) are comparable to those obtained from AFLP data. 

Phylogenetic trees based on thousands of RAD-derived SNPs are much better resolved than 

those based on Sanger sequencing of nuclear and plastid markers. Most of the 21 included 

species formed monophyletic groups in AFLP and RAD analyses. The observed phylogenetic 

relationships do not follow an ecological structure, pointing to a role of environmental 

heterogeneity of New Caledonia in shaping speciation events in this group. Functional 

annotations of genomic regions consistently exhibiting high differentiation between pairs of 

sister species occurring on different substrates (e.g. D. flavocarpa – D. umbrosa, D. 

labillardierei – D. trisulca) pointed to genes involved in binding and transporting compounds 

to/through the cell membrane. Species from group 3 revealed nearly 3-fold larger genome sizes 

compared to Diospyros species from other groups. Chromosome counts showed no indication 

of polyploidy in this group. The increase in genome size in these species led us to investigate 

the repeated elements of these genomes. Whole genome sequencing using next generation 

sequencing techniques showed that the larger genomes generally contain more copies of 

repeated elements such as LTR/gypsy elements, without a significant enrichment for a 

particular element type. Up to now no species specific repeat elements have been identified. 

Beside the repeated elements we were able to obtain as a by-product whole plastid sequences 

from the low-coverage whole genome sequencing. The obtained plastomes were compared to 
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the plastid sequence of Camellia sinensis. The plastid genomes of Diospyros and Camellia are 

highly similar in size, structural organization and gene content. Dating analyses based on DNA 

sequence and RAD data showed that the crown group 3 is around seven million years old and 

the group with low statistical support in the RAD based analysis to be around four million years. 

Diospyros are woody plants with a generation time of several years, thus we can estimate, that 

not more than 500,000 generations passed since the most recent common ancestor of the latter 

Diospyros group. The low number of generations after the original long distance dispersal 

event, together with the rapid radiation across different habitats can explain the presence of the 

low genetic divergence in this group. 
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KURZFASSUNG 

Diospyros ist eine große Gattung holziger Blütenpflanzen und zählt zur Familie 

Ebenaceae. Neu Kaledonien ist eine Inselgruppe in süd-westlichen Pazifik und beherbergt eine 

große Anzahl an unterschiedlichen Habitaten und eine charakteristische Flora. In Summe findet 

man 31 Diospyros-Arten in Neu Kaledonien, von denen 30 endemisch sind. Vorhergehende 

Studien der Gattung Diospyros, basierend auf Sequenzen von Plastidenmarkern, zeigten, dass 

die Neu Kaledonischen Arten drei Gruppen bilden. Zwei dieser Gruppen beinhalten nur wenige 

Arten (zwei bzw. fünf) und die Mehrheit der Arten (24) bildet die dritte Gruppe. Die Neu 

Kaledonischen Diospyros-Arten sind morphologisch unterschiedlich und bewohnen ökologisch 

verschiedene Habitate. Diese Arbeit konzentriert sich auf die artenreiche dritte Gruppe, die in 

dieser Zusammenfassung als „Gruppe 3“ bezeichnet wird. 

Im unseren ersten Untersuchungen von Sequenzen von zwei Kern- und vier 

Plastidenmarkern zeigten sich die Arten der Gruppe 3 als sehr nahe miteinander verwandt. 

Diospyros vieillardii ist klar als Schwester zum Rest der Gruppe herausgekommen. Davon 

abgesehen formten nur bei vier Arten die jeweiligen Individuen einheitliche Gruppen. Das 

morphologische Artkonzept, nach welchem diese Arten beschrieben wurden, wird von AFLP-

Daten unterstützt. Nichts desto trotz haben uns die AFLP-Daten nicht geholfen die 

Verwandtschaftsverhältnisse zwischen den nahe verwandten Arten aufzuklären. Analysen der 

molekularen Varianz (AMOVA) der AFLP-Daten, zeigten, dass der Großteil der genetischen 

Variation innerhalb der Arten vorkommt und nicht zwischen diesen. Aus RAD-Daten 

(Restriktionsstellen Assoziierte DNA; Sequenziermethode nächster Generation) abgeleitete 

Artabgrenzungen sind ähnlich derer von AFLP-Daten. Stammbäume basierend auf SNPs aus 

RAD-Daten sind wesentlich besser aufgelöst und besser unterstützt, als jene basierend auf den 

Sanger-Sequenzdaten der Kern- und Plastidenmarkern. Die meisten der 21 inkludierten Arten 

formen sowohl in den AFLP- als auch in den RAD-Analysen, monophyletische Gruppen. Die 

beobachteten, phylogenetischen Verwandtschaftsverhältnisse folgen keiner ökologischen 

Struktur, was darauf hindeutet, dass die ökologische Vielfalt Neu Kaledoniens eine Rolle bei 

Artbildungsprozessen hatte. Funktionelle Annotierungen von genomische Regionen mit 

konstant hohen Unterschieden zwischen Schwesterarten, welche auf unterschiedlichen 

Substraten vorkommen (z.B. D. flavocarpa – D. umbrosa, D. labillardierei – D. trisulca), deuten 

auf Gene, die in Bindung und Transport von Substanzen an/durch die Zellmembran, hin. 

Genomgrößenmessungen zeigten um fast 3-fach höhere Genomgrößen bei Arten der Gruppe 3 

im Vergleich zu anderen Diospyros-Arten. Chromosomenzählungen haben keine Anzeichen 

von Ploidyploidie in dieser Gruppe geliefert. Dieser Anstieg der Genomgröße veranlasste uns 

die wiederholten Elemente dieser Genome zu untersuchen. Gesamtgenomsequenzierungen 

mittels einer Sequenziermethode nächster Generation zeigten, dass die größeren Genome 
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generell mehr wiederholte Elemente wie LTR/gypsy beinhalten, aber ohne signifikanter 

Anreicherung eines bestimmten Element-Typs. Bis jetzt wurden noch keine artspezifischen 

wiederholten Elemente identifiziert. Abgesehen von den wiederholten Elementen, konnten wir 

als Nebenprodukt auch ganze  Plastidensequenzen aus den Daten der 

Gesamtgenomsequenzierung mit niedriger Abdeckung, sammeln. Diese Sequenzen konnten zu 

einen ganzen Plastidengenom zusammengesetzt werden. Die Plastome von Diospyros wurden 

mit der Plastidensequenz von Camellia sinensis verglichen. Die Plastidengenome von 

Diospyros und Camellia sind in ihrer Größe, strukturellen Organisation und Gen-Gehalt, sehr 

ähnlich. Datierungsanalysen basierend auf DNA-Sequenz- und RAD-Daten, zeigten, dass die 

Krongruppe 3 ca. sieben Millionen Jahre alt ist und die Gruppe mit geringer statistischer 

Unterstützung in den RAD-Analysen ca. vier Millionen Jahre alt ist. Diospyros sind holzige 

Gewächse mit einer Generationszeit von mehreren Jahren. Daher schätzen wir, dass es seit 

dem letzten gemeinsamen Vorfahren der zuletzt genannten Diospyros-Gruppe ca. 500.000 

Generationen gegeben hat. Diese geringe Anzahl an Generationen, nach dem originalen 

Verbreitungsereignis über lange Distanzen, gemeinsam mit einer schnellen Radiation über die 

unterschiedlichen Habitate, kann das Vorhandensein der niedrigen genetischen Diversität, 

erklären. 
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INTRODUCTION 

Genus Diospyros and family Ebenaceae 

Diospyros L. is the most species rich genus of the pantropical family Ebenaceae, which 

are included in Ericales (APG III 2009). Within Ericales Ebenaceae are placed in a clade with 

Sapotaceae, Maesaceae, Theophrastaceae, Primulaceae and Myrsinaceae (Schönenberger et 

al. 2005). The family Ebenaceace can be divided into two subfamilies (Duangjai et al. 2006), 

Lissocarpoideae and Ebenoideae. Subfamily Lissocarpoideae is monogeneric, the genus 

Lissocarpa comprises 8 species which are found in the tropics of north western South America 

(Wallnöfer 2004). Subfamily Ebenoideae include Diospyros (>500 species, pantropical), Euclea 

(18 species in Africa) and Royena (17 species in Africa), with the latter two genera forming a 

clade which is sister to Diospyros. This classification of Ebenaceae into two subfamilies and 

four genera has been also supported by palynological data (Geeraets et al. 2009). 

Diospyros is a large genus comprising more than 500 species, with the majority (~300 

species) being distributed in Asia and the Pacific region. Individuals of this genus are shrubs or 

trees which occur in most tropical and subtropical habitats where they are often important and 

characteristic elements of the vegetation. The leaves are entire, arranged alternate and having 

flat glands on the lower surface. The flowers are actinomorphic, 3-8 merous, the calyx is 

adenated to the contorted corolla and they are often grouped together in axil born cymes. The 

superior ovary develops into a berry to which the calyx stays attached. There are monoecious 

(both hermaphroditic and single-sex) and dioecious species. Diospyros species are diploid with 

2n = 2x = 30 chromosomes (e.g. Tamura et al. 1998; White 1992). Several species of Diospyros 

are of economic value as they have edible fruits (persimmons; e.g. D. kaki, D. lotus and D. 

virginiana) or precious timbers (ebony wood; e.g. D. ebenum). Species with edible fruits are 

often polyploid; e.g. commercial strands of D. kaki are hexaploid (2n = 90). 

Current status of knowledge about Diospyros in New Caledonia 

Recent molecular studies on the whole genus Diospyros found 11 mostly well-resolved 

clades within this genus (Duangjai et al. 2009; Fig. 2). In New Caledonia, there are 31 

Diospyros species described, of which all but one are endemic (White 1992, 1993) and they are 

found in three clades (Fig. 2). The first group of New Caledonian Diospyros species (5 species; 

D. balansae, D. brassica, D. macrocarpa, D. margaretae, D. oubatchensis) forms a clade with 

Australian species (Fig. 2, clade II). The second group, consisting of species from Asia, 

America, Pacific Islands and New Caledonia, includes two widespread New Caledonian species 

(D. olen being endemic and D. fasciculosa is found throughout the southern Pacific, Fig. 2, 

Clade IX). These two species are not sister species, accounting for two colonisation events of 
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Figure 2: Phylogenetic tree of genus Diospyros and related genera based on plastid markers. 
Red square indicates study group of this work. (from Duangjai et al., 2009). 
 
 
 
 
 
Left page: Plate 1: Diospyros species from New Caledonia. 
A: D. balansae, B: D. brassica, C: D. calciphila, D: D. cherrieri, E: D. erudita, F: D. fasciculosa, G: D. flavocarpa, H: D. 
glans, I: D. impolita, J: D. labillardierei, K: D. macrocarpa, L: D. margaretae, M: D. minimifolia, N: D. oubatchensis, O: 
D. pancheri, P: D. parviflora, Q: D. perplexa, R: D. pustulata, S: D. olen, T: D. revolutissima, U: D. tireliae, V: D. 
umbrosa, W: D. veillonii, X: D. veillardii, Y: D. yahouensis. 
Picture credits are given at the end of References.  
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New Caledonia. The third group includes species distributed from Madagascar over Indian 

Ocean Islands, South-East Asia, South Pacific Islands (including New Caledonia, 24 species) to 

Hawai’i. The New Caledonian taxa belonging to this clade (clade III) seem to be closely related. 

One of the closest relatives to this group is D. vera, a widespread species found in Africa and in 

the whole Indian Ocean and western South-Pacific region. Phylogenetic analyses analysed 

using 8000 base pairs from the plastid genome showed no resolution among the New 

Caledonian species of this third group (Duangjai et al. 2009). New Caledonia has been 

colonised by Diospyros at least four times. Similar, multiple colonisation events are also found 

among other organisms in New Caledonia (e.g. Murienne et al. 2005). 

Diospyros is observed in all kinds of vegetation in New Caledonia except mangrove; the 

species range from sea level up to ca. 1250 m (New Caledonia’s highest point, Mount Panié is 

1628 m). There are several micro-endemics restricted to just a small area (White, 1992). Most 

of the New Caledonian Diospyros species are morphologically clearly defined and appear 

related to edaphic factors, occurring on just one kind of substrate. However, several Diospyros 

species occur in sympatry in many localities. 

