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GENERAL INTRODUCTION

1. General introduction

Genetic variation is prerequisite for evolutionary adaptability of forest tree (White et al.,
2007; Lundgvist et al., 2008). Species with low level of genetic variation are unlikely to adapt
to drastic environmental changes and are more susceptible to become extinct (Boshier and
Amaral, 2004 ; White et al., 2007). Moreover, the amount of genetic variation within the tree
species determines the potentials for improving the tree species through tree improvement
programs (White et al., 2007; Lundgvist et al., 2008). Thus, conservation of genetic variation
becomes increasingly importance not only for the stability and survival of forest ecosystems

(White et al., 2007) but also for many possible uses in future (Boshier and Amaral, 2004 ).

Forest management systems, which usually involve alteration of stand structures for better
yield and economic reasons, influence the historical patterns of genetic variation of the tree
species by altering the effects of evolutionary factors (Finkeldey and Ziehe, 2004; Boshier
and Amaral, 2004 ; White et al., 2007). Hence, knowledge of patterns of genetic variation of
the tree species and their evolutionary factors are of great practical significance (White et al.,
2007).

The patterns of genetic variation of forest trees are being assessed using genetic markers:
isozymes, Amplified Fragment Length Polymorphisms (AFLPs), Simple Sequence Repeats
(SSRs), Random Amplified Polymorphic DNA (RAPD), etc (Finkeldey and Hattemer, 2007).
Due to different natures of markers, SSRs and AFLPs are widely applied in assessing the

patterns of genetic variation of forest tree species nowadays.

Teak (Tectona grandis Linn. f.) is a tropical tree species which has important ecological and
economic values. There is no comprehensive information on the patterns of genetic variation
of this tree species in Myanmar. Moreover, information on genetic variation and temporal
genetic structure of teak in managed forests is still lacking. Hence, investigations of the
patterns of genetic variation of teak will provide information for conservation and sustainable

utilization of this valuable tree species.

The present study thus deals with the application of SSRs and AFLPs to assess the patterns of
genetic variation of teak in adult and regeneration stages in unlogged and selectively-logged

forests in Myanmar, and additionally, in two teak plantations in Benin, West Africa.
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1.1. Study species
1.1.1. Natural distribution

Teak (Tectona grandis Linn. f.) belongs to the family Verbenaceae (also placed in the family
Lamiaceae (Cantino, 1992 ; Anon., 2012)). It is one of the most valuable tropical tree species
which naturally occurs in the South and South East Asian countries, within the range of
latitudes between 9°-25°30" N and longitudes between 73°-104° 30' E (Kaosa-ard, 1986; Gyi
and Tint, 1998). Teak mostly occurs in the central and western parts of India, in the most
parts of Myanmar, the northern parts of Thailand and some western parts of Laos (Troup,
1921; Kaosa-ard, 1986; Gyi and Tint, 1998). According to Gyi and Tint (1998), the total area
of natural teak forests in those countries was about 27.9 million ha: 8.9 million ha in India,
16,000 ha in Laos, 16.5 million ha in Myanmar and 2.5 million ha in Thailand. High
deforestation rates across the region lead to the actual occurrence of natural teak forests
mostly in some parts of India and Myanmar nowadays (Gyi and Tint, 1998). Teak is
naturalized in Indonesia, and the probable introduction of teak in Indonesia was during the
period of Hindus in the beginning of fourteen century to sixteen century (Troup, 1921;
Kadambi, 1972; White, 1991; Kaosa-ard, 1999).

s

India

\ Y \ China

Fig. 1 Map showing the natural distribution of T. grandis (after Gyi and Tint, 1998).
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1.1.2. Physiognomy

Teak is a large deciduous tree with clean and straight bole (Troup, 1921) and it can grow up
to more than 100 mm in diameter at breast height and 30-35 m in height. The sapwood is
white-colored; the colors of the heartwood range from light brown, golden brown to dark
brown (Tewari, 1992). The heartwood sometimes composes of dark stripes, oily, with
characteristic odor, and it is extremely durable, seasons well and does not warp or split
(Tewari, 1992). Bark is grey or light greyish brown (Troup, 1921). The fruit is round-shaped
and stony or drupe type with a diameter of 5-20 mm and it has four seed chambers (Troup,
1921; Tewari, 1992).

1.1.3. Ecology

Teak naturally grows in a wide range of environmental conditions from the dry areas where
annual rainfall is about 500 mm to moist areas where annual rainfall is about 5000 mm
(Kaosa-ard, 1981). The areas having annual rainfall between 1200 mm and 2500 mm
accompanied with a dry season (monthly rainfall less than 50 mm) of three to five months are

optimal for the growth of the species (Kaosa-ard, 1981).

