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Summary

Pinus thunbergii is a famous tree species and highly related to Japanese activities. Most
of P. thunbergii forest can be found near of the Shinto shrine. It used as integral part of the
Shinto shrine and has been artificially planted since the Edo period (1603-1868) mainly as
mitigation forest at coastal areas. However, P. thunbergii populations have been greatly
declined due to pine wilt nematode (PWN) by Bursaphelenchus xylophilus since 1970.
Hence, preference to planting a PPTs, which is highly resistant to PWN, have surged to
mitigate the damage and ensure the survival of the forests. In fact, PPTs are genetically
improved varieties from tree improvement program and may have narrow genetic diversity.
On the other hand, tree planting programs usually have not considered aspect of genetic
diversity as element of forest management until now. In addition, the traces of genetic
disturbance within the gene flow of old populations of P. thunbergii, ambiguity, and mixed
pattern in some populations of P. thunbergii, which prevent further population genetic
studies of the species. Therefore, inappropriate deployment of PPTs will lead to further
genetic disturbances within/between populations, such as loss of genetic diversity and
altered genetic structure, reduced adaptability to local environments, “gene swamping,” and
increased homogeneity; thus, negatively impacting the population as a gene resource. In
order to safely deploy a PPTs into the populations as well as preserving current genetic
diversity within/between the populations, it is necessary to identify, measure, and analyze
current genetic informations within/between the populations. The use and development of
appropriate genetic marker as a vital importance to provide in population genetic studies of
P. thunbergii, especially in genetic management aspect.

In this studies, a local population (Iki-no-Matsubara) was investigated using six
genomic SSR markers, and then compared the genetic diversity, similarities, and genetic
structure to other populations (within the same region) and PPT Kyushu cultivar population.
The genetic structure of the Iki-no-Matsubara population differed along with change of the
tree age, especially between older and younger individuals. This suggested that the old
individuals represent the original genetic structure of the Iki-no-Matsubara population,

while the younger individuals were introduced neither from origins site nor neighbour site.

vii



Furthermore, PPT Kyushu cultivars showed difficulty in covering current genetic diversity
in Iki-no-Matsubara. The results implied that non-conserved gene based of seeds transfer or
PPTs introduction can has serious consequences for local gene conservation.

Next, we attempted to develop EST (Expressed Sequence Tag)-SSR markers, which
have different characteristics from genomic SSRs, in order to obtain more detailed
information. The EST-SSR markers are important markers to elaborate the genetic diversity
and genetic structure of P. thunbergii populations. A total of 10 pairs EST-SSR markers
were successfully developed from EST information of P. thunbergia, and then, applied to
21 P. thunbergii populations throughout Japan. The analysis of EST-SSR markers showed
different results from genomic SSRs. Based on EST-SSR markers results, the genetic
structure of P. thunbergii populations was divided into two clusters. This results suggested
that seed transfer between the two clusters should be prohibited.

In order to use PPTs as reforestation materials within the region, it is necessary to
prepare a sufficient number of PPTs as mother trees in the seed orchard and a sufficient
number of seedlings to deploy. In some P. thunbergii populations, the seedlings have been
introduced from relatively close area. As a result, most of the remaining P. thunbergii
forests today reflect the unique genetic structure. If the genetic diversity of PPT cultivar
from original site does not cover current genetic diversity in the target area, then the
seedlings from distant area could be introduced as long as the seed transfer zones match.
Otherwise, it may disturb the genetic structure specific to that region. This studies showed
that the historical background of afforestation in Japan needs to be taken into account for
the maintenance of the genetic resources of P. thunbergii. In addition, it is necessary to re-
evaluate the existing regulations and planting program for P. thunbergii afforestation
including seed transfer policy in Japan. These results will contribute to the maintenance of

genetic resources of P. thunbergii.
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CHAPTER 1. GENERAL INTRODUCTION

1.1. Literature Review

1.1.1. Population Genetics History

The existence of population genetics is all thank to Darwin-evolution and natural
selection theory and Mendelian-inheritance theory (Crow, 1987; Okasha, 2016), but neither
was recognized until early nineteenth century. Population genetics field study began to get
attention around early nineteenth century through paper published by Hardy and Weinberg
in 1908. Nevertheless, it became the first basis for population genetics. The aspects within
population genetic are 1) the fact that allele frequencies do not change in the immigration,
mutation, random fluctuation, which genetically affect to fitness of the species, 2) the fact
that in the presence of random mating, the diploid genetics array is given by the square of
gametic array in binomial term, and 3) the environment aspect is taking into account in
principle of multiple loci and multiple alleles (Crow, 1987). Later, in the 1920s, statistical
genetics proposed by Fisher, Haldane, and Wright had major impact on population genetics.
Even though their discoveries were overlapped each other, their results showed a bounding
of both Darwin-evolution theory and Mendelian-inheritance theory. In addition, those
results were a major step to understand of evolutionary process within population genetics
(Crow, 1987; Okasha, 2016).

The greatest change of population genetics era was around 1960s where empirical study
of evolution at genetic level began to the surface. Kimura's neutral theory has kept
population genetics research more focusing on molecular evolution studies to the present
(Crow, 1987). In 1966, the first attempt to quantify the genetic variability on protein
sequences by using gel electrophoresis was introduced. Then, around 1980s, molecular
markers were invented, and experiments were conducted using DNA sequences as material
to study molecular variation (Charlesworth and Charlesworth, 2017). Population genetics is
a study of understanding genetic composition within species populations regarding their
adaptability, evolution, and demographic history over generation (Griffiths et al., 2015;

Milgroom, 2015). Its goal is to determine how the genes are used to explain the creation,



maintenance and distribution process of individuals within the populations (Provine, 1971).
Through time and space, evolution occurs. Such organisms diverge from the same common
ancestor into different organisms that are related to each other. All of the information is in
the gene. Then, depending on the experimental materials and an appropriate molecular
marker, the genetic information can be revealed. Recently, population genetic studies have
had a significant impact on genetic management. By using an appropriate genetic marker,
the genetic information of a population can be the basis to implementing genetic

management. Major advancement in population genetic studies in general is shown in

Figure 1.1.