New Caledonia 

New Caledonia is an island group located in the south-western Pacific about 1,300 km 

east of Australia (Fig. 3), ranging from around 19° to 23° south with an land area of ca. 19,000 

km2. It consists of the main island Grande Terre (ca. 16,000 km2), Îles Belep (in the north), Île 

des Pins (in the south), Loyalty Islands (in the east) and several other smaller islands. The New 

Caledonian climate is tropical to subtropical. The main island is split by a mountain range into a 

humid eastern portion (2000-4000 mm precipitation per year) and a dry western part (1000 mm 

precipitation per year) with winds and rain coming from the south east. The continental part of 

New Caledonia (mainly Grande Terre) separated from Gondwana during late Cretaceous (ca. 

80 million years ago, mya; McLoughlin 2001). During the Palaeocene to late Eocene, this 

continental sliver was submerged for at least 20 million years (myr), and a thick layer of oceanic 

mantle accumulated (Pelletier 2006). After Grande Terre re-emerged in the late Eocene (37 

mya), this heavy-metal rich oceanic material covered most of the land area. Today, around 1/3 

of the main island is still covered with ultramafic substrates. Because Grande Terre was entirely 

submerged, it is highly unlikely that lineages that were already present in this region before the 

split from Gondwana could have survived locally. Current hypotheses suggest that biota present 

today are derived from elements/ancestors that reached New Caledonia via long distance 

dispersal (e.g. Morat et al. 2012; Pillon 2012; Grandcolas et al. 2008) mainly from Australia, 

New Guinea and Malaysia. Hypotheses of other islands between Australia and New Caledonia 

having served as stepping stones or refuges for Gondwanan taxa now endemic (e.g. Amborella) 

have been proposed by a few authors (Ladiges and Cantrill 2007), but there is no consensus of 
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how many, when they existed or how large they might have been. New Caledonia is one of the 

34 biodiversity hotspots (Mittermeier et al. 2004; Myers et al. 2000), and nearly 75% of the 

native flora is endemic (Morat et al. 2012), which is the fourth highest found on islands (Lowry 

1998). Among these endemic taxa there are 98 genera and three families, Amborellaceae, 

Oncothecaceae and Phellinaceae (Morat et al. 2012). One of the reasons hypothesised for the 

high level of endemism found in New Caledonia is the ultramafic substrate (Pillon et al. 2010), 

which acted as filter for species which were already pre-adapted to the ultramafic soils. 

Speciation and evolution on oceanic islands 

Oceanic islands are regularly relatively small land masses, geographically isolated, with a 

known geological age, and harbour special biota with high levels of endemism. These 

characteristics make oceanic island a natural laboratory for the study of evolution, which has 

fascinated generations of biologists (e.g. Darwin 1842, 1859; Wallace 1881; MacArthur and 

Wilson 1967; Carlquist 1974; Grant 1996; Whittaker 1998; Bramwell and Caujapé-Castells 

2011). In most cases only few individuals (represented by their diaspores) from the original 

population reach the new habitat (island). Those few individuals, forming the founder population 

in the new habitat, represent only a fraction of the genetic diversity of the original population. 

This fact of diversity reduction is termed bottleneck-effect. If those dispersal events happened 

more recent or if the respective biota have long generation times we have to consider low 

genetic diversity within such groups. The environmental conditions in the new habitat are often 

different from those in the original habitat. For successful colonisation of a new habitat, lineages 

have to adapt to the altered conditions and these adaptations have to happen in short time. 

Adaptive radiation (speciation through rapid adaptation to different ecological conditions), is an 

often observed phenomenon in biota on oceanic islands. During adaptive radiation the initial 

founder population divides into several lineages adapted to different ecologic realities. These 

diverging lineages are morphologically and/or physiologically distinct, accumulating some 

genetic differences, but the more conspicuous pattern is partitioning of the gene pool into 

restricted genetic lineages (Schluter 1996). Several cases of rapid radiation have been 

documented on oceanic islands (e.g. New Caledonia: Araucaria, Gaudeul et al. 2012; New 

Zealand: Ourisa, Meudt et al. 2009; Hawai’i: silverswords, Baldwin and Sanderson 1998; 

lobeliads, Givnish et al. 2009; Bidens, Knope et al. 2012; Canary Islands: Aeonium, Mort et al. 

2002; Echium, Böhle et al. 1996). The whole process of adaptive radiation is also termed 

cladogenic speciation. Apart from the above mentioned cladogenic speciation, there is another 

speciation process common on islands, termed anagenetic speciation. During anagenetic 

speciation, an initial founder lineage simply transforms genetically and morphologically through 

time without further specific differentiation forming just one species (Stuessy et al. 1990; 

Stuessy et al. 2006; Stuessy 2007; Whittaker et al. 2008).  
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Figure 3: Map of the south Pacific region. New Caledonia is marked in red. 

  

18 



AIMS 

Here in this project we aimed to answer following questions concerning the New Caledonian 

Diospyros species: 

1. Relationships between the species. 

2. How old are they and when did their ancestors arrive in New Caledonia? 

3. Is there hybrid speciation? 

4. Is polyploidy a cause for speciation? 

5. Are the morphologically defined species genetically separated from each other? 

6. What causes the differences in genome size? 

7. Are there any repeated elements unique for the different species? 

Answers to those questions are presented in four chapters in the present thesis. In 

chapter one, questions about phylogenetic relationships (1), age (2), hybrid speciation (3), and 

ploidy level (4) are dealt with. To answer questions 1-3 we used fast evolving plastid and/or low 

copy nuclear markers. To elucidate ploidy level/chromosome numbers and genome size we 

used Feulgen staining of chromosome preparations from root tips and flow cytometry. 

Questions about species boundaries (5) were assessed using AFLP and RADseq. Both 

approaches are dealt with in separate chapters (chapters two and three). To find repeated 

elements causing the genome size differences (6 and 7) we conducted whole genome 

sequencing with low coverage using the Ilumina technology. Details of this this work is given in 

chapter four. 
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SUPPLEMANTARY MATERIAL 

Supplemantay files S1 – S3 are not given here, because these are data files (BEAST 

input files for Bayesian analyses). 

 

 

Supplementary Figure 4: Dated phylogeny of Ericales based on the a joint matrix the data set of 
Bell et al. (2010) together with our plastid sequences. Taxa from families other than Ebenaceae 
are collapsed to family level, taxa other than Diospyros are collapsed to generic level. Multiple 
accessions of a species are collapsed to species level. The NC clade III part of the tree is 
mostly collapsed due to lack of support of respective nodes. Nodes which were calibrated with 
fossils are marked with a black dot. Yellow bars represent the 95% highest posterior density 
interval. New Caledonian taxa are coloured, red represents clade III NC.  
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ADDITIONAL FILES 

Additional File 1: STRUCTURE results of suboptimal K values (3, 6, 16 and 21) in comparison 
with K =2. Delta K likelihoods are given for each K.  
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Additional File 2: Table showing the population statistics inferred from non-hierarchical AMOVA 
based on STRUCTURE results. 
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01 D. calciphila BT312-BT317 6 123 52.3 0.067 51.4 0.066 
02 D. cherrieri BT262, BT276-BT278 4 52 29.5 0.037   
03 D. cherrieri BT293-BT297 5 69 33.4 0.042   
04 D. erudita BT259-BT261, BT273-BT275 6 48 22.1 0.028   
05 D. erudita BT280-BT285, BT287 7 110 44.5 0.056   
06 D. flavocarpa BT126-BT130 5 66 32.6 0.041   
07 D. flavocarpa BT155, BT158-BT159 3 109 72.7 0.092   
08 D. glans BT020-BT022 3 45 30.0 0.038   
09 D. glans BT075 1 - - -   
10 D. glans BT082, BT084, BT087, BT093-

BT094 
5 121 55.8 0.070 51.5 0.065 

11 D. impolita BT101-BT105 5 105 50.2 0.063   
12 D. inexplorata BT304, BT307-BT311 6 137 60.5 0.076   
13 D. labillardierei BT121-BT125, BT179 6 91 39.4 0.050   
14 D. labillardierei BT178, BT180-BT182 4 91 48.7 0.061   
15 D. minimifolia BT134-BT135, BT234 3 78 52.0 0.066   
16 D. minimifolia BT230-BT233 4 87 46.7 0.059   
17 D. minimifolia BT263-BT264, BT266-267, 

BT269-BT270 
6 166 71.5 0.090   

18 D. pancheri BT029-BT031, BT035 4 118 64.0 0.081   
19 D. pancheri BT076-BT079 4 131 71.5 0.090   
20 D. parviflora BT042 1 - - -   
21 D. parviflora BT059, BT062-BT063, BT068 4 154 85.0 0.107   
22 D. parviflora BT080, BT085, BT089-BT090 4 176 94.8 0.120   
23 D. parviflora BT248-BT250, BT252-BT253 5 170 79.6 0.100   
24 D. parviflora BT289-BT292 4 125 68.2 0.086   
25 D. perplexa BT147-BT151 5 161 75.4 0.095   
26 D. pustulata BT111-BT114 4 82 43.5 0.055   
27 D. pustulata BT136-BT140 5 79 37.4 0.047   
28 D. pustulata BT257-BT258, BT265, BT268, 

BT271-BT272 
6 105 45.2 0.057   

29 D. revolutissima BT116-BT120 5 143 67.2 0.085   
30 D. revolutissima BT218-BT222 5 124 59.2 0.075   
31a D. tridentata BT202-BT205 4 110 58.7 0.074   
31b D. tridentata BT206-BT207 2 45 45.0 0.057   
32 D. trisulca BT185, BT192, BT197, BT199-

BT201 
5 155 75.4 0.095   

33 D. umbrosa BT061, BT065-BT066, BT071, 
BT073 

5 104 46.6 0.059   

34 D. umbrosa BT170-BT171, BT175-BT177 5 59 28.4 0.036   
35 D. umbrosa BT246-BT247, BT251, BT254, 

BT256 
5 149 70.2 0.088   

36a D. veillonii BT224 1 - - -   
36b D. veillonii BT226-BT229 4 106 57.2 0.072   
37a D. vieillardii BT017, BT088, BT100 3 86 57.3 0.072 - - 
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37b D. vieillardii BT023-BT026 4 90 48.8 0.062   
38 D. vieillardii BT055, BT057-BT058 3 120 80.0 0.101 - - 
39 D. vieillardii BT091-BT092, BT098 3 108 72.0 0.091   
40 D. vieillardii BT215-BT217 3 82 54.7 0.069   
41 D. vieillardii BT324-BT325, BT328 3 74 49.3 0.062   
42 D. yahouensis BT237-BT239 3 72 48.0 0.061   
43 D. sp. Pic N'ga BT319, BT321-BT323 4 110 60.3 0.076   

Populations marked bold differ in this analysis from the general population grouping given in 
Table 3. 
 

