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Abstract 
 
 

Tree species, which have developed adaptive traits to survive in diverse environmental 
conditions, provide excellent opportunities to address the fundamental question of 
how organisms have adapted and expanded their distributions. The scientific findings 
regarding adaptive mechanisms of tree species can be applied to predict the responses 
of forests after climate and/or anthropogenic activities, promote efficiency in the 
breeding of timber varieties, and determine priorities in forest conservation. Rapid 
progress in high-throughput sequencing technologies has provided enormous genetic 
information for various organisms. The genomics is expected to reveal the mechanisms 
of adaptation and speciation, and thus greatly advance evolutional and conservation 
biology of tree species. In this thesis, I aimed to: 1) reveal the genetic bases underlying 
environmental adaptation of tree species at the genome level and; 2) derive the genetic 
implications for sustainable conservation of tropical forests. 
    In Chapters 2 and 3, I investigated the genomic divergence in Metrosideros 
polymorpha (Myrtaceae), which occupies a wide range of ecological habitats and shows 
adaptive radiation within a species in Hawaiian Islands. The biological functions of 
genetic variations observed within this species could give us valuable insights into the 
drastic evolution found in a single lineage. 
    In Chapter 2, I sequenced and assembled de novo genome sequences of one M. 
polymorpha tree to provide the basic genomic parameters about this species and to 
develop our knowledge about ecological divergences. The assembly yielded 304 Mb 
genome sequences, half of which were covered by 19 scaffolds with >5 Mb, and 
contained 30 K protein-coding genes. Demographic history inferred from the 
genome-wide heterozygosity indicated that this species experienced the dramatic rise 
and fall in the effective population size possibly according to the past geographic or 
climatic changes in Hawaiian Islands. The present M. polymorpha genome assembly 
represents a high-quality genome resource useful for future functional analyses of 
genetic variations or comparative genomics among intra- and inter-species. 
    In Chapter 3, a de novo draft genome sequence provided in Chapter 2 and 2,247 
single nucleotide polymorphism (SNP) markers were used to reveal the population 
genetic structure of nine populations across five elevations and two ages of substrates 
on Mauna Loa, the island of Hawaii. The nine populations were genetically 
differentiated according to elevation as well as age of lava but largely admixed, 
particularly in the lower elevations. A genome scan for the 2,247 SNPs revealed that a 
small fraction of the genome (35 SNPs on 26 scaffolds; 1.56%) was likely under 
divergent selection, and alleles on these non-neutral SNPs were fixed in one or more 
populations. Generalized mixed modeling for pairwise population differentiation 
according to geographic and environmental variables revealed that population 
differentiation in most of the genome followed the isolation-by-distance model, 
whereas divergence at non-neutral SNPs followed the isolation-by-environment model. 
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Accordingly, the current study reveals the genomic mosaic of M. polymorpha 
comprising contrasting divergence patterns. Although the genome was largely mixed 
among populations, a small fraction of the genome appears to be subject to 
environmental selection and responsible for the dramatic divergence in phenotype and 
adaptation to a wide range of environments. 
    In Chapters 4 and 5, I focused on the Shorea leprosula (Dipterocarpaceae) plantation 
managed by a private-sector forestry company in Central Kalimantan. Because the 
family Dipterocarpaceae constitutes the core of biodiversity and is faced with heavy 
exploitation in the Southeast Asian tropical rainforests, planting of native dipterocarp 
trees is a valuable policy. However, the genetic concerns of the planted trees and 
species richness of phyllosphere fungi associated with them have not been evaluated. 
    In Chapter 4, the genetic diversity of S. leprosula and S. parvifolia in plantations and 
those in natural populations were compared using microsatellite markers. Genetic 
diversity in the planted populations was as high as that in the natural populations. No 
clear genetic differences between each planted population and the natural forest 
populations were found. The genetic variation present in planted S. leprosula and S. 
parvifolia populations did not appear to deteriorate in the planting system adopted in 
Indonesia, known as Tebang Pilih Tanam Jalur. These results indicate that the current 
plantation method practiced in the region is suitable for maintaining the original 
genetic composition and achieving sustainable use of tropical rainforests. 
    In Chapter 5, I sought to estimate the species diversity and community structure of 
phyllosphere fungi in the S. leprosula plantation. I conducted a massively parallel 
amplicon sequencing analysis of fungi collected from the leaves of S. leprosula. 
Phyllosphere fungal compositions and spatial variability were investigated for 31 S. 
leprosula trees across four plots within a plantation stand. In total, 488 fungal 
operational taxonomic units (OTUs) were recognized in 153,194 ribosomal internal 
transcribed spacer reads at 95 % OTU identity level. Rare OTUs accounted for the 
majority of fungal diversity detected in the study site; 200 OTUs (41 %) comprised 
fewer than 10 reads and 465 OTUs (95 %) were found in fewer than half of the leaf 
samples. Fungal OTU compositions of S. leprosula trees were differentiated within a 
narrow area of the plantation and even between plots that were separated by 15 m. 
These findings indicate that highly diverse fungal OTUs form spatially structured 
communities even within a tropical plantation stand of single tree species. 
    Overall, this thesis has updated our knowledge about the ecological adaptations of 
M. polymorpha and clearly demonstrated the effectiveness and possibility of 
genome-wide analyses in the field of ecology and evolution. Further, the 
appropriateness of the dipterocarp planting in Central Kalimantan was evaluated in 
terms of genetic and species diversity harbored in the plantation stands. The field of 
ecological and conservation genetics for wild organisms, including forest trees, is 
becoming an interesting platforms to uncover idiosyncratic ecological phenomena by 
taking the advantage of massive genomic data. It is expected that we will be able to 
discuss a more specific evolutional process regarding fitness-related traits and 
predicting the impact of climate change or artificial management on the fitness and 
longevity of target populations. 
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1 
General introduction 

 
 
 

 
1.1.  Ecological and conservation genetics for tree species 
 
Tree species adapt to various climates on most continents, and constitute forest 
ecosystems, playing indispensable roles within the global ecosystem and economy. 
Forests cover 28% of the global land area, representing 82% of the terrestrial biomass 
(Roy et al. 2001). Trees provide habitat for a large diversity of organisms, and >50% of 
the global biodiversity is harbored in forests (Neale and Kremer 2011). The raw 
materials and genetic resources supplied by forests are widely utilized by man for 
wood or paper products, energy, and foods. Tree species, which have developed 
adaptive traits to survive in diverse environmental conditions, provide excellent 
opportunities to address the fundamental question of how organisms have adapted 
and expanded their distributions. The scientific findings regarding adaptive 
mechanisms of tree species can be applied to predict the responses of forests after 
climate and/or anthropogenic activities, promote efficiency in the breeding of timber 
varieties, and determine priorities in forest conservation. In the current scenario of 
prevalence of more serious global changes than ever, evolutionary and conservational 
studies on tree species are very likely key scientific challenges. 
    The genome keeps tracks of evolutionary processes that a species has experienced 
as nucleotide variations. Natural and artificial selection can alter the frequency of 
specific alleles that are strongly related to adaptive or useful traits (e.g., Colosimo et al. 
2005; Axelsson et al. 2013). Changes in the effective population size due to habitat 
shifts caused by climate change (Buckley et al. 2012; Pauls et al. 2013; Forcada and 
Hoffman 2014), anthropogenic habitat fragmentation (Finger et al. 2012), or other 
catastrophic events including damage caused by pest species, forest fires, or hunting, 
induce changes in allele frequencies within populations. Introgression or artificial 
mating additionally alters the population genetic structure or adaptive capacity of a 
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population (Ryan et al. 2009; Fitzpatrick et al. 2010; Heliconius Genome Consortium 
2012). The current genetic characteristics observed in a species reveals the genetic bases 
of ecological successes (i. e., ecological genetics). Based on the current genetic 
variations, which critically affect the capacity of evolution of species (Frankham et al. 
2010), we can derive appropriate conservation strategies for the future (i. e., 
conservation genetics). 
 

1.2.  A breakthrough in genetics 
 
While non-neutral genetic variations indicate key genes subject to selection, i.e., major 
genetic mechanisms underlying adaptations (Jones et al. 2012), neutral genetic 
variations reveal population genetic structures or temporal changes in population size 
(Lexer et al. 2014; Liu et al. 2014; Trucchi et al. 2014; de Kort et al. 2015). The drivers 
and extent of genetic differentiations are variable so that neutral and non-neutral loci 
adjoin across a genome (i. e., genomic mosaics; Nosil et al. 2009). 
    For model organisms such as a human, mice, zebrafish, Arabidopsis thaliana, and 
rice, we have been able to access genome-wide divergences and gene function. In 
ecological genetics in which most target species are non-model organisms growing in 
the field, a handful of neutral genetic variations have been used as genetic markers to 
assess genetic characteristics. However, rapid progress in high-throughput sequencing 
technologies has provided enormous genetic information for various organisms at a 
lower cost than previous methods. The decrease in sequencing costs has occurred at a 
much quicker rate than expected according to Moore’s law (Fig. 1-1). 
    An advantage of these new technologies is the ease in generating thousands of 
genetic markers with a greater number of sequence polymorphisms across a genome 
(Baird et al. 2008; Davey et al. 2011). Genome-wide markers have successfully revealed 
spatial genetic structures, phylogenies, and linkage maps that could not have been 
obtained using a handful of neutral markers (e.g., Emerson et al. 2010; Hohenlohe et al. 
2012; Wagner et al. 2012; Catchen et al. 2013). These markers have additionally 
detected precise or candidate genetic regions subject to selection using genome 
scanning or comparative genomic analysis (e.g., Hohenlohe et al. 2010; Therkildsen et 
al. 2013; Baute et al. 2015). A breakthrough in genomics has further facilitated genome 
sequencing, even in various non-model organisms (Ellegren 2014). Whole-genome 
sequences have allowed the identification of locations on chromosomes and the 
biological functions of genome-wide markers (Hohenlohe et al. 2012; Orsini et al. 2012; 
Baute et al. 2015). Population genomic studies using genome-wide markers and 
genome sequences are expected to reveal the mechanisms of adaptation and speciation, 
and thus greatly advance evolutional and conservation biology. 
 

1.3.  Metabarcoding of fungal species 
 
DNA barcoding, which can identify a taxon via sequencing standardized DNA regions, 
is a powerful tool for species identification. Metabarcoding is an extensive DNA 
barcoding to simultaneously identify multiple species contained in an environmental 
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sample (Valentini et al. 2009). Ecologists have applied meta-barcoding to reveal the 
species richness and composition in various environmental samples including soil 
(Peay et al. 2010; Toju et al. 2013), water (DeLong et al. 2006; Brown et al. 2009), animal 
feces (Taberlet et al. 2007; Ando et al. 2013), plant tissues (Jumpponen and Jones 2009; 
Redford et al. 2010; Bulgarelli et al. 2012), and permafrost sediment (Willerslev et al. 
2003; Willerslev et al. 2007). By selecting DNA regions to sequence, the taxa and the 
resolutions of community data can be optimized (Valentini et al. 2009; Toju et al. 2012). 
The methodology and efficiency of metabarcoding have been rapidly advanced by the 
introduction of high-throughput sequencers and required bioinformatics tools or DNA 
databases have been accordingly increased (Edgar et al. 2011; Li et al. 2012; Koljalg et al. 
2013). 
    Fungi, which play key roles in the ecosystems and harbor valuable organic matter, 
have typically been described based on evidence from culture mediums; thus, species 
that cannot be cultured or collected are difficult to identify. In other words, 
unrecognized species, some of which may provide useful bioresources, likely remain 
within the fungi kingdom. Metabarcoding can be utilized to provide a 
comprehensively inventory of fungal species in an environmental sample, including 
visible or uncultivable species. Metabarcoding of fungi has effectively revealed the 
community structures or the interactions between fungi and host plants that have 
never been addressed using the conventional methods (Toju et al. 2013). 
 

1.4.  Study systems 
 
1.4.1.  Ecological genomics of tree populations on oceanic islands  
 
As the so-called “living laboratories of evolution,” islands are ideal ecosystems for 
ecological and evolutionary studies (Whittaker and Fernandez-Palacios 2007). Because 
of biogeographic isolation, most of the available ecological niches are released, and 
only a limited number of organisms are able to access these isolated locations. 
Consequently, a single lineage can acquire a wide range of ecological niches without 
competitors or enemies that appear on continents. Such an adaptive diversification is 
well known by the adaptive radiations of Darwin’s finches on the Galapagos Islands 
(Grant and Grant 2002) or Hawaiian honeycreepers (Lerner et al. 2011). The small land 
area is an additional feature affecting evolution on islands. Small population sizes 
enhance genetic drift, by which allelic compositions can accidentally alter, even under 
conditions of random mating in a population, thereby facilitating more rapid evolution 
on islands than on continents. The obvious and rapid evolution observed on islands is 
often unique, resulting in high endemism. These characteristics of insular evolution 
provide advantages for studying adaptive processes of a single lineage. 
    The Hawaiian archipelago, which is located approximately 4,000 km from the 
nearest continent, is the most typical of the oceanic islands. This archipelago possesses 
drastic environmental gradients: elevations rise to >4,000 m above sea level, and the 
mean annual temperature and precipitation range from 5 to 25°C and from 250 to 
11,000 mm, respectively (Price 2004). Because of the continuous activity of volcanoes, 
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the soil ages within the archipelago also vary (Vitousek 1992; Kitayama & 
Mueller-Dombois 1995). As a consequence of the nature of island ecosystems, a limited 
number of species comprise the flora of the Hawaiian Islands, resulting in disharmonic 
biomes with low diversity (Carlquist 1980). A species occupying a wide range of 
ecological niches in the Hawaiian Islands is ideal for study of intraspecies genomic 
diversifications, which possess evidence and trajectories of adaptive evolution of a 
single lineage. 
    Metrosideros polymorpha Gaud. (Myrtaceae), a tree species endemic to the Hawaiian 
Islands, is one such species. It grows from sea level to alpine timberline and comprises 
early-successional vegetation on new lava flows as well as climax forests on mature 
substrates (Fig. 1-2a; Stemmermann 1983; Joel et al. 1994; Kitayama & 
Mueller-Dombois 1995; Cordell et al. 1998). The phenotype, particularly leaf size, the 
amount of trichomes on the leaf surfaces, and tree height are extremely variable across 
populations (Fig. 1-2b; Stemmermann 1983; Vitousek 1992; Kitayama et al. 1997). The 
leaf traits represented by leaf area, leaf mass per area, and trichome mass per area were 
highly predictable as a function of temperature, precipitation and lava age (Tsujii et al. 
2015). Additionally, a similar magnitude of the variation in leaf traits was also 
observed in the common garden (Cordell et al. 1998; Martin et al. 2007; Tsujii et al. 
2015), suggesting that the phenotypic variations observed in the field are based on 
genetic differentiations. Physiological functions were different in accordance with leaf 
morphologies (Hoof et al. 2008), suggesting that the variations in leaf traits of this 
species could be adaptive consequences. 
    The previous population genetics studies targeting M. polymorpha revealed the 
significant genetic differentiation among populations in accordance with leaf 
morphologies or ecological niches (Harbaugh et al. 2009; DeBoer & Stacy 2013; Stacy et 
al. 2014). However, the small number of genetic markers used in previous studies 
captured insufficient genetic information per individual, and consequently three major 
knowledge gaps remain: (1) the genetic bases underlying environmental adaptation; 
(2) the population genetic structures at the individual level, and; (3) the demographic 
history. A large number of genetic markers extracted throughout the genome are 
promising to address these questions. 
 
1.4.2.  Conservation genetics of tree populations in tropical rain forests 
 
Southeast Asia is recognized as one of the major biodiversity hotspots on Earth (Myers 
et al. 2000; Fisher et al. 2011b). This region harbors one of the highest species richness 
and endemism on Earth (Sodhi et al. 2004). In Sundaland, which covers the island of 
Borneo, Sumatra, Java and the southern Malay peninsula, 25,000 vascular plant species 
including 15,000 endemic species (5.0% of the 300,000 global vascular plant species) 
and 1,800 vertebrate species including 701 endemic species (2.6% of the 27,298 global 
vertebrate species) are reported (Myers et al. 2000). This high biodiversity faces greater 
threats than any other tropical region (Laurance 2007; Bradshaw et al. 2009), primarily 
because of unsustainable logging and burning of forests for agricultural land (Kettle et 
al. 2010). To prevent further loss of biodiversity and resources, the establishment of 
appropriate and sustainable forest management is an urgent requirement. 
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    Although primary forests are irreplaceable ecosystems (Gibson et al. 2011), 
degraded forests, such as selectively logged forests, also provide habitats for numerous 
bird and insect species (Edwards et al. 2011), most of which are lost once forests are 
converted into intensive monoculture plantations, such as oil palm plantations (Koh 
and Welcome 2008). These degraded forests additionally contribute to carbon storage 
(Berry et al. 2010). In Southeast Asia, 70% of the original primary forests have already 
been lost and secondary forests cover more land area than primary forests (Wilcove et 
al. 2013), indicating that the success of the conservation of biodiversity and carbon 
stocks in Southeast Asia largely depends on the management of the secondary forests. 
Nonetheless, the secondary forests cover has decreased at even a more rapid speed 
than that of primary forests; the areas of secondary and primary forests have reduced 
at rate of 0.67% and 0.35% per year, respectively (FAO 2010). Therefore, the sustainable 
use of secondary forests should be urgently established. Enrichment planting, which 
introduces timber species into secondary forests, is one of the management strategies 
adopted in some tropical regions (Paquette et al. 2009). The natural regeneration on 
existing understory contributes to maintaining native biota, including local plants and 
associated insects, animals, birds, and microorganisms. This also increases the value of 
secondary forests as resources. Thus, this strategy could be effective for preventing 
further deforestation and loss of biodiversity (Dalle et al. 2006). 
    Several genetic aspects should be taken into account for the sustainability of the 
forest stands when establishing plantations, including enrichment plantings (Fig. 1-3). 
One of the concerns is species selection. Native tree species are recognized to adapt to 
the local biotic and abiotic environment; therefore, they are expected to establish over a 
long-term and contribute to the maintenance of associated native biodiversity and 
ecosystem services at a landscape scale (Tang et al. 2007), and should therefore be 
favored over exotic species. However, in Southeast Asia, non-native tree species 
including Acacia, Pinus, and Eucalyptus are often used within plantations (Harwood 
and Nambiar 2014). The sources of planting materials are also important. Ideally, the 
sources should originate from a forest as near as possible to the target plantation 
stands. Generally, local adaptations or genetic differentiation occur within a tree 
species (González-Martínez et al. 2006). By planting appropriate materials that are 
closely related to the native populations and adapted to the plantation sites, we can 
increase the survivorship and growth of the planted trees (Thomas et al. 2014) and 
prevent genetic pollution of surrounding natural forests through gene flow (Aitken et 
al. 2008; Millar et al. 2012). Moreover, the planted materials should harbor genetic 
diversity within stands as populations with low genetic diversity may cause 
inbreeding depression, which reduces fitness and decrease population size (Reed and 
Frankham 2003). Genetic bottlenecks that lower the original genetic diversity in 
planted populations should be avoided by choosing appropriate planting practices 
(Kettle et al. 2008; Li et al. 2012). All of these genetic characteristics could critically 
influence the productivity and ecosystem functioning of plantation stands. 
    Recently, an intensive enrichment planting of dipterocarp trees has been adopted 
in Indonesia (see Chapter 4 for details). Because the family Dipterocarpaceae 
constitutes the core of biodiversity and is faced with heavy exploitation in the 
Southeast Asian tropical rainforests, enrichment planting of native dipterocarp trees is 
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a valuable policy. Although this policy has already adopted optimized planting 
techniques (Ministry of Forestry 2005), the genetic concerns of the planted trees have 
not been evaluated. Besides the genetic characteristics of the planted dipterocarp trees, 
the associating microbes can also affect the sustainability or ecological value of the 
plantations. Because microbes have significant harmful and beneficial relationships 
between plant species, the spatial structures of microbe communities in stands would 
be informative for predicting the expansion of pests and improve plantation 
management. In addition, the comprehensive investigation of fungal species 
associating with native dipterocarp trees would contribute to the construction of an 
inventory of fungal species, which is currently extremely insufficient for the Southeast 
Asian tropical rainforests (Hawksworth 2012). 
 

1.5.  Objectives and outline of this thesis 
 
In this thesis, I aimed to: (1) reveal the genetic bases underlying environmental 
adaptation of tree species at the genome level and; (2) derive the genetic implications 
for sustainable conservation of tropical forests.  
    In Chapter 2, whole genome of M. polymorpha was sequenced and assembled to 
provide a permanent genome resource that can be widely used in ecological and 
comparative genomic studies. Based on the whole genome sequence, a genome-wide 
heterozygosity, which reflect the extent of gene flow of a species, was measured and 
the historical changes in effective population sizes were inferred. 
    In Chapter 3, genomic differentiations and their drivers were investigated in M. 
polymorpha populations occupying a wide range of ecological niches. Thousands of 
polymorphic DNA markers and a draft genome sequence provided in Chapter 2 were 
used to reveal the population genetic structure at an individual level and to detect 
outlier loci, which show non-neutral differentiation patterns and may have key roles in 
adaptation to various environments. Additionally, the effect of geography and 
environment on population differentiation at outlier and genome-wide loci was 
evaluated. 
    In Chapter 4, the genetic diversity of planted dipterocarp trees in Central 
Kalimantan, Indonesia was compared with that of the natural populations in the same 
region. Here the question whether the current method for planting dipterocarp trees in 
the region is adequate to maintain genetic diversity and to avoid genetic differentiation 
from the surrounding natural forest was addressed. 
    In Chapter 5, using massively parallel high throughput sequencing the diversity 
and spatial variability of phyllosphere fungal communities in the dipterocarp 
plantations were characterized.  
    Finally, in Chapter 6, I have discussed the environmental adaptations of M. 
polymorpha and the conservation of dipterocarp tree populations in the Southeast Asian 
tropical rainforests in light of population genetics. Moreover, I provided perspectives 
for ecological and conservation genomics.  
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Figures 
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Fig. 1-1 
Rapid decline in sequencing costs from 2001 to 2015. Note the y-axis is on a logarithmic 
scale. The grey line indicates the hypothetical data reflecting Moore's Law, which 
describes the doubling of central processing unit (CPU) power of computers every 
approximately 2 years. The original data were downloaded from the National Human 
Genome Research Institute (NHGRI) (http://www.genome.gov/sequencingcosts/). 
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Fig. 1-2 
(a) Various ecological habitats of Metrosideros polymorpha. (b) Remarkable variations in 
leaf morphology such as size, shape and color (reflecting presence or absence of 
trichome) of M. polymorpha. The abaxial side is shown for all leaves. An AA battery is 
included as a scale (June 2013, the island of Hawaii). 
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Fig. 1-3 
Enrichment planting of dipterocarp trees (Shorea leprosula) conducted in Indonesia 
(January 2011, Central Kalimantan). 
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Fig. 1-4 
Diverse fungi observed on the leaves of Shorea leprosula (January 2011, Central 
Kalimantan). 
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2 
Genome sequencing of Metrosideros 

polymorpha 
 
 
 

2.1.  Introduction 
 
Whole genome sequences of various plant species have provided marked information 
to biological research (Michael and Jackson 2013). By identifying every gene and its 
biological function harbored in a species, evolutionary events at the genome scale have 
been revealed, such as whole genome duplications (D’Hont et al. 2014; The Tomato 
Genome Consortium 2012; Kim et al. 2014; Akama et al. 2014), diversifications in 
genome size (Vu et al. 2015), diversification of body plan (Rensing et al. 2008; Banks et 
al. 2011), and changes in reproductive systems (Slotte et al. 2013). It is also known that 
genome-wide polymorphism, even in an individual genome, can demonstrate 
population genetic parameters. Genome-wide heterozygosity (the frequency of 
heterozygous nucleotide sites out of all nucleotide sites) reflects the degree of 
outcrossing, which is one of the most important indices in population/conservation 
genetics (Hartl and Clark 2007). By comparing the time to most recent common 
ancestor (TMRCA) between two alleles on heterozygous nucleotide sites throughout 
individual genome sequences, the changes in effective population size in the past can 
be inferred (Li and Durbin 2011). This fundamental and genome-wide information can 
be obtained even in non-model organisms using high-throughput sequencing 
technologies (Ellegren 2014). 
    Genome resources of M. polymorpha can address questions regarding how and 
when this species acquired various ecological niches. For example, genome-wide 
association studies (McKown et al. 2014; Slavov et al. 2014) or genome scanning (Foll 
and Gaggiotti 2008) are useful in detecting genes relating to phenotypic variations and 
assuming key roles in environmental adaptations. Although these approaches can be 
performed without reference genome sequences, a reference genome is required to 
reveal the biological functions of the adaptive loci (Hohenlohe et al. 2012). Besides the 
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adaptive loci, neutral variants across a genome are also essential means to address 
these questions. Population genomics with genome-wide variants, even if the variants 
are detected within individual genome sequences, can estimate the genomic 
divergence within a species in time and space as well as the required time scale and 
environmental factors for the ecological divergence (Brandvain et al. 2014; Halley et al. 
2014; Wu et al. 2014; Fitak et al. 2015; Meyer et al. 2015). Genome sequences of this 
species can also be used for studies targeting other Metrosideros species, which are 
broadly distributed around Pacific Ocean (Wright et al. 2000). Phylogeography of the 
genus Metrosideros or ecological genomics of other related species could provide 
insights not only about the origin of M. polymorpha but also the speciation or adaptive 
dynamics of this genus. 
    In the present study, a draft genome of M. polymorpha as a genome resource 
widely used in intra- and interspecies genomic studies to facilitate our knowledge 
about genetic mechanisms of ecological divergences is reported. De novo genome 
sequences of a wild M. polymorpha plant individual were assembled, genome-wide 
heterozygosity was measured, and historical changes in effective population sizes of 
this species were estimated. 
 