Teak grows best on well-drain alluvial soils derived from limestone, schist, genesis, shale,
some volcanic rocks and basalt (Kaosa-ard, 1981). The species is frequently referred as a
calcareous species as it thrives best on soil with a high amount of calcium (Ca) (Kaosa-ard,
1981; Tewari, 1992). Soil pH in teak forests ranges from 5.0 to 8.0 (Kulkarni, 1951) and the
optimum pH for best growth and quality lies between 6.5 and 7.5 (Kaosa-ard, 1981; Tewari,

1992). Teak does not grow in persistent inundated soil.

Teak is a pronounced light demanding tree species which always requires high intensity of
light for its growth and development (Troup, 1921; Kaosa-ard, 1998). Teak regeneration is
abundantly found on the sites with open canopy, where overhead light is available to them
(Troup, 1921; Lwin, 2001). It will not tolerate suppression at any stages of life, and requires
fair amount of side room for its proper development (Troup, 1921). Improved light condition
followed by logging and bamboo flowering in natural teak stands induces significant

abundance of teak regeneration and growth of teak saplings (Thein et al., 2007).

Temperature plays an important role for the growth and development of teak. The optimal
temperature usually lies between 27°C and 36°C (Gyi, 1972; Kaosa-ard, 1977). Teak does
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not tolerate frost (Troup, 1921). Under the frosty condition, seedlings and saplings are highly

damaged. Thus, teak occurs below 700 m above sea level (Troup, 1921; Kaosa-ard, 1981).

The growth and development patterns of teak differ with local climatic conditions and
seasonal patterns. For instances, active growth of teak generally occurs between April and
September in India, Laos, Myanmar and Thailand but between November and March in
Indonesia (Tewari, 1992). In Myanmar, teak sheds leaves from November to January and
remains leafless until March. New leaves appear from April to June. Flowering always takes
place from June to August or September and the fruits ripen from November to January and
fall between February and April (Troup, 1921; Tewari, 1992).

1.14. Reproductive biology

Teak is a diploid species (2n=36) (Gill et al., 1983). Flowers are bisexual and hermaphroditic
(Finkeldey and Hattemer, 2007). The tree has white and small (6-8mm in diameter) flowers
having six sepals, six white petals, six stamens and a pistil. These small flowers occur in a
large terminal panicle (Troup, 1921); each panicle has 1,200- 3,700 flowers (Bryndum and
Hedegart, 1969).

The opening of teak flowers lasts for one day and flowers will open in the morning, and they
will drop in the evening or the next morning if there is no pollination (Bryndum and
Hedegart, 1969). Pollination is optimal between 11.30 a.m and 13.00 p.m (Hedegart, 1973).

Teak is a mainly insect-pollinated (Hedegart, 1976) and cross-pollinating species (Bryndum
and Hedegart, 1969; Hedegart, 1973). Low success rates have been reported for controlled
self-pollination (Bryndum and Hedegart, 1969). Thus, teak is noted as partially self-
incompatible tree species (Tangmitcharoen and Owens, 1997). The extent of self-
compatibility is as low as 5.5 % in this self-pollination experiment (Bryndum and Hedegart,
1969; Hedegart, 1973). Only few self-pollinated flowers (less than 1%) develop into fruits
(Hedegart, 1976). Nonetheless, a genetic marker-based study suggests that teak has mixed
mating system (Finkeldey and Hattemer, 2007).
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1.15. Management systems in natural teak forests

Forest management systems in the natural teak forests are not quite variable among India,
Laos, Myanmar and Thailand. For example, in India, selection systems with improvement
felling are applied in moist semi-evergreen forests, coppice systems are practiced in low
quality forests, and clear fellings are employed together with conversion to uniform system in
high teak forests (Kumaravelu, 1991; Gyi and Tint, 1998). In Laos and Thailand, selection
systems were reported to be the major forest management systems (Kaosa-ard, 1991;
Pengduoang, 1991). Due to severe deforestation, commercial felling in the natural teak
forests of those two countries has been prohibited nowadays (Kaosa-ard, 1991; Pengduoang,
1991). In Myanmar, selection system is the major forest management system being employed

in natural teak forests.

1.1.6. Myanmar Selection System

In Myanmar, scientific forest management has been started with the introduction of so-called
Brandis Selection System which has gradually evolved to what is now known as Myanmar
Selection System (MSS) since 1856 (Dah, 2004). Since then, the MSS has been the main

forest management system being practiced in the natural teak forests in Myanmar.

The MSS is a system based on the selective removal of trees with fixed minimum diameters
from multi- tree species forests. The system is effectively practiced by division of forest lands
into a felling series which contain 30 blocks of approximately equal yield. The whole felling
series is completed in a felling cycle of 30 years. Thus, selective felling is carried out in
specific block in a given year. The amount of timber volume is controlled by annual
allowable cut which is determined for every felling series based on sustained yield

management.

Under the MSS, extractable diameter limit of teak trees differ with regards to the type and
growth condition of forests: 73 cm dbh in moist teak forest types with good growth and 63
cm dbh in drier types (Dah, 2004). For other hardwoods in teak forests, diameter limit varies

by species.