Additional File 4: Table giving the details of the different AMOVAs conducted. 
Analysis No of 

groups 
Groups Populations within groups 

non-hierarchical 1 all 01 - 43 
species wise 21 calciphila 01 
  cherrieri 02, 03 
  erudita 04, 05 
  flavocarpa 06, 07 
  glans 08, 09, 10 
  impolita 11 
  inexplorata 12 
  labillardierei 13, 14 
  minimifolia 15, 16, 17 
  pancheri 18, 19 
  parviflora 20, 21, 22, 23, 24 
  perplexa 25 
  pustulata 26, 27, 28 
  revolutissima 29, 30 
  tridentata 31 
  trisulca 32 
  umbrosa 33, 34, 35 
  veillonii 36 
  vieillardii 37, 38, 39, 40, 41 
  yahouensis 42 
  sp Pic N’ga 43 
STRUCTURE 2 White 01, 13, 15, 17, 26 - 28, 31b, 36a, 37b, 39, 41, 43 
  Grey 02 - 12, 14, 16, 18 - 25, 29 – 30, 31a, 32 – 34, 36b, 

37a, 38, 40, 42 
geographic 3 north 30 - 32, 40 
  middle 02 - 07, 11, 13 - 15, 17, 24 - 29, 34 
  south 01, 08 - 10, 12, 16, 18 - 23, 33, 35 - 39, 41 - 43 
water 2 dry 01 - 05, 11, 12, 15 - 17, 26 - 31, 36, 38, 40, 42, 43 
  humid 06 - 10, 13, 14, 18 - 25, 32 - 35, 37, 39, 41 
soil 5 ultramafic 05, 08 - 10, 18 - 24, 33, 35, 37 - 39, 41, 43 
  limestone 01, 12, 26, 31 
  volcanic 02 - 04, 06, 07, 11, 13 - 17, 25, 27, 28, 34, 36, 42 
  serpentine 29, 30, 40 
  schist 32 
The numbers in the population’s column are the same as given in Table 3, respectively, in 
Additional file 1 for the STRUCTURE based AMOVA.  
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Additional File 3: Figure of the neighbour joining dendrogram coloured according to soil type 
(colour of the branches) and water availability (colour of taxa names). This dendrogram is the 
same as Fig. 3A, but coloured according to ecological features.  
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INTRODUCTION 

Diospyros (Ebenaceae) is a large genus (roughly 500 species) of woody plants found 

world-wide in the tropics and subtropics. Among these, 31 Diospyros species are found in New 

Caledonia, an archipelago in the southern pacific. Previous studies based on plastid markers 

(Duangjai et al. 2009) showed that Diospyros colonised New Caledonia at least four times via 

long distance dispersal. Of these colonisations, two dispersal events resulted in one species 

each, a third dispersal produced a small clade comprising five species, and the forth event has 

generated a clade of 24 species. These 24 species are endemic to New Caledonia and have 

been shown to be closely related, with low-copy nuclear and plastid markers (Turner et al. 

2013a; Duangjai et al. 2009), but their inter-relationships have been difficult to resolve due to 

the low levels of variation detected in these relative standard phylogenetic markers. Even the 

application of genome wide AFLP marks did not clarify phylogenetic relationships between 

these species (Turner et al. 2013b). Most of these closely related species are morphologically 

and ecologically clearly differentiated, and species delimitations have been confirmed by AFLP 

data (Turner et al. 2013b). Due to its special geological history, New Caledonia is a mosaic of 

soil-types (Pelletier 2006; Maurizot and Vendé-Leclerc 2009), and in combination with the 

climatic factors this results in a heterogeneous environment across a fairly small geographic 

range. Diospyros species are found in many of these habitats and in some localities, several 

species occur in microsympatry. Dating analysis using combined plastid and nuclear DNA 

sequence data showed that lineages forming this group of Diospyros species arrived in New 

Caledonia around nine million years ago (mya; Turner et al. 2013a), with a more recent 

radiation that produced the 24 endemic species. Taken into consideration that these are woody 

plants with generation time of at least several years (~7 years; Verdú 2002), it becomes obvious 

that these are young species. Phenotypic changes and adaptation to environmental conditions 

do not necessarily depend on large genetic alterations (Kane et al. 2009); they can be due to 

mutations at few loci. Finding such relatively small differences within the genomes of the 

species is challenging. 

Restriction-site associated DNA (RAD) sequencing is a Next-generation sequencing 

application proposed by Miller et al. (2007). DNA fragments obtained from digestion with 

restriction enzymes are sequenced and single nucleotide polymorphisms (SNPs) are identified 

in these sequences. Like other restriction-site based methods (e.g. AFLP; Vos et al. 1995), this 

technique is useful at low taxonomic levels (e.g. intra- and interspecific level; Rubin et al. 2012; 

Cariou et al. 2013) because distantly related taxa have fewer restriction sites in common than 

closely related taxa and therefore fewer homologous fragments will be obtained. RAD has been 

used to reveal differences in the genomes between varieties of a species (e.g. Solanum 

melongena, Barchi et al. 2011) or individuals of a population (e.g. Sisymbrium austriacum, 
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Vandepitte et al. 2013; Wyeomyia smithii, Emerson et al. 2010). A few studies have made use 

of RADseq to resolve phylogenetic relationships between species (e.g. Pedicularis, Eaton and 

Ree 2013; cichlid fish, Wagner et al. 2013; Drosophila, Rubin et al. 2012). 

This study focuses on the species-rich group of closely related New Caledonian Diospyros 

species. Here we aim to clarify the phylogenetic relationships between these Diospyros species 

using RAD sequencing. 

MATERIALS AND METHODS 

Taxon Sampling and DNA isolation 

Leaf material from New Caledonian Diospyros species was collected on Grande Terre 

and Île des Pins (Fig. 1) and stored in silica gel. Herbarium voucher are deposited in the 

herbaria of Noumea (NOU), University of Montpellier II (MPU) and University of Vienna (WU). 

Details of collection and vouchers are given in Turner et al. (2013b). We included in this study 

84 individuals from 26 localities, representing 21 species of New Caledonian Diospyros (Tab. 1) 

that have been previously shown to have radiated rapidly after a single long-distance dispersal 

event (Turner et al. 2013a). Whenever possible, we aimed to investigate at least two individuals 

per locality and a minimum of three individuals per species. One of the studied species 

(collected at Pic N'ga on Île des Pins) could not be unambiguously identified, due to the 

absence of diagnostic reproductive organs at collection, and will be hereafter referred to as D. 

sp. Pic N’ga.  

Leaf DNA extractions performed with a modified sorbitol/high-salt CTAB method (Tel-Zur 

et al. 1999) were already available (Turner et al. 2013a). As we observed significant differences 

between standard Nanodrop (Thermo Scientific) and Quant-It Pico-Green (Life Technologies) 

quantifications of the DNA samples, these have been purified using the NucleoSpin gDNA 

clean-up kit (Macherey-Nagel), according to the manufacturer’s protocol. 

RADseq Library Preparation 

By using an average genome size in the target group of 1C = 1.9 pg (Turner et al. 2013a) 

and the RAD counter available from https://www.wiki.ed.ac.uk/display/RAD Sequencing we 

have estimated that 60 individually barcoded samples can be pooled together to investigate ca. 

18,000 restriction sites per genome, if using the SbfI high-fidelity restriction enzyme (New 

England Biolabs). A second RAD library was later prepared in order to increase the coverage of 

selected samples to a minimum 1 mill high-quality read pairs per individual and to add 24 new 

individuals. The RAD libraries were prepared using a protocol adapted from Baird et al. (2008) 

with modifications as described below. We started with 300 ng DNA per individual and used  
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Figure1: Map of New Caledonia with sampling localities. Dots indicate sapling sites; the 
numbers associated with each dot refer to the list of sampling sites on this figure. The numbers 
are used throughout the text to characterize sampling sites. The colour of the dots indicates the 
species collected at this locality. The size of “pie slices” is not necessarily proportional to 
species abundance.  
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Table 1: Table of accessions, showing all individuals used in this study. The numbers of 
sampling localities are the same as in Fig. 1. 
Voucher-Codes: 
JMXXXX: collection number J. Munzinger; 
Tree N° XXX: Tree of New Caledonian Plant Inventory and Permanent Plot Network (NC-PIPPN, Ibanez et al. 2013); 
NOUXXXXXXX: Herbarium accession number of Noumea herbarium (NOU); 
WUXXXXXX: Herbarium accession number of the Herbarium of the University Vienna (WU); 
PXXXXXXXX: Herbarium accession number of the Herbarium of the Natural History Museum Paris; 
MPU: Herbarium of the University of Montpellier II 
Taxon Sample ID Sampling location Voucher 
D. calciphila F.White BT313 

BT314 
BT317 

25, littoral forest JM6650, JM6653 
(MPU, NOU, P) 

D. cherrieri F.White BT276 
BT278 

20, dry forest NOU054492 
NOU054008 

D. cherrieri BT293 
BT294 

23, dry forest NOU079547 

D. erudita F.White BT259 
BT261 

20, dry forest WU062855 
NOU079544, WU062870 

D. erudita BT280 
BT281 

21, dry forest WU062858 
Chambrey & Turner 20 (NOU) 

D. flavocarpa (Vieill. ex 
P.Parm.) F.White 

BT129 
BT130 

9, humid mountain 
forest 

JM6625 (NOU) 

D. flavocarpa BT156 
BT157 

11, dense humid 
mountain forest 

JM6632 (NOU) 

D. glans F.White BT093 
BT094 

5, forest near river NOU022860 

D. impolita F.White BT102 
BT103 
BT105 

6, mesophyll forest near 
beach 

NOU019538 

D. inexplorata F.White BT308 
BT310 
BT311 

24, littoral forest NOU005818 

D. labillardierei F.White BT122 
BT125 

9, river edge in 
mountain forest 

JM6624 (NOU) 

D. labillardierei BT178 
BT182 

12, river edge (NOU031346) 

D. minimifolia F.White BT131 
BT135 

10, dry forest NOU019556 

D. minimifolia BT232 
BT233 

17, mesophyll forest 
near beach 

NOU019554 

D. minimifolia BT263 
BT269 

20, dry forest NOU079549, WU062872 
NOU054493 

D. pancheri Kosterm. BT028 
BT031 
BT035 

3, forest near road JM6619, JM6620 (NOU) 

D. parviflora (Schltr.) Bakh. BT038 
BT041 
BT042 

4, wet forest  

D. parviflora BT187 13, mountain forest JM6636 (NOU) 
D. parviflora BT250 19, humid forest at low 

elevation 
tree no. 23109 

D. parviflora BT289 
BT290 
BT291 

22, mountain forest NOU079550 

D. perplexa F.White BT004 1, mesophyll forest JM6611, JM6613 (NOU) 
D. perplexa BT147 

BT148 
10, forest near river JM6630 (NOU) 
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Table 1 continued    
Taxon Sample ID Sampling location Voucher 
D. pustulata F.White BT111 

BT112 
7, dry forest  

D. pustulata BT137 
BT140 

10, dry forest JM6629 (NOU) 

D. pustulata BT265 
BT268 

20, dry forest NOU079548, WU062871 
NOU053999 

D. revolutissima F.White BT117 
BT120 

8, maquis NOU023189 

D. revolutissima BT219 
BT221 

16, maquis JM6640 (NOU) 

D. tridentata F.White BT203 
BT206 
BT207 

14, dry forest at low 
elevation 

JM6639 (NOU) 

D. trisulca F.White BT185 
BT192 
BT199 
BT201 

13, mountain forest NOU031344 
JM6637 (NOU) 

D. umbrosa F.White BT176 
BT177 

12, dense humid forest JM6635 (NOU) 

D. umbrosa BT197 13, mountain forest  
D. umbrosa BT246 

BT247 
19, humid forest at low 
elevation 

NOU023234 

D. veillonii F.White BT224 
BT226 
BT227 

17, mesophyll forest 
near beach 

NOU019582 

D. vieillardii (Hiern) Kosterm. BT025 
BT026 

2, forest near river JM6618 (NOU) 

D. vieillardii BT088 
BT100 

5, forest near river  

D. vieillardii BT215 
BT217 

15, maquis NOU023242 

D. vieillardii BT286 21, dry forest  
D. yahouensis (Schltr.) 
Kosterm. 

BT238 
BT239 

18, mesophyll forest P00057340 

D. sp. Pic N'ga BT318 
BT320 
BT323 

26, maquis JM6065 (NOU) 

 

double barcoding with six base-pair barcodes within P1 Illumina adapters and, respectively, four 

base-pair barcodes within P2 adapters. P1 and P2 barcodes were chosen to differ by at least 

three base pairs from each other. We ligated 200 mM P1 adapters to the restricted samples 

overnight at 16 °C. Samples containing differently barcoded P1 adapters were pooled and 

sheared by sonication in a Bioruptor Pico (Diagenode) to an average size of ca. 400 bp using 

two cycles of 55s “on” and 55s “off” at 6 °C. We have further performed a left- and right-size 

selection with SPRIselect (Beckman Coulter) by using 0.7x and 0.55x volume of SPRI reagent 

to sample, according to the manufacturer’s protocol. After ligating P2 adapters, samples (at this 

stage barcoded with different P1-P2 combinations) were pooled in one library so that each 

sample would be equally represented. Two size selections on the left side with 0.65x volume 
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SPRI reagent were finally performed: one before the 18 cycles PCR amplification with the 

Phusion Master Mix (Thermo Fischer Scientific) and once after. Libraries were sequenced on an 

Illumina HiSeq at CSF Vienna (http://csf.ac.at/ngs/) as 100-bp paired-end reads. 