2.2.  Materials and methods 
 
2.2.1.  Plant material and estimation of genome size 
  
Mature leaves were collected from one individual tree growing in the eastern frank of 
Mauna Loa, the island of Hawaii (700 m above sea level on a 3000 year-old lava flow). 
The chromosome number of this species is 2n = 22 (Carr 1978). Before genome 
sequencing, the genome size was estimated by flow cytometry. Approximately 25 mm2 
of fresh leaves were chopped with a steel razor blade in 300 µl of extraction buffer 
(Partec, Görlitz, Germany) to extract intact nuclei. After filtering through a CellTrics 
disposable filter (30 µm; Partec), more than three volumes of staining solution (Partec) 
was added to the solution and then incubated for 10 min. Eucalyptus globulus (1C = 0.62 
pg; Praça et al. 2009; http://www.rbgkew.org.uk/cval/homepage.html) was used as a 
standard. Eucalyptus was the closest genus to M. polymorpha among genera whose 
genomes have been completely sequenced (Myburg et al. 2014). A total of three 
mixtures were prepared, each of which contained equal volumes of M. polymorpha and 
standard E. globulus samples, and were independently analyzed using CyStain UV 
precise P (Partec). The absolute DNA amount of M. polymorpha was calculated based 
on the average relative fluorescence intensity versus E. globulus. 
 
2.2.2.  Library construction and sequencing 
 
Short read libraries (200-b and 500-b inserts) and mate pair libraries (3-kb, 4-kb, 5-kb, 
7-kb, 10-kb, 12-kb, 15-kb, 20 -kb and 24 -kb inserts) were constructed.  
    For the short read library, DNA was extracted with the CTAB method (Murray 
and Thompson 1980); briefly, dried leaf tissues (20 mg) were crushed into a powder 
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with TissueLyser II (QIAGEN, Netherlands); then, 800 µl of 2 × CTAB buffer, which 
contained 2% CTAB, 20-mM EDTA, 100-mM Tris-HCl (pH 8.0), 2% PVP, 5-mM 
L-ascorbic acid, 1.42-M NaCl, 4-mM Sodium diethyldithiocarbamate trihydrate and 
0.5% 2-mercaptoethanol, was added. The solution was incubated for 15 min at 65°C. 
After one volume of chloroform/isoamyl alcohol (CIA) was added, the solution was 
mixed for 5 min and then centrifuged for 3 min at 13,000 × g. The aqueous phase was 
transferred into a new tube and the nucleic acids were precipitated with 3/4 volume of 
100% isopropyl alcohol and washed with cold 70% ethanol. After drying, the pellet 
was resuspended into TE.  
    Two short insertion libraries (200-b and 500-b inserts) were constructed using the 
NEB Next Ultra DNA Library Prep for Illumina (New England Biolabs, MA, USA). 
Briefly, for each library, 150 ng of DNA was sonicated with the Covaris (Covaris, Inc., 
MA, USA) using settings specific to the desired fragment size. The fragmented DNA 
samples were end-repaired and then ligated to adapters with the code 
(5'—AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT
CCGATCT—3'). After the DNA libraries were size selected using Agencourt AMPure 
XP (Beckman Coulter Inc., CA, USA), fragments containing adapters on both ends 
were selectively enriched using the polymerase chain reaction (PCR). The quantity and 
quality of the enriched libraries were validated using Qubit dsDNA HS Assay Kit 
(Thermo Fisher Scientific K.K., MA, USA) with Qubit 1.0 Fluorometer (Thermo Fisher 
Scientific K.K., MA, USA) and the Caliper GX LabChip GX (Caliper Life Sciences, Inc., 
MA, USA). Each short insertion library was sequenced in one lane of HiSeq2500 
(Illumina) with 100-bp paired-end sequencing technology. 
    For the mate pair library, high molecular weight DNA was prepared according to 
the CTAB method described by Murray and Thompson (1980) with minor 
modifications. Frozen leaf tissues (4 g) were crushed into a powder with Shake Master 
NEO (BMS). Furthermore, 20 ml of prewarmed 2 × CTAB buffer, which contained 2% 
CTAB, 1.4-M NaCl, 100-mM Tris-HCl (pH 8.0), 20-mM EDTA, 1% PVP, and 0.5% 
2-mercaptoethanol, was added to the tissues, and the solution was incubated for 30 
min at 65°C. After one volume of CIA was added, the solution was slowly mixed for 10 
min and then centrifuged for 30 min at 9,100  ×g. The aqueous phase was transferred 
into a new tube and 1/10 volume of 10% CTAB was added. After one volume of CIA 
was added, the solution was mixed slowly for 10 min and then centrifuged for 30 min 
at 9,100 xg. The aqueous phase was transferred into a new tube and 3 volume of CTAB 
precipitation buffer, which contained 1% CTAB, 50 mM Tris-HCl (pH 8.0) and 10 mM 
EDTA, was added. After 30 min of centrifugation at 9,100 xg, the supernatant was 
discarded. The precipitate dissolved into 2.5 ml of 1M NaCl-TE was precipitated with 5 
ml of 100% ethanol and washed with 2.5 ml of 70% ethanol. The pellet was air-dried 
and resuspended into TE. The nucleic acids were purified with RNaseA (QIAGEN, 
Netherlands) and QIAGEN Genomic-tip 20/G (QIAGEN, Netherlands).  
    Mate pair libraries were constructed mostly according to the instruction of 
Nextera Mate Pair Sample Preparation Kit Illumina, CA, USA) in combination with 
KAPA Hyper Prep kit (KAPA Biosystems, MA, USA). The high molecular weight 
DNA was fragmented with Nextera transposons (Nextera Mate Pair Sample 
Preparation Kit, Illumina, CA, USA), and then, the resulting fragments were size 
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selected at nine levels (3–4 kb, 4–5 kb, 5–7.5 kb, 7.5–10 kb, 10–12.5 kb, 12.5–15 kb, 15–20 
kb, 20–24.8 kb and 24.8–38.4 kb). The DNA fragments in each library were circularized 
under 30°C for 17 hours. The circularized fragments were sheared using Covaris S2 
(Covaris, Inc., MA, USA) with T6 tubes (70 sec, 6°C), and then the fragments that 
contained the biotinylated junction adapter were purified with Dynabeads M-280 
streptavidin magnetic beads (Thermo Fisher Scientific K.K., MA, USA). The mate pair 
fragments were end-repaired, A-tailed, and ligated to illumina index adapters (Table 1). 
The concentration of each index adapter was adjusted in accordance with the molarity 
of each mate pair fragment library (Table 1). The libraries were quantified with the 
KAPA Library Quantification Kit (KAPA Biosystems, MA, USA) and enriched with 
PCR using a KAPA Hyper Prep Kit (KAPA Biosystems, MA, USA), for which the 
number of PCR cycles was determined according to the determined concentration so 
that the final concentration would be more than 2 nM. The quantity and size 
distribution of the libraries were validated with quantitative PCR using KAPA Library 
Quantification Kit (KAPA Biosystems, MA, USA) and TapeStation 2200 using High 
Sensitivity D1000 Kit (Agilent Technologies, CA, USA). The barcoded nine mate pair 
read libraries were pooled and sequenced in one lane of HiSeq2500 (Illumina) with 
125-bp paired-end sequencing technology. 
  
2.2.3.  De novo assembly 
 
2.2.3.1.  1st draft genome 
 
Before conducting the de novo assembly, I trimmed low quality bases and adapter 
sequences from the raw sequence data. For the two short insertion libraries, raw reads 
were mapped against the PhiX genome sequence 
(ftp://igenome:G3nom3s4u@ussd-ftp.illumina.com/PhiX/Illumina/RTA/PhiX_Illumina_
RTA.tar.gz; accessed September 16th, 2015) using Bowtie2 (ver. 2.2.1; Langmead and 
Salzberg 2012) and the unmapped sequences were used for the subsequent analysis. 
The adapter sequences and the bases with low quality were trimmed using 
Trimmomatic (ver. 0.30; Bolger et al. 2014).  
    The frequency of unique k-mer (k = 21–91 in 10-bp increments) was counted in the 
quality-filtered reads of the two short insertion libraries using KmerGenie (Chikhi and 
Medvedev 2013). KmerGenie estimates the frequency distributions of genomic k-mers, 
which were distinguished from k-mers derived by sequencing errors. Therefore, the 
k-mer size that found the most abundant unique genomic k-mer fragments was 
determined as the optimal k-mer length required for de Bruijn graph assembly. The 
total number of unique genomic k-mer fragments at the optimal k was regarded as the 
estimated genome size. KmerGenie algorithm further divides the frequency 
distributions of genomic k-mers into those of homozygous and heterozygous k-mers; 
therefore, the heterozygosity of this species was estimated with the peak patterns of 
the frequency distributions.  
    De novo assembly was conducted using Platanus (ver. 1.2.1; Kajitani et al. 2014) 
with a k-mer of 51, which was inferred by KmerGenie (Chikhi & Medvedev 2013). 
Gene predictions were conducted on the assembled scaffolds using AUGUSTUS (ver 
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2.7; Stanke et al. 2004) with Arabidopsis thaliana genome (TAIR10) as a reference. 
 
2.2.3.2.  2nd draft genome 
 
In the 2nd assembly, for the nine mate pair libraries, the sequences derived from 
Nextera transposase, adapter sequences, and bases with low quality were trimmed 
using Trimmomatic (ver. 0.33). 
    The duplicate reads possibly derived by PCR amplification, which could affect 
scaffolding results (Xu et al. 2012), were identified and removed with FastUniq (ver. 
1.1; Xu et al. 2012) for each library. The retained reads were assembled using Platanus 
(ver. 1.2.1; Kajitani et al. 2014) with a starting k-mer of 51 and extended to k-mer of 84. 
The completeness of the assembly was evaluated using CEGMA (ver. 2.5; Parra et al. 
2007, 2009), which annotates the highly conserved core eukaryotic genes (CEGs) in 
assembled sequences. To evaluate the insertion sizes in the 11 libraries, the original 
reads used for de novo assembly were mapped on the assembled sequences using BWA 
(ver. 0.7.12-r1039; Li and Durbin 2009), and the distances between the paired reads was 
surveyed using Picard (ver. 1.140; http://broadinstitute.github.io/picard/).  
    Repeat regions were identified and masked by referring to the A. thaliana repeat 
database using RepeatMasker (ver. 4.0.5; Smit et al. 2013). Gene predictions were 
performed on the repeat masked scaffolds using Augustus (ver. 3.2.0; Stanke et al. 
2004). An ab initio gene prediction with the A. thaliana genome (TAIR10) was 
performed as a reference and then improved the annotations with RNA-seq data 
(obtained in Appendix S1) as a hint. To evaluate the accuracy of the gene predictions, 
the number of RNA-seq reads (Appendix S1) mapped on exons were counted using 
HTseq (ver. 0.6.1; Anders et al. 2014). Furthermore, the percentage of CEGs among the 
annotated transcripts was surveyed using CEGMA (ver. 2.5). 
 
2.2.4.  Polymorphism identification and demographic analysis 
 
SNP sites on the assembled scaffolds were identified according to Fitak et al. (2015). 
The 200-bp paired-end reads to the repeat-masked scaffolds were aligned using the 
BWA-MEM algorithm (ver. 0.7.12-r1039; Li and Durbin 2009), only properly paired 
and unambiguously mapped reads were extracted using Samtools (ver. 1.2; Li et al. 
2009), and duplicated reads were removed using Picard (ver. 1.140). The depth of the 
alignment was evaluated using BamTools (ver. 2.4.0; Barnett et al. 2011). SNPs were 
identified using two independent software tools: Samtools (ver. 1.2; Li et al. 2009) and 
Platypus (ver. 0.8.1; Rimmer et al. 2014). The consensus sites between the two methods 
were used for subsequent analysis (Baes et al. 2014). Bi-allelic SNPs were further 
extracted with a phred-scaled quality score of ≥20 and a depth from 1/3 to twice the 
mean depth. To determine the genome-wide heterozygosity, SNP densities within 
non-overlapping 1-kb windows were calculated using Vcftools (ver. 0.1.14; Danecek et 
al. 2011).  
    The past changes in effective population size of M. polymorpha were inferred from 
the genome sequences using the pairwise sequentially Markovian coalescent (PSMC) 
model (ver. 0.6.5-r67; Li and Durbin 2011). PSMC estimates TMRCA of two alleles 
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throughout individual diploid genome sequences and effective population size at a 
given time based on the distribution of TMRCAs. The scaffold sequences with SNP 
sites that were identified and filtered as mentioned above were used, and the presence 
or absence of heterozygous SNP sites over non-overlapping 100-bp windows were 
summarized. PSMC runs were performed for 30 iterations with settings as follows: 
maximum 2N0 coalescent time (t) = 15, initial recombination/mutation rate (r) = 4, 
division of estimation (p) = “1*2+2*1+25*2+1*4+1*6”. The variability of the PSMC 
estimations was evaluated by 100 bootstrapping analyses. The scaled mutation rate (θ) 
was plotted based on the pairwise sequence differences (d) (Prado-Martinez  et al. 
2013). The parameters were scaled under the assumptions of a generation time (g) of 30 
years and a mutation rate (µ) of 7.1 ×10−9 ± 0.7 ×10−9 per generation per site (Arabidopsis 
thaliana; Ossowski et al. 2010); the effective population size and the time were 
represented by θ/(4µ) and d/(2µ/g), respectively.  
 

2.3.  Results 
 
2.3.1.  Genome size estimated by flow cytometry 
 
T he average relative fluorescence intensity in M. polymorpha versus E. globulus was 
0.57 ± 0.01. Because the DNA amount in a haploid chromosome of E. globulus is 0.62 pg 
(Praça et al. 2009), the DNA amount in M. polymorpha was calculated to be 0.36 ± 0.01 
pg per chromosome. According to the report from Doležel et al. (2003) showing that 1 
pg DNA = 0.978 × 109 bp, the genome size of this species was estimated to be 347.3 ± 7.2 
Mb. 
 
2.3.2.  Sequencing and assembly 
 
2.3.2.1.  1st draft genome 
 
In total, 203,300,721 and 133,575,168 pairs of reads were kept for the 200- and 500-bp 
libraries, respectively (Table 2-1). De novo assembly based on a total of 336,875,889 
pairs of reads resulted in a total of 60,163 scaffolds (Fig. 2-1). The total scaffold length, 
including gaps, was 285.5 M base, and the N50 scaffold size, including gaps, was 
43,614 bases. The smallest and largest scaffolds were 500 and 273,848 bases, 
respectively. On the 15,333 of the 60,163 scaffolds, 54,416 putative genes were 
predicted. 
 
2.3.2.2.  2nd draft genome 
 
Totally, 356,076,785 and 195,467,842 raw reads for the short insertion and mate pair 
libraries, respectively, were obtained (Table 1; DDBJ accessions DRA004245 and 
DRA004246). After quality filtering, 336,875,889 reads (94.6%) from the two short 
insertion libraries and 143,669,563 reads (73.5%) from the mate pair libraries were 
retained (Table 1). The k-mer frequency distributions at different k-mer sizes showed 
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the greatest number of unique k-mers in the trimmed short insertion reads at k = 91 
with a local maximum at k = 51 (Figure S1a). At k = 91, the estimated genome size was 
300,148,157 bases. Owing to the fact that unique k-mers found at k = 91 may include 
those derived from sequence errors, a starting k-mer of 51 was set in the subsequent de 
novo assembly. At every k (k = 21–91 in 10-bp increments), similar heights of peaks 
were found in homozygous- and heterozygous-derived k-mer frequency distributions, 
indicating a high heterozygosity in this plant individual (Figure S1b for k = 51). The 
removal of PCR duplicates resulted in a total of >93 giga bases (Gb) composed of 
311,767,203 reads (87.6% of the raw reads) and 124,112,642 reads (63.5% of the raw 
reads) from the short insertion and mate pair libraries, respectively (Table 1).  
    The assembled genome sequences of M. polymorpha represented a total of 
304,366,837 bases, with half of the assembly covered by 19 scaffolds more than 5 Mb in 
length (Table 2; Figure 1; DDBJ accession BCNH01000001–BCNH01036376). Each of the 
55,346 contigs on the 36,376 scaffolds was assembled from an average of 176.2-fold 
coverage of reads (i.e., depth) (Table 2). Of the 248 most highly conserved CEGs, 
89.52 % were found in the assembly. An average of 69.0% (range: 56.6–95.1%) of the 
original reads were mapped in proper pair on the assembled scaffolds (Table 1). In 
each library, the insertion sizes that were calculated based on the alignments of 
original reads on the assembled scaffolds mostly agreed with their nominal sizes, 
except for the library of paired-end 500 bp (Figure S2). The assembled scaffolds 
contained 4.14% of repetitive regions. The gene prediction on the repeat masked 
scaffolds based on the A. thaliana genome and RNA-seq data (Appendix S1) predicted a 
total of 39,305 genes containing 41,874 transcripts. Of the 10,454,613 reads counted by 
HTseq, 9,006,495 reads (86.1%) were mapped on exons. The 41,874 transcripts included 
96.37% of the 248 most highly conserved CEGs. 
 
2.3.3.  Polymorphism identification and demographic analysis 
 
Heterozygous sites based on the alignment of original short reads to the assembled 
genome sequences were identified. Of the 395,624,376 reads obtained from the 200-bp 
paired-end library, 351,782,023 reads (88.9%) were mapped on the repeat masked 
scaffolds. The mean coverage across the scaffolds was 113.6 folds. In total, 847,078 
SNPs with a quality score of ≥20 and a depth between 38 and 226 were identified. The 
mean heterozygosity across the genome was estimated to be 2.839 × 10−3 using this 
method. 
    The historical changes in the effective population size of this species were 
estimated using the PSMC model (Figure 2). The effective population size slightly 
decreased around the time of d = 2 × 10−3 and monotonically increased until the time of 
d = 2 × 10−4 followed by a decline until the time of d = 5 × 10−5 (Figure 2). The 
bootstrapping analyses showed consistent demographic patterns, although larger 
variances were found in the estimation after the time of d = 5 × 10−4 (Figure 2). 
 

2.4.  Discussion 
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The genome sequences of M. polymorpha have been assembled using a total of >93 Gb 
obtained from two short insertion and nine mate pair libraries (Table 1). The assembled 
genome represented 304 Mb in total length (Table 2), which was 101% and 88% of the 
genome size estimated with k-mer frequency distribution (300 Mb) and flow cytometry 
(347 Mb), respectively. Of the 248 highly conserved CEGs, 96.4% were identified in the 
annotated transcripts. Therefore, my assembly almost completely identified the whole 
genome of this species. The assembly statistics indicated that my genome sequences 
were of high quality and contained a small fraction of artificial assembly, i.e., an N50 
length of ≥5 Mb, an average contig depth of 176 folds, and a mapping rate of original 
reads of 85.9% (Table 2). Although the 500-bp paired-end library contained shorter 
fragments than expected, all the other libraries contained artificial fragments (Figure 
S2). Because an original database of repeat sequences specific to this species was not 
constructed, the fraction of repetitive regions found in the present genome was 
relatively smaller than in the other plant species (Michael and Jackson 2013). Based on 
the gene prediction utilizing the A. thaliana genome and RNA-seq data, the M. 
polymorpha genome encoded 39,305 putative protein-coding genes, which were slightly 
more than those encoded by Eucalyptus grandis (36,376 protein-coding genes; Myburg 
et al. 2014). These characteristics regarding gene components or genome structure of 
this species need to be validated by additional annotation analysis using alternative 
annotation software or homology-based annotation (Yandell and Ence 2012). 
    As expected from a k-mer frequency distribution (Figure S2), a considerable 
amount of heterozygosity was found in M. polymorpha, although the procedure used to 
identify heterozygosity was likely to be conservative; the mean frequency of 
heterozygous nucleotide sites across the genome was estimated to be 0.28%. This rate 
was similar to that of other outcrossing or dioecy plant species such as Populus 
trichocarpa (0.26%; Tuskan et al. 2006) and Phoenix dactylifera (0.46%; Al-Dous et al. 
2011), contrasting to the rates observed in self-fertilized or inbred plant genomes such 
as Carica papaya undergoing 25 generations of inbreeding (0.06%; Ming et al. 2008). The 
considerable heterozygosity found in the M. polymorpha genome corresponded with the 
reproductive characteristics. This species is recognized to be outcrossing with partial 
self-incompatibility having a low inbreeding coefficient (FIS) (Carpenter 1976; DeBoer 
and Stacy 2013; Shimizu and Tsuchimatsu 2015) and to harbor a high dispersal 
capacity characterized by wind-dispersed seeds and bird- and insect-pollinated pollens 
(Carpenter 1976; Drake 1992). Population genetic analyses have revealed that gene 
flows indeed occurred among populations as well as islands (Harbaugh et al. 2009). 
    The PSMC model based on the genome-wide polymorphism revealed changes in 
effective population size of this species (Figure 2). The results indicated three main 
demographic events in the past: a slight population shrink, following steady growth, 
and dramatic population decline (Figure 2). In assuming a mutation rate (µ) of 7.1 × 
10−9 per generation per site (Arabidopsis thaliana; Ossowski et al. 2010) and a generation 
time (g) of 30 years, the first population shrink likely occurred at 4 million YBP. This 
could represent a population bottleneck at the first arrival of this species to Kauai 
Island, which was formed approximately 4.7 million YBP (Price and Clague 2000). The 
following population growth could have occurred during the subsequent 3.5 million 
years and corresponds to continual formation of volcanic islands that could have 
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provided novel habitats to this species. These scenarios about the arrival and 
one-by-one expansion from older to younger islands of the species agree with the 
observation by Percy et al. (2008), in which the oldest and most diverse chloroplast 
haplotypes were found in Kauai and more derivative haplotypes were found in the 
younger islands. Factors underlying the third event of rapid population decline might 
include a larger oscillation in climate between glacial and interglacial periods during 
the last 1 million years, which could result in a the fluctuation in the inversion level or 
snowline (Gavenda 1992) and/or subsidences that decreased land area in each island 
since the time of land formation (Price and Clague 2000). Although different 
assumptions about mutation rate or generation time would date demographic events 
differently and the precise time for these demographic events is unavailable, the 
dramatic rise and fall of the population size in the past can be affirmed. 
    By setting my genome sequences as a starting point, the genome resource of this 
species should be further enriched to characterize the functions of any genome 
differences found within or among species (Michael and Jackson 2013). Enhancing 
insights about the adaptive processes of this species may include re-sequencing of 
additional individuals that grow in a different habitat from the present individual and 
thus harbor different ecological features. Comparative genomics among multiple 
individuals are expected to reveal genetic regions or traits subject to natural selection 
(Axelsson et al. 2013; Wu et al. 2014; Meyer et al. 2015) or genome-wide patterns of 
nucleotide variations associated with climates (Fischer et al. 2013; Kubota et al. 2015). 
These developments would provide valuable resources to reveal the genetic 
mechanisms underlying an ecological divergence. 
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Table 2-1  
Summary for the sequencing libraries of Metrosideros polymorpha 
 

  

Library 
name 

Sequence 
method 

Index 
sequence 

Adapter 
conc. 
(µM) 

Nominal 
insert 
size (nt) 

Read count   Mean depth 
per contig 
(fold) 

Mapped reads in 
proper pair (%) Raw data After quality 

filtering 
After PCR 
duplicates removal 

PE200 PE - - 200 211,790,654 203,300,721 197,812,188 87.23 95.1 
PE500 PE - - 500 144,286,131 133,575,168 113,955,015 49.68 92.3 
MP03 MP GCCAAT 0.75 3,000 53,001,052 39,480,821 34,342,702 11.82 67.3 
MP04 MP CTTGTA 0.75 4,000 28,131,255 20,110,668 15,735,145 5.15 64.6 
MP05 MP ACAGTG 1.50 5,000 45,988,172 33,509,763 30,042,658 10.08 65.1 
MP07 MP GTGAAA 1.50 7,000 27,461,166 20,342,232 16,570,918 5.70 64.8 
MP10 MP CGATGT 1.50 10,000 14,539,275 10,512,413 9,585,411 3.17 62.7 
MP12 MP ATGTCA 1.50 12,000 12,918,586 9,604,482 8,925,313 3.10 65.7 
MP15 MP CAGATC 3.00 15,000 8,355,884 6,438,467 5,829,528 2.05 65.3 
MP20 MP  TGACCA 1.50 20,000 3,712,677 2,668,468 2,244,634 0.73 59.6 
MP24 MP  ACTTGA 1.50 24,000 1,359,775 1,002,249 836,333 0.28 56.6 
Total     551,544,627 480,545,452 435,879,845 176.16 85.9 
Mean     50,140,421 43,685,950 39,625,440 16.27 69.0 
PE, 100 bp paired-end sequencing; MP, 125 bp mate-pair sequencing   
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Table 2-2 
Summary for the de novo assembly of Metrosideros 
polymorpha genome sequences 
 
Number of scaffolds 36,376 
Number of contigs 55,346 
Total number of bases of scaffolds (nt) 304,366,837 
Total number of base in contigs (nt) 294,061,642 
Scaffold N50 length (nt) 5,051,733 
Contig N50 length (nt) 31,875 
Number of scaffolds covering half of the 
assembly 19 
Minimum scaffold length (nt) 83 
Maximum scaffold length (nt) 15,115,857 
Mean scaffold length (nt) 8,367 
Percent of gaps (%) 3.4 
GC content (%) 40.0 
Repeat content (%) 4.1 
Number of putative genes 39,305 
Proportion of 248 CEGs (%) found in the 
assembly 89.5 
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Fig. 2-1  
Cumulative length of 1st (gray) and 2nd (bold black) draft genome of Metrosideros 
polymorpha. A red dashed vertical line indicates the number of chromosomes of this 
species (2n = 22). 
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Fig. 2-2  
Demographic history of Metrosideros polymorpha inferred from the genome-wide 
polymorphism based on the PSMC model. The lower x-axis indicates the pairwise 
sequence differences and left y-axis indicates the scaled mutation rate. The upper 
x-axis indicates the time scaled in years and right y-axis indicates the effective 
population size. The parameters were scaled using a mutation rate of 7.1 × 10−9 per 
generation per site (Arabidopsis thaliana; Ossowski et al. 2010) and a generation time of 
30 years. Thin lines indicate 100 bootstrapping analyses. 
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Fig. 2-S1 
K-mer frequency distribution in a Metrosideros polymorpah genome. (a) The number of 
unique genomic k-mers counted in each k-mer size (k = 21–91 in 10-bp increments). (b) 
K-mer frequency distribution at k = 51. Homozygous- and heterozygous-derived k-mer 
frequency distribution, which was fitted using the KmerGenie algorithm, is indicated 
with light blue and orange lines, respectively.   
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Fig. 2-S2  
Distribution of insertion sizes in each library. Except for the 500-bp paired-end library, 
libraries were constructed with few artifacts. Library names are shown in Table 1.   
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Appendix 2-S1  
Methods and summary results for the RNA sequencing conducted with a Metrosideros 
polymorpha plant individual. The obtained reads were used as a hint in the gene 
prediction on the assembled genome sequences. 
 