Teak trees are girdled and left standing dry for 3 years before felling. Girdling is a century-
old practice being employed in harvesting of teak trees in Myanmar. This practice helps

girdled teak well seasoning and floating in the river which has been one of the major

5
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transportation systems of teak logs since former times. Nowadays, green felling is
increasingly practiced in most teak working circles due to the increased demand of teak

timber and improved transportation conditions.

Under the MSS, some teak trees which have reached target diameter limit are intentionally
left if there are no enough seed trees. Unhealthy but marketable trees are also removed if the
trees are unlikely to survive until the next felling cycle. The MSS is not solely a system for
selective logging of target diameter trees but also a system integrated with other cultural and
silvicultural operations (Kyaw, 2003) to assist growth of natural regeneration and to protect

young and immature trees.

1.2. Variation in teak

Teak differs in phenology in natural provenances (Bedell, 1989; Kaosa-ard, 1999) and also
varies in floral biology and seed biology (Tangmitcharoen and Owens, 1997; Gunaga and
Vasudeva, 2002; Vasudeva et al., 2004 ). Moreover, it varies greatly in fruit size, weight and
viability among natural provenances with different ecological conditions (Palupi and Owens,
1998; Indira, 2003). Teak varies greatly in wood quality among provenances in India (Kjaer
et al., 1999; Varghese et al., 2000; Bhat and Priya, 2004).

In Myanmar, teak provenances show significant differences in growth, morphological
characteristics and correlation with geo-climatic factors (Lwin et al., 2010). Most of the
morphological traits in teak provenances are negatively correlated with the latitude, and
growth traits and crown diameter of teak are positively correlated with the mean annual
rainfall (Lwin et al., 2010). Local provenances in Bago Yoma of Myanmar show superior
performances than others and hence, the local provenances are suggested as the best seed

sources for the plantation program in the Bago Yoma (Lwin et al., 2010).

Genetic variation of teak has been investigated using isozyme markers (Kjaer et al., 1996),
RAPD (Nicodemus et al., 2003; Parthiban et al., 2003), AFLPs (Shrestha et al., 2005; Minn,
2007) and nuclear SSRs (Fofana et al., 2009). Genetic variation of teak mostly occurs within
populations in those studies. Teak from India provenances exhibits a strong genetic
differentiation from Thailand, Indonesian and African provenances (Nicodemus et al., 2003;
Shrestha et al., 2005). Four main clusters of genetic variability have been reported based on

SSR markers: two clusters in India with high level of genetic diversity, one cluster in
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Thailand and Laos with lower genetic diversity and another cluster in central Laos with very

low genetic variability (Fofana et al., 2009).

Minn (2007) investigated genetic variation of teak in Myanmar with three populations in the
Bago Yoma and an additional population in another area using AFLP markers. Genetic
diversity of teak populations in Myanmar is found to be relatively high as revealed by
AFLPs, and genetic variation mostly occurs within populations (Minn, 2007). However, there
is no variation among teak populations revealed by chloroplast SSR markers (Minn, 2007).
The author suggested conducting further investigation to cover the whole natural range of
teak in Myanmar.

1.3.  The impact of selective logging

The effects of logging on tropical forest ecosystem are manifold, from significant alterations
of physical structure of the forest to changes in species abundance and species composition
(Bawa and Seidler, 1998). Selective logging is frequently referred as dysgenic selection due
to selection against desirable phenotypic trees. It is also argued that selective logging reduces
genetic diversity (drift) and increases inbreeding of the forest tree species. For example,
logging significantly reduces genetic diversity of Pinus strobus (Buchert et al., 1997) and
outcrossing rate in Pterocarpus macrocarpus (Liengsiri et al., 1998). Similarly, sharp
reduction in genetic variability have been reported for Araucaria angustifolia Kuntze in

selectively-logged stand and progenies (Medri et al., 2003).

On the other hand, no impact of logging has been reported for some tree species. For
examples, selective logging does not significantly affect inbreeding in Shorea megistophylla
(Murawski et al., 1994), inbreeding and gene dispersal in Carapa guianensis Aubl. (Cloutier
et al., 2007) and the breeding system of Dryobalanops aromatica (Kitamura et al., 1994) and
Dipterocarpus obtusifolius (Chaisurisri et al., 1997). Correspondingly, logging does not
significantly induces changes in genetic structure of Scaphium macropodum stands before
and after logging in the same stands though there is significant impact in regenerated stands

compared with adjacent unlogged Scaphium macropodum stands (Lee et al., 2002).