Filtering SNPs from RADseq Data 

As the first step of the bioinformatic analyses, libraries were demultiplexed into individual 

samples according to the respective barcode combinations using the RADPOOLS module of the 

RADTOOLS v. 1.2.4 package (Baxter et al. 2011). During this process, we have allowed for 

single errors at the barcode sites, as the reads could still be unambiguously allocated to 

individuals. Disqualified reads have been discarded from further analyses. The 84 individual 

files were then imported in the CLC GENOMIC WORKBENCH v. 6.5 (Qiagen) and trimmed/filtered 

to retain only full length (i.e., 94 bp after barcode trimming) reads, free of any adaptor 

sequence, with all bases of a Phred quality score over or equal to 30 (i.e., accuracy ≥ 99.9%). 

The final high-quality, filtered and demultiplexed data set contained close to 161 million read-

pairs. 

The forward reads were then used for running the DENOVO_MAP.PL script of STACKS v. 

1.05 (Catchen et al. 2011). To find the best settings for STACKS, we first varied the value of the 

minimum number of identical reads required for a stack (i.e., the setting “m”) from five to 15, by 

allowing one base-pair difference between loci when processing one individual (i.e., the setting 

“M”) and when building the catalogue (i.e., setting “n”). We have chosen the value of m = 13 as 

best for our data because it delivered the most polymorphic stacks with less than 10 SNP 

positions that are covered by data in at least 90% of individuals (Tab. 2). Further, for the value 

of m = 13 we have run additional tests by varying the value of “M” from one to four and the 

value of “n” from zero to six (Tab. 2). The final combination of settings chosen was m = 13, M = 

1 and n = 1.  

The deleveraging algorithm of ustacks has been left on, in order to split loci merged 

incorrectly and remove highly repetitive sequences from further analyses. To avoid retention of 

any merged paralogs, the loci having > 10 SNPs have been blacklisted in further analyses by 

filtering them out using the EXPORT_SQL.PL script from STACKS. Finally, we have retained for 

phylogenetic analyses only SNPs from the loci with data present for at least 75 individuals. The 

SNP data have been extracted by using the POPULATIONS script of STACKS. Exploration of data 

matrices including loci with more missing data (maximum 20 individuals) and allowing more 

SNPs per locus resulted in less resolved phylogenetic trees and have been discarded. 

Phylogenomic Analyses 

Phylogenetic analyses were run using both maximum parsimony and Bayesian inference. 

Parsimony analyses were run with PAUP* v4b10 (Swofford 2003) with gaps traded as missing, 
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stepwise addition and tree-bisection-reconnection. To estimate clade support, bootstrapping 

with 1,000 replicates was performed. We report here a strict consensus tree, rooted with D. 

vieillardii, according to earlier results (Turner et al. 2013a). For Bayesian inference and 

molecular dating, the program BEAST v1.7.5 (Drummond et al. 2012) was run on CIPRS 

Science Gateway (http://www.phylo.org/portal2/; Miller et al. 2010). Estimation of evolutionary 

models was conducted with jModeltest v2.1.4 (Darriba et al. 2012; Guindon and Gascuel 2003). 

For Bayesian analysis, the transversional model (TVMef; Posada 2003) with equal frequencies 

modelled with a gamma distribution and a proportion of invariable sites (TVMef+Γ+I) has been 

indicated as the best. We used a relaxed uncorrelated log-normal clock model (Drummond et al. 

2006) and a Yule speciation model (Gernhard 2008; Yule 1925). Substitution rates between 

bases (gamma shape 10), alpha (gamma shape 10), and p-inv (uniform) were inferred by 

Modeltest. Two independent Metropolis-coupled Markov chain Monte Carlo (MCMC) analyses 

each with 20 million generations were run sampling each 1,000th generation. The initial 10% of 

trees obtained from each MCMC run were removed as burn in; the remaining trees of both runs 

were used to calculate a maximum clade credibility tree. Dating was obtained by taking into 

account the age of the split between D. vieillardii and the rest of the group (7.2 million years 

ago) conforming to a previous dating of New Caledonian Diospyros (Turner et al. 2013a). This 

age was taken as minimum (i.e., no fixed upper limit) for the shared node of D. vieillardii and the 

rest of the endemic NC clade. 

 

Table 2: The number of stacks obtained with STACKS by varying the value of the minimum 
number of identical reads required for a stack (m), number of nucleotides different between loci 
when processing one individual (M), and when building the catalogue (n). 

Settings 
(m, M, n) 

Total stacks Stacks present 
in at least 2 inds 

Stacks with 1-10 SNPs, 
covered in at least 70 inds 

Stacks with 
over 11 SNPs 

5, 1, 1 2,377,725 163,982 1,066 1,024 
7, 1, 1 1,308,369 92,923 1,622 1,130 
9, 1, 1 830,081 62,560 1,711 1,117 
10, 1, 1 674,766 53,443 1,722 1,111 
11, 1, 1 552,461 46,326 1,723 1,114 
12, 1, 1 455,927 41,211 1,720 1,103 
13, 1, 1 379,550 37,336 1,725 1,093 
14, 1, 1 320,107 34,291 1,719 1,096 
15, 1, 1 272,903 31,905 1,719 1,088 
13, 2, 1 371,779 35,652 1,479 1,347 
13, 3, 1 366,112 34,978 1,388 1,431 
13, 1, 0 411,564 44,390 1,553 112 
13, 1, 2 364,437 35,505 1,227 1,765 
11, 1, 2 532,568 45,475 1,174 1,836 
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Clustering and tracking admixture 

Within groups of closely related species, hybridization can shape evolutionary patterns 

long after initial divergence events (Mallet 2005; Lexer and Widmer 2008; Rieseberg 2009; 

Martin et al. 2013). Hence representation of relationships as networks rather bifurcating trees 

could better reflect real situations (Huson and Scornavacca 2011). Homoplasy can of course be 

derived by independent substitutions as well as hybridization, so network-like results are not 

necessarily the product of the latter phenomenon. We used SPLITSTREE v. 4.12.6 (Huson and 

Bryant 2006) to draw a phylogenetic network based on the Hamming distance (Hamming 1950). 

The simple calculation method of Hamming distance was considered appropriate for the RAD-

seq derived SNP dataset that completely lacks indels. 

To investigate higher-level clustering of the included individuals and potential hybridization 

between different groups we have used the program STRUCTURE v2.3.3 (Pritchard et al. 2000; 

Hubisz et al. 2009). We ran STRUCTURE at the Bioportal of the University of Oslo for K = 1 to 10, 

each with ten replicates and a model based on admixture and independent allelic frequencies, 

without taking into account information regarding sampling localities. Each run had five million 

iterations with 10% additional burn in. The calculation of deltaK (∆K; Evanno et al. 2005) and 

preparation of the input files for CLUMPP were performed with HARVESTER (Earl et al. 2012). To 

avoid any stochastic aspect of the process, we have produced a permuted matrix from ten 

replicates for selected K values with CLUMPP v1.1.2 (Jakobsson and Rosenberg 2007) in the full 

search algorithm for K ≤ 3, and the greedy algorithm and 1,000 repeats for K values above 3. 

The graphical display of STRUCTURE results was prepared with DISTRUCT v1.1 (Rosenberg 

2004). 

In addition to STRUCTURE analysis we plotted a principal coordinate (PCO) using the R-

package SCATTERPLOT3D (Ligges and Mächler 2003) based on the Hamming distance matrix to 

visualise genetic clustering of individuals. 

Searching for Adaptive Signals 

The phylogenomic trees obtained suggest that ecologically driven isolation (particularly 

thorough soil type and climatic heterogeneity on New Caledonia) could have made a major 

contribution in shaping speciation events across the radiating group. In particular, both the MP 

and BI results provide evidence of several sister clades with divergent preference for ultramafic 

versus volcanic soils: D. flavocarpa vs. D. umbrosa; D. perplexa (L10) vs. D. parviflora (L22); D. 

yahouensis + D. perplexa BT004 vs. D. pancheri; D. minimifolia (L17) vs. D. sp. Pic N’ga. In 

order to test if any particular genomic regions have systematically been affected as a result of 

positive selection or genetic hitchhiking, we searched for RAD regions that contained SNPs with 

pairwise FST values > 0.5 at least for two pairs of sister species with divergent soil preferences. 
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We have then made use of the paired-end RADseq data (Etter et al. 2011) and assembled mini-

contigs of the candidate stacks by extracting a list of reads for each locus with 

SORT_READ_PAIRS.PL from STACKS, sorting reads from FastQ files with FASTQ.FILTER.PL (Luis 

M. Rodriguez unpublished, available from 

http://enveomics.blogspot.co.at/2013/04/fastqfilterpl.html) and assembling each set in the CLC 

GENOMIC WORKBENCH (Qiagen), with automatic optimization of the word and bubble sizes and 

updating the contigs after mapping back the reads. We finally performed functional annotation 

analyses for the obtained contigs using BLAST2GO (BioBam; Götz et al. 2008) with default 

settings and integrating GO (www.geneontology.org), KEGG (www.genome.jp/kegg) and 

InterProScan (www.ebi.ac.uk/Tools/InterProScan) information in our results. The biological 

meaning of the set of sequences has been investigated with the combined graph option of 

BLAST2GO. 

RESULTS 

Filtering SNPs from RADseq data 

After demultiplexing, trimming and filtering raw reads, we retained on average 1.9 mill +/- 

0.7 mill high-quality pairs of reads per individual. Under the final parameters, the de novo 

assembly pipeline of STACKS produced 37,336 loci (excluding any stacks identified in only one 

individual), which corresponds to the number of RAD loci expected based on the genome size 

of these species (i.e., twice the number of predicted restriction sites). By retaining SNPs from 

loci covered in minimum 75 individuals with maximum ten polymorphic nucleotide positions, we 

obtained a data matrix containing 8,488 SNPs, which has been used for phylogenomic 

analyses. We further filtered out any apomorphic SNPs, distinguishing single individuals from 

the rest, to obtain a reduced matrix of 2,832 SNPs for the STRUCTURE analyses. 

Phylogenomic analyses 

Since MP, BI and distance based methods resulted in similar topologies for convenience 

reasons we will refer hereafter to two groups of species (1 and 2), each with two sub-sets of 

taxa (A and B). Two of these (sub) groups are monophyletic and well supported in both MP and 

BI. The set of taxa marked on the tree as 2A is potentially a grade; the subset marked as 1A is 

clearly a grade. Subset one includes D. vieillardii, D. umbrosa and D. flavocarpa (1A) as well as 

D. cherrieri and D. veillonii (group 1B). The second subset comprises D. erudita, D. glans, D. 

impolita, D. labillardierei, D. pancheri, D. parviflora, D. perplexa, D. pustulata, D. revolutissima, 

D. trisulca and D. yahouensis (2A) as well as D. minimifolia, D. tridentata, D. sp. Pic N’ga, D. 

calciphila and D. inexplorata (group 2B). These groupings will be used throughout the text and 

are marked in all trees. 
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The MP analysis resulted in 31 equally parsimonious trees. One of these most 

parsimonious trees is given in Figure 2, indicating on it branches present in the strict consensus 

tree. All species included except for D. erudita, D. minimifolia, D. parviflora, and D. perplexa 

form unique genetic clusters. Although individuals from the same population of each of these 

four species group together, the different population samples for these morphologically defined 

species do not cluster together. Furthermore, all populations of D. pustulata form a unique 

cluster, but it lacks bootstrap percentage (BP) greater than 50. Diospyros vieillardii is isolated in 

a highly supported and internally structured cluster (BP 100). The next group, clearly separated 

from the rest of the species, is a clade (BP 100) formed by D. flavocarpa and D. umbrosa, 

followed by the strongly supported (BP 100) group 1B, including just D. cherrieri and D. veillonii. 