THEORETICAL

EMPIRICAL

1960s

Diffusion equations

Linkage disequilibrium (LD) and
epistatic selection

Multilocus selection theory

1970s

Neutral theory of molecular
evolution

Hitch-hiking by selective sweeps

Sampling theory

Describing electrophoretic
variation in proteins

Quantifying population
subdivision using
electrophoretic variants

Testing for selection on
electrophoretic variants

1980s

Coalescence theory
HKA and Tajima’s D tests for

selection

Studies of variability using
restriction mapping

DNA sequencing of genes
Molecular markers and their
variability: RAPD, AFLPs,
microsatellites, SNPs

1990s

Hitch-hiking by background
selection

MK and other tests for selection
Coalescent approaches to
population subdivision and gene
flow between species

Relation between variability and
local recombination rate
Application of tests for selection
based on polymorphism data

2000
onwards

Closer integration of population
genetics and phylogenetic
inference

Methods for detecting and
estimating the strength of
selection

Modelling demographic changes

High-throughput and whole-

genome sequencing

e Resequencing to
ascertain SNPs without
frequency bias

e Measuring
recombination rates by
LD

e Inference of
demographic changes

e Estimates of parameters
of positive and negative
selection

e Measurements of
mutation rates

e GWAS analyses

Figure 1.1. Timeline of major advance in population genetics field study (Charlesworth

and Charlesworth, 2017).




1.1.2. Management of Genetic Diversity and Silvicultural Approaches

Reforestation, artificial regeneration, land rehabilitation, and enrichment are
silvicultural approaches that target critical land or deforestation area. The purpose is to
manage the forest for sustainable forest management. However, the approaches usually
consider only conservation of the biodiversity in species level (Ratnam et al., 2014).
Disregarding genetic composition aspect of the seedlings as material-replanting will lead a
genetic disturbance in the future (Ledig, 1988). Thus, a forest management without
considering aspect of gene conservation has significant impact on the genetic diversity
within the area. Genetic variation plays a key role as forest resilience against dynamic
climate change, pest-disease, even other potential harmful.

There are three threats to biodiversity at the DNA level: 1) extinction, which resulting
in irreversible loss of the genes; 2) hybridization/introduced-individuals, which become
threats to the individuals in local site (gene swamping); and 3) decreasing genetic variants
within the population (Kenchington and Heino, 2002). Genetic diversity is one of
parameters within genetic composition for population genetic studies and one of indicators
to measure the adaptability of a population against dynamic climate change or other
potential harmful (such as pest and disease, human interference, etc). Therefore, studying
genetic composition is an essential aspect within genetic management of the species
populations (Jamieson et al., 2008).

The goal of genetic management is to maintain the availability of genetic variation so
that it can develop and evolve through both natural processes and direct or indirect human
influence, because the loss of genetic variation within a population can increase the risk to
the extinction (Palmberg-Lerche,1999; Meuwissen et al., 2020). In practically, the exact
methodology to manage genetic diversity of the species depends on the current genetic
diversity status of the species within/between the populations, time-scale of concern, the
objective and scope of the program, institutional concern, and the economic (Palmberg-
Lerche,1999). Essentially, when considering about silvicultural approaches, we need to

consider the genetic management and the forest as genetic resource. Especially, the



manager as forest owner shall consider several aspects to uptake of adaptive measure to that
matter into a policy decision-making process for the sake of genetic management (Vicenti

et al., 2020).
1.1.3. Molecular Marker

The recent advances in molecular genetic studies provide methods to explain
evolution and ecological process through time and space. Genetic or molecular markers are
sequences of DNA or protein, which usually located in known location on the chromosome
and specifically associated with specific trait. The bulk of variation within DNA sequence
can be observed thoroughly with a level of accuracy by using some genetic markers (Duran
et al., 2009; Al-samarai and Al-kazaz, 2015). There are two categories of molecular marker
1) protein-based marker and 2) DNA-based marker. The only difference between protein-
based and DNA-based marker only lies on the character of material which is used as
marker. Proteins are more related to a gene that may only be expressed on one tissue due to
environmental influence, while DNA directly reflects the genotype and located in either a
coding region or noncoding region of every chromosome (Mondini et al., 2009). However,
the usability and choice of markers depend on the ability of the researcher, material/focus
studies of interest, and availability of the tools for DNA analysis. Furthermore, the
development of molecular markers has only been applied to limited species due to relative
high cost. Up to date, several DNA marker systems have been developed (Figure 1.2) and
the resolution and usability of the markers have considerably been improved with
advancement of PCR (polymerase chain reaction), nucleic acid hybridization, and DNA

sequencing tools (Grover and Sharma, 2014).
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Figure 1.2. Popularity of molecular marker system in last 40 years. Right panel shown
total number of citations each marker system on google scholar (Grover and Sharma,
2014).

1.1.3.1. Genomic SSR (Microsatellite) and EST-SSR (Expressed Sequence Tag)

Microsatellite or SSR (simple sequence repeat) is genomic-based and co-dominant
marker. This marker is frequently used in population genetic studies to assess genetic
variation within/between populations (Moore et al., 2005; Vigouroux et al., 2005). SSRs
are located at both noncoding and coding region and have tandem repeat motif of one to six
nucleotides. It is not only widely distributed throughout the genome (Beckmann and Weber,
1992), but also in chloroplast (Provan et al.,, 2001) and mitochondria as well
(Rajendrakumar et al., 2007). In general, the development of SSR markers (Figure 1.3)
involves of the following steps: 1) knowledge of target sequence, where SSRs occur, 2)
designs of the oligonucleotide (primers) complementary, 3) validation of the candidate
primers by PCR or electrophoresis, and 4) confirming of the polymorphism of the primers
by screening (Mason, 2015). In the recent development of SSR markers, NGS (Next
Generation Sequencing) is used to obtain the transcriptome of target species from public
database to shorten the time for marker development (Zalapa et al., 2012). However, the
transcriptome data which deposited within public database is limited. Thus, it is usually

difficult to obtain sufficient sequence data to make a marker for our target species of



interest (Zhan et al., 2009) and the PCR amplification success rate is low (Hollenbeck et al.,
2012).

Transferability

SSR
Marker

Figure 1.3. Workflow of SSRs development (Vieira et al., 2016).