Furthermost, different tree species and their temporal stages reveal different intensity of
changes on the level of genetic diversity after logging activities. For example, the impacts of

logging on Shorea curtisii, Dryobalanops aromatica and Scaphium macropodum are
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different at their temporal stages (Wickneswari et al., 2004). The authors reported no
significant change in genetic diversity for adults of Scaphium macropodum and saplings of
Dryobalanops aromatica and Shorea curtisii immediately after logging. However, they
observed a significant reduction in genetic diversity of seedlings and adults of Shorea curtisii
and also a substantial genetic erosion in adults of Shorea curtisii and Scaphium macropodum
(Wickneswari et al., 2004).

The impact of selective logging on genetic variation of teak in Myanmar is not known yet. |
am also not aware of any studies related to the impact of selective logging on genetic

structure and variation of teak in natural populations in other countries.

1.4. Rationale of the study

Myanmar has a forest cover of 31.7 million ha (FAO, 2011) which is approximately half of
the total area of the country, serving as a major source for production of valuable wood and
non-wood products and protective functions. High deforestation and non-sustainable use of
forests are serious problems in Myanmar. Hundreds of thousand hectares of forests are
annually lost (435,000 ha/year (1990-2000) and 310,000 ha/year (2000-2010) (FAO, 2011),
and the growing stock of teak has been increasingly declined from 107 million m® to 91
million m* within the last 20 years (FRA, 2010). Consequently, the long-term existence and

sustainability of teak forests and the genetic resources of teak in the country are at risk.

The forests in Myanmar are being managed under Myanmar Selection System (MSS). The
system is based on the selective removal of the best trees having already attained the target
diameter. This system is expected to affect the remnant forest structure since the best trees are
taken out and consequently young and lower diameter trees are deliberately left in the forest.
The selection system has been frequently referred as dysgenic selection (Finkeldey and
Hattemer, 2007) since it favors the reproduction of inferior trees in the forest. However, the
intensity and impact of selective logging on genetic structure of teak forests in Myanmar are

still not known.

Not only genetic variation of adult trees but also genetic variation of regeneration are equally
important because regeneration plays an important role for shaping the genetic structures of
future forests and sustainable productivity (Koski and Stahl, 2000). Currently, genetic

structures of teak regeneration in natural populations are still unknown. Hence, the
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assessment of genetic variation of not only adults but also teak regeneration will help us to

develop sustainable management strategies for teak forests.

The patterns of genetic variation of forest trees are being assessed using different genetic
markers. Molecular markers are the most advanced and effective genetic tools to assess the
level of polymorphisms of organisms as they provide reliable information than morphological
and isozyme markers do. These markers are nowadays widely applied in detecting genetic
variation of forest trees. The application of molecular markers to study the genetic variation

within tropical trees is, for example, reviewed by Finkeldey and Hattemer (2007).

The two genetic markers, SSRs and AFLPs, are widely applied markers in population
genetics. Simple Sequence Repeats (SSRs) are highly variable markers which have a co-
dominant mode of inheritance. These selectively neutral SSRs have become one of the most
popular marker types in population genetics (Freeland, 2005; Weising et al., 2005).
Generally, SSR primers are species-specific and the development of primers are costly
(Freeland, 2005). Fifteen teak specific SSR markers have been successfully developed
(Verhaegen et al., 2005). These markers can be used as a tool for investigating the mating
system, gene flow, and population dynamics for sustainable management of teak forests and
for in situ conservation purposes (Verhaegen et al., 2005). Genetic variation of teak in India,
Laos and Thailand have been investigated using these SSR markers (Fofana et al., 2009), but
teak in Myanmar has not been investigated yet. Thus, the investigation of genetic variation of
teak using these SSR markers will provide invaluable information for the conservation and
management of genetic resources of teak in Myanmar, and it will fill up information gaps for

genetic structure and variation of teak for the whole range of the natural distribution.

Amplified Fragment Length Polymorphisms (AFLPs) are anonymous biallelic markers which
have been frequently used to characterize genetic variation in species with few or no genomic
resources developed (Vos et al., 1995). AFLPs can be studied in any species even if no
sequence knowledge is available. A large number of polymorphic DNA fragments can be
separated in a single run. Information obtained at a single locus is limited since only the
presence or absence of a fragment with a particular length is recorded. Thus, AFLPs are
interpreted as dominant markers (Weising et al.,, 2005). The AFLP technique was
successfully used to characterize genetic variation of four teak populations in Myanmar
(Minn, 2007). The author suggests conducting further studies with populations from different
geographical regions to cover most parts of the distribution of teak in the country.
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Minn (2007) also applied chloroplast SSR (cpSSR) markers together with AFLPs to
characterize genetic variation of teak in Myanmar. Apart from his investigation, 1 am not
aware of the combined application of the two types of markers in population genetics of teak.
More importantly, no investigation has been conducted to assess genetic variation of teak in
Myanmar using the combined application of SSRs and AFLPs before. Since these two
markers show differences with regard to variation levels, numbers of investigated loci, mode
of inheritance, and other features, a combined application of these two markers will provide a
comprehensive view on patterns of genetic variation of the tree species at least at putatively
‘neutral’ loci. (Stefenon et al., 2007).