The rest of the species forms groups present in the strict consensus tree of the parsimony 

analysis, but having low bootstrap support. The species of group 2B are forming a medium 

supported group (BP 89). Individuals of D. calciphila and D. inexplorata could not be separated 

from each other. We do not observe any major grouping related to ecological factors like soil 

type or water availability, but sister species often show divergent ecological preferences. 

To make the BI tree clearer we have collapsed its structure to the highest possible level 

(either species or population level, depending on what was possible). The general topology of 

the BI tree (Fig. 3) is similar to that of the MP (Fig. 2). However relationships between some of 

the clades within group 2A differ between MP and BI. The backbone of the BI tree is slightly 

better supported than the MP tree. The phylogenetic relationships between the earlier diverged 

lineages (group 1) are the same as in the MP. However, the sister clade relationship between 

D.flavocarpa/D. umbrosa and the remaining group, excluding D. vieillardii is not supported (i.e., 

Bayesian posterior probability [PP] lower than 0.95), in contrast to the MP tree. Apart from D. 

erudita, D. minimifolia, D. parviflora, D. perplexa and D. pustulata, all other species form highly 

supported clusters (PP 1.00). However, as in the MP analysis, individuals of the same 

population always group together and are well supported (PP 1.00) except for one population of 

D. pustulata (location 20). Higher-level relationships between D. revolutissima, the group of D. 

erudita, D. impolita, D. pustulata, and group 2B are not supported. Similarly as in the MP tree, in 

the BI results D. calciphila does not form a unique cluster and could not be clearly separated 

from D. inexplorata. 

The molecular clock analysis resulted in a slightly older age for the split of D. vieillardii 

from the rest of the group, estimated at 7.4 mya, with a broad 95% confidence interval of 2.7 

myr. The next divergence (i.e., D. flavocarpa/D. umbrosa from the rest of the species) took 

place around 6.6 mya. The lineage forming D. cherrieri and D. veillonii separated from the rest 

around 5.6 mya. The other lineages started to diversify around 4 mya. Clade 2B is a young 

group, about 2.7 myr old. Most speciation events seem to have taken place between 3.5 and 

1.5 mya. 
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Figure 2: One of 31 equally parsimonious trees of 8,488 SNP data set derived from RAD-seq in 
the radiating Diospyros group from New Caledonia. Numbers on branches indicate bootstrap 
support over 50%. Branches in bold are present in the strict consensus of the 31 trees. For 
improved visibility, each species was randomly coloured differently.  
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Figure 3: Phylogenetic tree of the radiating Diospyros group on New Caledonia derived from 
Bayesian inference. For simplicity, individuals are collapsed to species/population level 
wherever possible. Branch-colours indicate soil type preference; colour of taxa names gives the 
preference for climate type. Node bars indicate the 95% confidence interval for the age of the 
corresponding node; posterior probabilities are given for nodes with PP > 0.95. A time scale is 
given at the bottom of the figure. Abbreviations: L: location; refers to location number given in 
figure 1. 
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Genetic clustering and patterns of reticulation 

The SPLITSTREE network (Fig. 4) follows the general pattern shown by the MP and BI 

trees. The branches within group 1 and between group 1 and 2 are significantly longer than 

those within group 2. Group 2 shows a reticulate and putatively hybridogenic history. Conflicting 

information, indicative of hybridization or incomplete lineage sorting, is also apparent at the level 

of deeper relationships within group 1. 

STRUCTURE gave the highest delta K value (∆K) for K = 2 followed by sub-optimal ∆K 

peaks for K = 4 and K = 6 (Fig. 5). The analysis considering two groups (K = 2) separated the 

species into the older groups (1A, red, Fig. 5C) and younger groups (2, blue, Fig. 5C) as well as 

an “admixed” group 1B between the other two. The four groups defined for K = 4 (Fig. 5D), 

reassemble the two groups (1 and 2) with their two sub-groups (A and B) described earlier. In 

this analysis D. flavocarpa and D. umbrosa seem to be slightly admixed between D. veillardii 

(red cluster in Fig. 5D) and group 1B (orange cluster in Fig. 5D). Within group 2A (blue cluster in 

Fig. 5D), individuals of D. erudita L20, D. labillardierei, D. parviflora L22, D. perplexa L10 and D. 

trisulca are “pure”, and the rest of the individuals is partly admixed with group 2B (purple in Fig. 

5D). The analysis considering six groups (K = 6) is only weakly supported and two of the groups 

(yellow and green, Fig. 5E) found in this analysis do not contain any “pure” individual. 

The first coordinate of the PCO (Fig. 6), explaining 70% of the variation in the dataset, 

separated D. vieillardii as well as D. flavocarpa and D. umbrosa from the rest of the species. 

Diospyros cherrieri and D. veillonii are separated from the group containing the majority of the 

species (group 2) along the third coordinate, summarizing 6% of variation in the data. 

Patterns of convergent adaptive divergence 

Tests for particular genomic regions, which have been systematically involved in 

divergences between sister species with distinct preference for ultramafic versus volcanic 

substrates, resulted in 50 regions with pairwise FST values over 0.5 for at least two such pairs. 

Four regions have been found to be significantly different in three of the four pairs of species. 

Functional annotations have been successful for only 15 of the regions. The combined graph 

analysis of Blast2Go indicates enrichment for regions with molecular functions localized at the 

membrane level, related to intracellular transport, molecular binding and catalytic activity (Fig. 

7). 

DISCUSSION 

To resolve shallow phylogenetic relationships within a rapidly radiating Diospyros group 

on New Caledonia we employed the RADseq technique, because it combines the advantages  
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Figure 4: Neighbour-joining network based on Hamming distance. Each species is shown in a 
different colour. 
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Figure 5: Structure results. Abbreviations: L: location; refers to location number given in figure 1. 
A) Delta K values of the K values tested. 
B) Mean Ln likelihood of K values tested. 
C) Clustering of K = 2 
D) Clustering of K = 4 
E) Clustering of K = 6  
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of classical sequencing (i.e., confidence of homology), AFLP (i.e., genome-wide sampling of 

information), and next generation sequencing (i.e. high-throughput). Using thousands of SNPs 

derived from over 30,000 RAD loci assembled de novo from Illumina reads, we could infer much 

better resolved trees than previous trees based on multiple gene sequences (Duangjai et al. 

2009; Turner et al. 2013a) and genome-wide fingerprinting analyses (Turner et al. 2013b). An 

increase in phylogenetic resolution when using RADseq in comparison with more traditional 

methods has been already shown for some organisms, for example, the adaptive radiation of 

cichlid fishes in Lake Victoria (Keller et al. 2013; Wagner et al. 2013), Pedicularis section 

Cyathophora (Eaton and Ree 2013), and the pitcher plant mosquito, Wyeomyia smithii 

(Emerson et al. 2010). Despite the high number of informative loci investigated, relationships 

inferred here for Diospyros are not always well supported, indicating that processes blurring 

phylogenetic signals, such as interspecific hybridization and/or incomplete lineage sorting, may 

have been common during some episodes of speciation in this group. Because it requires the 

presence or accumulation in time of a rich ancestral genetic pool (van Oppen et al. 2001; 

Maddison and Knowles 2006; Glor 2010; Lerner et al. 2011), we consider rather improbable that 

incomplete lineage sorting has significantly affected, on a genome-wide scale, phylogenetic 

patterns within this group, which radiated rapidly after a single and fairly recent long-distance 

dispersal event (Duangjai et al. 2009), their early history most probably associated with an 

extreme genetic bottleneck. 

Genetic structure and gene flow 

The SPLITSTREE and STRUCTURE analyses provide evidence for a fair amount of 

admixture between species (Fig. 5C). In K = 2, seven out of 84 individuals are admixed 

(considered hereafter individual with between 5 and 95% membership to one cluster). These 

admixed individuals are members of D. cherierri and D. veillonii (1B). In the phylogenetic 

network, these two species are positioned between species of 1A and 2 (Fig. 4), whereas in the 

PCO (Fig.6) they cluster outside of but close to the species cluster 2. Both BI and MP cluster 

group 1B together with group 2, and this relationship receives maximum support. In a further 

STRUCTURE analysis (K = 4) 36 individuals are admixed, especially those from group 2A. In the 

phylogenetic trees (MP and BI, Figs. 2 and 3), most relationships between populations of group 

2A receive no support. In the network analysis, populations of group 2 exhibit a major 

reticulation (Fig. 4), confirming the presence of some gene flow. The possibility of speciation in 

the face of gene flow has been previously reported, for example, in the case of Heliconius 

butterflies (Martin et al. 2013), whereas a creative role of hybridization during rapid radiation is 

generally accepted (e.g., Seehausen 2004; Gavrilets and Losos 2009; Losos 2010; Glor 2010). 
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Figure 6: Principal coordinates analysis based on Hamming distances. Each species is shown 
in a different colour. 
 

Clustering patterns of the species on the island 

The inferred phylogenetic relationships in Diospyros point to some regional clustering 

among populations and species. In particular, groupings of species within group 2A follow 

mainly geographic patterns. The phylogenetic relationships between D. erudita, D. impolita and 

D. pustulata remain unclear, but they form a supported group (PP 1) of species found in dry, 

non-dense forests in the middle western part of Grande Terre. A similar geographic pattern is 

observed for D. pancheri, D. yahouensis and the accession of D. perplexa from L1; they have 

been all collected in southern Grande Terre (Fig. 1). We observe that the grouping of different 

populations of non-clustering species like D. minimifolia, D. perplexa and D. parviflora has some 

relationship to the region of the island from where they came. The population of D. minimifolia 

from Gadji (L17, Fig. 1) is genetically different from the rest of the individuals of this species 

found in the middle of Grande Terre. This population from Gadji clusters with species from Île 

des Pins (L25 and L26, Fig. 1) and Île Kuebini (L24, Fig. 1), which are all in the south of New 

Caledonia. Accessions of D. parviflora and D. perplexa collected around the central region of 

New Caledonia (Fig. 1) form a highly supported group, whereas the southern populations of D. 

parviflora fall in a unique cluster. This phenomenon of individuals grouping with co-occurring 

species rather than with populations of the same species but from different localities is also 

found in other organisms (e.g. Heliconius, Martin et al. 2013) and may be indicative of ongoing 

local gene flow. 
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Figure 7: Blast2Go-derived combined graph for the annotated genomic regions hypothesized to 
be involved in divergent adaptation to substrate type. 
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Individuals of D. calciphila and D. inexplorata could not be clearly separated in any of the 

analyses. Both species occur in regions with similar ecological conditions (forests on calcareous 

substrate along the coast) and they are morphologically similar. Diospyros calciphila is 

described from the islands surrounding the main island and D. inexplorata is found only in one 

locality the south of the main island. We consider it to be likely that these individuals represent 

the same species. 

Adaptive radiation and age 

The species-rich New Caledonian Diospyros clade is the result of rapid radiation (Turner 

et al. 2013a, 2013b) resulting in more than 20 morphologically and ecologically diversified 

species with low genetic divergence. Our results suggest that both sympatric ecological 

divergence and allopatric diversification (i.e., resulting in regional patterns of diversity) shaped 

successive rounds of speciation in the Diospyros radiation. To further investigate the molecular 

targets of natural selection during parallel divergence (Stern 2013) in substrate preference, we 

searched for loci that are divergent (high FST values) between sister taxa occurring on different 

soil-types. Most of the annotated15 loci correspond to genes involved in transporting and 

binding through/to the cell membrane. As the New Caledonian soil-types are different in heavy-

metal content and availability of mineral nutrients, these specific adaptations in binding and 

transporting substances to/through the cell membrane appear meaningful. It is, however, 

difficult to argue that this differentiation is responsible for particular speciation events or if it has 

evolved later. A similarly limited number of genomic regions on which positive selection might 

have acted has also been found in Hawaiian species of Schiedea (Kapralov et al. 2013), which 

exhibit, like the New Caledonian Diospyros species, great morphological and ecological 

variation. 