SSRs can be divided into genomic SSR and EST (Espressed Sequence Tag)-SSR
according to origins of the DNA material (Hou et al., 2017). Genomic SSRs are high
mutation rate-DNA type, occurrence within gene region is low, and they exhibit high level
of polymorphisms. Hence, genomic SSRs have been preferred for population genetic
studies and identification of closely related genotype due to their high degree of variability
(Vieira et al., 2016). The development of genomic SSRs is time and cost consuming,
therefore the screening and analysis of the marker usually depend on closely related species
(Hou et al., 2017). In addition, high informative genomic SSRs output often lead a
misunderstanding regarding interpretation of heterozygosity (Zimmerman et al., 2020),
which consequently obscures divergence among subpopulation (Coates et al., 2009). EST-
SSRs are gene-based marker. In general, the development of EST-SSRs is low-cost and
rapidly because the transcriptome data are obtained from NGS. EST-SSRs have low

polymorphisms level, fewer null alleles, and a low mutation rate of DNA type. Furthermore,



EST-SSRs are more concerned to gene related of DNA region and basically can be found
on the related genera due to common component of the gene. Hence, it is expected to be
well conserved (Varshney et al., 2005) and has high transfer ability to other species (Xu et
al., 2004). The interest of using EST-SSRs for detecting polymorphism in population
genetic studies is due to the gene highly related to phenotypic trait (Holton et al., 2002).
Remarkably, genomic SSRs and EST-SSRs work are different in assessing the genetic
diversity in population genetic studies. However, combination of both markers can reveal

more details about micro-evolution of the target species (Parthiban et al., 2018).
1.1.4. Pinus thunbergii

Pinus thunbergii is an evergreen and fast growing species of pine (Park et al., 2015).
It is commonly known as Japanese black pine, native in Japan, Korea, and China.
Especially in Japan, the species is widely distributed throughout the country except in
Hokkaido and Okinawa (Kudoh, 1985). P. thunbergii dominated from the coast to about
1,000 m elevation (Richardson, 2000). The species is tolerant to drought, summer heat, and
high salinity condition. According to previous studies about population genetic studies in
old population of P. thunbergii by Iwaizumi et al. (2018), standardized Gst (genetic
differentiation among populations) was higher than other Japanese pine species, but lower
compared to another species (Quercus aliena G'st: 0.369; Jose-Maldia et al., 2017). Genetic
differentiation among populations within conifer species normally tends to be low value
because of wind-pollinated. Based on those character, at least the populations in the same
region should be shown the same pattern. In reality, however, there are ambiguities in the
gene flow among old populations of P. thunbergii throughout Japan (especially on
mainland of Japan such as Chugoku, Shikoku, and Kansai regions), indicating traces of
genetic disturbance. In addition, P. thunbergii seeds transfer policy implied that the seeds
transfer zone was divided into two area (Sea of Japan side and Pacific Ocean side). The
seed transfer policy only mentioned about the movement of the seeds from Sea of Japan
side to Pacific Ocean side is permitted, while the other way is prohibited. Then, the seeds

transfer is allowed as long as within the permitted area (MAFF, 1971).



P. thunbergii is highly valued for the wood-strongness and rugged form for house-
material construction. The extant structural woods from Muromachi period (14" centuries)
have been proven to be P. thunbergii wood (Farjon, 1984). P. thunbergii has been planted
along the coast mainly as mitigation forest to stabilize shorelines and serve as a windbreak
(Suwa, 2013). Historically, P. thunbergii was highly related to Japanese activities. It has
been closely associated with religion (Shintoism) and Japanese social-history, making it a
cultural identity of Japan (Omura, 2004). Japanese believed in gods and considered P.
thunbergii as symbol of longevity. P. thunbergii forest is believed as one of the places
where the god of the polestar resides or dwells in. Therefore, most of P. thunbergii forest in
Japan can be found near of the shrine. Forest as a part of Shinto shrine have been
considerably influenced by Japanese activities as well (Ono, 1962; Omura, 2004). The
practice of planting P. thunbergii when establishing a shrine has been a tradition for
generations (Totman, 1989). This can be understood from the evidence of the
corresponding traces and timing when the virgin forests replaced by pine trees forests along

with appeared newly shrines in Japan (Omura, 2004).
1.2. Research Objectives

The main objective of this studies is to manage genetic diversity of P. thunbergii
populations as forest genetic resources. Then, I discuss about the current problems (from a
genetic viewpoint) within/among populations and PPT cultivated population as well and
how to introduce the genetic management into P. thunbergii populations. Specific
objectives are:

1) To obtain current genetic information (genetic structure, the similarities, and the origins
of the seedlings), in this case Iki-no-Matsubara, as a local population, which designed
to be a role model.

2) To understand genetic information (genetic diversity, genetic structure, and the
similarities to P. thunbergii populations) of PPTs, especially from Kyushu cultivar

3) To re-evaluate seed resources management and its implementation

4) To design an approach method for genetic management P. thunbergii populations



5) To re-evaluate existing seed transfer policy

1.3. Structure of Dissertation

This thesis dissertation is organized into five chapters (Figure 1.4) in total as follows.
Chapter 1 represents general introduction about literature review, objectives of this studies,
and the connectivity among chapters (framework) in this studies. It details (1) history of
population genetic studies, (2) the definition and importance of genetic management and its
implementation through silvicultural approaches, (3) definition, function, and development
of molecular marker up to date, especially genomic SSR and EST-SSR, and (4) information
about Pinus thunbergii and its connectivity with Japan’s history.

Chapter 2 presents a role model based on a local population "Iki-no-Matsubara" to
approach genetic management of P. thunbergii populations. For this purpose, the genetic
diversity, genetic structure and the similarities of the Iki-no-Matsubara as a local population
were identified and compared with the results obtained from other populations and PPT
Kyushu cultivar. Based on the comparison, approaches for genetic management were
discussed.

In chapter 3, gene-based marker, the EST-SSR markers have been developed. The
EST-SSR markers were screened from the private database of NGS. Several selection,
screening, and trial had been conducted to develop EST-SSR primer markers. The
successfully developed EST-SSR primer markers were tested on 96 samples of "Iki-no-
Matsubara" to determine their ability to reveal genetic information.

Chapter 4 shows the impact of the use of genomic SSR and EST-SSR markers to better
understand the population genetic studies of P. thunbergii populations. Through the
analysis of the genetic diversity and genetic structure of 21 populations of P. thunbergii, the
characteristics, functions and advantages of both markers were discussed. Furthermore, the
relationships between the loci and the effects of natural selection, regional differentiation
were examined based on neutrality tests (Ewens-Watterson test), bottleneck tests, and
linkage disequilibrium tests. Finally, the existing seed transfer policies were re-evaluated

by introducing both markers.