1. Plant materials 
 
Young leaf buds were collected from an Metrosideros polymorpha individual at 700 m 
above sea level on a 150 years old lava flow on the eastern frank of Mauna Loa. This 
plant individual is different from the one used for genome sequencing. The collected 
bud tissues were torn into small pieces and immediately stored in RNAlater (Qiagen) 
under −30°C until RNA extraction. 
 
2. RNA extraction 
 
The tissues were crushed into a powder in a micro tube with stainless beads 
(diameter = 5 mm and 3 mm). The tube was cooled off for 1 min in a freezer (−30°C) 
after every 30 s of crushing. 900 µl of 2 × CTAB buffer, which contained 2% CTAB, 
2.0-M NaCl, 100-mM Tris-HCl (pH 8.0), 25-mM EDTA, and 2% 2-mercaptoethanol, was 
added to the tube and the solution was incubated for 10 min at 65°C. After one volume 
of chloroform/isoamyl alcohol (CIA) was added, the solution was mixed for 5 min and 
then centrifuged for 10 min at 9,500 ×g. This procedure was repeated for the aqueous 
phase transferred into a new tube. The aqueous phase was transferred into a new tube, 
LiCl was added to be a final concentration of 2 M, and incubated at −20 °C for 16 hours. 
After spinning for 20 min at 9,500 ×g at 4°C, the supernatant was discarded. The 
precipitate was dissolved into 500 µl of STE buffer (65°C), which contained 10 mM of 
Tris-HCl (pH 8.0), 1-mM EDTA, and 2-M NaCl. After one volume of CIA was added, 
the solution was mixed for 5 min and then centrifuged for 15 min at 9,500 × g under 
4°C. The supernatant was precipitated with 1/5 volume of 5-M NaCl and 2.5 volumes 
of 100% ethanol at −20°C for 2 hours. Following spinning for 20 min at 9,500 ×g at 4°C, 
the supernatant was washed with 400 µl of 70% ethanol. The pellet was air-dried and 
resuspended into nuclease free water. 
 
3. Library construction and sequencing 
 
The sequencing library was prepared from 500 ng of total RNA using Illumina TruSeq 
Library preparation kit (Illumina) and normalized using the duplex-specific 
thermostable Nuclease (DSN) enzyme (Illumina). Poly (A)-containing mRNA 
molecules were extracted from total RNA using poly (T) oligo-attached magnetic 
beads; then, mRNA molecules were fragmented into small pieces using fragmentation 
reagent. From the fragmented mRNA, first-strand cDNA was synthesized using 
random hexamer-primed reverse transcription. This was followed by a second-strand 
cDNA synthesis using DNA polymerase I with dNTPs and RNaseH. The synthesized 
cDNA was purified, end-repaired, and added poly (A) to the 3´-end. The sequence 
adapters were ligated to the fragments. The ligation products were size selected with 
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TAE-agarose gel electrophoresis, and the desired fragments were amplified with PCR. 
Normalization treatment with DSN enzyme was performed for the obtained library. 
The quantity and quality of the final library was validated using an Agilent 2100 
Bioanalyzer and an ABI StepOnePlus Real-Time PCR System. The 200-bp insertion 
library was sequenced using Illumina HiSeq 2000 (Illumina, CA, USA) with 100-bp 
paired-end sequencing technology. This library construction and sequencing was 
conducted at Beijing Genomics Institute  
(Hong Kong, China).  
 
4. Quantity and quality of the obtained reads 
 
From the raw reads, adapter sequences were trimmed; reads with more than 10% of 
ambiguous bases and reads containing more than 50% of bases with a quality score less 
than 10 were removed using SOAPnuke developed by BGI. As a result, 5,505,887 clean 
reads with a mean Phred score of 38 were obtained (DDBJ accession DRX045362, 
DRR050356). 
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3 
The population genomics signature of 

environmental selection with gene flow in 
Metrosideros polymorpha 

 
 

3.1.  Introduction 
 
Spatial patterns of gene flow among populations have been attributed to two primary 
scenarios: isolation-by-distance (IBD) and isolation-by-environment (IBE). When 
geographically distant populations differentiate due to a decrease in gene flow, a 
significant positive correlation is observed between the genetic and geographic 
distances in populations (IBD model; Wight 1943). Gene flow can also be restricted by 
specific selective factors independent of geography, such as environment (IBE model; 
Sexton et al. 2014) and resource use (Nosil et al. 2008; Edelaar et al. 2012). Although 
geographic and environmental distances often correlate (Shafer & Wang 2013), recent 
improvements in statistics and easier acquisition of detailed environmental data enable 
us to discriminate IBE from IBD in spatial genetic structures (Bradburd et al. 2013). To 
date, as pointed out by Shafer and Wolf (2013), most studies testing the effect of 
geography and environment on spatial genetic structures have used a limited number 
of neutral loci (Mallet et al. 2014; DeWoody et al. 2015, but see Lexer et al. 2014; 
Manthey & Moyle 2015). Nonetheless, genetic differentiation can be variable across a 
genome (Nosil et al. 2008), and the factors underlying the differentiation among 
populations could be different among loci. Thus, the role of IBD and IBE in population 
differentiation should be evaluated at individual loci across a genome. 
    Population genetic studies targeting M. polymorpha have revealed significant 
genetic differentiation among populations in accordance with their ecological niches 
(Aradhya et al. 1993; Harbaugh et al. 2009; DeBoer & Stacy 2013; Stacy et al. 2014). 
However, the genetic evidences for these dramatic adaptations are insufficient for the 
following reasons. First, no selective genetic processes have been addressed in this 
species because the previous studies have focused on neutral genetic processes 
(Harbaugh et al. 2009; Stacy et al. 2014). Second, the genetic structures at the individual 
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level have not been revealed because of the large genetic variations within populations. 
If a large genetic admixture occurs within a population or a population has a complex 
colonization history, individual plants within the population can be assigned to 
different genetic groups; thus, gene flow can be revealed at an individual level rather 
than at a population level. The previous studies that used 9–10 microsatellite markers 
faced difficulties in inferring a spatial range of gene flow among individuals; the 
admixture proportions of the genetic clusters did not differ among individuals or 
populations such that rather homogenous spatial genetic structures across populations 
were detected (Harbaugh et al. 2009; Stacy et al. 2014). The small number of genetic 
markers used in these studies could account for these results, yielding poor genetic 
information per individual. To resolve these issues, the spatial genome structure 
considering genome-wide admixtures and adaptive loci should be investigated using 
genome-wide markers that can be annotated based on whole-genome sequences. 
    In the present study, I aimed to elucidate genome differentiation and its drivers in 
M. polymorpha occupying a wide range of ecological niches. Thousands of polymorphic 
DNA markers as well as a de novo draft genome sequence were used to (1) reveal the 
spatial genome structure at an individual level, (2) detect outlier loci, which show 
non-neutral differentiation patterns and may have key roles in adaptation to various 
environments, and (3) evaluate the effect of IBD and IBE on population differentiation 
at outlier and genome-wide loci. 
 

3.2.  Materials and methods 
 
3.2.1.  Population sampling 
 
In June 2013, leaves were collected from 72 M. polymorpha trees growing in the 
common garden at the Volcano Agriculture Station, University of Hawaii (Kitayama et 
al. 1997; Cordell et al. 1998). The 72 individuals were grown from the seeds of different 
mother trees collected from nine populations distributed at five elevations (150, 700, 
1,200, 1,800, and 2,400 m above sea level) and two lava flows (150 and 3,000 years old) 
on the east flank of Mauna Loa, the island of Hawaii (Table 3-1). The 72 samples 
covered a wide range of phenotypic variations, especially in leaf area and trichrome 
weight (Table 3-1). The geographic locations of the nine populations are indicated by 
the GPS point data of the source forests (Fig. 3-2). 
 
3.2.2.  Genotyping by sequencing 
 
For the 72 individuals collected to evaluate the genetic differentiation among the nine 
populations, total genomic DNA was extracted using the modified CTAB method 
(Milligan 1992) and digested by the restriction enzymes Bgl II and Eco RI. The digested 
DNA fragments and two adapters (Bgl II adapter and Eco RI adapter) were ligated. 
Digestion and ligation were performed simultaneously at 37°C for 16 h. The reaction 
mixture consisted of 20 ng of genomic DNA, 5 units of Bgl II (NEB), 5 units of Eco 
RI-HF (NEB), 1× NEB buffer2 (NEB), 1× bovine serum albumin (BSA) (NEB), 0.2 
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microM Bgl II adapter, 0.2 microM Eco RI adapter, 1 mM ATP (Takara), 300 units of T4 
DNA ligase (Enzymatics). The ligation product was purified using the AMpureXP 
(Beckman coulter) according to the manufacturer’s instructions. One-tenth of the 
purified DNA was used in the PCR enrichment with the KOD-Plus-Neo (TOYOBO). 
Sequences of the adaptors and primers used in this study are shown in Table 3-S1. PCR 
product fragments of approximately 320 bp were selected using E-Gel size select 2% 
(Life technologies). Each restriction-site–associated DNA sequence (RAD-seq) library 
was uniquely barcoded and pooled. The first 49 bp of the fragments were sequenced in 
two lanes on HiSeq2500 (Illumina) using TruSeq v3 chemistry at BGI (Hong Kong, 
China). A total of 237,218,370 reads and an average of 3,294,700 reads per sample were 
obtained (DRA accession: DRA003994). The reads were mapped to the draft reference 
genome sequences using Bowtie2 (ver. 2.2.3; Langmead & Salzberg 2012) with default 
parameter settings. Single nucleotide polymorphism (SNP) sites were identified in the 
BAM files using the Stacks pipeline (ver. 1.27; Catchen et al. 2011). I then selected SNPs 
with more than 10 read counts per individual being shared by more than 50% of the 
individuals in at least five of the nine populations. Only biallelic SNPs with a minor 
allele frequency of more than 5% were selected. Selection of SNPs was performed 
using the “populations” command implemented in Stacks (ver. 1.27; Catchen et al. 
2011) and vcftools (ver. 0.1.11; Danecek et al. 2011). 
 
3.2.3.  Population genomic analysis 
 
3.2.3.1.  Population genetic structure  
 
To evaluate genome-wide genetic diversity within populations, expected 
heterozygosity (HE) was calculated for all SNP genotypes using GenoDive (ver. 2.0b27; 
Meirmans & Tienderen 2004). The difference in expected heterozygosites among 
elevations or lava ages was tested using analysis of variance (ANOVA) on R (ver. 3.1.2; 
R Core Team 2014). Spatial genetic structure was investigated using the entire SNP 
genotypes by two methods, a Bayesian clustering (STRUCTURE ver. 2.3.4; Pritchard et 
al. 2000) and a principal component analysis (PCA). In the STRUCTURE analysis, an 
admixture model that assumed correlated allele frequencies among populations was 
used. Ten replicate simulations were run for each K (K = 1–9), with 50,000 burn-in steps 
followed by 100,000 Markov chain Monte Carlo steps. The optimal K was inferred 
based on the delta K method (Evanno et al. 2005) implemented in STRUCTURE 
HARVESTER (ver. 0.6.94; Earl & vonHoldt 2012). Admixture proportions from 
replicate simulations at the optimal K were averaged using CLUMPP (ver. 1.1.2; 
Jakobsson & Rosenberg 2007). The effect of elevation and/or lava age on the admixture 
proportion of each genetic cluster was tested using a two-way ANOVA implemented 
in the “car” package (Fox & Weisberg 2011) on R (ver. 3.1.2; R Core Team 2014). PCA of 
the genotypes was conducted using GenoDive (ver. 2.0b27; Meirmans & van Tienderen 
2004). The correlation between elevation or lava age and the coordinates on PC1 or PC2 
axis in each individual was tested using Pearson’s product-moment correlation test on 
R (ver. 3.1.2; R Core Team 2014). 
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3.2.3.2.  Detection and characterization of outlier loci 
 
To detect largely differentiated SNPs that could be subject to divergent selection in the 
nine populations, a genome scan based on the Bayesian method was carried out using 
Bayescan (ver. 2.1; Foll & Gaggiotti 2008). Bayescan calculates the Bayes factor, which 
is the ratio of posterior probabilities of natural selection and neutral model at a given 
locus, and judges whether a locus was under natural selection (Foll & Gaggiotti 2008; 
Nielsen et al. 2009). The analysis was carried out under the default parameter settings 
as follows: 20 pilot runs of 5,000 iterations and an additional 50,000 burn-in iterations, 
followed by 5,000 iterations with a thinning interval of 10. The prior odds were set to 
10, indicating that a neutral differentiation is 10 times likely than selection at a locus. 
Posterior odds (PO) represent Bayes factors and loci with log10 PO > 1, which 
conversely indicates selection is 10 times more likely than a neutral differentiation at a 
locus, were identified as outlier SNPs (Nielsen et al. 2009; Milano et al. 2014). For all 
outlier SNPs, allele frequencies were compared among populations. 
    The population differentiation patterns were compared between all 2,247 SNPs 
and the outlier SNPs using three methods: pairwise FST values among populations, an 
analysis of molecular variance (AMOVA), and investigation of a phylogenic network 
among the 72 samples for each of the entire and outlier SNP datasets. Pairwise FST 
values were calculated using GenoDive (ver. 2.0b27; Meirmans & van Tienderen 2004). 
AMOVA divided the whole genetic variance into two hierarchical categories of 
“among individuals within populations” and “among populations” using Arlequin 
(ver. 3.5.2.1; Excoffier & Lischer 2010). Phylogenetic analyses were performed using the 
Neighbor-net method (Bryant & Moulton 2004) implemented in SplitsTree (ver. 4.13.1; 
Huson & Bryant 2006) based on uncorrected p-distances among individuals. 
    To estimate the biological functions of the genes linked to the outlier SNPs, protein 
sequences were extracted for the putative genes located within 10 kb of the outlier 
SNPs and then used for homology search analysis. For each protein sequence, BLASTP 
searching for known proteins was conducted against the NCBI “nr” database (ver. 
“bg2_may15”) and then gene ontology (GO) terms that were searched among the 
flowering plants (taxid: 3398). Both the BLASTP searching and GO annotations were 
conducted with an E-value threshold of 1.0×10−6 using BLAST2GO (ver. 3.0.10; Conesa 
et al. 2005). To test which GO terms were over expressed in the putative genes located 
within 10 kb of the outlier SNPs compared to all the putative genes, a GO enrichment 
analysis was conducted using Fisher’s exact test with a threshold of p < 0.01 after 
Bonferroni correction on GOTermFinder (Boyle et al. 2004). In the GO enrichment 
analysis, I used GO terms obtained in the BLASTP searching of protein sequences of all 
the putative genes against the TAIR10 peptide database (downloaded in December 
14th, 2014) with an E-value threshold of 1.0 × 10−6. 
 
3.2.3.3.  Factors underlying genomic differentiation 
 
To identify factors driving population genetic differentiation, I used a generalized 
linear mixed modeling (GLMM) approach following Lexer et al. (2014). Here I intended 
to explore whether the spatial genetic divergence was derived by IBD (Wight et al. 
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1943) or IBE (Shafer & Wolf 2013). Two matrixes representing pairwise differentiation 
among the nine populations were used as response variables: FST matrices calculated 
for the multilocus genotype data for all and outlier SNPs (described above). 
Geographic distance and environmental distance were implemented in the GLMMs as 
explanatory variables. Geographic distances among the nine populations were 
calculated using the GPS points of the source populations. Environmental distance was 
determined as the Euclidian distance in the eight-dimensional space composed of eight 
axes in a PCA of the 20 environmental variables. The 20 environmental variables were 
composed of 19 WorldClim variables (Hijmans et al. 2005) and one variable of lava age 
(150 or 3,000 years) for the nine populations (Table 3-S2, Supporting information). For 
each response variable, four models were built: a null model with no explanatory 
variable (NULL), a model with a single explanatory variable of geographic distance 
among populations (IBD), a model with a single variable of environmental distance 
among populations (IBE), and a model with two variables of geographic and 
environmental distance among populations (IBD + IBE). The best-supported model 
was then identified based on the deviance information criterion (DIC). The relative 
significance of the models was evaluated using delta DIC and DIC weight. I used the 
“MCMCglmm” package (Hadfield 2010) on R (ver. 3.1.2; R Core Team 2014) to 
calculate the DICs under the parameter set used in Lexer et al. (2014). 
 

3.3.  Results 
 
3.3.1.  Mapping of the RAD-seq reads, and SNP calling 
 
Of a total of 237,218,370 RAD-seq reads obtained from 72 samples, 225,111,711 reads 
(95%) were successfully mapped on the reference genome sequences (Table 3-S3, 
Supporting information). After filtering, 2,247 SNPs on the 1,388 scaffolds were used 
for the following population genomic analysis (Data S4, Supporting information). The 
number of SNPs recovered from a sample was 1,773 on average (range, 648–2,110), and 
the number of samples sharing an SNP site was 57 on average (range, 17–72) (Fig. 3-S1, 
Supporting information). 
 
3.3.2.  Population genetic structure 
 
Genetic diversity within populations and population genetic structures were evaluated 
using the entire 2,247 SNP genotypes. Expected heterozygosity in the nine populations 
was 0.23 on average (range, 0.19–0.25) (Fig. 3-3). The expected heterozygosity 
decreased as a function of elevation or lava age but statistically not significant (Fig. 3-3). 
In a Bayesian clustering of the nine populations, delta K peaked at K = 2 followed by K 
= 3 (Fig. 3-4a). In a scenario of K = 2, a clear genetic differentiation between high and 
low elevation was found with partly admixing each other in the middle elevation 
(1,200 m) (Fig. 3-4b). The genetic cluster found in the lower elevations was further 
differentiated into two clusters in a scenario of K = 3 (Fig. 3-4b). A two-way ANOVA 
revealed that the admixture proportion of all the five genetic clusters found in K = 2 
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and K = 3 was influenced by elevation (p < 0.001) and that of a genetic cluster in K = 3 
(shown in blue in Fig. 3-4b) differed between lava ages (p = 0.01). PCA of 2,247 SNP 
genotypes also revealed the prime genetic differentiation among elevations; the PC1 
axis, which explained 9.05% of the total genetic variance, showed a significant 
correlation with elevation (r = 0.86; p < 0.001) (Fig. 3-4c). PC2 axis with 5.5% of total 
genetic variance correlated significantly with lava age (r = 0.25; p = 0.03) (Fig. 3-4c). 
 
3.3.3.  Detection and characterization of outlier loci 
 
Of the 2,247 SNPs, 35 (1.56%) on 26 scaffolds showed more than 1 of log10 PO in 
Bayescan, suggesting divergent differentiation among the nine populations (Fig. 3-5a). 
The FST value per each SNP estimated in Bayescan was 0.15 on average (range, 0.06–
0.53) (Fig. 3-5b). More than 95% of the SNPs (2,152 of 2,247; 95.8%) showed less than 0.2 
of the FST value (Fig. 3-5b). The change in allele frequencies at the 35 outlier SNPs was 
0.91 on average (range, 0.64–1.00), and alleles were fixed in one or more populations at 
all 35 outlier SNPs (Fig. 3-6). Indeed, populations were greatly differentiated at the 
outlier SNPs compared with the entire SNPs. The pairwise FST among the nine 
populations was 0.10 ± 0.06 (SD) and 0.37 ± 0.26 (SD) for the entire 2,247 SNPs and 35 
outlier SNPs, respectively (Fig. 3-7a). AMOVA revealed the proportion of genetic 
variance among populations and within populations was 45.13% and 54.87%, 
respectively, at the outlier SNPs, and 10.85% and 89.15% at all SNPs (Fig. 3-7b and c). 
These patterns were supported by the phylogenetic networks, as that of the outlier 
SNPs had longer branch lengths between populations than that of the entire SNPs (Fig. 
3-7b and c). On the 26 scaffolds (length, 7,320–200,288 bases), 83 putative genes were 
found within 10 kb (range, 154–9,975 bases) of the outlier SNPs. Sixty-four genes 
obtained significant hits (E-value < 1.0×10−6) against the seven flowering plant species 
in BLASTP and GO analysis (Table 3-S4, Supporting information). The GO enrichment 
analysis showed that no GO terms were significantly over expressed in the 83 putative 
genes. 
 
3.3.4.  Factors underlying genomic differentiation 
 
Whether the population genetic differentiation at all and outlier SNPs were derived by 
IBD or IBE was tested using a GLMM approach. When the pairwise FST values 
calculated for the entire 2,247 SNPs were set as response variables of GLMMs, the best 
model was composed of only an explanatory variable of geographic distance (IBD 
model) (Table 3-2). The largest DIC weight was found in the IBD model, followed by 
the IBE and IBD + IBE model with a slight difference (Table 3-2). In contrast, most FST 
values at the 35 outlier SNPs were explained by the IBE model, which incorporated 
only the variable of environment distance among populations (Table 3-2). The DIC 
weight of the IBE model was 0.70, a large difference from the other models (Table 3-2). 
 