Not much information is available about generation time of Diospyros, but the literature 

(Verdú 2002) suggests something like seven years, which seems to be a reasonable time for 

the New Caledonian Diospyros species. Taken this generation time and the age of the closely 

related group (group 2, around 4 mya) together, we can estimate that since the divergence of 

this group maximum 500-600 k generations have been present up to now. This low number of 

generations is one reason for the low sequence divergence observed among the New 

Caledonian Diospyros species and was probably not long enough for them to become 

permanently reproductively isolated (Gaudeul et al. 2012). 
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INTRODUCTION 

Genome size and polyploidy 

Genome size varies nearly 2,400-fold across angiosperms (Leitch and Leitch 2013), and most 

variation in DNA amount is caused by different amounts of noncoding, repetitive DNA, mostly 

retrotransposons and tandem repeats of satellite DNA (Leitch 2007; Bennett and Leitch 2005; 

Parisod et al. 2009; Petrov 2001). Previous studies showed that polyploidy is altogether rare in 

Diospyros (White 1992; Tamura et al. 1998; Turner et al. 2013a), although some cultivated 

species are polyploids (e.g. D. rhombifolia 4x, D. ebenum 6x, D. kaki 6x and 9x, D. virginiana 6x 

and 9x; Tamura et al. 1998). The basic chromosome number in Diospyros is x = 15. 

Investigations of New Caledonian Diospyros species revealed a continuous variation in genome 

size, and chromosome counts showed that the investigated species are diploid (2n = 30, Fig. 1; 

Turner et al. 2013a). 

Figure 1: Genome sizes of Diospyros species investigated and chromosomes set of Diospyros 
minimifolia. 

Repetitive elements 

The repetitive fraction of a genome has for long been seen as junk or parasitic DNA (e.g. 

Doolittle and Sapienza 1980; Orgel and Crick 1980; Kubis et al. 1998; Volff 2006; Kejnovsky et 

al. 2012), although the repetitive DNA can make up to over 80 % of a genome (Keith et al. 

2013). Generally the repetitive DNA elements can be classified to two main groups 
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distinguished by their genomic organisation (Kubis et al. 1998). Satellite DNAs are arranged in 

tandem arrays of monomers. Transposable elements (TEs) are major components of eukaryotic 

genomes (Wicker et al. 2007). TEs are present in many copies in the nuclear genome and can 

constitute a significant portion of the host genome, especially in plants (Oliver et al. 2013). Their 

genetic structure and replication/transposition mode, allows distinction of two main classes of 

mobile elements (Wicker et al. 2007). Class I elements (retrotransposons, REs) transpose via 

an RNA intermediate being transcribed from a genomic copy and reverse-transcribed into DNA 

by a TE-encoded reverse transcriptase (Wicker et al. 2007). New DNA copies insert at new 

locations of the host genome. Each replication cycle produces large numbers of new copies, 

making retrotransposons major contributors of the repetitive fraction of plant genomes (Kelly et 

al. 2012). One of their types, long terminal repeat REs (LTR-REs; Ty1/copia and Ty3/gypsy) are 

particularly abundant in plant genomes. Class II elements (DNA transposons) move within 

genomes using a “cut and paste” mechanism (mediated by transposase) and are less abundant 

in plants. 

The activity of TEs has been inferred to fluctuate across evolutionary time. Higher activity 

of TEs has been observed to correlate with elevated levels of stress, including environmental 

changes (e.g. temperature and humidity), presence of toxins or other chemicals and interactions 

with other organisms (Oliver and Greene 2009; Casacuberta and González 2013). An increase 

in TE activity has also been observed in the first generations after polyploidization in allo- and 

autopolyploid species (e.g. Paun et al. 2007; Parisod et al. 2010; Renny-Byfield et al. 2011), 

which are frequent in angiosperms. These data suggest that TEs might play a role in adaptation 

to new environmental conditions and might participate in large-scale genomic alterations. 

Next generation sequencing 

Next generation sequencing methods offer the possibility to generate large amounts of 

data at low cost (Glenn 2011). Thus far, there are several NGS methods available ranging from 

whole-genome sequencing to amplicon sequencing of PCR generated fragments (i.e. fragments 

enriched by PCR amplification; for a general review of NGS applications see McCormack et al. 

2013). Illumina technology is a frequently used NGS method because it is the cheapest (cost 

per bp; Glenn 2011). Illumina platforms can be also used to sequence the repetitive fractions of 

a genome at a low coverage. Such data allow characterisation of DNA sequences present in the 

target genomes in high copy numbers, such as, transposable elements and tandem repeats. 

Transposable element content inferred from NGS data have been previously used to infer 

genome evolution in phylogenetic questions context (e.g. Piednoël et al. 2012), to test 

phylogenetic relationships (Dodsworth et al. submitted) and characterize the evolutionary 

dynamics of genomes (e.g. Natali et al. 2013; Sveinsson et al. 2013; Renny-Byfield et al. 2011, 

2012, 2013). 
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Organelle genomes 

Whole-genome sequencing generates not only sequences from the nuclear genome of 

the individual investigated (unless only nuclear DNA has been subjected to sequencing), but 

also from organellar genomes (plastids and mitochondria). Sequences from the plastid genome 

have been extensively used to infer phylogenetic relationships among plants (e.g. Barfuss et al. 

2005; Duangjai et al. 2009; Russell et al. 2010). Recently, whole plastid genome sequencing 

has become affordable and is used to generate phylogenies based on whole plastid genomes 

(e.g. Yang et al. 2013; Ku et al. 2013; Barrett et al. 2013, 2014). Sequences derived from 

mitochondria are not commonly used for phylogenetic reconstructions in plants, because of low 

sequence divergence, extensive recombination and mitochondrial genomic rearrangements 

(Hiesel et al. 1994; Kress et al. 2005). 

Diospyros in New Caledonia 

New Caledonia comprises an archipelago in the southern Pacific known for its 

characteristic, endemic flora (Lowry 1998). Due to a complex geological history, New Caledonia 

features a mosaic of different soil-types (Pelletier 2006; Maurizot and Vendé-Leclerc 2009), 

which in combination with its climatic heterogeneity results in many different habitats. Diospyros 

(Ebenaceae) is a large genus of woody plants found world-wide in the tropics and subtropics, 

including 31 species in New Caledonia. Previous studies based on plastid markers (Duangjai et 

al. 2009) showed that Diospyros colonised New Caledonia at least four times via long-distance 

dispersal. Two of the successful dispersal events resulted in one species each still surviving at 

present, a third led to a small clade comprising five species, and the fourth event gave rise to a 

group of 24 species. These 24 species are all endemic to New Caledonia and have been shown 

to be closely related using low-copy nuclear and plastid markers (Duangjai et al. 2009; Turner et 

al. 2013a). Data obtained from genome-wide RAD-sequencing, proved to be helpful to resolve 

phylogenetic relationships among the species (Chapter 3). Most of these closely related species 

are morphologically and ecologically clearly differentiated, and species delimitations were 

confirmed by analyses of AFLP (Turner et al. 2013b) and RAD sequencing data (Chapter 3). 

Diospyros species are found in many habitats, and in some localities several species co-occur 

in sympatry. Dating analysis based on combined plastid and nuclear DNA sequence data 

showed that the lineages forming this group of New Caledonian Diospyros species arrived in 

New Caledonia around nine million years ago (mya; Turner et al. 2013a). Taken into 

consideration that these are woody plants with generation times of several years, it becomes 

obvious that these are relatively recent evolved/radiated species. 
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Aims 

The differences in genome size observed among four closely related endemic New 

Caledonian Diospyros species (1C-values: 1.6 – 2.3 pg) compared to Diospyros olen (also 

endemic to New Caledonia but from a different clade; 1C-value: 0.8 pg) despite their likely 

identical ploidy level make this system attractive to analyse the composition of the r repetitive 

DNA fraction in these genomes using NGS. Here we present first results, based on analyses of 

six different Diospyros species (Table 1) including five endemics from New Caledonia and a 

wide spread species found in the south and west Pacific (D. vera). Sequencing of 17 further 

species is in progress. The primary aim of this study is to characterize the repetitive fraction of 

the nuclear genomes and to identify elements that potentially are involved in genome size 

changes. Since low-coverage NGS delivers also whole-plastid genome sequences, plastid 

genomes are investigated to determine their information content for phylogenetic analyses. 

MATERIAL AND METHODS 

DNA was extracted from silica gel-dried leaf material using a modified sorbitol/high-salt 

CTAB method (Tel-Zur et al. 1999). Extracts were purified using the NucleoSpin gDNA clean-up 

kit (Marcherey-Nagel, Germany), according to manufacturer’s protocol. 

From each of the 6 samples, 200 ng DNA was sheared for 55 sec. using an ultra-sonicator 

(Covaris, Massachusetts, USA), resulting in mean fragment size of 400 bp. All 6 individuals 

were barcoded, pooled to reach an equal representation of each individual in the final library 

and paired end sequenced in one Illumina lane. Libraries were sequenced on an Illumina HiSeq 

as 100-bp paired-end reads. Library preparation, sequencing, and de-multiplexing of the raw 

data were performed by CSF (Campus Science Support Facilities, Vienna, Austria; 

http://www.csf.ac.at/facilities/ngs/). For further analysis, data sets corresponding to single 

individuals were used. 

Analysis of repeated elements 

Analyses were conducted with RepeatExplorer (Novák et al. 2013) on the online platform 

(http://repeatexplorer.umbr.cas.cz/). All reads were subjected to quality control. Only reads with 

at least 90% of all bases having a quality score of at least 10 were further processed. From 

these quality-filtered reads, only those for which both reads met the quality criteria were used 

for further analyses. Analyses of repeats were performed for each individual separately as well 

as for a combined data set, with a minimal overlap length of 55 bp for clustering and a minimal 

overlap of 40 bp for assembly. Reads were checked against the Viridiplantae RepeatMasker 

database to facilitate cluster annotation. In the combined data set equal genomic amounts (ca. 

2% of the whole genome) were used from each individual. Clusters which could not be 
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annotated by RepeatExplorer were manually annotated using DOTTER (Sonnhammer and 

Durbin 1996) and BLASTN searches (Altschul et al. 1990). 

Genomic proportions for the repeat-types observed were calculated by dividing the total 

number of reads found for each repeat type by the total number of reads obtained for the 

corresponding individual. To be able to compare the results obtained from the investigated 

species, the genomic proportions were multiplied with a correction factor considering the 

genome size of the corresponding species. As D. pancheri has the highest genome size, this 

value was used as reference (factor 1.00) and for the other species the correction factor was 

calculated by dividing the genome size of the respective species by the genome size of D. 

pancheri. For D. vera it was not possible establish genome size and therefore no such 

correction could be made. 

Assembling and annotating plastid genomes 

Reads originating from the plastid genome were filtered using a multistep and iterative in-

house established pipeline (Paun, personal communication). First, the individual raw files were 

imported in the CLC GENOMIC WORKBENCH v. 6.5 (Qiagen) and trimmed them by quality at p < 

0.05, retaining reads of at least 30 bp. Further the reads of D. vera were mapped on the plastid 

genome of Camellia sinensis (Theaceae, Ericales) retrieved from GenBank (GenBank 

accession number: KC143082.1). For this initial mapping settings with mismatch cost of 2, and 

insertion and deletion cost of 3, requiring at least 80% of a read is 90% similar to the target for 

each successful map were used. With these settings 403,980 reads mapped to the Camellia 

plastome. Those reads were filtered using FastQ.filter.pl (Rodriguez LM unpublished, available 

from http://enveomics.blogspot.co.at/2013/04/fastqfilterpl.html) and assembled in CLC GENOMIC 

WORKBENCH, with automatic optimization of the word and bubble sizes and updating the contigs 

after mapping back the reads. We obtained three contigs, which have been concatenated by 

aligning them to the Camellia sinensis reference sequence manually in the program BioEdit 

v7.1.11 (Hall 1999). Both inverted repeats (IR) were reconstructed together and duplicated to 

obtain a complete plastid genome. 