1.5.  Aims of the study

The main objectives of the study are as follows:

e To examine the patterns of genetic variation of teak in natural populations.
e To examine the impact of selective logging on genetic structures of teak.
e To investigate the genetic differentiation among adult teak trees and natural

regeneration.

1.6. Hypotheses

The following hypotheses are tested:

e There is high genetic variation of teak in natural populations.

e There is no impact of selective logging on genetic structure of teak.

e There is no genetic differentiation between adult trees and regeneration.

e There is genetic differentiation between populations in the northern and southern

region of Myanmar.
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2. Materials and Methods
2.1. Study areas

Myanmar is a Southeast-Asian country located between 9°53' N and 28°25' N latitudes and
92°10' E and 101°10’ E longitudes. It has a total area of 676,577 km?, stretching for 936 km

from east to west to 2051 km from north to south.

In Myanmar, natural teak mostly occurs between 25° 30" N and 10° N latitude (Gyi and Tint,
1998). In the east, teak occurs throughout the Shan State and extends beyond Thailand and
Lao borders. In the northwest, it does not extend beyond the western watershed of Irrawaddy
and Chindwin rivers; in the southwest, it occurs on the west bank of Irrawaddy into the
foothill of the Rakkhine Yoma in decreased abundance to approximately 18° N latitude (Gyi
and Tint, 1998). Teak does not occur in the drier parts in the central region of the country, in
the southern most parts and in the extremely northern most parts of the country, in the tidal
areas in the Irrawaddy delta and in the areas of altitude higher than 914 m (Troup, 1921; Gyi
and Tint, 1998).

Teak is associated with other tree species in the forests of Myanmar. Teak is reported to be
the most abundant and dominant species of mixed deciduous forests, comprising 34.6 % and
13.9 % of the total number of tree species (> 5 cm DBH) in the eastern exposure and western
exposure of typical Bago Yoma teak forests, respectively (Lwin, 2001). Teak grows well in
the upper mixed deciduous forests of Myanmar, producing teak trees with cleaner and
straight boles (Kermode, 1964). Depending on moist or dry sites of these teak forests, teak
may be associated with Xylia dolabriformis, Terminalia tomentasa, Terminalia chebula,
Terminalia pyrifolia, Pterocarpus macrocarpus, Adina cordifolia, Pentaceme siamensis,

Shorea oblongifolia, and other tree and bamboo species (Kermode, 1964).

In the present study, sampled locations cover large parts of the distribution range of teak in
the country: four population pairs in the northern region of Myanmar and another four
population pairs in the southern region of Myanmar (Fig. 2). Sampling was conducted
between October 2009 and January 2010.

11
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Fig. 2 Map showing locations of sampled T. grandis populations in Myanmar.
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Fig. 3 Sampling design for populations of T. grandis in Myanmar.
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2.1.1. Unlogged and selectively-logged teak forests

A population pair consists of unlogged and selectively-logged teak stands (Fig. 3). These two
populations are situated adjacent to each other in the area. In each population, adult and
regeneration samples were collected (Fig. 4). A population was selected as an unlogged
population if there was no recent logging but target diameter trees were highly abundant (Fig.
5). In most cases, information for previous logging in the unlogged populations was not
available. Nonetheless, most unlogged populations were designated by the Forest Department
for subsequent logging in a few years. In the same region, another adjacent natural population
was selected as a selectively-logged population where there had been recent teak logging
operations in the stand. Generally, target diameter teak trees were scarce in these selectively-

logged stands (Fig. 5).

(A) (B)

Fig. 4 An adult (A) and regeneration (B) in T. grandis forests of Myanmar.
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(A) (B)

Fig. 5 Teak tree in an unlogged stand (A) and a selectively-logged stand (B) in Myanmar.

2.1.2. Teak populations in the southern region of Myanmar

Sampling was conducted in the four areas in the southern parts of Myanmar: Aunglan,
Pyinmana, Letpadan and Tharawaddy (Fig. 2 and Table 1). Geographically, teak populations
in Aunglan, Letpandan and Tharawaddy lie within Bago Yoma which is said to be home of

teak forests in Myanmar. Teak populations in Pyinmana lie within the Shan Plateau.

In Aunglan, adult and regeneration samples were collected in unlogged (AUA and AUR) and
selectively-logged (ASA and ASR) teak populations which were located in compartment No.
58 and No. 68 in the East Yoma Reserved Forest (RF), respectively. These populations lie in

the northern part of Bago Yoma.

In Pyinmana, adults and regeneration in unlogged (PMUA and PMUR) and selectively-
logged (PMSA and PMSR) teak populations were sampled in Mel-Haw Protected Public
Forests (PPF).

14
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In Letpadan, samples for adults and regeneration in unlogged (LUA and LUR) and
selectively-logged (LSA and LSR) teak populations were collected in compartment No. 71
and No. 68 in the North Zarmari RF, respectively. These populations lie in the central part of
the Bago Yoma.