3.4.  Discussion 
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3.4.1.  Population genetic structure revealed by genome-wide SNP 
markers 
 
Although the traditional genetic markers did not have sufficient resolution to resolve 
the large genetic variations within populations and infer individual-level genetic 
structure of this species (Aradhya et al. 1993; Harbaugh et al. 2009; DeBoer & Stacy 
2013; Stacy et al. 2014), the present study with genome-wide markers as many as 2,247 
SNPs successfully revealed the spatial genetic structure of 72 M. polymorpha 
individuals originating from the eastern flank of Mauna Loa. 
    The populations were principally differentiated by elevation (Figs. 1b and 2). The 
Bayesian clustering clearly inferred two genetic clusters, occupying the lower and 
higher elevations (Fig. 3-4b), and the coordinates on the PC1 axis significantly 
correlated with elevation (Fig. 3-4c). However, the spatial genetic structure of the nine 
populations was not likely determined by elevation alone. In the Bayesian clustering, 
the scenario of K = 3 showed the second largest value of delta K compared with the 
other scenarios (Fig. 3-4a), indicating the presence of an additional genetic cluster 
besides the two detected in the scenario of K = 2 (Fig. 3-1b). The PC1 axis explained as 
low as 9.05% of the genetic variance (Fig. 3-4c), suggesting that factors in addition to 
elevation also affected the spatial genetic variation. One of the candidate factors is lava 
age. Statistical tests showed that the admixture proportions of one genetic cluster 
found in a scenario of K = 3 (shown in blue in Fig. 3-4b) were differentiated between 
lava age, and PC2 coordinates significantly correlated with lava age. Nonetheless, the 
genetic variance explained by elevation and lava age was likely small; PC1 plus PC2 
explained as low as 14.55% of the total genetic variance (Fig. 3-4c), and AMOVA 
showed 89.15% of the total genetic variance was contained within populations. Because 
the gene flow of this species occurred even among island populations (Harbaugh et al. 
2009), frequent gene flow among the populations may neutralize the population 
differentiations along elevations and/or lava flows. 
    In the scenarios of K = 3, a total of three genetic clusters were found in 72 M. 
polymorpha trees. The extent of genetic admixtures of the three genetic clusters varied 
among the nine populations. In the lower and middle elevations (150, 700, and 1,200 
m), multiple genetic clusters were largely admixed (Fig. 3-4b), resulting in higher 
genetic variations retained in the populations (Fig. 3-3). This admixture could be due to 
the overlap in preferred habitat among the genetic clusters (DeBoer & Stacy 2013) and 
frequent hybridizations (Corn & Hiesey 1973). In contrast, the populations at higher 
elevations (1,800 and 2,400 m) were mostly composed of a single genetic cluster, and 
the genetic variance within populations was relatively low (Fig. 3-3). This could 
indicate a strong bottleneck because of the relatively small population sizes (Table 3-1) 
and/or purifying selection due to the harsh environmental condition as shown in the 
low temperature and precipitation, limited nitrogen, and strong wind (Vitousek 1992; 
Stacy et al. 2014). 
 
3.4.2.  Evidence of adaptive differentiation of M. polymorpha populations 
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A genome scan based on 2,247 SNP markers revealed that 35 SNPs differed 
significantly among populations. Because the differentiations at these outlier SNPs 
were mostly explained by the IBE model indicating a significant correlation with 
environmental distance, they were likely consequences of adaptive differentiation 
(Salmela 2014). 
    The 35 outlier SNPs were located on 26 scaffolds, and the scaffolds had 83 putative 
genes within 10 kb of the outlier SNPs (Table 3-S4, Supporting information). These 
genes encoded some important biological functions relevant to environmental 
adaptation to elevation. First, a GO term of “response to (abiotic) stress” was found for 
four genes, and the gene “g15857” found 6,327–6,353 bases from Outlier04, Outlier05, 
and Outlier13 is likely a homolog of “kda class I heat shock” gene in Eucalyptus grandis, 
which plays a role in the response to oxidative stress (Table 3-S4, Supporting 
information). Given the extreme environmental conditions at higher elevations, 
including high-light intensity, strong wind, and oxidative stress, the finding that some 
outlier SNPs have linkages with the genes involved in stress tolerance is relevant. 
Second, the gene “g27368” found 4,320–4,343 bases from Outlier01 and Outlier02 was 
annotated to an E. grandis homolog of “probable membrane-associated kinase regulator 
4” concerning to response to hormone including auxin and brassinosteroid (Table 3-S4, 
Supporting information). Auxin as well as brassinosteroid is known to play diverse 
roles in plant growth, development, and stress responses (Wolters & Jürgens 2009) and 
in plant fitness (e.g., Keuskamp et al. 2010; Lu et al. 2014; De Wit et al. 2014). Finally, the 
gene “g15782” found 8,678 bases from Outlier10 functions in the transport of 
magnesium ions in E. grandis (Table 3-S4, Supporting information). Vitousek (1992) 
reported that magnesium concentrations in soils decrease with increasing elevation; 
thus, differences in the ability to transport magnesium ions could affect fitness in 
populations at lower elevations. Further studies such as expression analysis under 
controlled environmental conditions (Fraser et al. 2015) or transgenic experiments 
using model plant species (Kobayashi et al. 2013) are needed to confirm the biological 
functions of these genes in an ecological context. 
    The percentage of outlier SNPs among all SNPs was as low as 1.56% (Fig. 3-5). 
Although comparisons should be made with caution, as geographic scales critically 
affected the extent of genetic differentiation (De Kort et al. 2015), the fraction of outlier 
SNPs was smaller than that found in other tree species, for example, Frangula alnus 
(2.7%–6.6%, De Kort et al. 2015), Eucalyptus tricarpa (2.6%; Steane et al. 2014), and 
Populus trichocarpa (3.6%; Geraldes et al. 2014). This difference could be due to the large 
gene flow occurring in a narrow geographic scale. In the case of M. polymorpha, it is 
predicted that adaptive traits could be controlled by a relatively small number of 
genes. 
    The 35 outlier SNPs showed evident differentiation across the genome as well as 
among populations. The FST values of outlier SNPs were approximately three times 
larger than those of the 2,247 genome-wide SNPs (0.37 ± 0.026 vs. 0.10 ± 0.06, 
respectively) (Fig. 3-7a). AMOVAs revealed the outlier SNPs explained larger genetic 
variance among populations (45.13%) than the genome-wide SNPs (10.85%). This 
pattern was consistent with the phylogenetic networks (Fig. 3-7b and c). Fixations of 
alleles at all 35 outlier SNPs suggested strong purifying selection in populations at 
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higher and lower elevations (Fig. 3-6). 
 
3.4.3.  Genomic mosaics of M. polymorpha 
 
Gene flow and natural selection have antagonistic effects on genetic divergence in 
sympatric populations (Via 2009; Feder et al. 2012; Via 2012), although both have 
essential effects on spatial genetic structures. The relative strength of each determines 
the extent of genetic divergence at individual loci and eventually in populations and 
sometimes causes reproductive isolation or speciation. In the current study, I revealed 
heterogeneous genetic divergence within a genome of M. polymorpha; that is, the extent 
and drivers of genetic divergence differ among individual loci. 
    Population differentiation across the entire set of genome-wide markers was better 
explained by the IBD model than other models (Table 3-2); gene flow among 
populations was mainly determined by distance. As much as 89.15% of the total 
genetic variance in all SNPs was contained within populations (Fig. 3-7b), indicating 
alleles were largely admixed in most of the genome. This species is bird and insect 
pollinated (Kitayama et al. 1997) and produces a large number of seeds dispersed by 
the wind (Drake 1992). In addition to the high dispersal ability of this species, the 
absence of geographic barriers (Aradhya et al. 1993) could lead to large gene flow 
among populations across a wide range of environmental conditions. Large gene flow 
must lead to a high rate of recombination across a genome, which could prevent 
genetic differentiation among populations (Feder et al. 2012). In contrast, a small 
fraction of the genome diverged among populations under an IBE scenario (Table 3-2). 
The larger differentiation at the outlier loci compared with the genome-wide loci was 
indicated by the difference in FST values of approximately a factor of 3 (Fig. 3-7a). Thus, 
at the outlier loci, strong selection could drive genetic divergence and overcome the 
homogenizing effects of gene flow among populations. These differentiation patterns 
across a genome correspond to the concept of “genomic mosaics,” in which natural 
selection, migration, and genetic drift have different influences on the individual loci 
(Hohenlohe et al. 2010; Feder et al. 2012; Gompert et al. 2012; Nosil et al. 2008). In the 
case of M. polymorpha, gene flow and selection cause divergence at neutral and putative 
adaptive loci, respectively. 
    When the genomic mosaics found in this species are considered in the context of 
speciation, the genome of M. polymorpha is likely in the very early stage of speciation. 
Feder et al. (2012) proposed a scenario describing genomic divergence patterns in face 
of gene flow (the speciation-with-gene-flow scenario). According to this scenario, the 
process of genomic divergence from population differentiation to speciation can be 
divided into four phases: phase 1, natural selection initially acts on and decreases 
recombination at adaptive loci; phase 2, recombination decreases not only at adaptive 
loci but also at nearby loci; phase 3, the decrease in recombination expands to loci far 
from the adaptive loci; and phase 4, a large part of the genome, including adaptive and 
neutral genes, is largely differentiated (Feder et al. 2012). In the case of M. polymorpha, 
the small proportion of outlier loci (35 of 2,247 SNPs; Fig. 3-5) in addition to the large 
gene flow across the genome (approximately 90% of the total genomic variance was 
contained within populations; Fig. 3-7) indicates that the genome of this species is 
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likely in the very early stage of speciation, corresponding to phase 1 or the beginning 
of phase 2 in the speciation-with-gene-flow scenario. The relative lower genomic 
divergence of this species contrasts with the dramatic divergence in phenotype which 
covers almost the entire range of global phenotypic variation in woody species (Tsujii 
et al. 2015). However, a limited number of lcoi may involve a reproductive isolation 
resulting in speciation if the loci have a large effect on functional phenotype (Lexer et 
al. 2003; Kronforst et al. 2006; Barr & Fishman 2010). 
    Overall, I found the genomic mosaic of M. polymorpha, which consists of loci with 
contrasting divergence patterns. AMOVA showed that approximately 90% of the total 
genetic variance was retained within populations (Fig. 3-7b), and each SNP showed an 
average FST of 0.15 (Fig. 3-5b), indicating that the genome was largely mixed among 
populations. Meanwhile, large phenotypic variations were maintained, even in the 
common garden, and significant divergences in accordance with an environmental 
gradient were found at a limited number of SNPs (Table 3-2; Fig. 3-6). These 
observations suggest that a small fraction of the genome could be subject to 
environmental selection that contributes to this phenotypic divergence. To understand 
and reconstruct the genetic processes underlying the adaptation of M. polymorpha in 
the Hawaiian Islands, the genomic architecture of this species should be studied to 
reveal the physical linkages between adaptive genes (Nadeau et al. 2011) and the 
distribution of adaptive genes across chromosomes (Guo et al. 2015; Bradbury et al. 
2010). Such information could tell us how many and what genes were involved in the 
expansion of ecological niches of this species. 
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Tables and Figures 
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Table 3-1  
Summary of the 9 source populations of the 72 M. polymorpha individuals 
analyzed. 
 
Population Elevation 

(m) 
Lava age 
(years) 

N Leaf area (cm2) 
(mean ± SD) * 

Weight of trichome 
(mg·cm-2) (mean ± SD) * 

O150 150 3000 10 13.0 ± 5.5 1.2 ± 1.9 
Y150 150 150 7 10.9 ± 2.2 1.6 ± 0.9 
O700 700 3000 7 16.2 ± 5.1 1.0 ± 1.5 
Y700 700 150 12 12.6 ± 3.4 0.6 ± 2.4 
O1200 1200 3000 8 7.3 ± 1.2 1.7 ± 1.8 
Y1200 1200 150 12 7.2 ± 3.3 1.5 ± 2.2 
O1800 1800 3000 4 3.9 ± 1.1 8.3 ± 2.5 
Y1800 1800 150 6 4.9 ± 0.7 5.9 ± 1.5 
O2400 2400 3000 6 4.4 ± 1.4 7.6 ± 2.0 
N, number of plant individuals analyzed; *Data from Tsujii et al. (2015) 
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Table 3-2  
Results of generalized linear mixed models predicting the genetic 
differentiation between populations of M. polymorpha with geographic distance 
and an environmental distance. The best model was shown in bold. 
 

 
FST of all SNP genotypes 

 
FST of outlier SNP genotypes 

Model DIC Delta DIC DIC weight 
 

DIC Delta DIC DIC weight 
NULL -108.11 23.31 0.00 

 
2.36 28.22 0.00 

IBD -131.42 0.00 0.46 
 

-20.72 5.14 0.05 
IBE -130.68 0.74 0.32 

 
-25.86 0.00 0.70 

IBD+IBE -130.02 1.40 0.23 
 

-23.80 2.06 0.25 
NULL, model with no variable; IBD, model with geographic distance; IBE, 
model with an environmental distance; IBD+IBE, model with geographic 
distance and an environmental distance; DIC, the deviance information 
criteria; Delta DIC, Difference of DIC from the best model 
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Fig. 3-2 
The location of the common garden at the Volcano Agriculture Station, University of 
Hawaii and the nine original seed sources of the 72 Metrosideros polymorpha trees 
analyzed in this study 
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Fig. 3-3 
Population level heterozygosity in nine populations of Metrosideros polymorpha trees on 
Mauna Loa. Boxplots (mean, range, and upper/lower quartiles) show the expected 
heterozygosities based on 2,247 genome-wide single nucleotide polymorphism 
genotypes against (a) elevation and (b) lava age. 
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Fig. 3-4 
Spatial genetic admixture of 72 Metrosideros polymorpha trees across nine populations 
on Mauna Loa based on genotypes at the 2,247 single nucleotide polymorphisms 
(SNPs). (a) Plot of delta K as a function of the number of genetic clusters (K) according 
to Evanno et al. (2005). (b) Admixture proportions of genetic clusters in individual trees. 
Bar plots are shown for a scenario of K = 2 and K = 3. Population profiles for mean 
annual temperature and mean annual precipitation are also shown. (c) Principal 
component analysis of genotypes at the 2,247 SNPs for the 72 M. polymorpha trees. 
Population profiles are shown in Table 1. 
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Fig. 3-5 
Results of Bayesian outlier analysis for 2,247 single nucleotide polymorphisms (SNPs) 
in Metrosideros polymorpha. (a) For each SNP, FST was plotted against log10 (posterior 
odds [POs]). SNPs with log10 (PO) > 1 were recognized as outlier SNPs (shown in black). 
(b) Distribution of FST across the 2,247 SNPs. 
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Fig. 3-6 
Allele frequencies at the 35 outlier single nucleotide polymorphism loci in each of the nine populations of Metrosideros polymorpha on 
Mauna Loa. Black circles and gray squares indicate the allele frequencies in the populations on 3,000- and 150-year-old lava flows, 
respectively. Allele frequencies of 0 or 1 are indicated in red.   
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Fig. 3-7 
Population and individual differentiation at genome-wide 2,247 and 35 outlier single 
nucleotide polymorphisms (SNPs) among 72 individuals of Metrosideros polymorpha on 
Mauna Loa. (a) Pairwise FST values between the nine populations based on the 
genome-wide 2,247 (above the diagonal) and the 35 outlier (below the diagonal) SNP 
genotypes. Population profiles are shown in Table 1. (b and c) Phylogenetic network of 
the 72 individuals from the nine populations based on the p-distance at (b) 
genome-wide 2,247 and (c) the 35 outlier SNPs. Inset pie charts indicate the proportion 
of genetic variance among and within populations calculated using analysis of 
molecular variance. 
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Table 3-S1 
Oligonucleotide sequences of adapters and primers used for RAD-seq 
libraries 
 
Primer / Adapter name Sequence 
TruSeq_EcoRI_adaptor1 /5Phos/A*A*TTGAGATCGGAAGAGCACACG

TCTGAACTCCAGTC*A*C 
TruSeq_EcoRI_adaptor2 G*T*CAAGTTTCACAGCTCTTCCGATC*T*C 
TruSeq_BglII_adaptor1 A*A*TGATACGGCGACCACCGAGATCTACA

CTCTTTCCCTACACGACGCTCTT*C*C 
TruSeq_BglII_adaptor2 G*A*TCGGAAGAGCTGTGCAGA*C*T 
TruSeq_Univ_primer AATGATACGGCGACCACCGAGATCTACAC

TCTTTCCCTACACGA 
TruSeq_IP001_xxxxxx CAAGCAGAAGACGGCATACGAGATXXXXX

XGTGACTGGAGTTCAGACGTGT 
*: phosphorothioate bond 
XXXXXX: 6mer index sequence 
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Table 3-S2  
Twenty climate variables for the nine populations of Metrosideros polymorpha trees on Mauna Loa comprised of 19 WorldClim variables 
(BIO1-19) plus one variable of lava age 
 
Pop. Latitude Longitude BIO

1 
BIO
2 

BIO
3 

BIO
4 

BIO
5 

BIO
6 

BIO
7 

BIO
8 

BIO
9 

BIO
10 

BIO
11 

BIO
12 

BIO
13 

BIO
14 

BIO
15 

BIO
16 

BIO
17 

BIO
18 

BIO
19 

Lava 

O150 19.70 -155.10 226 85 72 1063 284 167 117 214 229 239 212 3921 425 197 22 1196 796 857 1049 3000 
Y150 19.70 -155.10 226 85 72 1046 285 168 117 214 231 239 213 3862 417 194 22 1177 782 851 1034 150 
O700 19.70 -155.22 187 87 71 1128 249 127 122 175 189 202 173 3898 459 168 28 1256 737 768 1113 3000 
Y700 19.69 -155.22 187 87 71 1128 249 127 122 175 189 202 173 3898 459 168 28 1256 737 768 1113 150 
O1200 19.69 -155.30 157 89 69 1210 223 95 128 144 158 173 142 2219 289 73 36 758 352 390 715 3000 
Y1200 19.69 -155.30 157 89 69 1210 223 95 128 144 158 173 142 2219 289 73 36 758 352 390 715 150 
O1800 19.67 -155.39 130 91 70 1218 196 67 129 117 131 146 115 1811 223 70 32 587 320 344 513 3000 
Y1800 19.66 -155.37 132 91 70 1215 198 69 129 119 142 148 117 1983 247 78 32 644 347 373 560 150 
O2400 19.59 -155.44 103 93 75 1187 162 38 124 95 111 116 87 1020 127 32 34 340 154 163 330 3000 
BIO1 = Annual Mean Temperature; BIO2 = Mean Diurnal Range (Mean of monthly (max temp - min temp)); BIO3 = Isothermality (BIO2/BIO7) (* 
100); BIO4 = Temperature Seasonality (standard deviation *100); BIO5 = Max Temperature of Warmest Month; BIO6 = Min Temperature of 
Coldest Month; BIO7 = Temperature Annual Range (BIO5-BIO6); BIO8 = Mean Temperature of Wettest Quarter; BIO9 = Mean Temperature of 
Driest Quarter; BIO10 = Mean Temperature of Warmest Quarter; BIO11 = Mean Temperature of Coldest Quarter; BIO12 = Annual Precipitation; 
BIO13 = Precipitation of Wettest Month; BIO14 = Precipitation of Driest Month; BIO15 = Precipitation Seasonality (Coefficient of Variation); 
BIO16 = Precipitation of Wettest Quarter; BIO17 = Precipitation of Driest Quarter; BIO18 = Precipitation of Warmest Quarter; BIO19 = 
Precipitation of Coldest Quarter 
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Table 3-S3  
The number of raw RAD-seq reads and mapped reads in a draft genome 
sequence for each individual 
 
Sample 
ID 

Population Read count Read count 
in BAM file 

Mappig 
rate 

Average reads 
per scaffold 

Mpo01 O150 1,636,565 1,475,448 0.90 24 
Mpo02 O150 5,874,215 5,617,654 0.96 93 
Mpo03 O150 2,770,669 2,662,236 0.96 44 
Mpo04 O150 5,068,203 4,914,074 0.97 81 
Mpo05 O150 5,027,159 4,807,874 0.96 79 
Mpo06 O150 2,747,252 2,570,616 0.94 42 
Mpo07 O150 2,368,356 2,279,057 0.96 37 
Mpo08 O150 10,656,592 10,205,544 0.96 169 
Mpo10 O150 1,923,864 1,855,067 0.96 30 
Mpo11 O150 2,870,881 2,778,984 0.97 46 
Mpo13 O700 12,171,850 11,571,282 0.95 192 
Mpo17 O700 1,581,610 1,502,276 0.95 24 
Mpo18 O700 2,557,945 2,458,505 0.96 40 
Mpo19 O700 1,661,796 1,582,951 0.95 26 
Mpo20 O700 2,575,593 2,463,402 0.96 40 
Mpo22 O700 3,740,743 3,595,201 0.96 59 
Mpo23 O700 1,355,654 1,296,163 0.96 21 
Mpo25 O1200 1,116,373 1,063,108 0.95 17 
Mpo26 O1200 5,207,756 4,916,126 0.94 81 
Mpo27 Y700 5,683,491 5,363,745 0.94 89 
Mpo29 O1200 725,505 690,632 0.95 11 
Mpo30 O1200 1,211,230 1,162,510 0.96 19 
Mpo31 O1200 301,385 276,179 0.92 4 
Mpo32 O1200 1,608,138 1,491,265 0.93 24 
Mpo33 O1200 3,266,094 3,152,959 0.97 52 
Mpo34 O1200 1,366,579 1,300,290 0.95 21 
Mpo35 O2400 1,594,670 1,278,126 0.80 21 
Mpo38 O1800 274,223 252,535 0.92 4 
Mpo39 O1800 576,437 542,909 0.94 9 
Mpo40 O1800 484,296 440,887 0.91 7 
Mpo41 O1800 237,678 209,137 0.88 3 
Mpo42 O2400 3,630,701 2,475,653 0.68 41 
Mpo43 O2400 450,383 420,900 0.93 6 
Mpo45 O2400 1,533,894 1,426,151 0.93 23 
Mpo47 O2400 989,738 871,903 0.88 14 
Mpo48 O2400 1,416,940 1,351,829 0.95 22 
Mpo51 Y150 6,471,194 6,170,448 0.95 102 
Mpo52 Y150 999,635 945,178 0.95 15 
Mpo55 Y150 8,597,656 8,309,826 0.97 138 
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Mpo56 Y150 12,895,885 12,549,349 0.97 208 
Mpo59 Y150 11,331,115 10,930,863 0.96 181 
Mpo60 Y150 6,422,302 6,194,333 0.96 102 
Mpo61 Y150 3,070,875 2,946,100 0.96 48 
Mpo62 Y700 2,143,418 2,060,130 0.96 34 
Mpo63 Y700 9,727,253 9,185,075 0.94 152 
Mpo64 Y700 7,602,905 7,312,787 0.96 121 
Mpo65 Y700 6,052,738 5,754,681 0.95 95 
Mpo66 Y700 2,950,568 2,799,044 0.95 46 
Mpo67 Y700 2,149,200 2,064,076 0.96 34 
Mpo68 Y700 1,248,566 1,168,233 0.94 19 
Mpo69 Y700 1,120,097 1,081,819 0.97 17 
Mpo70 Y700 1,355,422 1,289,719 0.95 21 
Mpo73 Y700 1,124,798 1,070,158 0.95 17 
Mpo74 Y700 6,039,110 5,845,232 0.97 97 
Mpo75 Y1200 1,507,731 1,452,090 0.96 24 
Mpo76 Y1200 3,219,785 3,049,967 0.95 50 
Mpo78 Y1200 752,355 680,687 0.90 11 
Mpo79 Y1200 763,691 708,438 0.93 11 
Mpo80 Y1200 779,686 734,733 0.94 12 
Mpo81 Y1200 689,531 642,614 0.93 10 
Mpo82 Y1200 2,039,482 1,952,402 0.96 32 
Mpo83 Y1200 876,874 793,027 0.90 13 
Mpo84 Y1200 2,037,047 1,925,187 0.95 31 
Mpo85 Y1200 2,093,140 1,997,772 0.95 33 
Mpo87 Y1200 6,016,874 5,742,293 0.95 95 
Mpo88 Y1200 2,081,449 1,919,116 0.92 31 
Mpo89 Y1800 5,629,235 5,323,697 0.95 88 
Mpo90 Y1800 5,523,977 5,307,141 0.96 88 
Mpo92 Y1800 2,410,689 2,327,252 0.97 38 
Mpo93 Y1800 2,696,553 2,501,574 0.93 41 
Mpo94 Y1800 1,321,844 1,227,526 0.93 20 
Mpo95 Y1800 7,211,232 6,825,966 0.95 113 
Total   237,218,370 225,111,711 0.95   
Mean   3,294,700 3,126,552 0.94 51.43 
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Table 3-S4 
Gene ontology results for the 83 putative genes located within 10 kb of the 35 outlier single nucleotide polymorphisms 
 
  Scaffold 

ID 
Outlier 
SNP ID 

Outlier 
SNP 
positions 

Gene 
ID 

Start 
position 

End 
position 

Distance Top-Hit 
Species 

Sequence Description Blast 
E-Value 
Min 

Blast 
Similarity 
Mean 

GOs 

1 scaffold
6837_len
146858_c
ov183 

Outlier01; 
Outlier02 

118182, 
118205 

g27367 110198 111431 7,368  ---NA---  - - 

    g27368 113226 114498 4,320 Eucalyptus 
grandis 

probable 
membrane-associated 
kinase regulator 4 

4.9.E-115 61.75 P:response to cyclopentenone; 
C:plasmodesma; P:response to auxin; 
P:biological_process; P:response to 
brassinosteroid 

    g27369 116665 118751 474 Eucalyptus 
grandis 

exocyst complex 
component 
exo70a1-like 

0.0.E+00 68.80 C:cytoplasm; P:cellular process; 
P:transport 

    g27370 123568 125551 6,378 Cicer 
arietinum 

60s ribosomal protein 
l35 

2.0.E-53 79.55 F:structural molecule activity; 
C:ribosome; P:translation 

2 scaffold
6535_len
66485_c
ov231 

Outlier03 47247 g26510 39403 41341 6,875   ---NA---   - - 

        g26511 43470 47131 1,947 Vitis vinifera catalytic region zinc 
cchc-type peptidase 
catalytic 