The plastid genomes of the rest of the Diospyros species were obtained in a similar way, 

but mapping has been performed against the assembled D. vera genome. Finally, annotation of 

coding regions was performed using DOGMA (Wyman et al. 2004) using only D. vieillardii 

plastid genome. The circular plastid genome map was visualized with OGDRAW (Lohse et al. 

2007). 

Characteristics of reads like amount of reads obtained from each individual and GC-

content were evaluated with FastQC (available form 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
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Phylogenetic analyses 

The alignment of the plastid genomes of Diospyros was used to construct a phylogenetic 

tree using parsimony algorithm. Statistical support for the topology was obtained by 

bootstrapping with 1,000 replicates. Parsimony analysis and bootstrapping were both performed 

using PAUP* v4b10 (Swofford 2003). 
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RESULTS AND DISCUSSION 

Transposable elements 

The number of raw reads obtained ranged from 24,966,688 (D. pancheri) to 29,242,716 (D. 

vera) (Tab. 1). Since the same amount of DNA (200 ng) was used for each individual for library 

preparation, the genome coverage varied from 1.1 x in D. pancheri (1C-value: 2.3 pg) up to 3.4 

x in D. olen (1C-value: 0.8 pg). The number of clusters ranged from 170 (D. pancheri) to 320 (D. 

vieillardii). Thus 43.7% (D. olen) to 67.1% (D. vieillardii) of the reads could be annotated. 

In Diospyros, the most frequently observed repetitive DNA elements are LTR-

retroelements (Fig. 2). Among these, Ty3/gypsy elements are most abundant, as observed in 

other plant groups (e.g. tobacco, Renny-Byfield et al. 2013; sunflower, Natali et al. 2013; pea, 

Macas et al. 2007). In other analysed plant genomes either the Ty1/copia or the Ty3/gypsy 

elements prevail, however there is no clear trend that the dominating type of LTR elements has 

any correlation with phylogenetic grouping among the taxa, where they are observed. Among 

the Ty3/gypsy elements chromovirus- and Ogre-elements are the most common found 

elements (supplementary figure S1). The number of TEs is higher in the genomes of the 

endemic New Caledonian species (mean 52.3%), compared to D. olen (34.4%). Within the 

endemic New Caledonian Diospyros species, the species with larger genomes have 

proportionally more TEs than those with smaller genome sizes. Diospyros vieillardii and D. 

minimifolia (both with 1C values = 1.6 pg) show similar total amounts of repetitive DNA, but 

differ in the amounts of the different repeat types. Diospyros parviflora and D. pancheri (1C 

values = 2.2 - 2.3 pg) differ slightly in the amount of repetitive elements, with the satellite-

elements contributing to most of the variation between these two species (Fig. 2). Due to the 

lack of genome size data from D. vera results for this species are only given as genome 

proportions. 

Beside the differences in transposable elements content, differences in the amounts of 

reads annotated as tandem repeats (satDNAs) were observed (Tables 2 and 3). The highest 

proportions of satellites were found in D. pancheri and D. vera (Fig. 3B). Differences in amounts 

of satellite-repeats were also found in other plant groups between genera (e.g. Orobanchaeeae, 

Piednoël et al. 2012), species (e.g. Nicotiana, Renny-Byfield et al. 2013; Musa, Čížková et al. 

2013) as well as between male and female individuals in dioeceious plants (e.g. Rumex 

acetosa; Steflova et al. 2013). 

Altogether there is an increase in the amount of repeated elements among the Diospyros 

species from the closely related group in comparison to D. olen. This increase in REs and their 

potential activity within the genomes could be associated with the rapid radiation of this group of 

New Caledonian Diospyros species.  
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Figure 2: Repat type content [Gbp] (corrected for genome size) 

 
 
Figure 3: Phylogenetic tree of Diospyros species based on whole plastid genome sequences 
(A) and genomic proportions of repeated elements (B). 
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Table 2: Genomic proportions [%] of different repeats detected in analyzed species of 
Diospyros. 
    D. olen D. vera D. vieillardii D. minimifolia D. parviflora D. pancheri 
Retroelements 
 LTRs 
  Ty1/copia 7.14 8.20 17.52 11.43 7.51 8.51 
   Alell 0.70 - 2.97 0.95 0.05 - 
   Angela 1.95 3.34 2.74 2.85 2.54 2.71 
   Bianca 0.05 - - - - - 
   Ivana 0.86 - 0.96 0.66 - - 
   Maximus 1.25 2.00 2.36 2.60 2.98 2.38 
   TAR 0.30 0.15 0.32 0.28 0.25 0.21 
   Tork 0.98 0.03 1.74 0.69 0.50 0.59 
   unclassified 1.06 2.68 6.43 3.40 1.20 2.62 
  Ty3/gypsy 19.66 20.52 32.78 30.36 29.14 29.31 
   Athila 3.66 1.84 4.03 3.30 4.45 2.94 
   chromo 9.92 8.32 13.12 12.14 10.16 10.63 
   Ogre 4.31 8.47 10.27 10.98 10.87 12.25 
   unclassified 1.77 2.40 5.36 3.94 3.66 3.48 
  Others 
   LTR Caulimovirus - - 0.38 0.18 0.11 0.09 
   Retroelement unclassified 2.92 4.01 1.74 4.41 7.09 1.14 
 non-LTRs 
  LINEs 0.14 - 1.22 1.15 1.28 - 
   L1 0.03 - 0.11 0.13 0.97 - 
   unclassified 0.01 - 1.11 0.99 - - 
  MITEs 
   MITEs - 0.03 0.07 - 0.03 - 
  TRIMs 
   Cassandra 0.09 - 0.16 - 0.17 - 
  non-LTR retroelement 
   unclassified 0.02 - - - - - 
DNA transposons 
 Subclass 1 3.25 0.50 5.59 3.74 2.17 1.57 
   DNA/CMC - - 0.32 - - - 
   DNA/EnSpm - - 1.17 - - - 
   DNA/CMC-EnSpm 0.79 0.07 - 1.07 1.12 0.43 
   DNA/hAT-AC 0.65 0.34 0.46 0.40 0.07 0.33 
   DNA/hAT-Tag1 0.58 - 0.04 0.17 0.11 0.03 
   DNA/hAT-Tip100 0.17 0.05 0.28 0.13 0.14 - 
   DNA/MULE 0.41 0.04 1.77 0.65 0.37 0.20 
   DNA/PIF 0.66 - 0.25 0.14 0.03 - 
   DNA transposons unclassified 0.04 - 1.24 1.16 0.33 0.52 
 Subclass 2 
   Helitron - 0.01 0.26 - 0.22 0.19 
Other TEs 
   TEs unclassified 1.87 1.53 0.78 2.52 2.26 4.16 
Other repeats 
 Tandem repeats 6.72 14.94 4.19 7.32 7.89 14.75 
   Satellite DNAs 6.14 14.37 3.91 7.00 7.63 14.32 
   rDNAs 0.54 0.57 0.28 0.32 0.26 0.43 
   telomeric repeats 0.04 - - - - - 
 Organellar DNA 
   plastids 1.48 1.15 1.54 1.07 0.42 0.27 
   mitochondria - - 0.21 - - - 
 Other repeats 
   unclassified 2.70 1.35 3.21 1.71 2.70 1.35 
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Table 3: Tandem repeats (satDNAs) observed in the species investigated. 

Species Satellite Length of monomer 
[bp] 

Genomic proportion 
[%] 

D. olen Sat-ole1 20 0.19 
 Sat-ole2 65 0.07 
 Sat-ole3 150 0.03 
 Sat-ole4 165 0.93 
 Sat-ole5 185 0.03 
 Sat-ole6 190 3.01 
 Sat-ole7 200 0.42 
 Sat-ole8 210 1.09 
 Sat-ole9 260 0.02 
D. vera Sat-ver1 127 8.58 
 Sat-ver2 180 0.84 
 Sat-ver3 190 4.96 
D. vieillardii Sat-vie1 30 0.14 
 Sat-vie2 50 0.27 
 Sat-vie3 60 1.78 
 Sat-vie4 65 0.22 
 Sat-vie5 120-130 0.26 
 Sat-vie6 150 0.11 
 Sat-vie7 180 1.11 
 Sat-vie8 200 0.02 
D. minimifolia Sat-min1 120 0.22 
 Sat-min2 (=Sat-vie7) 180 0.63 
 Sat-min3 260 0.69 
 Sat-min4 unclassified 5.45 
D. parviflora Sat-par1 47 0.36 
 Sat-par2 50 0.09 
 Sat-par3 67 0.35 
 Sat-par4 115 4.97 
 Sat-par5 180 0.73 
 Sat-par6 260 1.13 
D. pancheri Sat-pan1 30 0.05 
 Sat-pan2 50 0.08 
 Sat-pan3 60 9.79 
 Sat-pan4 120 0.38 
 Sat-pan5 (=Sat-vie7) 180 0.72 
 Sat-pan6 260 1.00 
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Plastid genome 

We obtained between 79,119 (50.2 x coverage, D. pancheri) and 183,092 (116.2 x 

coverage, D. vieillardii) pairs of reads per individual that mapped to the plastid genome. The 

GC-content of the plastid genome varied between the endemic New Caledonian species (33 - 

37%) and other Diospyros species (32%) and is slightly lower than in many other angiosperms 

(average: ~37%; e.g. Camellia, Yang et al. 2013; Ardisia, Ku et al. 2013; Potenilla, Ferrarini et 

al. 2013; Musa, Martin et al. 2013). 

The size (~ 157 kb) and composition of the plastid genome of Diospyros is similar to that 

of Camellia sinensis (KC143082.1). A fully annotated plastome of D. vieillardii is given in Fig. 4. 

The plastid genome given here is the first fully sequenced plastid genome of Ebenaceae 

reported in the literature. 

The plastid data set of Diospyros includes 159,166 characters of which 1178 variable 

characters are parsimony-uninformative, and 165 (0.1%) variable characters are parsimony-

informative. Although these findings are based on only few species, the plastid genomes of 

recently radiated species like Diospyros seem to be not variable enough to use them for 

inference of phylogenetic relationships among closely related species. To conclude more about 

the usability of whole plastid genome sequences for inference of relationships, more species 

and more individuals per species need to be included into this data set. The sole tree resulting 

from the parsimony analysis is shown in Figure 3A. 

ONGOING WORK 

We have prepared a second set of libraries of 24 individuals of 18 endemic New 

Caledonian Diospyros species. These data will be added to the initial data set to have a data 

set of 21 endemic New Caledonian species, which can be compared to results of our previous 

work. From these data we will infer the dynamics and role of repetitive DNA in New Caledonian 

Diospyros species, as well as whole plastid genomes for phylogenetic analyses. 
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Figure 4: Annotated plastome of Diospyros vieillardii.  
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Supplementary Figure 1: Genomic proportions of LTR retrotransposons. 
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CONCLUSIONS 

The species rich group of Diospyros in New Caledonia qualifies as book case example for 

an explosive adaptive radiation on an oceanic island. The questions aimed in this project (see 

Aims on p. 19) were generally answered. 

The phylogenetic relationships among the investigated New Caledonian Diospyros 

species could be resolved, though not all received high statistical support. Diospyros vieillardii is 

sister to rest of the endemic species. The next branch separating from the remaining endemic 

group is formed by D. flavocapra and D. umbrosa, this being followed by a clade composed of 

D. cherrieri and D. veillonii. Species from calcareous substrates (D. calciphila, D. inexplorata 

and D. sp. Pic N’ga) formed a group in the sequencing analyses (both DNA and RAD). In both 

AFLP and RAD analyses D. minimifolia formed a clade together with the species of calcareous 

substrates. In neither of the analyses the individuals of D. minimifolia and D. parviflora formed 

unique clades, they also show great variability in leaf morphology thus indicating that they are 

not true species but could be of polytopic, perhaps hybrid origin. Apart from these two species 

most of the other species seem to be good species forming unique clades in either AFLP or in 

RAD analysis. In AFLP D. vieillardii was split into two groups, but they formed a well-supported 

clade in DNA sequencing and RAD analyses. In the RAD data D. erudita, D. perplexa, D. 

pustulata, and D. revolutissima failed to form unique clusters. No clear correlation was observed 

between phylogenetic grouping of Diospyros species and ecological conditions or geography. 