Sampling for teak populations was conducted in Thonze RF in Tharawaddy in the southern
part of Bago Yoma. Adults and regeneration in unlogged (TUA and TUR) and selectively-
logged (TSA and TSR) populations were sampled in compartment No. 93 and No. 95,

respectively.

2.1.3. Teak populations in the northern region of Myanmar

Teak populations in the northern parts of Myanmar were sampled in Bamauk, Pinlebu, Indaw
and Mabein (Fig. 2 and Table 1). Bamauk, Pinlebu and Indaw are located on the western side

of the Irrawaddy River and Mabein is located on the eastern side of the River.

In Bamauk, adult and regeneration samples were collected in unlogged (BUA and BUR) and
selectively-logged (BSA and BSR) teak populations in Mankat-M PPF and Manmaw-A PPF,

respectively.

In Pinlebu, adults and regeneration were sampled in Kansalakar RF. The unlogged (PLUA
and PLUR) and selectively-logged (PLSA and PLSR) populations were sampled in

compartment No. 112 and No. 57, respectively.

In Indaw, unlogged (IUA and IUR) and selectively-logged (ISA and ISR) teak populations

were sampled in compartment No. 16 and No. 12 in Kalon RF, respectively.

In Mabein, unlogged (MUA and MUR) and selectively-logged (MSA and MSR) teak
populations were selected in compartment No. 38 and 178-179 in Nanme RF, respectively. In
this selectively-logged stand, minimum diameter limit (dbh) for previous logging was 39 cm.
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2.1.4. Teak plantations in Benin

Teak is one of the most widely planted tree species in its natural ranges and outside (Troup,
1921; Ball et al., 1999). Teak plantations have been established in Central America (e.g.,
Honduras, Guatemala, Panama, Costa Rica), Asian countries (e.g., Indonesia, India, Lao,
Malaysia, Myanmar, Thailand) and African countries (e.g. Tanzania, Ghana, Togo, Nigeria,
Benin) (Ball et al., 1999). In this study, leaves were sampled from two teak plantations which
were successfully established in Benin. Samples were collected from Agrimery area for
BEN1 plantation (Table 1). India was reported to be the seed source for the plantation which
was established between 1949 and 1969 by the Taungya method (Ganglo and Lejoly, 1999).
Samples for BEN2 plantation were collected from the Lama teak plantation which was
established using seeds from former teak plantations in Benin and in Tanzania between 1985
and 1995 (Table 1) (Ganglo and Lejoly, 1999).

16
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Table 1 Populations, regions, logging types, sample types, geographic information and logged years of the sampled populations of T. grandis.

Adults  Regen. Year
No. Populations Region UL/SL Abbr. Abbr.  Latitude Longitude Altitude (m) (Logged)
1 Aunglan S UL AUA AUR N19°21'10.5" E95°48'06.8" 448 NA
2 Aunglan S SL ASA ASR N19°19'10.7" E95°47'38.2" 355 2005
3 Letpadan S UL LUA LUR N18°04'42.0" E96°06'55.9" 219 N/A
4 Letpadan S SL LSA LSR N18°05'33.6" E96°06'53.3" 253 2008
5 Tharawaddy S UL TUA TUR N17°53'55.0" E96°00'57.6" 177 N/A
6 Tharawaddy S SL TSA TSR N17°54'23.9" E96°01'03.5" 167 2007
7 Pyinmana S UL PMUA PMUR N19°3223.7" E£96°29'08.9" 794 N/A
8 Pyinmana S SL PMSA PMSR N19°31'49.5" E£96°29'03.2" 512 2005
9 Bamauk N UL BUA BUR N24°13'41.0" E95°55'44.8" 203 N/A
10 Bamauk N SL BSA BSR N24°22'51.2" E95°55'10.0" 132 2008
11  Indaw N UL IUA IUR N24°05'35.3" E96°10'36.4" 281 N/A
12 Indaw N SL ISA ISR N24°07'26.1" E96°10'03.0" 196 2007
13 Pinlebu N UL PLUA PLUR N23°49'54.7" E95°22'51.7" 249 N/A
14 Pinlebu N SL PLSA PLSR N23°49'57.6" E95°34'21.7" 566 2007
15 Mabein N UL MUA MUR N23°52'41.3" E96°43'51.9" 102 N/A
16 Mabein N SL MSA MSR N23°55'42.6" E96°38'58.1" 171 2007
17 Agrimery Benin BEN1 N 7°2'16.96" E2°10'8.65" N/A
18 Lama Benin BEN2 N 6°56'23.89" E2° 9'57.97" N/A

S Southern Myanmar, N Northern Myanmar, UL unlogged population,

abbreviations, N/A data not available.

SL selectively-logged population, Regen. regeneration, Abbr.