1.4.E-106 61.55 F:binding 

        g26512 51291 54131 5,464 Eucalyptus 
grandis 

PREDICTED: 
uncharacterized 
protein 
LOC104443196 

4.1.E-91 67.85 - 

        g26513 54187 56921 8,307 Eucalyptus PREDICTED: 8.4.E-151 62.90 - 
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grandis uncharacterized 
protein 
LOC104445904 

3 scaffold
3384_len
41585_c
ov188 

Outlier04; 
Outlier05; 
Outlier13 

24673, 
24686, 
24699 

g15853 15246 17400 8,350 Eucalyptus 
grandis 

tubulin beta-1 chain 0.0.E+00 91.05 C:Golgi apparatus; P:biosynthetic 
process; F:nucleotide binding; 
F:hydrolase activity; C:membrane; 
P:cellular process; P:carbohydrate 
metabolic process; F:structural 
molecule activity; P:catabolic process; 
C:cytoskeleton; P:protein metabolic 
process; P:cellular component 
organization 

    g15854 18106 19141 6,050 Eucalyptus 
grandis 

par1 protein 8.0.E-105 77.20 P:biological_process; P:transition metal 
ion transport 

    g15855 23076 24127 1,072 Eucalyptus 
grandis 

par1 protein 8.2.E-86 80.65 P:transport 

    g15856 27006 30025 3,843 Eucalyptus 
grandis 

mitochondrial import 
inner membrane 
translocase subunit 
tim10 

1.7.E-42 93.35 C:mitochondrion; 
P:nucleobase-containing compound 
metabolic process; P:biosynthetic 
process; P:cellular process; F:binding; 
P:transport; P:cellular component 
organization 

    g15857 30586 31466 6,353 Eucalyptus 
grandis 

kda class i heat shock 2.8.E-76 53.80 P:response to oxidative stress 

    g15858 31614 34061 8,165 Eucalyptus 
grandis 

udp-glycosyltransfera
se 76e2-like 

0.0.E+00 72.15 P:metabolic process; F:transferase 
activity 

4 scaffold
1062_len
78411_c
ov188 

Outlier06 

11282 

g5286 1457 8301 6,403 Eucalyptus 
grandis 

structural 
maintenance of 
chromosomes protein 
2-1-like 

0.0.E+00 88.80 C:intracellular; P:cell cycle; 
F:nucleotide binding; C:nucleus; 
P:cellular component organization 

        g5287 8486 9461 2,309   ---NA---   - - 
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        g5288 10323 16991 2,375 Eucalyptus 
grandis 

no-associated protein 
chloroplastic 
mitochondrial-like 

0.0.E+00 73.85 F:nucleotide binding; P:metabolic 
process; F:catalytic activity 

5 scaffold
23842_le
n12745_
cov196 

Outlier07 10140 g48354 936 1760 8,792  ---NA---  - - 

    g48355 12117 12681 2,259  ---NA---  - - 
6 scaffold

12346_le
n41828_
cov184 

Outlier08; 
Outlier11: 
Outlier12 

24048, 
24051, 
24079 

g38900 17686 23733 3,339 Eucalyptus 
grandis 

protein nynrin-like 0.0.E+00 80.95 - 

        g38901 23760 29841 2,753 Eucalyptus 
grandis 

low quality protein: 
beta-galactosidase 

0.0.E+00 86.45 F:hydrolase activity; P:carbohydrate 
metabolic process; F:carbohydrate 
binding; C:extracellular region 

7 scaffold
19372_le
n48733_
cov183 

Outlier09 16675 g46083 8477 20731 2,071 Populus 
euphratica 

e3 ubiquitin-protein 
ligase keg isoform x2 

0.0.E+00 91.75 F:protein binding; P:response to 
endogenous stimulus; C:Golgi 
apparatus; P:cellular process; 
P:response to stress; P:catabolic 
process; F:catalytic activity; P:signal 
transduction; P:nucleobase-containing 
compound metabolic process; 
F:nucleotide binding; F:kinase activity; 
F:binding; P:transport; P:growth; 
F:transferase activity; P:cellular protein 
modification process 

    g46084 21536 23151 5,669 Eucalyptus 
grandis 

e3 ubiquitin-protein 
ligase keg isoform x1 

2.2.E-125 77.70 F:binding; F:transferase activity 

    g46085 24006 24712 7,684 Eucalyptus 
grandis 

PREDICTED: 
uncharacterized 
protein 

9.1.E-06 69.00 - 
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LOC104449813 
    g46086 26229 27071 9,975 Eucalyptus 

grandis 
sigma factor binding 
protein 
chloroplastic-like 

1.5.E-73 63.85 - 

8 scaffold
3364_len
126043_c
ov208 

Outlier10 101995 g15778 91626 97401 7,482 Eucalyptus 
grandis 

PREDICTED: 
uncharacterized 
protein 
LOC104451536 

0.0.E+00 66.55 F:nucleic acid binding; P:DNA 
integration; C:nucleus; P:proteolysis; 
F:aspartic-type endopeptidase activity; 
F:zinc ion binding 

        g15779 99536 101222 1,616 Eucalyptus 
grandis 

cytochrome p450 
87a3-like 

2.3.E-98 59.20 - 

        g15780 102286 106294 2,295 Eucalyptus 
grandis 

vacuolar-processing 
enzyme-like 

7.4.E-56 61.85 F:nucleic acid binding; 
P:oxidation-reduction process; 
F:oxidoreductase activity; P:DNA 
integration; F:zinc ion binding 

        g15781 106426 107603 5,020 Eucalyptus 
grandis 

PREDICTED: 
uncharacterized 
protein 
LOC104426629 

1.8.E-110 67.15 C:plastid; P:biological_process 

        g15782 109754 111591 8,678 Eucalyptus 
grandis 

calcium-dependent 
lipid-binding family 

3.1.E-11 71.50 C:integral component of membrane; 
P:magnesium ion transport; 
F:magnesium ion transmembrane 
transporter activity 

9 scaffold
5210_len
53638_c
ov189 

Outlier14 6380 g22259 356 3470 4,467 Eucalyptus 
grandis 

antifungal protein 
ginkbilobin-2-like 

1.1.E-48 57.80 - 

    g22260 9106 10111 3,229  ---NA---  - - 
    g22261 10896 11591 4,864 Eucalyptus 

grandis 
antifungal protein 
ginkbilobin-2-like 

1.3.E-54 59.00 - 

    g22262 12373 15641 7,627  ---NA---  - - 
10 scaffold Outlier15 574 g53047 17 1806 338 Eucalyptus protein nynrin-like 0.0.E+00 70.00 - 
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52451_le
n7320_c
ov204 

grandis 

        g53048 4536 7130 5,259   ---NA---   - - 
11 scaffold

8545_len
200286_c
ov200 

Outlier16 123225 g31723 116046 119440 5,482 Eucalyptus 
grandis 

glutamine 
amidotransferase 

0.0.E+00 78.65 F:hydrolase activity; P:cellular process; 
P:metabolic process; P:response to 
stress; P:DNA metabolic process; 
F:transferase activity 

    g31724 120196 124984 635 Eucalyptus 
grandis 

transcription factor 
bim2 

0.0.E+00 74.55 F:protein binding 

    g31725 127724 138151 9,713 Eucalyptus 
grandis 

prolyl 
endopeptidase-like 

0.0.E+00 66.10 F:hydrolase activity 

12 scaffold
3900_len
105384_c
ov222 

Outlier17 50888 g17905 48446 53638 154 Glycine max gag-pol polyprotein 7.7.E-38 63.05 F:nucleic acid binding; P:DNA 
integration; F:zinc ion binding; F:metal 
ion binding 

        g17906 54836 57624 5,342   ---NA---   - - 
        g17907 57790 60751 8,383 Eucalyptus 

grandis 
probable leucine-rich 
repeat receptor-like 
serine 
threonine-protein 
kinase at3g14840 

3.2.E-15 60.00 - 

13 scaffold
715_len1
05575_c
ov227 

Outlier18 21345 g3512 8218 20481 6,996 Vitis vinifera retrotransposon 
unclassified 

3.3.E-158 68.95 F:binding 

    g3513 21996 25089 2,198 Vitis vinifera hypothetical protein 
VITISV_029829 

3.6.E-153 56.80 P:metabolic process; F:nucleic acid 
binding 

14 scaffold
3353_len
35297_c

Outlier19 1656 g15717 2865 5333 2,443   ---NA---   - - 
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ov230 
        g15718 7386 7808 5,941 Eucalyptus 

grandis 
disease resistance 
protein rga4 

9.9.E-27 80.25 F:nucleotide binding 

        g15719 10237 11641 9,283   ---NA---   - - 
15 scaffold

19865_le
n10737_
cov182 

Outlier20 6780 g46389 2434 4531 3,298 Eucalyptus 
grandis 

lamin-like protein 5.8.E-56 77.50 F:molecular_function 

    g46390 4936 6146 1,239  ---NA---  - - 
    g46391 6244 9851 1,268 Eucalyptus 

grandis 
chorismate mutase 
chloroplastic 

8.4.E-157 86.30 P:biosynthetic process; P:cellular 
process; P:carbohydrate metabolic 
process; P:metabolic process; 
P:catabolic process; F:catalytic activity; 
C:cytosol 

16 scaffold
23186_le
n15195_
cov161 

Outlier21; 
Outlier22; 
Outlier23 

9780, 
9908,9915 

g48036 1856 5542 6,081 Eucalyptus 
grandis 

heat shock protein 
with tetratricopeptide 
repeat isoform 1 

0.0.E+00 80.50 - 

        g48037 13573 15061 4,537 Phoenix 
dactylifera 

triosephosphate 
chloroplastic-like 

5.0.E-16 87.60 P:metabolic process; F:catalytic activity 

17 scaffold
5055_len
44971_c
ov137 

Outlier24 23942 g21760 15027 24001 4,428 Eucalyptus 
grandis 

probable disease 
resistance protein 
at4g27220 

0.0.E+00 64.45 F:nucleotide binding 

    g21761 25509 31621 4,623 Eucalyptus 
grandis 

cytochrome p450 
716b1-like 

0.0.E+00 84.45 F:binding; P:metabolic process; 
F:catalytic activity 

18 scaffold
6055_len
58982_c
ov200 

Outlier25 29422 g24957 18781 20371 9,846 Eucalyptus 
grandis 

protein mizu-kussei 1 1.9.E-136 86.70 - 

        g24958 22448 24841 5,778 Eucalyptus pentatricopeptide 0.0.E+00 72.80 P:multicellular organismal 
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grandis repeat-containing 
protein at4g28010 

development; P:flower development; 
P:anatomical structure morphogenesis 

        g24959 25086 35656 949 Eucalyptus 
grandis 

retinoblastoma-relate
d protein 

0.0.E+00 78.55 P:cell cycle; P:nucleobase-containing 
compound metabolic process; 
P:biosynthetic process; C:nucleus 

        g24960 36341 39591 8,544 Eucalyptus 
grandis 

3 -5 exoribonuclease 
1-like 

0.0.E+00 74.00 P:nucleobase-containing compound 
metabolic process; F:nuclease activity; 
F:nucleic acid binding 

19 scaffold
10239_le
n37826_
cov194 

Outlier26 4876 g35373 529 1361 3,931  ---NA---  - - 

    g35374 2336 4060 1,678 Vitis vinifera probable 
s-adenosylmethionine
-dependent 
methyltransferase 
at5g37990 

3.2.E-94 59.00 F:methyltransferase activity; 
P:methylation; F:transferase activity 

    g35375 4190 4761 401 Eucalyptus 
grandis 

mediator of rna 
polymerase ii 
transcription subunit 

3.1.E-84 67.30 - 

    g35376 6840 9011 3,050 Cucumis 
sativus 

carboxypeptidase 2 2.5.E-34 78.35 F:hydrolase activity; P:protein 
metabolic process 

    g35377 9166 11675 5,545 Eucalyptus 
grandis 

ell-associated factor 1 8.8.E-152 66.55 P:nucleobase-containing compound 
metabolic process; P:biosynthetic 
process; C:nucleoplasm 

    g35378 12296 15905 9,225 Eucalyptus 
grandis 

heavy 
metal-associated 
isoprenylated plant 
protein 26 

1.3.E-96 90.35 F:binding; P:transport 

20 scaffold
1349_len

Outlier27 56021 g6766 42918 49321 9,902 Eucalyptus 
grandis 

exocyst complex 
component 

0.0.E+00 65.50 - 
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175907_c
ov192 

exo84b-like 

        g6767 50406 59806 915 Eucalyptus 
grandis 

phospholipid--sterol 
o-acyltransferase 
isoform x1 

0.0.E+00 85.20 P:lipid metabolic process; P:cellular 
process; P:catabolic process; 
P:multicellular organismal 
development; F:transferase activity 

        g6768 59811 70831 9,300 Eucalyptus 
grandis 

ribonuclease e g-like 
chloroplastic isoform 
x1 

0.0.E+00 73.15 P:nucleobase-containing compound 
metabolic process; F:nuclease activity; 
F:RNA binding; F:carbohydrate 
binding 

21 scaffold
613_len1
5745_co
v148 

Outlier28 748 g3074 958 6241 2,852  ---NA---  - - 

    g3075 6398 7401 6,152  ---NA---  - - 
    g3076 8440 11731 9,338 Eucalyptus 

grandis 
probable proteasome 
inhibitor 

5.0.E-72 72.55 C:proteasome complex 

22 scaffold
3856_len
124483_c
ov228 

Outlier29 107794 g17724 98533 103141 6,957 Eucalyptus 
grandis 

dna rna polymerases 
superfamily protein 

0.0.E+00 62.85 P:DNA metabolic process; F:nucleic 
acid binding 

        g17725 103249 105701 3,319   ---NA---   - - 
        g17726 109242 118481 6,068 Eucalyptus 

grandis 
subtilisin-like 
protease 

0.0.E+00 94.85 F:hydrolase activity; C:membrane; 
C:cell wall; P:protein metabolic process 

23 scaffold
13732_le
n54471_
cov185 

Outlier30 14029 g40749 1 1å4011 7,023 Eucalyptus 
grandis 

cell division cycle 
protein 27 homolog 
b-like isoform x2 

0.0.E+00 86.90 P:response to endogenous stimulus; 
P:biosynthetic process; P:cellular 
process; P:response to stress; 
P:catabolic process; P:multicellular 
organismal development; P:DNA 
metabolic process; P:embryo 
development; P:post-embryonic 
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development; P:anatomical structure 
morphogenesis; P:cell differentiation; 
C:cytoplasm; P:cell cycle; P:response to 
abiotic stimulus; P:cell growth; 
C:cytoskeleton; P:protein metabolic 
process; P:reproduction; P:cellular 
component organization 

    g40750 14916 15885 1,372 Eucalyptus 
grandis 

uncharacterized 
atp-dependent 
helicase 

2.0.E-12 87.00 F:metal ion binding; F:ATP binding; 
F:zinc ion binding; F:DNA binding 

    g40751 17046 28568 8,778 Eucalyptus 
grandis 

uncharacterized 
atp-dependent 
helicase 

0.0.E+00 79.50 F:hydrolase activity; F:nucleotide 
binding; F:binding; F:DNA binding 

24 scaffold
288_len3
6095_co
v167 

Outlier31; 
Outlier32; 
Outlier33 

211, 216, 
219 

g1347 45 3291 1,457   ---NA---   - - 

        g1348 5866 10396 7,920 Eucalyptus 
grandis 

alpha beta-hydrolases 
superfamily protein 

0.0.E+00 78.05 P:metabolic process; F:catalytic activity 

25 scaffold
7682_len
52324_c
ov195 

Outlier34 46576 g29533 41765 44731 3,328 Eucalyptus 
grandis 

chaperone 
-domain-containing 
isoform partial 

1.3.E-155 62.95 - 

    g29534 49490 50691 3,515  ---NA---  - - 
    g29535 51408 52151 5,204  ---NA---  - - 
26 scaffold

3764_len
46300_c
ov180 

Outlier35 383 g17349 1006 4029 2,135 Eucalyptus 
grandis 

(-)-germacrene d 
synthase-like 

0.0.E+00 82.10 F:binding; P:metabolic process; 
F:catalytic activity 

a Distance between SNP and center of the gene 
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Fig. 3-S1 
Genotype data coverage of 2,247 single nucleotide polymorphisms (SNPs) among 72 
Metrosideros polymorpha samples. (a) Distribution of the number of samples at an SNP 
site. Each SNP covered the genotype data for 57 samples, on average. (b) Distribution 
of the number of SNPs per sample. Each sample obtained the genotype data for 1,773 
SNPs, on average. 
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4 
Current plantation practices have negligible 

genetic effects on planted dipterocarps in the 
tropical rainforest 

 
 

4.1.  Introduction 
 
Dipterocarp trees are important resources, both ecologically and commercially, in the 
Southeast Asian tropical rainforest. The family Dipterocarpaceae is classified into 13 
genera, approximately 475 species of which can be found in Southeast Asia (Bawa 
1998; Ashton 2004). Dipterocarp trees are dominant over substantial areas of the forests 
in this region and constitute the core elements of biodiversity in tropical ecosystems. 
Dipterocarp trees are also important timber trees and account for 80% of timber 
exports from the region (Kettle 2010). Therefore, developing a sustainable system for 
dipterocarp timber production will contribute not only to the maintenance and 
improvement of the economic activities of rural residents but also to the conservation 
of biodiversity. 
    Until recently, planting and efforts to enhance timber production from dipterocarp 
trees have been unsuccessful (Appanah 1998). One problem was an inconsistent supply 
of seeds and seedlings because of irregular flowering and fruiting, a short viability 
period (Adjers and Otsamo 1996), poor seed quality resulting from frequent insect and 
fungal attacks (Sakai 1980; Tompsett 1987), and lack of seed storage and handling 
facilities (Ng 1977). However, forest concession companies have introduced good 
nursery facilities for storage of wild seedlings (wildlings) collected during mass 
flowering years and have successfully managed commercial dipterocarp plantations. 
Determination of optimal plantation conditions such as tree density, light conditions, 
and soil humidity has also been another problem. For example, in Indonesia, one of the 
silviculture system used to manage tropical rainforests is selective cutting and strip 
planting (Tebang Pilih Tanam Jalur, TPTJ). TPTJ was introduced in 1998 (Ministry of 
forestry 1998) and modified in 2005 and 2009 as Indonesia Selective Cutting and 
Intensive Planting System (Tebang Pilih Tanam Indonesia Intensif, TPTII) and TPTJ 
with Silviculture Technique, respectively (Ministry of forestry 2005; Ministry of 
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forestry 2009). In these systems, enrichment planting is conducted in strips planting in 
order to increase the density of desired tree species in secondary forests (Sovu et al. 
2010). Trees are planted at the following varied intervals: 5 × 25 m (80 trees/ha), 2.5 × 20 
m (200 trees/ha), and 5 × 20 m (100 trees/ha) for TPTJ 1998, TPTII, and TPTJ 2009, 
respectively (Ministry of forestry 1998; Ministry of forestry 2005; Hardiansyah et al. 
2006; Ministry of forestry 2009). As a result of the improved guidelines for growing 
wild seeds in nurseries and the enforcement of the TPTJ system, the cultivation of 
planted trees has become a sustainable enterprise. 
    Although strategies for tree planting in plantations have been considerably 
optimized, the genetic composition of planted trees has not been specifically studied. 
In the case of planting individuals of native plant species that have originated from 
wild rather than genetically improved seeds and seedlings, the following two genetic 
aspects should be considered: genetic diversity within and genetic differentiation 
among populations. Genetic diversity is essential for conservation of genetic resources, 
resistance to various pests in natural ecosystems, avoidance of inbreeding depression 
(Frankham 1995), and ecosystem-specific processes including community production 
and maintenance of floral and faunal diversity (Crutsinger et al. 2006). These 
advantages are ecologically and economically important because population variability 
is needed for long-term timber harvesting. Moreover, genetic differentiation between 
the plantations and the surrounding natural forests should be considered (O’Brien et al. 
2010). Even within a single species, genetic differentiation exists between 
subpopulations because of local adaptations and/or genetic drift (Linhart and Grant 
1996). If individuals are introduced to a plantation site from genetically differentiated 
populations, growth rate and/or population fitness may decrease (Hufford and Mazer 
2003). In the event that the resulting generations grow successfully at the plantation 
site, genetic crossing with naturally grown individuals may lead to genetic pollution or 
disturbance of the genetic structure and outbreeding depression in the natural forests 
(Hufford and Mazer 2003; Potts et al. 2003). Therefore, planted populations should 
have a similar genetic composition to those present in the natural forests. 
    Shorea leprosula Miq. and S. parvifolia Dyer (Dipterocarpaceae) are common species 
in the lowland rainforests of Southeast Asia and are known as useful timber species 
because of their high growth rates and ease of processing for lumber. In this study, I 
analyzed the genetic composition of S. leprosula and S. parvifolia planted in Central 
Kalimantan, Indonesia. I then compared these characteristics with those of the natural 
populations in the same region. My objective was to investigate whether the current 
method for planting dipterocarp trees in the region is adequate to maintain genetic 
diversity and avoid genetic differentiation from the surrounding natural forest. 
 

4.2.  Materials and methods 
 
4.2.1.  Plant materials and study site 
 
Plant materials for DNA analysis were collected at the concession area managed by PT 
Sari Bumi Kusuma (SBK), a private forestry company located in Central Kalimantan 
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(Fig. 4-1). SBK manages approximately 148 km2 of the concession area and harvests 
timbers of 5 Shorea species (S. leprosula, S. parvifolia, Shorea johonensis, Shorea macrophylla, 
and Shorea platyclados) (Hardiansyah et al. 2006). In SBK, wild seedlings (wildlings) are 
collected in the natural rainforest surrounding the concession area, Bukit Baka Bukit 
Raya National Park. After being maintained in the nursery for 10 months, the wildlings 
are planted according to the TPTJ system (Fig. 4-2). For the present analysis, 211 leaves 
from six plantation stands of S. leprosula (Lpl_2000, Lpl_2003, Lpl_2005, Lpl_2006, 
Lpl_2007, and Lpl_2008) and 139 leaves from four populations of S. parvifolia (Ppl_2005, 
Ppl_2006, Ppl_2008_A, and Ppl_2008_B) (numbers shown in population names indicate 
planting year) were collected (Table 4-1). To estimate the genetic composition of these 
two species in natural populations, the leaves of 80 individuals of S. leprosula (LNF) 
and 41 individuals of S. parvifolia (PNF) were sampled from the natural forest 
surrounding SBK. 
 
4.2.2.  Microsatellite analysis 
 
Total genomic DNA was extracted from dried leaf tissues using a modified 
cetyltrimethylammonium bromide (CTAB) method (Milligan 1992). All plant 
individuals were genotyped using seven expressed sequence tag-linked microsatellite 
loci (EST-SSR) that were developed previously for S. leprosula (Ng et al. 2009). Forward 
primers of each locus were labeled with fluorescent dyes as follows: SleE05_VIC, 
SleE07_PET, SleE08_6-FAM, SleE13_NED, SleE14_VIC, SleE16_PET, and SleE21_6-FAM 
(Applied Biosystems, Life technologies Corporation, Eugene, OR, USA). Multiplex 
amplification reactions were performed in a total volume of 10 µl containing 5 ng of 
genomic DNA, 5 µl of 2× Multiplex PCR Master Mix (QIAGEN Multiplex PCR Kit; 
Qiagen, Valencia, CA, USA), and 0.2 µM of each primer. Using a GeneAmp PCR 
System 2700 thermal cycler (Applied Biosystems), I performed the amplification 
reactions under the following conditions: 1× (95°C for 15 min), 25× (94°C for 30 s, 
annealing temperature for 90 s, 72°C for 60 s), and 1× (60°C for 30 min). The 
primer-pair specific annealing temperature was 45°C for SleE07, SleE13, SleE14, and 
SleE16, 45.2°C for SleE05 and SleE08, 50°C for SleE15, and 50.1°C for SleE21. PCR 
fragment sizes were determined using an ABI PRISM 3100 Genetic Analyzer (Applied 
Biosystems), 3130xl Genetic Analyzer (Applied Biosystems), GenotyperTM 3.7 software 
(Applied Biosystems), and GeneMapperTM 3.0 software (Applied Biosystems). 
 