However in the case of D. minimifolia and D. parviflora (where populations of the same species 

do not cluster together) we do observe some geographical pattern of grouping. 

According to the dating analyses, ancestors of the present Diospyros species reached 

New Caledonia around 9 mya via a long distance dispersal, most probably from islands in the 

Pacific Ocean (Indo-Malayan – Hawaiian archipelagos). Lineages forming a group of closely 

related species, among which relationships could not be clarified unambiguously, started to 

diversify around 4 mya. Diospyros being a woody plant with a generation time of several years 

we can conclude that most likely not more than a half million generations have existed since 

that time. 

The genomes of the New Caledonian Diospyros species seem to be plastic/porous 

meaning that only a few genes are responsible for the species identity and that these genes are 

flexible enough to allow fast adaptation to new ecological conditions. Genes involved in binding 

and transporting compounds to/through the cell membrane were found to show species specific 

variants. Considering that these investigations were conducted with pairs of sister species 

occurring on different substrates (which are different in their heavy-metal content, as well as 
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nutrient availability) we can conclude, that adaptive radiation has played a role in shaping this 

group of New Caledonian Diospyros species. 

Due to the low resolution of the phylogenetic trees based on nuclear and plastid markers it 

is not possible to predict anything about hybrid speciation in this group. However, analyses of 

the genetic structure of the New Caledonian Diospyros species using the AFLP and RAD data 

showed several admixed individuals which could be of hybridogenic origin. 

Diospyros species from this clade of closely related New Caledonian species have larger 

genome than species from other clades or other regions of the world. Genome size differences 

observed are not due to polyploidy; in contrast to many other plant groups, polyploidy seems to 

be rare in the genus Diospyros. The endemic species, generally having higher genome sizes, 

have also more repeated elements than the other species with smaller genomes. We did not 

find group/species specific repeated elements. In Diospyros the most frequently observed 

repeated elements are LTRs, especially the Ty3/gypsy elements are the most abundant. This 

correlates well with observations in other plant groups. A second prominent group of repetitive 

DNA is formed by satellite repeats. 

The size and genetic composition of the plastid genome of Diospyros is similar to the 

plastid genome of Camellia sinensis. However, the plastid genomes of endemic Diospyros 

(34%) and Camellia (37%) differ in GC content. 
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Plant Genome Evolution 

Amsterdam The Netherlands, 8-10 September 2013. 

Evolution of New Caledonian Diospyros species (Ebenaceae) 

Barbara Turner1, Ovidiu Paun1, Jérôme Munzinger2, Sutee Duangjai3, Mark W. Chase4, 

Rosabelle Samuel1 

1Department of Systematic and Evolutionary Botany, Faculty of Life Sciences, University 

Vienna, Rennweg 14, 1030 Wien, Austria; 2IRD, UMR AMAP, TA A51/PS2, 34398 Montpellier 

Cedex 5, France; 3Department of Forest Biology, Faculty of Forestry, Kasetsart University, 

Bangkok, Thailand; 4Jodrell Laboratory, Royal Botanic Gardens, Kew, Richmond, Surrey TW9 

3DS, UK. 

Poster presentation: P045 

In New Caledonia there are 31 species of Diospyros found and all but one (D. fasciculosa) 

are endemic. Molecular phylogenetic analyses of plastid and nuclear markers show that the 

New Caledonian Diospyros species are occurring in four different clades of which three contain 

only one to five species. The fourth group comprises 24 closely related species for which 

relationships remain mostly unresolved. Although species of this endemic group are 

morphologically distinct and largely occupy different niches, they exhibit little or no sequence 

divergence. The broadly distributed D. vieillardii, which is adapted to ultramafic soil but has the 

ability to grow on other soil types as well, has been shown to be sister to the rest of the group. 

We used Amplified Fragment Length Polymorphism (AFLP), a genome-wide molecular marker, 

to investigate species boundaries and their relationships. Distance-based and Bayesian 

analyses of AFLP data resulted in comparable results and suggest a process of rapid radiation. 

The analysed individuals are circumscribed into two subgroups, but they often do not follow 

morphological species boundaries. Bayesian analysis using STRUCTURE suggests a degree of 

admixture between the two gene pools for most species. Further, restriction-site associated 

DNA sequencing (RAD-seq), a next generation sequencing based technique that samples at 

reduced complexity across the investigated genomes, also supports rapid radiation and 

frequent interspecific hybridization. In the light of our AFLP and RAD-seq results the evolution of 

this group started after a long distance dispersal of an ancestor similar to present-day D. 

vieillardii. This gave rise to a couple of lineages, which later rapidly radiated across the available 

habitats of the island, but retained the propensity to frequently hybridize. Our results show the 

importance of rapid radiation across heterogenic habitats for successful colonization of islands. 
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15. Treffen der Österreichischen Botanikerinnen und Botaniker 

Austrian botanical meeting, Innsbruck Austria, 27-29 September 2012 

Diversification of endemic New Caledonian Diospyros (Ebenaceae) 

Barbara Turner1, Jérôme Munzinger2, Sutee Duangjai3, Michael H. J. Barfuss1, Bruno 

Wallnöfer4, Ovidiu Paun1, Mark. W. Chase5 & Rosabelle Samuel1 

1 Dept. of Systematic and Evolutionary Botany, Faculty of Life Sciences, University of Vienna, 

Rennweg 14, 1030 Vienna, Austria, 2 IRD, UMR AMAP, TA A51/PS2, 34398 Montpellier Cedex 

5, France, 3 Dept. of Forest Biology, Faculty of Forestry, Kasetsart University, Bangkok, 

Thailand, 4 Natural History Museum, Burgring 7, 1010 Vienna, Austria, 5 Jodrell Laboratory, 

Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3DS, UK. 

Oral presentation 

Diospyros is one of the largest genera of angiosperms, comprising approximately 500 

species of which 31 are distributed in New Caledonia. Of these species all except D. fasciculosa 

are endemic to New Caledonia. Molecular studies based on plastid markers highlighted the 

presence of four lineages and two types of endemism in the genus. The first being 

paleoendemism with an Australian origin e.g., D. macrocarpa, D. brassica, D. balansae, and the 

second neoendemism with a recent Indomalesian origin that includes species like D. vieillardii, 

D. umbrosa, D. parviflora etc. Phylogenetic analysis based on low-copy nuclear genes such as 

chloroplast-expressed glutamine synthetase (ncpGS) and phytochrome A (PhyA) shows a 

similar pattern as that of plastid regions. Sequence divergence among neoendemics of clade II 

is low in results of both plastid and low-copy nuclear markers. The position of D. vieillardii as 

sister to the rest of the neoendemic species of the clade II is confirmed, which is associated with 

the ability of this species to grow in ultramafic soil, a special substrate that emerged early during 

radiation of the New Caledonian Diospyros. AFLP analysis is used to evaluate species 

boundaries of the neoendemics, which again supports the isolated position of D. vieillardii. We 

also want to compare the AFLP results with those of next generation sequencing technique 

RAD (restriction site associated DNA). Further analysis of data is in progress. 
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Poster presentation: P1-31 

Diospyros is one of the largest genera of angiosperms, comprising approximately 500 

species of which 31 are distributed in New Caledonia. Of these species, all except D. 

fasciculosa are endemic to New Caledonia. Recent molecular studies on family Ebenaceae 

where a subset of New Caledonian Diospyros was included highlighted the presence of four 

lineages and two types of endemism: (1) paleoendemics, which suggested ancient origin 

(included in a clade dated to the upper Eocene based on Australian fossils), e.g., D. 

macrocarpa, D. brassica, D. balansae, and (2) neoendemics, recent Indo-Malesian elements 

that include species like D. fasciculosa and D. olen, and a highly diverse clade comprising the 

remaining species such as D. vieillardi, D. umbrosa, D. parviflora etc. Species boundaries 

among most of these neoendemics seem to be unclear and are not well accepted by all 

authors. Clear delimitations of taxa are needed for conservation purposes. 

The ongoing project on New Caledonian Diospyros uses AFLP analysis to determine 

species boundaries (i.e., taxonomic units) of the neoendemics. Molecular phylogenetics using 

rapidly evolving plastid and low-copy nuclear genes such as chloroplast expressed Glutamine 

Synthetase (ncpGS) and alcohol dehydrogenase (Adh) are used to detect hybridization and 

introgression that could have given rise to speciation as well as reproductive isolation that has 

evolved as a consequence of divergent selection on traits in different environments and thus 

ecological speciation. Investigations on the variation in genome size of the New Caledonian 

Diospyros are in progress. 

  

128 



Poster presented at “ICPHB 2012”  

129 



IBC 2011 

XVIII International botanical congress, Melbourne Australia, 23-30 July 2011. 

Pattern and mode of speciation of New Caledonian Diospyros 
(Ebenaceae) 

Samuel, R1, Turner, B1, Duangjai, S2, Munzinger, J3, Wallnoefer, B4, Chase, M5 

1Dept of Systematic and Evolutionary Botany, University of Vienna, Austria; 2Dept of Forest 

Biology, Kasetsart University, Bangkok, Thailand; 3Laboratoire de Botanique, Centre IRD de 
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Oral presentation: Symposium 168 – Theme 06 

Diospyros is one of the largest genera of angiosperms, comprising approximately 500 

species of which 31 are distributed in New Caledonia. Of these species all except D. fasciculosa 

are endemic to New Caledonia. Recent molecular studies on family Ebenaceae where a subset 

of New Caledonian Diospyros was included highlighted the presence of four lineages and two 

types of endemism. The first being paleoendemics, which suggested ancient Gondwana 

(Australian) origin, e.g., D. macrocarpa, D. brassica, D. balansae, and the second 

neoendemics, recent Indo–Malesian elements that include species like D. vieillardi, D. umbrosa, 

D. parviflora etc. Species boundaries among most of the neoendemics seem to be unclear and 

are not well accepted by all authors. The ongoing project on New Caledonian Diospyros uses 

AFLP analysis to determine species boundaries (i.e. taxonomic units) of the neoendemics. 

Molecular phylogenetics using rapidly evolving plastid and low-copy nuclear sequences will 

detect hybridization and introgression that could have given rise to speciation as well as 

reproductive isolation that has evolved as a consequence of divergent selection on traits in 

different environments and thus ecological speciation. Speciation is often accompanied by 

chromosomal rearrangement both numerical and structural, which will be investigated for the 

New Caledonian Diospyros. 
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Poster presentation: Theme 06 

Diospyros is one of the largest genera comprising approximately 500 species of which 31 

are distributed in New Caledonia. The recent molecular studies on family Ebenaceae where a 

subset of New Caledonian Diospyros was included highlighted the presence of four lineages 

and two types of endemism. The first being paleoendemics, which suggested ancient 

Gondwanan (Australian) origin, e.g., D. macrocarpa, D. brassica and D. balansae; and the 

second being neoendemics, elements coming relatively recently from the Indo-Malaysian region 

that include species like D. vieilardi, D. umbrosa and D. parviflora. This neoendemic species of 

New Caledonia group together with Hawaiian D. sandwicensis and widely distributed D. ferrea. 

The level of DNA sequence divergence among the neoendemic species is relatively low and 

does not appear to be correlated with the level of phenotypic diversity. The steep environmental 

gradients and unusual soil types in New Caledonia appear to have facilitated speciation in this 

group of neoendemics. Species boundaries among them are unclear and under discussion by 

different authors. In terms of conservation priorities for New Caledonian species, our results 

support the existence of four genetically distinct groups on this island. Each lineage of New 

Caledonian Diospyros should be treated as a separate conservation unit. 
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