Chapter 5 provides a conclusion based on the results of the study, as well as my

opinions and recommendations for this studies.
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CHAPTER 2. REFORESTATION OR GENETIC DISTURBANCE: A
CASE STUDY OF Pinus thunbergii in THE IKI-NO-
MATSUBARA COASTAL FOREST (JAPAN)

2.1. Introduction

In general, forests can be categorized based on their purpose as conservation forests,
protected forests, production forests, and forests with specific functions such as mitigation
or tourism (Fuhrer, 2000). Different management strategies are required to protect forests
with multiple functions (Krott, 2005), such as in Indonesia (Santika et al., 2015), China and
Germany (Benz et al., 2020), and recently genetic approach methods have been proposed
for long-term management (Aravanopoulos, 2018; Ratnam et al., 2014). Forests today face
numerous threats, including diseases and pests (Tubby and Webber, 2010), human
interference (Millner-Gulland, 2012), loss of unique or rare species and genetic resources
(Ledig, 1988; Aravanopoulos, 2016), and loss of genetic diversity, which provides forest
ecosystem resilience (Rajora and Pluhar, 2003; White et al., 2007). In Japan, climate
change has led to changes in environmental conditions in, such as increased annual
sunshine, temperature, and rainfall (precipitation); rapid sea-level rise at a rate of 3.2
mm/year from 1993-2010; and higher intensity and more frequent storm surges (27 tropical
cyclones slightly above normal) (Japan Meteorological Agency, 2018; Ministry of the
Environment et al., 2018). Climate change is an unpredictable factor and one of the most
serious threats to forest ecosystems (Sturrock et al., 2011).

By area, Japanese planted forests comprise almost 41%; however, P. thunbergii
accounts include in 8% of the pine forest compositions (Forestry Agency, 2019). In the
Kyushu area, the species has been planted in coastal areas since more than 400 years ago
(MAFF, 2020). A characteristic of P. thunbergii is tolerance to extreme conditions such as
high salinity, high temperature, and low precipitation. Moreover, as a pine forest, it
provides protection to coastal areas, by reducing wind damage, inhibiting sand movement,

and decreasing tsunami wave energy (Iwaizumi et al., 2018; Suwa, 2013).
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Severe outbreaks of Burshaphelencus xylophilus (pine wood nematode; PWN) depleted
P. thunbergii populations in Japan between the 1900s and 2000s. The spread of PWN in
Japan is the most significant occurrences of pest-disease damage than another country. The
individuals damaged by PWN reached its peak in 1979, exceeded 2.43 million m?; as of
2016, the damage was one-fifth of the peak volume (Forestry Agency, 2019). Air
temperatures significantly influence the growth of PWN (Ichihara et al., 2000; Yamaguchi
et al., 2019). From a forest pest/disease perspective, climate change can directly or
indirectly affect forest dynamics, changing the way that host trees and pathogens interact
(Linnakoski et al., 2019). The warming climate may provide conditions for further PWN
outbreaks and damage in the future (Hirata et al., 2017).

In 1978, a breeding project to develop PPTs as a countermeasure against outbreaks
(Fujimoto et al., 1989) was established at breeding region institutions, Forestry and Forest
Products Research Institute (FFPRI), in Japan. This breeding project was initiated to select
surviving pine trees from heavily damaged forests in Southwestern Japan. In the case of P.
thunbergii, 14,620 trees were selected as candidate, and after the artificial inoculation tests,
16 clones were certified as resistant trees (Fujimoto et al., 1989; Kurinobu, 2008). Three
rounds of breeding program, based on individual performance selection-trial, have been
performed throughout Japan until 2018 with gradual changes in the methodology
(Matsunaga and Watanabe, 2018). In each prefecture of Japan, seed orchards were designed
based on these resistant trees breeding program and the seedlings were used as
reforestation-material plant. To date, 144 PPTs had been developed (FFPRI, 2019). The
purpose of the P. thunbergii breeding project was to create PPTs for use as reforestation
materials to enhance old populations of P. thunbergii in Japan for mitigation functions.
Before the existence of breeding project, artificial planting with natural seedling
recruitment, as reforestation-material plants, had repeatedly performed to maintain the
forest. Unfortunately, the mitigation functions have been given priority with little
consideration of the seed sources or genetic impacts of artificial planting.

From a forest protection perspective, the deployment of PPTs at a given site would

indeed protect forests against PWN infection, minimizing damage. However, deployment
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without proper genetic management can lead to a genetic disturbance within the population,
such as genetic diversity loss and modification of the genetic structure, reduced adaptability
to local environments, “gene swamping,” and increased homogeneity; thus, negatively
impacting the population as a gene resource (Ledig, 1988; Tubby and Webber, 2010;
Aitken and Whitlock, 2013; Icgen et al., 2006; Konnert et al., 2015). Therefore, genetic
diversity management must be considered when implementing tree improvement-products
such as PPTs (Ingvarsson and Dahlberg, 2019). Genetic management and silviculture are
fundamental components of forest management systems that have the potential to affect one
another (Krott, 2005). Both strategies are important for preserving local genetic diversity
and maintaining forest resilience against environmental changes (Kavaliauskas et al., 2018)
even to the ecosystem (Bailey et al., 2009), especially in extreme environments such as
coastal areas.

In Japan, genetic diversity as well as genetic management of P. thunbergii populations
and PPT topics have not been discussed. In this study, we developed a genetic management
based on the current genetic information (genetic diversity, genetic structure, and
similarities) of a local pine forest, Iki-no-Matsubara, that has been repeatedly planted for
mitigation functions under the situation where PWN damage has not yet been under control.
The origins of seedlings in this site were inferred based on their genetic relationships with
neighboring P. thunbergii populations in Kyushu area and throughout Japan. In addition,
we investigated the genetic diversity, genetic structure, and similarities of PPT Kyushu
cultivar with P. thunbergii populations in Kyushu area. In this way, this study aimed to
preserve the Iki-no-Matsubara P. thunbergii population (current genetic diversity, genetic
structure, and similarities) as genetic resources throughs the use of PPT Kyushu cultivar
with the possibility of genetic disturbance when deploying it into the site. The genetic
knowledges obtained from this case study are expected to provide a baseline for further
seed sourcing as well as develop genetic management strategies within P. thunbergii

populations, including PPT Kyushu cultivar.
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2.2. Materials and Methods
2.2.1. Study Field