4.2.3.  Assessment of Hardy–Weinberg equilibrium and linkage 
disequilibrium of EST-SSR markers 
 
The assumptions of random mating and Hardy–Weinberg equilibrium for each 
population were tested by the U test and p-values were estimated with Markov chain 
algorithm using GenePop 4.2 (Raymond and Rousset 1995). Linkage disequilibrium 
was tested for each pair of loci by the log likelihood ratio statistic using GenePop 4.2 
(Raymond and Rousset 1995). 
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4.2.4.  Assessment of genetic diversity and inbreeding coefficients 
 
Number of alleles per locus (NA), observed heterozygosity (HO), and expected (HE) 
heterozygosity were calculated with GenAlEx 6.4 (Peakall et al. 2006). Allelic richness 
(AR; El Mousadik and Petit, 1996) and inbreeding coefficient (FIS) were calculated using 
FSTAT 2.9.3.2 (Goudet 1995). Differences in AR, HO, and HE between each populations 
and natural population were tested using ANOVA and Tukey’s multiple comparisons 
test using values for each locus as a replicate in R (R development core team 2010). 
Deviation of FIS values from zero was evaluated by a significant deficit of 
heterozygotes for each population at 0.05 of significance levels adjusted by Bonferroni 
correction for multiple testing using FSTAT 2.9.3.2 (Goudet, 1995). 
 
4.2.5.  Assessment of genetic differentiation between populations 
 
To clarify the level of genetic differentiation between populations, Nei’s D (Nei 1978) 
and G˝ST (Meirmans and Hedrick 2011) were calculated for each pair of populations 
using GenoDive 2.0 b24 (Meirmans and Tienderer 2004). Pairwise differentiations were 
tested with the log-likelihood G-statistics by 999 permutations on GenoDive 2.0 b24 
(Meirmans and Tienderer 2004) and p-values were adjusted by Bonferroni correction. 
An analysis of molecular variance (AMOVA; Excoffier et al. 1992) was used to partition 
the entire genetic variance into those within and among populations using GenAlEx 
v6.4 (Peakall et al. 2006). To estimate the number of populations providing genetic 
sources, a Bayesian cluster analysis was applied to all individuals using STRUCTURE 
2.3 (Pritchard et al. 2000). An admixture model that assumed correlated allele 
frequencies among populations was used. Ten runs for each K (K = 1–10) for each 
species were carried out. For each run, the number of burn-in and MCMC interactions 
were 100,000 and 1,000,000, respectively. The most likely number of clusters was 
selected by comparing the log Pr (X|K) [ln P(D)] and the statistic delta K (Evanno et al. 
2005) in each K. For S. parvifolia, the data did not fulfill the assumptions of Hardy–
Weinberg equilibrium; therefore clustering analysis was not conducted. 
 

4.3.  Results 
 
4.3.1.  Hardy–Weinberg equilibrium and linkage disequilibrium of 
EST-SSR markers 
 
Significant deviation (p < 0.01) from Hardy–Weinberg equilibrium was detected in four 
populations of S. leprosula and all populations of S. parvifolia (Table 4-2). Random 
mating within most populations was found in S. leprosula but not in S. parvifolia. 
Linkage disequilibrium was detected in three locus pairs (14%) in S. leprosula and 15 
locus pairs (74%) in S. parvifolia (Table 4-3). Near-complete independence of the seven 
loci was shown in S. leprosula but not in S. parvifolia, suggesting a relatively high rate of 
inbreeding within each population. 
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4.3.2.  Genetic diversity and inbreeding coefficients 
 
The degree of genetic diversity and inbreeding coefficient for each population of S. 
leprosula and S. parvifolia is presented in Table 4-1. The degree of genetic diversity (AR, 
HO, and HE) in each plantation was not significantly different from the natural 
population in either species except for a difference in AR between Ppl_2006 and PNF in 
S. parvifolia. Two populations of S. leprosula and all populations of S. parvifolia 
presented significantly high FIS values. 
 
4.3.3.  Genetic differentiation between populations 
 
In S. leprosula, G˝ST and Nei’s D values between each plantation and natural population 
were 0.057 on average (range: 0.010–0.098) and 0.047 on average (range: 0.007–0.075), 
respectively (Table 4-4 (a)). In S. parvifolia, G˝ST and Nei’s D values between each 
plantation and natural population were 0.055 on average (range: 0.002–0.101) and 0.054 
on average (range: 0.012–0.093), respectively (Table 4-4 (b)). As a result of testing 
population differentiation, 18 pairs of populations in S. leprosula and seven pairs in S. 
parvifolia showed significant differentiations. Ppl_2005 presented relatively large 
differentiation from the natural population (PNF), as shown in G˝ST and D values of 
0.101 and 0.093, respectively (Table 4-4 (b)). AMOVA of hierarchical genetic diversity 
revealed that genetic variation within populations accounted for 97% of the total 
molecular variance, and 3% of the variance occurred among populations in both 
species (Table 4-5).  
    In the Bayesian analysis for clustering of all individuals, the ln P(D) value was 
highest at K = 1 for S. leprosula. At K > 2, each individual contained alleles derived from 
each cluster in a similar proportion (Fig. 4-3). Thus, all S. leprosula individuals likely 
originated from a single gene pool and genetic differentiations between populations 
were not found. 
 

4.4.  Discussion 
 
4.4.1.  Genetic status of plantation stands in SBK 
 
In both Shorea leprosula and S. parvifolia, each plantation contained genetic diversity as 
large as that in the natural population (Table 4-1, Table 4-5). However, Ppl_2006 
showed significantly lower allelic richness (AR = 7.86) than the natural forest (PNF, AR = 
11.23), the smallest value of observed heterozygosity (HO = 0.52), and the largest 
inbreeding coefficient (FIS = 0.28) among the plantations of S. parvifolia (Table 4-1). 
Because the study plantations were established by selecting seedlings without genetic 
information, incidental lack of genetic diversity within a plantation stand could occur. 
It is likely that S. parvifolia presented a relatively higher level of inbreeding coefficients 
than S. leprosula, and all populations of S. parvifolia deviated from the Hardy–Weinberg 
equilibrium (Table 4-1). This difference could have been affected by tree density in the 
wild populations from which seedlings were taken. In the wild, the density of 
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conspecific flowering trees affects selfing rate in the population (Fukue et al. 2007) and 
lower tree density drives a higher rate of inbreeding (Tani et al. 2009). As a whole, the 
genetic diversity contained in almost all plantation stands was as high as that in the 
natural population. This indicates that the current plantation methodology is suitable 
for maintaining genetic diversity in the planted dipterocarp trees. However, it should 
be noted that an incidental lack of genetic diversity could occur when the source 
seedlings are taken from wild populations of low density, or genetically related 
seedlings are transplanted from a nursery to the same plantation stand. 
    Significant genetic differentiations between study populations were found, 
indicating that genetic compositions were nonhomogenous between the plantation 
stands (Table 4-4). Genetic compositions could be different between plantation stands 
because the individuals may be only a part of trees in the original natural forest. 
However, based on the Bayesian clustering of S. leprosula, the most likely number of 
genetic clusters was one (Fig. 4-3), suggesting that the source of trees in each plantation 
was similar to each other. Therefore, genetic degradations and disturbance of the 
genetic structure probably had no importance. 
 
4.4.2.  Implication for the dipterocarp plantations in the tropical 
rainforest 
 
Based on TPTJ, the current plantation method incorporates several factors that may 
contribute to the maintenance of genetic diversity in plantations. One of these factors is 
the use of wild seeds and seedlings collected from the natural forest surrounding the 
concession area. Unlike clonal propagation such as cutting, wild seeds and seedlings 
derived from natural regeneration are likely to maintain a high degree of genetic 
diversity. Another factor is the presence of a healthy, natural forest surrounding the 
concession area, which facilitates the easy collection of seeds and seedlings. Because S. 
leprosula and S. parvifolia are outcrossing species (Lee et al. 2000; Sakai et al. 1999) and 
planted populations may influence the genetic composition of natural populations 
through gene flow, it is safe to plant seedlings derived from a neighboring natural 
population. Conservation of the natural forest near the concession area is an advisable 
policy for the maintenance of the forest landscape and the sustainability of the forestry 
industry. 
    To maintain the current genetic status in the plantation stands, appropriate 
method to select seedlings for plantation is important. The process that may cause the 
reduction of genetic variation such as selection for specific phenotypic traits or 
propagation by cutting should be avoided. By mixing the seedlings that originated 
from different mother trees, I can expect that plantation stands containing high genetic 
diversity similar to the natural forests may be established and the reduction of the 
genetic diversity in the process of transplantation of seedlings from nurseries to 
plantation stands may be prevented. 
    The sustainability of dipterocarp plantation stands is ecologically and 
economically important. Ecologically, dipterocarp plantations contribute to ecological 
services such as the conservation of biodiversity (Barlow et al. 2007; Meijaard and Sheil 
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2007), the storage of carbon (Kettle 2010). The timber production provides an 
important income for rural people. Although some plantation systems including TPTJ 
have been established after repeated improvements, their genetic effectiveness has not 
been recognized. I report the first genetic evaluation of an intensive enrichment 
planting system practiced in Indonesia, TPTJ and conclude that the current plantation 
methodology is basically suitable for maintaining the genetic variation present in 
natural populations. The continuance and improvement of dipterocarp plantation 
techniques, with regard to genetic effects are expected. 
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Table 4-1  
Genetic diversity within each population of Shorea leprosula and 
S. parvifolia 
 
Species Population N Na AR HO HE FIS 
Shorea leprosula LNF 80 13 9.90ab 0.66 0.76ab 0.13* 

Lpl_2000 33 11 11.14 a 0.71 0.81 a 0.15* 
Lpl_2003 34 10 10.21ab 0.76 0.78ab 0.05 
Lpl_2005 35 10 9.55ab 0.71 0.78 b 0.06 
Lpl_2006 35 10 9.57ab 0.74 0.77ab 0.05 
Lpl_2007 37 10 9.49 b 0.71 0.77ab 0.09 
Lpl_2008 37 10 9.53 b 0.75 0.77ab 0.04 

Shorea parvifollia PNF 41 12 11.23 c 0.60 0.78cd 0.25* 
 Ppl_2005 47 11 9.74cd 0.60 0.76cd 0.22* 
 Ppl_2006 30 8 7.86 d 0.52 0.71 c 0.28* 
 Ppl_2008_A 32 11 10.42 c 0.59 0.78 d 0.26* 
 Ppl_2008_B 30 9 9.14cd 0.67 0.77cd 0.15* 
Sample size (N); mean number of alleles per locus (Na); allelic 
richness (AR); observed (HO) and expected heterozygosity (HE); 
inbreeding coefficient (FIS). LNF: Natural forest population of S. 
leprosula, PNF: Natural forest population of S. parvifolia, Lpl: 
Planted populations of S. leprosula, Ppl: Planted populations of S. 
parvifolia, and numbers shown in population names indicate 
plantation year. Different lowercase letters above the values 
indicate significant p < 0.05 differences among populations. 
Asterisks indicate FIS values are significantly different from 0 (p 
< 0.05). 
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Table 4-2  
Summary of chi-square tests for Hardy-Weinberg equilibrium for each locus in each population 
 
 S. leprosula  S. parvifolia 
Locus LNF Lpl_2000 Lpl_2003 Lpl_2005 Lpl_2006 Lpl_2007 Lpl_2008  PNF Ppl_2005 Ppl_2006 Ppl_2008_A Ppl_2008_B 
SleE08 ns ns ns ns ns ns ns  *** ns ns ns ns 
SleE05 *** *** *** ns ns ** ns  ** *** *** *** *** 
SleE13 *** ns ns ns ns *** ns  *** *** ** *** ns 
SleE16 ns ** ns ns ns ns ns  ns ns ns ns ns 
SleE14 ns ns ns ns ns ns ns  ** ns ** ** ns 
SleE07 ns ns ns ns ns ns ns  ** ns ns ns ns 
SleE21 *** * ns ns ** *** ns  *** *** *** *** *** 
Multi-locus *** *** ns ns ** *** ns  *** *** *** *** *** 
ns=not significant, ** p <0.01, *** p <0.001 
LNF: Natural forest population of S. leprosula, PNF: Natural forest population of S. parvifolia, Lpl: Planted populations of S. leprosula, Ppl: 
Planted populations of S. parvifolia, and numbers shown in population names indicate plantation year. 
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Table 4-3  
Summary of log likelihood ratio statistic tests for linkage 
disequilibrium in Shorea leprosula (above diagonal) and S. parvifolia 
(below diagonal) 
 
 SleE08 SleE05 SleE13 SleE16 SleE14 SleE07 SleE21 
SleE08 - ns ns ns ns * ns 
SleE05 * - ns ns ns ns ns 
SleE13 * * - ns ns * * 
SleE16 * * * - ns ns ns 
SleE14 * * ns * - ns ns 
SleE07 * * ns ns ns - ns 
SleE21 * * * ns * ns - 
ns=not significant, * p < 0.05 
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Table 4-4  
G˝ST values (above diagonal) and Nei’s D (below diagonal) for every pairwise 
populations of (a) Shorea leprosula and (b) S. parvifolia 
 
(a) S. leprosula 
 LNF Lpl_2000 Lpl_2003 Lpl_2005 Lpl_2006 Lpl_2007 Lpl_2008 
LNF - 0.098* 0.010 0.065* 0.053* 0.037* 0.080* 
Lpl_2000 0.075 - 0.052 0.078* 0.090* 0.073* 0.119* 
Lpl_2003 0.007 0.047 - 0.053* 0.090* 0.049* 0.080* 
Lpl_2005 0.055 0.058 0.042 - 0.110* 0.078* 0.136* 
Lpl_2006 0.044 0.076 0.077 0.092 - 0.022 0.116* 
Lpl_2007 0.032 0.062 0.043 0.066 0.021 - 0.036* 
Lpl_2008 0.067 0.101 0.068 0.116 0.100 0.032 - 
  
(b) S. parvifolia  
 PNF Ppl_2005 Ppl_2006 Ppl_2008_A Ppl_2008_B   
PNF - 0.101* 0.071* 0.045* 0.002   
Ppl_2005 0.093 - 0.100* 0.067* 0.087*   
Ppl_2006 0.058 0.085 - 0.068 0.109*   
Ppl_2008_A 0.050 0.065 0.055 - 0.023   
Ppl_2008_B 0.012 0.080 0.091 0.030 -   
 
* Significant population differentiation at 0.05 of significance level adjusted by 
Bonferroni correction for multiple testing 
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Table 4-5  
Summary of analysis of molecular variance for EST-SSR genotypes 
 
Source of variation df Sum of 

squares 
Variance 
components 

Percentage 
of variation 

(a) S. leprosula     
 Among populations 6 70.014 0.166 2.7 
 Within populations 284 1686.776 5.939 97.3 
 Total 290 1762.790 6.105 100.0 
(b) S. parvifolia     
 Among populations 4 51.712 0.175 3.0 
 Within populations 175 1168.654 6.678 97.0 
 Total 179 1220.367 6.853 100.0 
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Fig. 4-1  
Location of PT. Sari Bumi Kusuma (SBK) in Central Kalimantan, Indonesia  
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Fig. 4-2  
(a) A nursery of Shorea leprosula and (b) a plantation stand of S. leprosula established in 
2006 in SBK. 
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Fig. 4-3 
Bayesian structure analysis of Shorea leprosula with the STRUCTURE software program 
from K = 2 to K = 4 (Pritchard et al. 2000). LNF, natural forest population of S. leprosula; 
Lpl, planted populations of S. leprosula. Numbers shown in the population names 
indicate plantation year. 
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5 
Structure of phyllosphere fungal communities 

in a tropical dipterocarp plantation 
 
 
 
5.1.  Introduction 
 
Phyllosphere fungi, which include epiphytes on the surfaces of leaves (Lindow and 
Brandl 2003), endophytes living asymptomatically within leaf tissues (Rodriguez et al. 
2009) and pathogens, exert neutral, negative, or positive influences on their host plants 
and play various ecological and physiological roles in terrestrial ecosystems. For 
example, they may reduce the photosynthetic rates of host plants (Pinto et al. 2000), 
pathogenically attack host plants (Newton et al. 2010), enhance the resistance of hosts 
to pathogens (Arnold et al. 2003), or act as decomposers of leaf litter and drive nutrient 
cycles (Osono 2006). Phyllosphere fungi have been recognized to be the most 
species-rich groups of fungi (Unterseher et al. 2011). The habitats of phyllosphere fungi 
are likely very large and diverse, as the total global leaf surface area exceeds 4 × 108 
km2 (Morris and Kinkel 2002), a value approximately 2.7 times larger than the total 
land area. This likelihood of diversity is further supported by the fact that 
phyllosphere fungi inhabit all major land plant lineages from the tropics to the Arctic 
(Arnold 2007). Recent methodological developments based on next-generation 
sequencing facilitate the sequencing of DNA extracted directly from environmental 
materials, thereby permitting the estimation of species richness among various 
populations of microorganisms. Metagenomic amplicon sequence analyses with 
high-throughput sequencers have begun to uncover the tremendous diversity of fungi 
from aquatic (Brown et al. 2009; Stoeck et al. 2010) to terrestrial environments, 
including plant roots (e.g., Davison et al. 2012; Clemmensen et al. 2013; Toju et al. 2013) 
and leaves (e.g., Jumpponen and Jones 2009; Cordier et al. 2012; Zimmerman and 
Vitousek 2012). The investigation of community composition, richness and dynamics 
of phyllosphere fungi via metagenomic amplicon sequence analyses will contribute to 
the exploration of new fungal bioresources and understanding of the nature of the 
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ecological interactions between fungi and plants. 
    Many factors determine fungal diversity and community structures. Differences in 
abiotic conditions, along with environmental gradients, such as elevation (Davey et al. 
2013), continental-scale climate conditions (U’Ren et al. 2012) and the degree of 
urbanization (Jumpponen and Jones 2009), generate spatial variation in phyllosphere 
fungal communities. Although dispersal can counteract this spatial variation, 
topological or anthropogenic factors that limit dispersal among sites are likely to cause 
small-scale geographic variations in community structure (Lomolino et al. 2006; 
Adams et al. 2013). The effects of these factors on fungal community structures can 
differ both spatially and temporally (Matulich et al. 2015). Next-generation sequencing 
is an effective and comprehensive method of investigating the phyllosphere fungal 
community structure (Jumpponen and Jones 2009; Cordier et al. 2012), but to my 
knowledge few studies have used high-throughput meta-barcoding analysis to reveal 
the assemblies of phyllosphere fungi in the tropics. 
    Southeast Asia contains one of the most diverse floras in the world. It comprises 
29,332 endemic vascular plant species (about 10% of approximately 300,000 global 
vascular plant species; Myers et al. 2000). In view of this diversity, fungi that interact 
with those plants (such as phyllosphere fungi and mycorrhizal fungi) are likely to be 
highly diverse. Nonetheless, the richness of fungal species in this region remains 
poorly investigated (Hawksworth and Rossman 1997; Webb et al. 2010; but see Peay et 
al. 2010). Within this region, plantations of native tree species represent an important 
land use because they contribute to sustainable timber production without further 
accelerated deforestation, which would inevitably result in a substantial loss of 
biodiversity. Indonesia has established commercial timber production by planting trees 
after cutting (Hardiansyah et al. 2006; Ministry of Forestry 2009). However, pathogens, 
pests and diseases interfere with commercial plantation forestry (van Staden et al. 
2004). Plantation forests contribute to the maintenance of biodiversity in the region as 
well as in primary forests (Barlow et al. 2007; Meijaard and Sheil 2007). For this reason, 
the accumulation of knowledge regarding the richness and spatial distribution patterns 
of fungal species is important for the sustainable management of biodiversity and 
commercial plantations. 
    In the present study, I addressed the question “How diverse are the phyllsphere 
fungi inhabiting in the Southeast Asian tropics?” I used massively parallel 
next-generation sequencing to characterize the diversity and spatial variability of 
phyllosphere fungal communities of managed Shorea leprosula Miq. (Dipterocarpaceae), 
which is commonly distributed in the lowland rainforests of Southeast Asia and is an 
important timber species called red meranti. I investigated the phyllosphere fungal 
assemblage of trees grown in plantation stands, evaluated total fungal richness, and 
then compared fungal community compositions among spatially distant tree 
individuals. 
 

5.2.  Materials and methods 
 
5.2.1.  Study site and plant materials 
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In July 2012, leaves were collected at S. leprosula plantation stands managed by PT. Sari 
Bumi Kusuma (SBK), a private forestry company in Central Kalimantan, Indonesia 
(0°35.5´S, 112°14.2´E; Fig. 5-1A). In SBK-managed plantation stands, young S. leprosula 
trees had been planted at 2.5-m intervals and had grown to approximately 10 m in 
height and 15 cm in diameter at breast height during a six-year period. To evaluate the 
effects of geographic locations on fungal assemblage, I established four plots 
comprising seven to eight adjoining trees that had originated from different mother 
trees (Fig. 5-1B). The distances separating the four plots ranged from 15 m to 3.5 km 
(Fig. 5-1B). A total of 31 S. leprosula trees were selected as target plant individuals. To 
minimize the effect of the heterogeneous distribution of fungi within an individual 
plant on the observed species diversity, 10 leaves from three branches growing in 
different directions were collected from each plant. The collected leaves were then 
dried in silica gel until DNA extraction was performed. 
 
5.2.2.  DNA extraction 
 
A 25-mm2 piece was cut from a dried leaf with a disposable knife, and 10 leaf pieces 
from the 10 leaves originating on the same plant were mixed in a microcentrifuge tube. 
The knife blade was discarded after each set of 10 leaves. All leaf pieces appeared 
healthy and showed no symptoms of pathogenic fungal infection. To avoid 
contamination by fungi that did not originate on S. leprosula leaves (such as common 
airborne fungi), each dried leaf piece was cleaned three times with 0.005% (w/v) 
Aerosol-OT solution (di-2-ethylhexyl sodium sulfosuccinate; Cytec Industries, West 
Paterson, NJ, USA) and rinsed twice with sterile distilled water (Osono et al. 2009). 
After the remaining water was removed from the tube, the 10 pieces collected from an 
individual plant (approximately 20 mg in total) were homogenized to powder with 
stainless steel beads (3 mm in diameter), after which total genomic DNA was extracted 
using the modified cetyl trimethylammonium bromide method (Milligan 1992). A tube 
was prepared without leaf contents to serve as a negative control for each extraction 
procedure. Hereafter, a sample is defined as a mixture of leaf pieces originating from 
an individual plant. 
 
5.2.3.  Parallel amplicon sequencing 
 
To identify fungal species inhabiting the leaves, the internal transcribed spacer (ITS) 
region was amplified and sequenced. ITS1 sequences (approximately 250 base pairs 
[bp]) were amplified via PCR to allow the use of a sequencer Ion-PGM (Ion Torrent, 
Life Technologies, Guilford, CT, USA), for which the sequence length is limited to 
approximately 300 bp at the time of sequencing. For parallel amplicon sequencing, I 
used two types of fusion primer: a PGM-sequencing primer (Ion A primer), followed 
by tag sequences for sample identification (Hamady et al. 2008) and ITS1F_KYO2 (Toju 
et al. 2012), and a DNA capture bead annealing primer for emulsion PCR (trP1 primer), 
followed by ITS2_KYO2 (Toju et al. 2012). Fungal ITS1 regions were amplified in a total 
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volume of 50 µl that contained 10 ng of template DNA, a 200-nM concentration of each 
primer and 45 µl of Platinum PCR SuperMix High Fidelity (Invitrogen/Life 
Technologies Inc., Burlington, Ontario, Canada). Using a Veriti 96-well thermal cycler 
(Applied Biosystems/Life Technologies, Foster City, CA, USA), amplification reactions 
were performed under the following conditions: 94°C for 3 min (initial denaturation) 
and 35 cycles at 94°C for 30 s, 60°C for 30 s, and 68°C for 2 min and 40 s. 
    Approximately 0.3 pmol of 200–400-bp PCR products from each sample was 
mixed. Amplicons with a length of 200–300 bp were further extracted using E-Gel 
SizeSelect Agarose Gels (Invitrogen). The extracted amplicons were then purified using 
AgenCourt AMPure XP PCR Purification Reagent (AgenCourt Bioscience, Beverly, MA, 
USA), quantified with an Agilent 2100 Bioanalyzer DNA High Sensitivity Kit (Agilent 
Technologies, Santa Clara, CA, USA), and diluted to a final concentration of 26 pM. 
The amplicon library was amplified using Ion One Touch System (Ion Torrent) with an 
Ion One Touch 200 Template Kit v2 (Ion Torrent) and sequenced using Ion-PGM with 
an Ion 200 Sequencing Kit (Ion Torrent). Six of the 31 samples were sequenced in the 
first run using an Ion 314 Chip (Ion Torrent), whereas the remaining 25 samples were 
sequenced using an Ion 318 Chip (Ion Torrent). In total, 485,710 and 5,566,576 reads 
were obtained for the first and second runs, respectively (DDBJ Sequence Read 
Archive accession: DRA001737). 
 