17



MATERIALS AND METHODS

2.2. Plant materials

Genomic DNA was extracted from dried leaves. Sampled leaves were immediately stored in
silica gel to prevent fungal contamination. Silica gel was periodically checked and replaced to

keep material dry.

To minimize the risk of sampling related trees, minimum distance between consecutive
sampled adult trees was approximately 100 m. Leaf samples were collected from teak
regeneration which were the nearest to sampled adult teak trees.

Samples were collected from 50 adults and 50 seedlings from natural regeneration in each
population. The total numbers of leaf samples collected from Myanmar were 1600. The total
numbers of samples from Benin were 80. Therefore, the total number of samples was 1680.
However, due to unambiguous amplification of some samples at different analyses, the
number of sample size used for the analyses varied.

2.3. DNA isolation

Genomic DNA was isolated from dried leaves by using the protocol of Qiagen DNA isolation
Plant Mini Kit (Qiagen, Hilden, Germany). DNA was stored at — 20°C.

2.4, Genotyping of SSRs

Teak specific SSR primers were applied in three different multiplex PCR (Verhaegen et al.,
2005) (Table 2). The PCR amplification of SSRs was carried out in Peltier Thermal Cycler
(PTC-0200 version 4.0, MJ Research) in a volume of 15 pl containing 2 pl of DNA (10 ng)
template DNA, 1.5 ul of 10x PCR buffer (0,8 M Tris-HCI, 0,2 M (NH,4),SQO,, Detergent), 1
pl of MgCl;, (25 mM), 1 pl of dNTP (2,5 mM), 1 ul of each forward and reverse primer (5
pM), 0.2 ul of HOT FIREPOL®Tag-Polymerase (5U/ul) and 7.3 pl of H,O (HPLC).

The amplification was performed under the following conditions: initial denaturation at 95°C
for 15 min, 30 cycles of denaturation at 94°C for 30 s, primer annealing at 52°C for 45 s,
primer extension at 72°C for 45 s, and final extension at 72°C for 20 min. The annealing

temperature for primers B02, FO01, Dal2 and B03 was increased to 57°C for better
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amplification. The forward primers were fluorescently labelled with 6-FAM, HEX or
TAMRA (see Table 2).

The SSR markers were scanned on ABI 3100 Genetic Analyzer with an internal size standard
(GS 500 ROX fluorescent dye) from Applied Biosystems. The sizes of fragments were
identified by Gene Scan ver. 3.7 and scored by Genotyper ver. 3.7 computer programs
(Applied Biosytems) (Fig. 6).

2.5. Genotyping of AFLPs

AFLP analysis was performed according to the protocol of Vos et al. (1995) with slight
modifications. Two restriction enzymes EcoRI and Msel were used to digest total genomic
DNA. The EcoRI and Msel adaptors were ligated to the ends of the restriction fragment. The
restriction-ligation reaction was performed overnight at room temperature to generate DNA
templates for PCR amplification consisting of two successive steps. The pre-selective
amplification was carried out by using the primer combination of E01/MO03, each consisting
of one selective nucleotide A and G, respectively. The selective amplification was conducted
by the primer combination of E41/M74 having the three selective nucleotides AGG and
GGT, respectively. E41 was labelled with 6-FAM at its 5’-end in order to analyze fragment
sizes on a capillary sequencer (ABI 3100 Genetic Analyzer). Both PCRs were carried out in a
Peltier Thermal Cycler (PTC-0200 version 4.0, MJ Research). Amplified fragments were
resolved on an ABI 3100 Genetic Analyzer with an internal size standard (GS 500 ROX

fluorescent dye) from Applied Biosystems.

The size of AFLP fragments were identified by Gene Scan ver. 3.7 and were scored by
Genotyper version 3.7 computer programs (Applied Biosytems) (Fig. 7). The fragments were
manually scored and controlled from 50 bp to 500 bp. A reproducibility test was carried out
with 8 samples from three different independent runs. Seventy-one reproducible and reliable

fragments were observed and chosen for the data analyses.
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Fig. 6 Electropherogram showing SSR markers of T. grandis as visualized by GeneScan ver.
3.7 and Genotyper ver. 3.7.
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Fig. 7 Electropherogram showing AFLP markers of T. grandis as visualized by GeneScan

ver. 3.7 and Genotyper ver. 3.7.
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Table 2 Multiplexes of 10 SSR primers, their respective labelled dyes and primer sequences.