Most of current P. thunbergii populations in Japan, including Iki-no-Matsubara, are
an uneven-aged forest, because it has been replanted repeatedly to preserve the forest.
There was no historical record of the origins of material-planted and genetic information.
The research area of Iki-no-Matsubara (33°34'52.8"N 130°17'59.7"E) was 12.56 hectares.
A folktale claims that the forest was established in tribute to Empress Jingu for Silla
conquest around 200 or 300 AD (Yamato periods) (Fukuoka City, 2016). Iki-no-Matsubara
is one of Japan’s top 100 beautiful green pine forests (Awano, 2015). It is not only an
education forest that belongs to Kyushu University since 1922 but also as an urban forest
and conservation forest with mitigation functions since Edo Era (1603—-1868) or earlier
(Park et al., 2003). Iki-no-Matsubara locates within Genkai Quasi-national Park, which
under Nature Conservation Law based on Natural Park Act, designated by prefectural
government as a conservation forest for mitigation functions (Fukuoka City, 2016). Field
survey, tree census, and measurement of the trees’ diameter at Iki-no-Matsubara was
conducted from January 2017 until June 2019. From tree census data, the diameter was
classified into three classes: 1-30 cm DBH range, 31-60 cm DBH range, and 61-90 cm
DBH range (Table 2.1). Then, measured the stumps to estimate the age based on the DBH
class ranges (Studhalter et al., 1963). Based on cross-dating dendrochronology observation
of annual ring of the stump in different location within Iki-no-Matsubara (Pilcher, 1963),
the oldest tree was estimated to be around 200 years old (Table 2.1). P. thunbergii was
highly regarded by Japan’s religion and culture and became Japan’s cultural identity. Hence,
it possible that domesticated and artificial regeneration has been conducted repeatedly by

local people since 1500 BP (Omura, 2004).
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Table 2.1. DBH class range based on stump wood within the Iki-no-Matsubara population.

DBH Stump (cm) Estimation of the Age (Years)

No Eflgec(l;is) Replication ?;::E:;
Min Max Min Max Mean
1 1-30 4 29 9 12 36 23 109
2 31-60 32 51 9 32 190 84 108
3 61-90 65 85 7 170 195 178 52
Total: 269

2.2.2. DNA Analysis

A total of 269 mature leaves were collected from selected trees at Iki-no-Matsubara
experimental research field representing each DBH ranges class (Table 2.1). Selected trees
were chosen randomly which represented each DBH classification and research field.
Genomic DNA was extracted from 50 mg of tissue per individual by using the
cetyltrimethyl ammonium bromide (CTAB) method (Fukatsu et al., 2005) with slightly
modifications and a DNeasy Plant Kit (Qiagen Inc., USA) following the manufacturer’s
protocol. SSR analysis was carried out by six markers, bcpt1075, beptl671, bept834,
bept1823, bept2532, and bept1549 (Iwaizumi et al., 2018). A total of 12 uL for PCR
analysis was carried out by using 2 uL. DNA elution, 1 pL of primer mix, DNase/RNase-
free water, and 2x multiplex PCR kit by Qiagen (Qiagen Inc., USA). PCR reaction was
carried out by Touchdown PCR (Korbie and Mattick, 2008). PCR protocol began with
denaturing 95 °C for 15 min, two step annealing: (1) 10 cycles of denaturation 94 °C (30 s),
annealing 60 °C (90 s), annealing temperature was decreased by 0.5 °C per cycle until
55 °C, and extension 72 °C (1 min); (2), 20 cycles of 94 °C (30 s), 55 °C (90 s), and 72 °C
(1 min), and final extension 60 °C for 30 min. Then, 10 uL of DNA amplicon mixed with
Genescan 500 Liz Size Standard and Hi-Di Formamide (Applied Biosystems Inc., USA)
was electrophoresed by ABI PRISM 3730 Genetic Analyzer (Applied Biosystems Inc.,
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USA). Genotype data was analyzed using Genemapper 4.0 software (Applied Biosystems
Inc., USA).

2.2.3. Statistical Analysis

Genotype data of 42 old populations of P. thunbergii from Iwaizumi et al. (2018) and
PPTs (FFPRI, 2019, see Appendix Table 2), which have been selected based on three
breeding programs, was analyzed with data from Iki-no-Matsubara. Old populations are
remaining populations of P. thunbergii that had decline due to overbreak of PWN. PPTs are
tree improvement products that have high PWN resistance, which have been managed by
FFPRI regional office in each region (Tohoku, Kansai, Kanto, and Kyushu) except
Hokkaido. GeneAlex version 6.503 (Peakall and Smouse, 2012) was used to measure
genetic diversity, Hardy-Weinberg Equilibrium, private alleles, genetic differentiation
pattern through by principal coordinates analysis (PCoA) among populations and
investigated gene flow (Nm) for examining the relationship between genetic differentiation
and number of migrants variable per generation at each locus. Allelic richness (4R) and Fis
(inbreeding coefficient) at each locus was calculated by Fstat version 2.9.3.2 software
(Goudet, 2001). Structure 2.3.4 (Pritchard et al., 2000) was used to determine individual-
based genetic structure assessment by Bayesian method with a simulation run 15 times
replicated, K-set 1-6 for 30000 iterations burn-in period, and 30,000 iterations LOCPRIOR
model under admixture ancestral model. The optimum value of each cluster K and the AK
value within the genetic structure was determined by Evanno method (evanno et al., 2005)

then upload the results to structure harvester (Earl and von Hodlt, 2012).
2.3. Results
2.3.1. Inference of Origins and Genetic Structure in lki-no-Matsubara Based on DBH

Table 2.2 shows the genetic diversity in Iki-no-Matsubara. N, values was ranged from
14 (bcpt1549) to 29 (bept2532), Ne value from 3.18 (bept1549) to 7.83 (bept2532), AR
value from 5.75 (bept1549) to 11.49 (bept2532), Ho and Hg from 0.57 (bept2532) to 0.85
(bept1075), and 0.69 (bept1549) to 0.87 (bept2532), respectively. Lowest value on Fis was

16



—0.03 (bept1075) and highest was 0.35 (bept2532). Three markers, bept834, bept1823, and
bept2532 showed deviation from Hardy-Weinberg equilibrium (p < 0.05, p < 0.001, and p
< 0.001, respectively).

Table 2.2. Genetic diversity of the Iki-no-Matsubara P. thunbergii population based on six
primer markers.

Locus Size Range (bp) N. N, AR Ho He Fis HWE
bept1075 141-201 18 5.62 742 085 0.82 -0.03 ns
bept1671 162-225 22 579 825 0.82 0.83 0.01 ns

bept834 139-183 16 53 783 074 0.81 0.09 *
bept1823 128-169 15 571 751 062 0.82 025 ook
bept2532 128-190 29 7.83 1149 057 0.87 0.35 ook
bept1549 93-130 14 3.18 575 0.67 0.69 0.03 ns

Mean 19 557 804 071 0.81 0.12

N,: number of allele, N,: number of effective allele, AR: allelic richness, Hop: observed
heterozygosity, Hg: expected heterozygosity, Fis: inbreeding coefficient within the population,
HWE: Hardy-Weinberg equilibrium (ns = not significant, * p < 0.05, ** p <0.01, *** p <0.001).