5.2.4.  Bioinformatics 
 
Raw sequencing reads from two Ion-PGM runs were sorted using sample-specific tag 
sequences and filtered using the “clsplitseq” command in the Claident v0.2.2015.03.11 
software package (Tanabe 2012b). A minimum average quality value of 27 over the 
sequence (Kunin et al. 2010) was required, low-quality 3´-tail reads were removed, and 
reads shorter than 150 bp were excluded. Potentially chimeric reads and reads that 
were likely to contain a high proportion of sequencing errors (noisy reads) were 
detected and removed by the “clcleanseq” command of Claident. This command uses 
UCHIME v4.2.40 (Edgar et al. 2011) to detect potentially chimeric reads and the 
algorithm developed by Li et al. (2012) to detect noisy reads.  
    Filtered reads were clustered to generate operational taxonomic units (OTUs) 
using the Assams software v0.2.2015.03.11 (Tanabe 2012a; Toju et al. 2014), which was 
invoked with the “clclassseq,” “clclassclass,” and “clreclassclass” commands in 
Claident v0.2.2015.03.11 (Tanabe 2012b). Assams enables highly parallelized processing 
along with the accurate assembly program, Minimus (Sommer et al. 2007). Filtered 
reads were clustered within each sample with a cutoff sequence similarity of 99%. Then, 
sequence clusters within samples were merged across all samples with three cutoff 
sequence similarities of 95%, 97% and 98.5%. (Jumpponen and Jones 2009; U’Ren et al. 
2009; Kemler et al 2013). The resulting clustered sequences were used as OTUs in the 
subsequent analysis. 
    Taxonomic identification of the obtained OTUs was based on the query-centric 
auto-k-nearest-neighbor (QCauto) method (Tanabe and Toju 2013) using the 
“clidentseq” and “classigntax” commands in Claident v0.2.2015.03.11. An intensive 
benchmark analysis indicated that the QCauto method returned the most conservative 
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and accurate taxonomic identification results among the existing automated DNA 
barcoding methods if all potentially observable species had not been completely 
described and registered in the reference database (Tanabe and Toju 2013). To permit 
QCauto-method-based identification of the obtained fungal OTUs while using Claident 
software, I downloaded the “fungi_ITS_species” database from the Claident web site 
on July 7, 2015. This “fungi_ITS_species” database comprises a subset of the National 
Center for Biotechnology Information “nt” database and contains fungal reference ITS 
sequences with species-rank taxonomic information (Tanabe and Toju 2013). Claident 
uses the lowest-common-ancestor algorithm to return the lowest taxonomic level 
common to the homologous sequences found in the reference database (Huson et al. 
2007). After the taxonomic identification process, OTUs that were not assigned to fungi 
or were included in negative control samples were excluded from the datasets. Because 
singletons likely include PCR and sequencing artifacts (Tedersoo et al. 2010; Brown et 
al. 2015), singletons were also removed from the datasets. Samples containing fewer 
than 100 reads were also excluded from the subsequent statistical analysis. The 
command script for Claident v0.2.2015.03.11 is provided in Data 5-S1. 
    To test the effect of sequence lengths of OTUs on taxonomic identifications, the 
sequence length differences between identified and unidentified OTUs were tested at 
each taxonomic level (phylum, class, order, family, genus and species levels) by 
Wilcoxon rank sum test.  
 
5.2.5.  Statistical analysis 
 
Considering that sequence dissimilarity among OTUs is critical in biodiversity 
analyses, I separately analyzed and compared three datasets differing in the OTU 
identity level (95%, 97% and 98.5%).  
 
5.2.5.1.  Diversity of phyllosphere fungi in the tropical plantation 
 
The effect of OTU clustering level (95%, 97% and 98.5%) on OTU richness was 
evaluated by rarefaction curves. For each dataset, the differences in sequencing 
intensities among samples or plots were further evaluated by the rarefaction curves. 
Rarefaction curves were generated using the “rarecurve” or “specaccum” function in 
the R vegan 2.0–10 package (Oksanen et al. 2011). To assess the evenness of number of 
reads among OTUs, rank-abundance plots were drawn. Whether the fungal 
communities were completely surveyed was tested by fitting the community datasets 
to log-normal species abundance distributions. The goodness of fit was tested with 
chi-square tests.  
 
5.2.5.2.  Spatial variability of phyllosphere fungal communities 
 
To discriminate the abundant OTUs from rare or occasional OTUs, OTUs represented 
in more than 50% of samples were defined as core (abundant) OTUs and the rest were 
defined as satellite (rare or occasional) OTUs (Unterseher et al. 2011). The number and 
taxonomy were compared between core and satellite OTUs. Spatial variability in the 
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phyllosphere fungal communities was investigated by comparison of the core or 
satellite OTU compositions in samples among the four plots (P1–P4). I calculated the 
Raup–Crick dissimilarity index (Chase et al. 2011) for the presence/absence data of 
fungal OTUs using the “raupcrick” function in the vegan package. This function 
accommodates presence/absence data and corrects for differences in observed numbers 
of OTUs among groups and differences in sampling intensities among OTUs (Chase et 
al. 2011; Oksanen et al. 2011). The core or satellite OTU composition of each sample 
was plotted on a two-dimensional surface according to the pairwise Raup–Crick 
dissimilarity using the nonmetric multidimensional scaling (NMDS) analysis in the 
vegan package. The effect of plot on core or satellite fungal community dissimilarity 
was evaluated with a permutation test for multivariate analysis of variance 
(PERMANOVA; Anderson 2001) and another for homogeneity of multivariate 
dispersions (PERMDISP; Anderson 2006) in 999 permutations, available in the vegan 
package. Pairwise dissimilarity of fungal communities was evaluated by the overlap of 
standard deviation ellipses of the weighted averages of plots on the NMDS 
ordinations. 
 

5.3.  Results 
 
5.3.1.  Diversity of phyllosphere fungi in the tropical plantation 
 
Among the total reads obtained by sequencing, 177,777 and 1,607,247 reads contained 
the tag sequences corresponding to the 6 and 25 samples in the first and second run, 
respectively (Table 5-S2). After removal of short and low-quality reads, 40,002 (22.5%) 
reads for the six first-run samples and 856,126 reads (53.3%) for the remaining 25 
samples were retained (Table 5-S2). These reads contained 2149 and 98,765 possibly 
chimeric reads and 24,216 and 274,484 noisy reads for the first and second run, 
respectively (Table 5-S2). Thus, 26,365 (14.8% of the 177,777 raw reads) and 373,249 
(23.2% of the 1,607,247 raw reads) were recognized as artificial reads. After removal of 
the artificial reads, 13,637 (7.7% of the 177,777 raw reads) and 482,877 (30.0% of the 
1,607,247 raw reads) reads from the first and second run were used for OTU clustering 
(Table 5-S2). Clustering these reads with a 95%, 97% and 98.5% similarity cutoff 
yielded 888, 1267 and 3046 OTUs, respectively (Table 5-S2). After removal of the OTUs 
contained in the negative controls and non-fungal OTUs and singletons, 488 OTUs 
(153,194 reads), 697 OTUs (154,300 reads) and 1562 OTUs (193,381 reads) were 
obtained for the 95%, 97% and 98.5% OTU similarity datasets, respectively (Table 5-S2).  
    As a result of OTU identification in the dataset of 95% OTU similarity, 80.9%, 
42.2%, 32.6%, 19.3%, 13.5% and 4.9% of total OTUs were identified at the phylum, class, 
order, family, genus and species levels, respectively. Note that the “unidentified” 
OTUs indeed obtained some homology hits belonging to the kingdom Fungi in the 
“fungi_ITS_species” database, but the taxonomies were inconsistent among the hits. In 
such cases, a taxonomic name was unassigned because of the lowest common ancestor 
algorithm (Huson et al. 2007) to avoid misidentification (Tanabe and Toju 2013). The 
Wilcox rank sum tests showed no difference in sequence length between identified and 



 93 

unidentified OTUs at every taxonomic level except for the phylum-level (W = 21003, p = 
0.03 for the phylum-level; W = 31063, p = 0.19 for the class-level; W = 28512, p = 0.12 for 
the order-level; W = 19865, p = 0.27 for the family-level; W = 15252, p = 0.21 for the 
genus-level; W = 5933, p = 0.59 for the species-level). 
    The observed OTU richness decreased along with decreasing thresholds of 
sequence similarity for OTU clustering (Fig. 5-2). The OTU accumulation curves drawn 
for the three datasets were mostly saturated but did not reach stable plateaus (Fig. 5-2). 
In each dataset, the OTU accumulations were different remarkably among samples as 
well as plots (Fig. 5-S3). Even in the dataset of 95% OTU similarity, the OTU richness of 
most samples did not reach saturation against the number of reads (Fig. 5-5A). 
    The rank abundance plots showed that most OTUs comprised small numbers of 
reads (Figs. 3A, S6A, B). The numbers of OTUs comprising fewer than 10 reads were 
200 (41.0%), 326 (46.8%) and 824 (52.8%) in the datasets of 95%, 97% and 98.5% OTU 
similarity, respectively (Figs. 3A, S6A, B). Chi-square tests and the probability plots 
revealed that no datasets followed log-normal species abundance distributions (Figs. 
3B, S6C, D). 
 
5.3.2.  Spatial variability of phyllosphere fungal communities 
 
OTUs were divided into core and satellite OTUs based on the number of representative 
samples. In the dataset of 95% OTU similarity, 23 OTUs (72,990 reads) inhabiting 16–28 
samples were recognized as core OTUs and the remaining 465 OTUs (80,204 reads) 
represented by 1–15 samples belonged to satellite OTUs (Table 5-1; Fig. 5-4). The 
number of satellite OTUs was 20.2 times greater than that of core OTUs (Table 5-1; Fig. 
5-4). Among the 465 satellite OTUs, 146 (29.9%) were distributed in a single sample 
(Fig. 5-4). Similar results for the relative abundance and distribution patterns between 
core and satellite OTUs were observed in the other two datasets (97% and 98.5% OTU 
similarity) (Table 5-1; Fig. 5-S5A, B). 
    Taxonomic compositions were compared between core and satellite OTUs. At the 
phylum level, relative abundances between Ascomycota and Basidiomycota were 
similar between core and satellite OTUs; the ratio of Ascomycota to Basidiomycota was 
6:1 in core OTUs and 5:1 in satellite OTUs in the dataset of 95% OTU similarity (Fig. 
5-6A). At the class and order levels, more diverse taxonomy was found in satellite 
OTUs than in core OTUs. The 23 core OTUs found in the dataset of 95% OTU similarity 
belonged to only four ascomycote orders: Xylariales, Sordariales, Diaporthales 
(Sordariomycetes) and Pleosporales (Dothideomycetes) (Fig. 5-6B, C) and 465 satellite 
OTUs were represented in 19 orders in 11 classes (Fig. 5-6B, C). The other two datasets 
(97% and 98.5% OTU similarity) showed qualitatively similar taxonomic compositions.  
    Spatial variability in fungal community compositions was separately tested for 
core and satellite OTUs. NMDS ordinations and PERMANOVA showed that both the 
core and satellite fungal communities on S. leprosula differed among geographically 
distant plots (Table 5-1; Fig. 5-6). PERMDISP showed that community dissimilarity 
variances within each plot did not differ among the four plots; thus, the significant 
differences in fungal communities among plots found in PERMANOVA were 
attributed to those among means rather than variances of fungal communities (Table 
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5-1). The proportions of variation explained by plot were 51–56% and 74–80% in core 
and satellite OTU communities, respectively (Table 5-1). In NMDS ordinations of 
satellite OTUs compositions, standard deviations did not overlap among the four plots 
(Figs. 6B, S7E, F). 
 

5.4.  Discussion 
 
Using high-throughput DNA sequencing, I investigated and identified species 
diversity among tropical phyllosphere fungi. Although a previous study using a 
conventional isolation method identified 42 endophyte OTUs from six woody plant 
species growing within a 1500- ha area in a tropical forest (Arnold and Lutzoni 2007), 
the present meta-barcoding analysis detected 488 phyllosphere fungal OTUs from a 
single plant species growing within an approximately 400 m2 area of a managed 
tropical plantation. The present study showed the effectiveness of high-throughput 
sequencing for detecting phyllosphere fungi, as also shown in previous studies. For 
example, 1599 OTUs were detected on nine trees 300 m apart (Cordier et al. 2012), and 
360 OTUs were found on 12 trees growing across two regions 8.5 km apart 
(Jumpoonen and Jones 2009). Meta-barcoding analyses with high throughput 
sequencers have enabled us to detect various fungal OTUs, of which many are 
inconspicuous and unculturable (Ekblom and Galindo 2011; Davey et al. 2013; 
Unterseher et al. 2013).  
    The phyllosphere fungal diversity revealed in the present study likely represents 
only part of the entire fungal flora for the following reasons. First, rank-abundance 
plots based on the read count per OTU showed that most fungal OTUs comprised 
small numbers of reads (Figs. 3A, S6A, B) and the distribution patterns of the read 
count per OTU did not follow log-normal species abundance distributions (Figs. 3B, 
S6C, D). Rarefaction curves for samples or plots did not reach stable plateaus (Fig. 
5-S3). Under the assumption that a speceis-abundance distribution derived by a 
complete sampling follows log-normal distribution (Ulrich et al. 2010), these results 
indicated that the phyllosphere fungal communities were sampled incompletely 
(Unterseher et al. 2011), suggesting that more diverse and comprehensive phyllosphere 
fungal species compositions would be detected with additional sampling and 
sequencing efforts per sample. Second, silica gel tissue storage may reduce the DNA 
quality and yield limited fungal compositions (U’Ren et al. 2014). Third, the plant 
samples analyzed represent only a fraction of the diverse flora inhabiting the tropical 
rainforest. Although planted S. leprosula trees were analyzed in this study, 10,000–
12,000 species of flowering plant species are likely present on Borneo island 
(Soepadmo and Wong 1995). The fungal species diversity would thus be many times 
higher than that of associated plant communities (Bruns 1995; Dickie 2007). More 
diverse and complex fungal communities may be found in larger areas, including 
natural forests. Furthermore, seasonality may affect fungi associated with plant 
phyllospheres (Albrectsen et al. 2010; Jumpponen and Jones 2010; Davey et al. 2012). 
The leaf sampling in the present study was conducted during the dry season in Borneo; 
however, greater species richness or more alternative patterns of diversity may be 
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observed in phyllosphere fungal communities during the rainy season.  
    As shown in previous studies of phyllosphere endophytic fungi in various types 
of habitats (Arnold 2007), Ascomycota was dominant among the fungal OTUs 
observed in this study (Fig. 5-5A). Within Ascomycota, Sordariomycetes was more 
prevalent than Dothideomycetes (Fig. 5-5B), consistent with the patterns observed in 
tropical forests (Arnold and Lutzoni 2007). At the order level, Xylariales, Diaporthales 
(Sordariomycetes) and Pleosporales (Dothideomycetes), which were found in core 
OTUs, were consistent with fungi previously isolated from living leaf tissues of 
Dipterocarpaceae trees in northern Thailand (Osono et al. 2009; Sutjaritvorakul et al. 
2011). Dominance of Sordariomycetes, especially Xylariales and Diaporthales, has also 
been reported in another tropical region (Arnold and Lutzoni 2007). Thus, the 
phyllosphere fungal flora of S. leprosula in Central Kalimantan was partly consistent 
with those in other tropical regions.  
    These characteristics in the taxonomic composition, however, were distinct from 
those in temperate forests. In a temperate forest in the state of Kansas, USA, the most 
prevalent fungal order found to inhabit Quercus macrocarpa (N = 18) was Pleosporales 
(Dothideomycetes), followed by Capnodiales (Dothideomycetes), Erysiphales 
(Leotiomycetes), Tremellales (Tremellomycetes) and Taphrinales (Taphrinomycetes) 
(Jumpponen and Jones 2009). In another temperate forest in Laveyron, France, 
Taphrinales (Taphrinomycetes) was detected at a high frequency on Fagus silvatica (N = 
27), along with ubiquitous detection of Aureobasidium pullulans (Dothideales; 
Dothideomycetes) and Mycosphaerella punctiformis (Capnodiales; Dothideomycetes) 
(Cordier et al. 2012). The proportions of identified OTUs, which were not influenced by 
sequence lengths, were low. The difficulty of correct identifications of the obtained 
reads could be due to the absence of matching sequences in the “nt” database, which is 
likely because of the absence of previous comprehensive investigations of phyllosphere 
fungal flora in the Southeast Asian tropical rainforest. 
    Among the total 488 fungal OTUs in the dataset of 95% OTU similarity, 23 OTUs 
(4.7%) and the remaining 465 OTUs (95.3%) were analyzed as core and satellite OTUs, 
respectively (Fig. 5-4). The relative abundance of core and satellite OTUs revealed that 
tropical phyllosphere fungal communities were composed of more satellite OTUs than 
temperate forests. The ratio of core to satellite OTUs was 1:20.2 in the present study 
(Fig. 5-4), in comparison with 1:13.3 in Cordier et al. (2012), and 1:7.6 in Jumpponen 
and Jones (2009), both of which performed meta-barcoding analysis of phyllosphere 
fungal communities on a single woody plant species in temperate regions. The 
distribution of the 23 core OTUs were spatially structured (Table 5-1; Fig. 5-6A), 
presumably because of the limitations of fungal dispersal. The geographic effects on 
fungal community dissimilarity were previously known (Adams et al. 2013). Clear 
spatial structures in satellite OTUs’ communities were also found (Table 5-1; Fig. 5-6B). 
Compositions of satellite OTUs were different even between plots 15 m apart resulting 
in the high heterogeneity of fungal communities within a plantation stand. These 
satellite OTUs may include transiently settling fungi, which do not necessarily have 
specific interaction with host trees (Unterseher et al. 2011), but likely accounted for 
most of the fungal diversity found in the study site. 
    Overall, the planted Shorea trees in SBK harbored unknown species diversity of 
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phyllosphere fungi: most of the fungal OTUs were found in low frequency and were 
unidentified at the species level. The high species diversity found in the target 
plantation stands could be attributed to the management method, which reduces the 
disturbance of understory vegetation (i.e., TPTJ; Ministry of Forestry 1998; 
Hardiansyah et al. 2006), and/or the retained intact forests surrounding SBK. However, 
to detect the effect of forest management on species diversity of phyllosphere fungi, 
fungal flora need to be compared between different plantation stands managed by 
different methods. 
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Table 5-1 
Summary of three datasets and results of statistical tests for spatial 
variability of fungal communities. 
 
Dataseta Number 

of OTUs 
Number 
of reads 

PERMANOVAc  PERMDISPd 
Fdf = 3 R2 p  Fdf = 3 p 

95% OTU similarity 
 Core OTUsb 23 72990 9.8 0.52 <0.001  1.8 0.18 
 Satellite OTUs 465 80204 25.4 0.74 <0.001  1.3 0.31 
97% OTU similarity 
 Core OTUsb 20 71640 11.6 0.56 <0.001  2.2 0.11 
 Satellite OTUs 677 82660 35.0 0.80 <0.001  3.5 0.03 
98.5% OTU similarity 
 Core OTUsb 26 64174 9.3 0.51 <0.001  2.0 0.13 
 Satellite OTUs 1536 129207 29.1 0.76 <0.001  2.7 0.07 
a The three datasets differ in the sequence similarity within operational 
taxonomic units (OTUs) (95%, 97% and 98.5%).  
b Core OTUs represented by more than 50% of samples were 
distinguished from the remaining satellite OTUs.  
c Permutation tests for multivariate analysis of variance 
d Permutation tests for homogeneity of multivariate dispersions 
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Fig. 5-1 
Study site and plots where leaf samples were collected. A: Location of PT. Sari Bumi 
Kusuma (SBK) in Central Kalimantan, Indonesia. B: Map of the four study plots 
established in the SBK concession area. The four plots were distributed across two 
plantation stands of Shorea leprosula located 3.5 km apart. In each plantation stand, 320 
trees were growing within a 200-m2 area (white circles). Shorea leprosula leaves were 
collected from seven to eight trees per plot (black circles). 
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Fig. 5-2 
Accumulation curves of fungal OTUs detected from Shorea leprosula leaves of the three 
datasets differing in sequence similarity within OTUs (95%, 97% and 98.5%). 
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Fig. 5-3 
Rank-abundance plot (A) and probability plot (B) of 488 OTUs in the dataset of 95% 
OTU similarity. In the probability plot (B), a gray line indicates a log-normal species 
abundance distribution. A chi-square test indicated significant deviation from a 
log-normal species abundance distribution of the observed OTU abundance (P = 166.2, 
p < 0.001). See Fig. 5-S4 for the datasets of 97% and 98.5% OTU similarity. 
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Fig. 5-4 
Number of representative samples of 488 OTUs in the dataset of 95% OTU similarity. 
Twenty-three OTUs represented by more than 16 samples were classified as core OTUs 
and the remaining 465 OTUs as satellite OTUs. 
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Fig. 5-5 
Phylum (A), class (B) and order (C) level taxonomic composition of 23 core and 465 satellite fungal OTUs detected on Shorea leprosula 
leaves in the dataset of 95% OTU similarity. 
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Fig. 5-6  
Two-dimensional NMDS plots of fungal communities based on pairwise Raup–Crick 
dissimilarities in the fungal OTU compositions of 31 Shorea leprosula trees sampled 
from four plots (P1, P2, P3 and P4). NMDS ordinations were performed for 23 core (A) 
and 465 satellite (B) OTUs in the dataset of 95% OTU similarity. Ellipses indicate the 
standard deviations of the weighted averages of plots (see Fig. 5-1 for the detailed 
locations of plots). 
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Data 5-S1 
Command script for Claident v0.2.2015.03.11 used for filtering, clustering and 
taxonomy identification of OTUs. 
 
# Split the entire sequences according to tag sequences 
 
clsplitseq ¥ 

--runname=R1 ¥ 
--primerfile=barcodelist.fasta ¥ 
--tagfile=taglist120_1.fasta ¥ 
--numthreads=10 ¥ 
120913.fastq R1_samples 

 
clsplitseq ¥ 

--runname=R1 ¥ 
--primerfile=barcodelist.fasta ¥ 
--tagfile=taglist120_2.fasta ¥ 
--numthreads=10 ¥ 
120913.fastq --append R1_samples 

 
clsplitseq ¥ 

--runname=R1 ¥ 
--primerfile=barcodelist.fasta ¥ 
--tagfile=taglist120_3.fasta ¥ 
--numthreads=10 ¥ 
120913.fastq --append R1_samples 

 
clsplitseq ¥ 

--runname=R2 ¥ 
--primerfile=barcodelist.fasta ¥ 
--tagfile=taglist120_1.fasta ¥ 
--numthreads=10 ¥ 
121012.fastq R2_samples 

 
clsplitseq ¥ 

--runname=R2 ¥ 
--primerfile=barcodelist.fasta ¥ 
--tagfile=taglist120_2.fasta ¥ 
--numthreads=10 ¥ 
121012.fastq --append R2_samples 

 
clsplitseq ¥ 

--runname=R2 ¥ 
--primerfile=barcodelist.fasta ¥ 
--tagfile=taglist120_3.fasta ¥ 
--numthreads=10 ¥ 
121012.fastq --append R2_samples 

 
# Filter reads 
 
mkdir R1_filtered 
 
gunzip R1_samples/R1__A*__ITS1F.fastq.gz 
 
for fname in R1_samples/*.fastq 
do 
 clfilterseq ¥ 

--minqual=27 ¥ 
--minlen=150 ¥ 
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--numthreads=10 ¥  
--output=folder ¥ 
--append ¥ 
$fname R1_filtered 

done 
 
gzip R1_samples/R1__A*.fastq 
 
mkdir R2_filtered 
 
gunzip R2_samples/R2__A*__ITS1F.fastq.gz 
 
for fname in R2_samples/*.fastq 
do 
 clfilterseq ¥ 

--minqual=27 ¥ 
--minlen=150 ¥ 
--numthreads=10 ¥ 
--output=folder ¥ 
--append ¥ 
$fname R2_filtered 

done 
 
gzip R2_samples/R2__A*.fastq 
 
clcleanseq ¥ 

uchime --minh 0.1 --mindiv 0.8 end ¥ 
--numthreads=10 ¥ 
R1_filtered/R1__A*.fastq R1_clean 

 
clcleanseq ¥ 

uchime --minh 0.1 --mindiv 0.8 end ¥ 
--numthreads=10 ¥ 
R2_filtered/R2__A*.fastq R2_clean 

 
# Clustering within samples (OTU similarity = 0.99) 
 
mkdir withinsamples 
 
clclassseq ¥ 

--minident=0.99 ¥ 
--strand=plus ¥ 
--numthreads=10 ¥ 
--append ¥ 
R1_clean/R1__A*.cleaned.dereplicated.fastq.gz ¥ 
withinsamples 

 
clclassseq ¥ 

--minident=0.99 ¥ 
--strand=plus ¥ 
--numthreads=10 ¥ 
--append ¥ 
R2_clean/R2__A*.cleaned.dereplicated.fastq.gz ¥ 
withinsamples 

 
# Clustering among samples (OTU similarity = 0.99) 
 
clclassclass ¥ 

--minident=0.99 ¥ 
--strand=plus ¥ 
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--numthreads=10 ¥ 
withinsamples/*.assembled.fastq.gz ¥ 
amongsamples 

 
# Re-clustering among samples (OTU similarity = 0.95) 
 
clreclassclass ¥ 

--minident=0.95 ¥ 
--strand=plus ¥ 
--numthreads=10 ¥ 
amongsamples ¥ 
clustering_95 

 
clsumclass ¥ 

--output=matrix ¥ 
clustering_95/assembled.contigmembers.gz ¥ 
clustering_95/clustering_95.txt 

 
clfiltersum ¥ 

--samplelist=SBKsamplelist.txt ¥ 
--minntotalseqotu=1 ¥ 
clustering_95/clustering_95.txt ¥ 
clustering_95/clustering_95_lepro.txt 

 
clfiltersum ¥ 

--minntotalseqotu=2 ¥ 
clustering_95/clustering_95_lepro32.txt ¥ 
clustering_95/clustering_95_lepro32_rmsingleton.txt 

 
# Re-clustering among samples (OTU similarity = 0.97) 
 
clreclassclass ¥ 

--minident=0.97 ¥ 
--strand=plus ¥ 
--numthreads=10 ¥ 
amongsamples ¥ 
clustering_97 

 
clsumclass ¥ 

--output=matrix ¥ 
clustering_97/assembled.contigmembers.gz ¥ 
clustering_97/clustering_97.txt 

 
clfiltersum ¥ 

--samplelist=SBKsamplelist.txt ¥ 
--minntotalseqotu=1 ¥ 
clustering_97/clustering_97.txt ¥ 
clustering_97/clustering_97_lepro.txt 

 
clfiltersum ¥ 

--minntotalseqotu=2 ¥ 
clustering_97/clustering_97_lepro32.txt ¥ 
clustering_97/clustering_97_lepro32_rmsingleton.txt 

 
# Re-clustering among samples (OTU similarity = 0.985) 
 
clreclassclass ¥ 

--minident=0.985 ¥ 
--strand=plus ¥ 
--numthreads=10 ¥ 
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amongsamples ¥ 
clustering_985 

 
clsumclass ¥ 

--output=matrix ¥ 
clustering_985/assembled.contigmembers.gz ¥ 
clustering_985/clustering_985.txt 

 
clfiltersum ¥ 

--samplelist=SBKsamplelist.txt ¥ 
--minntotalseqotu=1 ¥ 
clustering_985/clustering_985.txt ¥ 
clustering_985/clustering_985_lepro.txt 

 
clfiltersum ¥ 

--minntotalseqotu=2 ¥ 
clustering_985/clustering_985_lepro32.txt ¥ 
clustering_985/clustering_985_lepro32_rmsingleton.txt 

 
# Taxonomic identification of OTUs (OTU similarity = 0.95) 
 
clidentseq ¥ 

blastn -strand plus end ¥ 
--blastdb=fungi_ITS_species ¥ 
--numthreads=10 ¥ 
clustering_95/assembled.fasta ¥ 
clustering_95/blastID_95.txt 

 
classigntax ¥ 

--taxdb=fungi_ITS_species ¥ 
clustering_95/blastID_95.txt ¥ 
clustering_95/blastName_95.txt 

 
clidentseq ¥ 

blastn -strand plus end ¥ 
--blastdb=fungi_ITS_species ¥ 
--numthreads=10 ¥ 
clustering_95/clustering_95_lepro32.fasta ¥ 
clustering_95/blastID_95_lepro32.txt 

 
classigntax ¥ 

--taxdb=fungi_ITS_species ¥ 
clustering_95/blastID_95_lepro32.txt ¥ 
clustering_95/blastName_95_lepro32.txt 
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Table 5-S2 
Number of raw reads, filtered and retained reads and OTUs for each sample.  
 
Sample 
ID 

Plot Sequencing 
run a 

Raw 
reads 
  

Trimmed 
reads b 

Chimeric 
reads 
  

Noisy 
reads 
  

Used for 
clustering 
  

  Clutering 95%  

  

OTUs OTUs 
contained 
in negative 
control 

OTUs 
not 
assigned 
as fungi 

Singleton Retained 
OTUs 

Retained 
reads 

Sle01 P1 R1 41950 32278 461 5749 3462 
 

65 7 15 0 43 2762 
Sle02 P1 R1 23969 20019 209 2621 1120 

 
75 7 16 0 52 316 

Sle03 P1 R1 29131 23051 316 3635 2129 
 

60 9 11 0 40 670 
Sle04 P1 R1 23307 17205 380 3727 1995 

 
44 9 8 0 27 395 

Sle05 P1 R1 49329 37532 577 7326 3894 
 

89 7 13 0 69 2586 
Sle06 P1 R2 18373 9219 1097 3297 4760 

 
92 6 19 1 66 626 

Sle07 P1 R1 10091 7690 206 1158 1037 
 

36 5 1 1 29 186 
Sle08 P2 R2 21963 11761 378 5442 4382 

 
39 3 4 1 31 4069 

Sle09 P2 R2 121085 52562 5990 21327 41206 
 

49 9 4 3 33 8256 
Sle10 P2 R2 37398 16862 1279 7653 11604 

 
53 6 4 3 40 11323 

Sle11 P2 R2 21622 12361 850 4735 3676 
 

78 7 11 2 58 3185 
Sle12 P2 R2 25885 14091 1036 5420 5338 

 
49 7 4 1 37 3748 

Sle13 P2 R2 48127 27097 1923 7929 11178 
 

81 7 12 1 61 9773 
Sle14 P2 R2 4315 2138 218 647 1312 

 
20 5 1 0 14 1293 

Sle15 P2 R2 46089 23942 1712 10156 10279 
 

48 7 5 1 35 5931 
Sle16 P3 R2 118359 54079 8931 16627 38722 

 
161 9 24 3 125 4256 

Sle17 P3 R2 121785 52613 10468 18161 40543 
 

150 9 25 1 115 6479 
Sle18 P3 R2 44033 18783 3384 5644 16222 

 
61 7 5 0 49 832 

Sle19 P3 R2 96813 43257 7008 18260 28288 
 

187 9 44 4 130 7300 
Sle20 P3 R2 22519 8938 2057 3946 7578 

 
80 7 11 1 61 798 

Sle21 P3 R2 119380 57084 8464 17784 36048 
 

178 9 32 3 134 5530 
Sle22 P3 R2 50205 23665 3469 9693 13378 

 
173 9 25 4 135 3048 

Sle23 P3 R2 57017 23640 4907 9107 19363 
 

91 7 13 3 68 2199 
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Sle24 P4 R2 64377 35111 3462 9845 15959 
 

102 8 26 0 68 1151 
Sle25 P4 R2 102319 51878 5203 14343 30895 

 
101 8 17 1 75 3751 

Sle26 P4 R2 100754 40556 2377 19547 38274 
 

130 7 29 1 93 36378 
Sle27 P4 R2 68160 35325 4021 13702 15112 

 
131 7 27 0 97 6996 

Sle28 P4 R2 41983 21638 2603 6802 10940 
 

102 8 15 2 77 2675 
Sle29 P4 R2 54925 23885 3897 11716 15427 

 
132 7 25 3 97 5945 

Sle30 P4 R2 135721 58287 10756 20705 45973 
 

98 9 7 3 79 6744 
Sle31 P4 R2 64040 32349 3275 11996 16420 

 
153 8 32 3 110 3993 

Total     1785024 888896 100914 298700 496514   888 11 343 46 488 153194 
Average                       

 
69 4942 

a R1 and R2 indicates the first and second Ion-PGM sequencing run, respectively 
b Short reads (<150 bp) + reads with low quality 
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Fig. 5-S3 
Accumulation curves of fungal OTUs per sample (A–C) and per plot (D–F) of three datasets differing in sequence similarity within OTUs 
(95%, 97% and 98.5%). 
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Fig. 5-S4 
Rank-abundance plots (A, B) and probability plots (C, D) of 697 and 1562 OTUs in the 
datasets of 97% and 98.5% OTU similarity, respectively. In the probability plot (C, D), 
gray lines indicate a log-normal species abundance distribution. Chi-square tests 
indicated significant deviation from a log-normal species abundance distribution of the 
observed OTU abundance (P = 499.8, p < 0.001 for the dataset of 97% OTU similarity; P 
= 2014.5, p < 0.001 for the dataset of 98.5% OTU similarity). See Fig. 5-3 for the dataset 
of 95% OTU similarity. 
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Fig. 5-S5 

(A, B) Number of representative samples of 697 and 1562 OTUs in the dataset of 97% 

and 98.5% OTU similarity, respectively. See Fig. 5-4 for the dataset of 95% OTU 

similarity. (C–F) Two-dimensional NMDS plots of each fungal community based on 

pairwise Raup-Crick dissimilarities in the fungal OTU compositions of 31 Shorea 
leprosula trees sampled from four plots (P1, P2, P3 and P4). NMDS ordinations were 

performed for 20 core (C) and 677 satellite (D) OTUs in the dataset of 97% OTU 

similarity and 26 core (E) and 1536 satellite (F) OTUs in the dataset of 98.5% OTU 

similarity. Ellipses indicate the standard deviations of the weighted averages of plots 

(see Fig. 5-1 for the detailed locations of plots). See Fig. 5-6 for the dataset of 95% OTU 

similarity. 
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6 
General discussion 

 
 
 
 

6.1.  Ecological genomics of Metrosideros polymorpha 
 
6.1.1.  Environmental adaptations of M. polymorpha 
 
In Chapters 2 and 3, I provided genetic evidence underlying the environmental 
adaptations of M. polymorpha, an ecologically and morphologically divergent tree 
species. In the population genomic analyses, genomic mosaics on the genome of this 
species were found: each locus showed specific divergence derived by a different 
factor. Most of the genome was admixed through gene flows, depending on the 
geographic distance (Table 3-2) and a large degree of genetic variation was retained 
within populations (Fig. 3-7). On the other hand, a small fraction of the genome 
showed non-neutral divergence (Fig. 3-4) and correlated to environmental differences 
between populations (Table 3-2); thus, the largely diverged loci likely played key roles 
in the adaptations of this species to diverse environments. The genes with relevant 
biological functions were detected within 10 kb from the non-neutral genetic variations 
(Table 3-S4). Therefore, it is concluded that M. polymorpha had effectively developed 
specific functional traits that strongly affect environmental adaptations and attained 
various ecological niches in the Hawaiian Islands. Strong environmental selections that 
overcome the effects of large gene flows act on the divergence in a small fraction of the 
genome and maintain the large variations in the phenotype. The demographic analyses 
based on the genome-wide polymorphism indicated that this species had experienced 
large population growth, possibly according to the continual formations of volcanic 
islands and a subsequent rapid bottleneck that may have been caused by geographic or 
climatic factors (Fig. 2-2). An additional outcome of this thesis is the high-quality 
genomic resource of M. polymorpha; half of the genome was successfully reconstructed 
as the actual chromosomes (Table 2-2; Fig. 2-1). This genomic resource can be widely 
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used for ecological genomics in Metrosideros species or comparative genomics focusing 
on evolutionary events across higher taxa. 
    These findings are brought about by the genome-wide analysis, i.e., the use of 
thousands of SNP markers extracted throughout the genome and whole genome 
sequencing. Three advances have been made by the use of genome-wide SNP markers. 
First, unlike the conventional genetic markers (Harbaugh et al. 2009; DeBoer and Stacy 
2013; Stacy et al. 2014), thousands of genome-wide SNP markers captured sufficient 
genetic variations in each individual to distinguish whether the sources of the variation 
are within and among populations (Fig. 3-2), and resolved the complex population 
genetic structures in which individuals are largely admixed (Wagner et al. 2010 
focusing on African cichlids) Second, by applying a genomic scanning (Foll and 
Gaggiotti 2008), non-neutrally diverged SNP sites were found. Finally, genomic 
mosaics and the genomic status in the context of general speciation were demonstrated. 
These broad views throughout a genome developed our understanding about genetic 
differentiations, in other words, the genetic basis of adaptation of this species. 
    Whole genome sequences also contributed to the population genomics of this 
species. Only the whole genome sequence information can annotate the non-neutral 
SNPs. A homology search (e.g., BLAST) of the short nucleotide fragments (49 bp) on 
which the non-neutral variants exist did not detect homologous sequences in the 
public nucleotide databases (Izuno A. pers. observ.), because of insufficient length to 
specify the homology between the query and database sequences. Therefore, in 
non-model organisms, utilizing precise genome information or closely related to the 
target species should be required to detect biological functions of any nucleotide 
variants. Alternatively, RAD-seq with long sequences (≥90–100 bp) should be 
performed. Parameters such as heterozygosity or effective population size, which are 
conventionally obtained by sampling multiple individuals, are also effectively 
obtained based on the whole genome information of a single individual. 
    Thus, by conducting de novo genome sequencing of M. polymorpha, I have updated 
our knowledge about the ecological adaptations of this species and clearly 
demonstrated the effectiveness and possibility of genome-wide analyses in the field of 
ecology and evolution. 
 
6.1.2.  Further questions to be answered regarding the ecological 
genomics of M. polymorpha 
 
To achieve the goal of revealing the genetic mechanisms and environmental factors 
that affected the dramatic ecological divergence of this species, further questions still 
need to be addressed (Fig. 6-1).  
    The first issue is to identify the adaptation genes that play roles in the 
development of adaptive traits and contribute to the ecological divergence of this 
species. Although several candidate loci have been identified by genome scanning in 
Chapter 3, further candidates can be comprehensively identified by alternative 
methodologies such as the RNA-seq that focuses on the differentially expressed genes 
between individuals with different morphologies or the genome-wide association 
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analysis (GWAS) that detects the loci significantly correlated to trait values. Ecological 
functions and the effect on fitness of the adaptive candidate genes also require 
validation (see also 6.3.1.). Moreover, the origin of the variation at adaptive genes can 
be useful in understanding the evolution of this species. A molecular phylogeny for an 
adaptive gene of M. polymorpha individuals growing in the various habitats and other 
Metrosideros species growing out of the Hawaiian Islands would answer the questions 
of when and how the genetic divergence was generated and selected during the 
adaptive radiations within the species. 
    Another issue is the historical demography of this species. The PSMC model 
(Chapter 2) is considered to be effective for the whole genome sequence data obtained 
from even one individual, but its accuracy in the more recent past is suspicious 
because few genetic variations were contained in an individual coalesced at the periods 
(Sheehan et al. 2013). By incorporating genetic variations from multiple genomes, the 
PSMC model would reconstruct the recent demography (Sheehan et al. 2013). 
Moreover, the effects of leaf morphologies or habitats on the population histories 
should be examined. Inferring the divergence time between the populations differing 
in leaf morphologies could promote our understanding about the historical processes 
of ecological divergence in this species. 
 

6.2.  Understanding and conserving the biodiversity in 
dipterocarp tree plantations in Southeast Asia 
 
In Chapters 4 and 5, I evaluated the appropriateness of the enrichment planting of 
dipterocarp trees conducted in PT. Sari Bumi Kusuma (SBK) in terms of population 
genetics of planted trees and species diversity of the phyllosphere fungi associated 
with them. The planted trees harbored genetic diversity as high as natural populations 
(Table 4-1), indicating that the original genetic diversity of the species was not 
deteriorated during the process of planting. As the genetic diversity in the host plants 
could contribute to the species diversity at the ecosystem level (Crutsinger et al. 2006; 
Whitham et al. 2006), the high genetic diversity maintained in the planted populations 
is desirable in terms of ecosystem functioning. No significant genetic differentiation 
was found between planted and natural populations (Table 4-4). Thus, genetic 
pollution of surrounding natural forests through gene flows does not likely occur, and 
the genetic compositions of the planted dipterocarp trees were also favorable for the 
genetic diversity in the surrounding primary forests. In the plantation stands, diverse 
fungi including unknown or invisible species inhabited the leaves (Fig. 5-3, 5-4, 5-5). 
The local compositions of fungal assemblages differed within a stand (Fig. 5-6). At 
present, the planted dipterocarp trees in the studied forest management unit of SBK 
represent the subset of the local forests allowing the association with diverse 
phyllosphere fungi. 
    Although the ecological values in the enrichment planting were partially 
evaluated in this thesis, further studies, particularly focusing on the long-term 
significances, are required to accomplish the sustainable enrichment plantations. To 
sustain the supply of appropriate planting materials, which should be collected from 
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the surrounding natural forests, the collected wild seedlings should be stored in a 
healthy state until used for planting. The wild seeds or seedlings of dipterocarp trees 
can be obtained during limited years because of their nature of masting behaviors; thus, 
the maintenance of nurseries or the establishment of cutting techniques, which have 
already been developed by the local concessions, are effective to conserve the planting 
sources collected. In addition, because the natural regeneration in the surrounding 
natural forests cannot supply sufficient sources for the intensive enrichment 
plantations, seed orchards in which trees are grown to reproduce and supply novel 
genetic diversity should be established using the local dipterocarp trees. This may 
prevent the overexploitation of wild seeds or seedlings, which are to constitute the 
natural forests, for the use of plantations. The genetic monitoring through harvesting 
cycles could reveal the cumulative genetic differences between planted and wild trees 
and provide ways to improve the yields and genetic diversity of planted trees. If the 
genetic tagging on the planting sources is realized, the optimal plantation designs can 
be suggested through simulation studies which predict the resulting genetic 
characteristics under scheduled planting or harvesting strategies (Sebbenn et al. 2008; 
Ng et al. 2009). 
    The values regarding biodiversity conservation in plantation stands have been 
unclear (Wilcove et al. 2013). One time rotation probably induced little loss of 
biodiversity, as shown by the fact that the species richness found in primary forests 
was retained in selectively logged forests, although the abundances were decreased in 
selectively logged forests (Cannon et al. 1998; Berry et al. 2010). However, more than 
two rotations of logging are likely to induce a serious loss of biodiversity (Ghazoul 
2002; Shahabuddin et al. 2010). The lower damages of one-time logging also contribute 
to retain the original biodiversity; the reduced impact logging succeeded in the 
prevention of the loss of biodiversity as compared with the conventional destructive 
logging methods (Pinard et al. 2000). Therefore, the interval time between harvests and 
the amount of logging per harvest should be optimized to balance between the 
commercial yields and the conservation of biodiversity. Alternatively, connecting the 
plantation stands that are managed separately could enlarge the habitats and 
population sizes of wild organisms and thus mitigate the damage to the native 
biodiversity.  
    In addition to the ecological aspects, the economical evaluations on plantation or 
forest management strategies are also required. A policy that enlarges the economic 
values of secondary forests other than oil palm plantations could improve the 
circumstances. To induce such a policy, ecologists need to develop measurements to 
evaluate the ecological functioning of secondary forests and suggest effective 
management to prevent further loss of biodiversity. 
 

6.3.  Perspectives for ecological and conservation genetics 
 
The focuses of ecological and conservation genetics have been dramatically expanded 
through remarkable advances in high-throughput sequencing technologies. As whole 
genome or genome-wide information can be obtained for any organism, the gaps 
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between model and non-model organisms have been reduced (Ellegren 2014). This 
trend is also true in genetic studies of trees. Challenges experienced such as large 
genome sizes and long generation times, which prevented whole genome sequencing 
of many tree species, can be overcome by the further development of the sequencing 
technologies (Neale and Kremer 2011). In this section, I highlight the prospects in 
ecological and conservation genetics based on genome-wide information and the 
expectations for forest tree genomics. 
 
6.3.1.  Genetic bases of adaptations 
 
Non-neutral genetic variations can be detected with genome-wide information by 
genome scanning (Foll and Gaggiotti 2008; Chapter 3) or neutrality tests (Tajima 1989). 
A genome-wide association analysis (GWAS) is also a powerful tool for identifying loci 
significantly related to trait values (Dalman et al. 2013; Campbell et al. 2014; McKnown 
et al. 2014), climate conditions (Hancock et al. 2011), and associated microbe 
assemblages (Horton et al. 2014). These methodologies facilitate the identification of 
genomic traces of adaptations by any species, including undetectable traces as 
expressed traits. Therefore, in the near future, we can address the various adaptive 
phenomena that classical model organisms do not experience (Feder and Mitchell-Olds 
2003) or that are controlled by novel genetic mechanisms such as epigenetics or 
non-coding RNA, which have not been fully studied yet. 
    Although the detection of the candidates for adaptive genes has become relatively 
easy, the confirmation of candidates as truly adaptive remains a challenge in 
non-model organisms. To argue the ecological relevance of candidate genes found in 
non-model organisms, we still have to relay on mutants of model organisms (Fig. 6-2 
(A)). We need to identify genes homologous to the target candidate genes, conduct 
transgenic experiments, and eventually examine the expressions of the homologous 
genes (Fig. 6-2 (B); Kobayashi et al. 2012). In this scheme, the precise identification of 
homologous loci with the focal genes critically affects the results. In addition, 
conventional ecological studies to prove the links between traits and fitness are 
essential as well (Fig. 6-2 (C)). 
    Once adaptive genes are identified, the extent of natural selection acting on the 
adaptive loci can be quantified by comparisons with the extent of gene flows at neutral 
loci. Interspecific comparisons of the genetic mechanisms underlying conserved 
functional traits, such as flower color (Bradshaw and Schemske 2003; Rausher 2008; 
Ortiz-Barrientos 2013), could provide novel insights about the origin and evolution of 
the traits. Genotypes at adaptive loci could also provide significant information for 
conservation. Conservational decisions including the determination of evolutionary 
significant units, suitable individuals for ex situ conservation, and the strategies for 
restoration could be improved by considering local adaptations. However, genetic 
markers should be appropriately selected. As long as the conservation strategies of a 
species demand information that does not directly involve fitness, the limited numbers 
of neutral loci can sufficiently characterize the genetic status (Kaneko et al. 2013). These 
views on conservation based on the adaptive genetic information can be applied to 
global forest management. Because the climatic tolerance of tree populations are often 
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narrower than the apparent distributions (Kremer et al. 2012), the genes responsible for 
the environmental adaptations and the spatial distribution of adaptive genotypes 
would be informative to facilitate appropriate forest management. Moreover, 
information on the genetic bases of specific traits could be useful in tree breeding 
programs. The detection of the genes responsible for the target traits such as tree 
height, wood density, and resistance to pests could enable the realization of 
marker-assisted selection, which is recognized as an effective selection scheme, but has 
remained difficult to implement for forest trees because of the rapid decay of linkage 
disequilibrium in tree species or the variable expressions of trait-associated genes 
under different environmental conditions (Neale and Kremer 2011).  
 
6.3.2.  Increased reliability of population genetic data via numerous 
neutral loci 
 
Both the number of genetic markers and samples can increase the reliability of 
population genetics data. Previously, when the characterization of even a handful of 
neutral markers was expensive in terms of time and money for most wild organisms, 
we had to increase the number of samples to obtain reliable data to solve population 
genetic structures. The breakthrough in genomics has altered the options of genetic 
markers and thus sampling designs. Genome-wide SNP markers are now available at 
lower cost in any species, and consequently, we can improve the reliability of 
population genetic data by merely increasing the number of loci rather than the 
number of samples. With genome-wide genetic variations, even a single individual 
contains sufficient has enough information to characterize the population (Chapter 2; 
Li and Durbin 2011). 
    This remarkable change has set ecological genetics on a new course. The increased 
number of neutral loci can clarify the population genetics structures that were not 
solved by conventional genetic markers because of large gene flows among 
populations (Chapter 3; Wagner et al. 2012) or introgression (Twyford and Ennos 2012; 
Hipp et al. 2014; Eaton et al. 2015). The increased number of neutral loci can also be 
used in cases of polyploid or rare species with small population sizes, to which general 
assumptions in population genetics are difficult to apply (Allendorf et al. 2010; 
Defresne et al. 2013; Zhou et al. 2013). A large number of neutral genome-wide markers 
are expected to reveal population the genetic structures of tree populations across 
contrasting environments or population histories along the fluctuating climates of the 
past. Although tree populations are likely to be tolerant to climate to some extent, they 
are also tolerant to unfavorable environmental conditions (Kremer et al. 2012). 
Therefore, we need to evaluate not only the spatial distributions of adaptive genetic 
variations but also the spatial ranges of gene flows to predict the adaptive potential of 
forest tree populations after climate changes in the near future. 
    Overall, the field of ecological and conservation genetics for wild organisms, 
including forest trees, is becoming an interesting platforms to uncover idiosyncratic 
ecological phenomena by taking the advantage of massive genomic data. It is expected 
that we will be able to discuss a more specific evolutional process regarding 
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fitness-related traits and predicting the impact of climate change or artificial 
management on the fitness and longevity of target populations. 
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Fig. 6-1 
Study scheme of the ecological genomics of Metrosideros polymorpha. 
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Fig. 6-2 
Strategies to prove the ecological relevance of adaptive candidate genes detected in 
non-model organisms. (A) To argue the ecological relevance of candidate genes found 
in non-model organisms, we still have to rely on mutants of model organisms. (B) We 
need to conduct transgenic experiments and examine the expressions of the 
homologous genes. (C) Ecological studies to prove the links between traits and fitness 
are also essential. 
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