The Nu, AR, Ho, and Fis values for Iki-no-Matsubara were higher than those reported
by Iwaizumi et al. (2018). Iki-no-Matsubara had more private alleles than another
population within the Kyushu region and the presence private alleles in the same loci were
none to be found in nearby populations in Kyushu area. Among 269 trees, 92 carried a total
of 18 private alleles at four out of six loci (Table 2.3). Four trees were in the 61-90 cm
DBH range, six trees were in the 31-60 cm DBH range, and the remaining were in the 1-30

cm DBH range (Appendix Table 1).
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Table 2.3. Private alleles in Iki-no-Matsubara with 42 old populations of P. thunbergii throughout Japan using six primers.

Pop Locus PA Pop Locus PA Pop Locus PA Pop Locus PA
Fukiage bept1075 1 Miyajima bept1549 1 Oki bept2532 1 Jusan bept2532 1
Miyazaki bept1075 1 Kubokawa bept1075 2 Kaga bept834 1 Wakinosawa bept2532 1
Karatsu bept1075 1 Imabari bept2532 1 bept1549 1
Komatsu

bept1671 3 Tsuda bept1075 1 bept1075 1

bept834 2 bept834 1
Il;l-Eo-l;(datsubara Kaihu
(Fukuoka) bepti823 1 bepti823 1

bept2532 12 Suzuka bept834 2
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The genetic structure of Iki-no-Matsubara showed two color patterns (Figure 2.1A),

even on K2, K3, or K4 structure result (number 8 in Appendix Figure 1). Further analysis

of the spatial distribution of genetic structure at Iki-no-Matsubara showed that the blue

pattern (blue color > 55%) was dominantly observed on the east side of the research field

(Appendix Figure 2). In the 1-30 cm DBH range, 20 out of 109 trees showed the blue

pattern, while in the 31-60 cm and 61-90 cm DBH range 12 out of 108 trees and no trees,

respectively, showed the blue pattern.
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Figure 2.1. Genetic structure in Iki-no-Matsubara based on DBH (A); Iki-no-Matsubara

with 42 old populations of P. thunbergii throughout Japan (Iwaizumi et al., 2018)(B).
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Figure 2.1B shows the genetic structure among P. thunbergii populations throughout
Japan. Iki-no-Matsubara was dominated by the yellow pattern, same with the other
populations from the Kyushu area. Principle Coordinate Analysis (PCoA) showed that Iki-
no-Matsubara was more similar to the Minami-Shimabara population than the Karatsu
population, which is geographically closer to Iki-no-Matsubara. The Minami-Shimabara
and Amakusa populations had the highest probability of taking part in the gene flow (Nm)
into Iki-no-Matsubara, at 47.99% and 35.35%, respectively (Figure 2.2). Based on DBH
class range (Figure 2.3) specifically, the similarity between the Minami-Shimabara and Iki-
no-Mastubara, 61-90 cm DBH, 31-60 cm DBH, and 1-30 cm DBH ranges, were 14.18%,
36.93%, and 15.99%, respectively. More importantly, the relationship between the DBH
ranges indicated that the 61-90 cm DBH range shared 53.44% of genetic similarity with the
31-60 cm range, and 6.51% with the 1-30 cm DBH range. This finding suggests that the
origins of the young trees, 1-30 cm DBH range class, were not from the Iki-no-Matsubara

population but another area.
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Figure 2.2. PCoA and gene flow (Nm) of Iki-no-Matsubara with other populations of P.
thunbergii and PPT Kyushu cultivar.
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Figure 2.3. Relationship between gene flow (Nm) and distance with other populations in
the Kyushu area on the following basis: (A) 1-30 cm DBH class range; (B) 31-60 cm DBH
class range; (C) 61-90 cm DBH class range.

2.3.2. Genetic Diversity and Genetic Structure of PPTs

Since the 1990s, PPTs have been planted to enhance the old populations of P.
thunbergii. Therefore, analyzing the local genotype of the Iki-no-Matsubara population
(genetic diversity, genetic structure, and similarities with other populations in Kyushu area)
provides a baseline when deploying PPT Kyushu cultivar. In general, the genetic structure
of PPTs within each region (Figure 2.4) showed PPT Kyushu and Kanto cultivars had the
most distinct genetic structure (dominated by region’s structure pattern). In contrast, PPT
Tohoku and Kansai cultivars exhibited mixed patterns. The PCoA results show that the
PPT Kyushu cultivar are similar to the Okagaki populations (Figure 2.2). Some North
Kyushu populations likely had a higher possibility of contributing to the gene flow than
populations on the other side of Kyushu (see Appendix Table 3). The genetic diversity of
PPT Kyushu cultivar were low compared with the mean genetic diversity of the P.

thunbergii populations in entire Kyushu area (Table 2.4).
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Figure 2.4. Genetic structure of PPTs at K = 4 (1) Tohoku region, (2) Kanto region, (3)
Kansai region, and (4) Kyushu region.

Table 2.4. Genetic diversity of the PPT Kyushu cultivar using six primer markers
compared with the overall genetic diversity of populations in the Kyushu area.

1S 1) 1 #E' %" %s'  “rd O
bept1075 12 6.29 8.23 0.7 0.84 0.18 ns
bept1671 14 5.34 8.85 0.81 0.81 0.0l ns
bept834 9 3.88 6.05 0.67 074 0. ns
bept1823 9 3.77 6.14 0.51 0.73 031 =
bopt2532 14 707 1006  0.51 0.86 041 =
bopt1549 7 2.86 4.84 0.63 0.65  0.05 Ns
+.- . /0123k 41250 5136k 064 055  O/2F &

Overall Populations in

Kyushu Area 12.22 5.17 7.57 0.68 0.78 0.12

1,: number of allele, '+ number of effective allele, "‘#: allelic richness, $x: observed
heterozygosity, $s: expected heterozygosity, FIS: inbreeding coefficient within the population,
HWE: Hardy-Weinberg equilibrium (ns = not significant, * % < 0.05, ** % < 0.01, *** % < 0.001).

2.4. Discussion
2.4.1. Inference of Origins and Genetic Structure in lki-no-Matsubara based on DBH

Most P. thunbergii forests are located in coastal regions, including the Iki-no-
Matsubara population. They have been expected for conservation area, especially to

preserve mitigation functions such as reducing wind damage, inhibiting sand movement,
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and decreasing tsunami wave energy (Suwa, 2013). Before the existence of breeding
project, artificial planting with natural seedling recruitment had repeatedly performed to
maintain the forest.

In wind-pollinated conifers, the genetic diversity within the population has a tendency
to be higher than that among populations. The genetic diversity within Iki-no-Matsubara
was high in this study. Many P. thunbergii in Japan were damaged by the strong impact of
PWN. After the 1980s, individuals with pest damage in the Iki-no-Matsubara population
were removed and replanting has been continuously performed; however, the origins of
seedlings were unknown. The number of private alleles was highest in Iki-no-Matsubara,
and the presence of private alleles in the same loci were none to be found in the nearby
populations in the Kyushu area. The lack of private alleles in a particular population within
the Kyushu area is likely due to the small sample size compared to Iki-no-Matsubara (Welt
et al., 2015). The presence of private alleles in the Iki-no-Matsubara (Appendix Table 1),
interestingly, showed 31-60 cm DBH class range and 61-90 cm DBH class range shared
on the same loci, while 1-30 cm DBH class range on different loci. Based on the structure
analysis and PCoA results (Figure 2.2), we postulate that the Iki-no-Matsubara can be
derived from the Kyushu area, especially the Minami-Shimabara or Amakusa population,
which was farther from Iki-no-Matsubara than the Karatsu or Okagaki populations. In
detail, 1-30 cm DBH class range was highly associated with Minami-shimabara and
Amakusa. Meanwhile the 31-60 cm and 61-90 cm DBH class ranges displayed strong
associated each other and the closest neighbour, Karatsu population (Figure 2.3). Such
results showed the recently planted the 1-30 cm DBH class range indicate that they were
planted without considering genetic origins.

The genetic structure within the population was clearly divided into two patterns, and
younger individual corresponding to DBH was remarkable. Furthermore, the genetic
structure deviated to the area in the field. In more detail, some individuals exhibited the
same pattern, yet different diameter class range (Figure 2.1A). The yellow patterns
observed in Iki-no-Matsubara were common among populations in the Kyushu area (Figure

2.1B), while the blue pattern was not recognized in Karatsu nor Okagaki. There two
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possible explanations for this finding: (1) the materials planted in Iki-no-Matsubara were
introduced from a different origins area, especially at DBH range 1-30 cm, which show
dominantly blue color patterns; (2) Iki-no-Matsubara had more than two patterns of genetic
structure in the past, including the patterns observed in Karatsu and Okagaki, but the
population was reduced as a result of a bottleneck (Iwaizumi et al., 2018). The exact cause
is still uncertain due to the lack of historical records regarding the artificially-planted
materials and the P. thunbergii genetic structure of Iki-no-Matsubara in the past. It would
be reasonable to assume that the origins of the seedling was not considered when new

planting was performed after removing individuals damaged by pine wilt disease.
2.4.2. Genetic Management of P. thunbergii in Iki-no-Matsubara with PPT Kyushu cultivar

From a forest protection viewpoint, artificially planting PPT Kyushu cultivar to
enhance Iki-no-Matsubara population and counter PWN infection still has its merits;
however, the genetic aspects such as genetic diversity (avoid homogeneity), genetic
structure, forest resilience, and similarities with another populations must also be properly
considered. Thus, there are two crucial points to consider: (1) how well PPTs seed-sourcing
strategy and (2) genetic management within the population, including the PPTs.

In addition, there are two aspects should be considered for point number 1: (1) How
well the mother trees represent the genetic diversity and similarities in the selected area? (2)
A sufficient number of resistant trees should be sourced as mother trees? (Kang et al., 2001;
David et al., 2003; Funda et al., 2009; Funda, 2012). The mother trees will represent the
genetic diversity, structure, and gene flow pattern of the population where it was taken
(Kitzmiller, 1990; Wheeler and Jech, 1992). The extent of gene flow among populations
shows how alleles are shared (similarities) and play an important role in genetic
differentiation among populations (Slatkin, 1987; Stefenon et al., 2008).

From the perspective of genetic structure, PPT Kyushu cultivar were noticeably
displayed a yellow pattern (Kyushu region’s structure pattern) (Figure 2.4). However, from
similarities viewpoint, PPT Kyushu cultivar were located in the middle between the

Kyushu area and Pacific Ocean side area and shared similarity with the Okagaki
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populations (Figure 2.2). This may have occurred because the selected trees for PPT
Kyushu cultivar were not sufficiently balanced to represent all Kyushu area populations. In
fact, among 43 PPT Kyushu cultivar, ten were from Okagaki, and none were from Iki-no-
Matsubara (Appendix Table 2).

The sufficient number of mother trees, act as effective population size in seed orchard,
must be examined first to manage the diversity and similarities within Iki-no-Matsubara
with other populations in Kyushu area (Lindgren and Mullin, 1998). The effective
population size is a concept used to predict the ideal size of the population, considering that
the genes transmitted to seeds will still possess the same level of genetic diversity after
many generations (Crow and Kimura, 2009). However, this study was conducted only for
the Iki-no-Matsubara, and not for the entire P. thunbergii in Kyushu area. Thus, in the
future, the breeding project of PPT Kyushu cultivar need to develop a perspective based on
genetic management according to the genetic characteristics in each local pine forest in the

Kyushu area.
2.4.3. PPT Kyushu cultivar Deployment Management as Part of Genetic Management

To maintain P. thunbergii population in Iki-no-Matsubara, both PWN resistance and
genetic diversity must be considered as part of genetic management, which is PPTs
deployment management. Only using clones (vegetative) or seeds of specific PPT Kyushu
cultivar as reforestation-material plants on a large scale repeatedly for long-terms would
cause a genetic disturbance such as increased homogeneity, inbreeding depression, reduced
genetic diversity and adaptability to local environments (Konnert et al., 2015; Ingvarsson
and Wu, 2018; Dahlberg, 2019), which negatively affect the population as a gene resource.
Therefore, it is necessary to determine the status numbers of PPT Kyushu cultivar as
mother trees (Wu, 2018), because it will directly affect number of seedlings to deploy into
given site. Practice selective seed-cone harvesting to balancing genetic gain and genetic
diversity (Lindgren and El-Kassaby, 1989; Funda et al., 2009) can be used as approach
method to solve the matter about insufficiency in status number of PPT Kyushu cultivar for

the necessary reforestation. When considering genetic diversity in the next generation and
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the status number of PPT Kyushu cultivar, we can first refer to the local seed pool for
reference, where at least 30 mother trees and each mother tree is 24 seedlings. Then a total
of 720 seedlings are needed to provide complete coverage for genetic diversity in the Iki-
no-Matsubara population in the next generation (Iwaizumi et al., 2020). Genetic diversity is
defined as the genetic variation carried by individuals within a population as a part of their
evolutionary path, providing a basis to form responses to environmental changes, as
resilience of the forest (Jost et al., 2018).

Seedlings from a local seed pool or a neighbour population, such as Karatsu
(geographically near of Iki-no-Matsubara), should be given priority. A seedling’s adaptive
potential from the local seed pool will have the optimal genotype because it has undergone
many life cycles within the local environment over several generations. Proper seedling
selection for planting is necessary to avoid maladaptation and improve the survival rate
(Johnson et al., 2004; O’Brien and Krauss, 2010). Furthermore, the origins of the seedlings
should be determined according to the Japan Forest Seeds and Seedlings Law 1939
(Nagamitsu, 2015) so that, at least, the structure pattern among the four areas shown in
Figure 4B can be maintained. Subsequently, PPTs should be managed separately in each
FFPRI regional office. Using a non-local seed pool or non-local genetic pattern can lead to
uncertain results in terms of adaptation and genetic differentiation among populations

(Adams and Burczyk, 2000; Konnert et al., 2015).
2.5. Conclusions

Declining P. thunbergii populations as a result of PWN outbreaks triggered to the
consideration of genetic diversity management of the current populations for necessary
genetic resources (Iwaizumi et al., 2018). A forest with high genetic diversity provides a
foundation for individuals to survive and adapt through evolution, especially when the
forest has undergone human intervention (Hughes et al., 2008; Jump et al., 2009; Welt et al.,
2015; Aravanopoulos, 2016). Nevertheless, understanding the current genetic information
of Iki-no-Matsubara (genetic diversity, genetic structure, and similarities) are essential for

deploy PPT Kyushu cultivar into the site, as part of genetic management. Genetic diversity
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(Hy) in Iki-no-Matsubara was 0.71 and dominated by yellow pattern from structure
viewpoint. However, information based on DBH class range showed high similarities with
Minami-Shimabara and Amakusa, and there was a possibility that the origins of the
materials that had been planted were not from the local seed pool was proposed, which was
especially likely for the 1-30 cm DBH class range.

Additionally, the genetic structure of PPT Kyushu cultivar was distinctly dominated by
yellow genetic pattern. The PPT Kyushu cultivar genetic diversity was lower than that of
the overall population in the Kyushu area. An insufficient number of PPT Kyushu cultivar
can lead to an imbalance in gene flow and, in some cases, the planting of PPT Kyushu
cultivar may indicate that the genetic structure in any population may be similar to that of
the Okagaki population. A sufficient number of PPT Kyushu cultivar, as mother trees,
within seed orchards and sufficient status number of the seedlings need to be considered to
safely deploy PPT Kyushu cultivar as reforestation-material plants including Iki-no-
Matsubara population. This approach can be used not only to preserve Iki-no-Matsubara
population (genetic diversity, genetic structure, similarities, and resilience of the forests)
but can also be applied to minimize PWN damage. These results provide a baseline for
further seed sourcing as well as develop genetic management strategies within P.

thunbergii populations, including the PPTs.

&
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3.1. Introduction

The previous population genetic studies of P. thunbergii showed that the seedlings
origins were basically from relatively close regions (Iwaizumi et al., 2018; Mukasyaf et al.,
2021a). However, for some regions, the seedlings origins are unknown. Thus, novel DNA
markers are needed to understand genetic divergence and examine the genetic origins of P,
thunbergii populations. One of purposes using genetic markers is to provide insight into
genetic composition within/between populations. Genomic SSR markers are useful for
population genetic analysis, but the identification and the development of genomic SSR are
labor-intensive, expensive, and time-consuming (Abdelkrim et al., 2009; Csencsics et al.,
2010). Hence, one solution to those problems is using genomic resources based on next-
generation sequencing to develop gene-based EST-SSR markers (Ellis and Burke, 2007).

EST-SSRs are a co-dominant DNA marker and a gene-based derivative from the
genomic SSR marker. EST-SSRs are widely distributed in both coding and non-coding
regions (Morgante et al., 2002) and can be developed cheaply and rapidly (Ellis and Burke,
2007). EST-SSRs have less polymorphism level, fewer null alleles than genomic SSR
(Sullivan et al., 2013), and a low mutation rate (Zhang et al., 2019). Furthermore, EST-SSR
markers development can help the preservations of population genetic resources (Du et al.,
2017). Even though EST-SSR markers of P. thunbergii had been developed by Hirao et al.
(2019), the focus was on the study of genetic linkage maps to identify quantitative trait loci
(QTL), and the repeat number of EST-SSRs developed was small. This study’s objectives
were to (1) develop EST-SSR markers from a P. thunbergii transcriptome using next-
generation sequencing, (2) evaluate the EST-SSR markers through genetic diversity

analysis of an old P. thunbergii population in Iki-no-Matsubara.
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3.2. Material and Methods
3.2.1. RNA Isolation and Library Creation

P. thunbergii ESTs were collected using RNA from the trunk of two seedlings, which
were two years old. Total RNA was extracted using the PureLink RNA Mini Kit (Thermo
Fisher Scientific). Total RNA quality was verified using Agilent 2100 Bioanalyzer
(Agilent) with RNA integrity number (Schroeder et al., 2006). A library was prepared by
TruSeq RNA Sample Prep Kit v2 (Illumina) according to the manufacturer's recommended

protocol.
3.2.2. Identification of EST-SSRs, Primer Design, and Sequencing Validation

The sequences were obtained using the Miseq platform and a Miseq Reagent Kit v3
(Illumina), resulting in pair-end reads of 300 bps. Adaptor sequences and low-quality
sequences in the obtained NGS data were removed using Trimmomatic software (Bolger et
al., 2014), and a de novo assembly was performed using Trinity software (Grabherr et al.,
2011, Haas et al., 2013). MISA software was used to detect SSR for the assembled contig
(Thiel et al., 2003). Sequences containing flanking regions of 200 base pairs before and
after the SSRs motif were compared, and overlapping regions were removed. The selected
sequences were used to design primer pair using Primer3.0 version 0.4.0 software

(Untergasser, et. al., 2012).
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