Primers PCR 5’ dye
Multiplex label Primer sequences
CIRAD1TeakAO6 A HEX F: 5'-CAAAACAAAACCAATAGCCAGAC-3’
R: 5'-TTTCATCATCATCATCAACATCC-3’
CIRAD2TeakB07 A TAMRA  F: 5-GGGTGCTGATGATTTTGAGTT-3’
R: 5'-CTAAGGAGTGAGTGGAGTTTT-3’
CIRAD2TeakC03 A 6-FAM F: 5'-AGGTGGGATGTGGTTAGAAGC-3’
R: 5'-AAATGGTCATCAGTGTCAGAA-3’
CIRADATeakFO2 A TAMRA  F:5-CCGGTAAAAAGGTGTGTCA-3’
R: 5'-GAGTGGAAGTGCTAATGGA-3’
CIRAD3TeakDa09 B 6-FAM F: 5'-CTCGCTTCTTTCCACATT-3'
R: 5'-ATCATCGCGCATCGTCAA-3’
CIRAD1TeakG02 B TAMRA  F: 5-TTAACGCCAAATCCCAAAG-3’
R: 5'-CACAAAGAGAACCGACGAG-3’
CIRAD3TeakB02 C TAMRA  F:5-ATGAAGACAAGCCTGGTAGCC-3’
R: 5'-GGAAGACTGGGGAATAACACG-3’
CIRAD3TeakF01 C 6-FAM F: 5'-GCTCTCCACCAACCTAAACAA-3’
R: 5'-AAAACGTCTCACCTTCTCACT-3'
CIRADA4TeakDal2 C TAMRA  F:5-CGCACACCAGTAGCAGTAGCC-3’
R: 5'-GCCGGAAAAAGAAAAACCAAA-3’
CIRAD1TeakB03 C HEX F: 5'-ATGAAGACAAGCCTGGTAGCC-3’

R: 5'-CACTACCACTCATCATCAACACA-3’

Multiplex A, B and C: the same letter stands for the same PCR multiplex. All primers were

developed by Verhaegen et al. (2005).
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2.6. Data analyses

2.6.1. Genetic diversity

For SSRs, expected heterozygosity (Heg) (Nei, 1978), observed heterozygosity (Ho) (Nei,
1978), number of alleles (A) and fixation indices (f) were calculated to estimate genetic
diversity within populations using Genetic Data Analysis (GDA) ver. 1.0 (Lewis et al., 2001).
Inbreeding coefficients (Fis) for each population were estimated using FSTAT ver. 2.9.3.2
software (Goudet, 2001) after 1000 permutations. Allelic richness (Ag) for each population
was calculated using FSTAT ver. 2.9.3.2 for comparative assessment with other studies to
account for different sample sizes. The presence of null alleles was estimated with MICRO-
CHECKER ver. 2.2.3 (Van Oosterhout et al., 2004).

For AFLP markers, the percentage of polymorphic loci (PPL) and Nei’s (1978) gene
diversity (H;) estimated with AFLP-SURV ver. 1.0 (Vekemans, 2002) considering only loci
with frequencies of band presence below 1 — (3/N), where N is the total sample size (Lynch
and Milligan, 1994). Allelic frequencies were computed using a Bayesian approach with non-
uniform prior distribution of allele frequencies (Zhivotovsky, 1999) with slight deviation
from Hardy-Weinberg equilibrium using an inbreeding value f = 0.037 (mean value
computed by SSRs). Band richness per locus (Br) (Coart et al., 2005) was computed based on
a sample size of 35 individuals using AFLPDIV ver. 1.1 (Petit, 2007).

2.6.2. Linkage disequilibrium

Linkage disequilibrium between SSR loci pairs for each population was calculated by means
of Fisher’s exact test (Markov chain parameters in 10000 dememorizations, 1000 batches and
10000 iteration per batches) in GENEPOP ver. 4.0 (Rousset, 2008).

2.6.3.  Significant tests for estimates of genetic diversity

For SSRs, significant tests between adults and regeneration, between unlogged and
selectively-logged, and between the northern and southern populations for expected

heterozygosity (Hg), observed heterozygosity (Ho), allelic richness (Ag), inbreeding
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coefficient (F;s) and fixation index (Fst) were calculated after 1000 permutations using
FSTAT ver. 2.9.3.2 software (Goudet, 2001)

For AFLPs, analyses of variance (ANOVA) were applied to analyze variance components to
detect significant differences between estimates of genetic diversity (Sokal and Rohlf, 1994).
Significant values were estimated for differences between adults and regeneration, the
logging types and the two regions based on the estimators of PPL, H; and Br using
MICROSOFT EXCEL 2007.

2.6.4. Genetic distances and Pairwise Fst

Nei’s unbiased genetic distances (1978) for both markers were calculated using GENALEX
ver. 6.4 (Peakall and Smouse, 2006). Pairwise Fst and significant values were estimated
based on 1000 permutations using ARLEQUIN ver. 3.5.1.2 (Excoffier and Lischer, 2010).

2.6.5. Cluster analyses

For SSRs, cluster analyses were conducted using Neighbor Joining (NJ) method and
unweighted pair-group method with arithmetic means algorithm (UPGMA) (Sneath and
Sokal, 1973) based on the chord genetic distances (Cavalli-Sforza and Edwards, 1967). The
genetic distance matrices were calculated using POPULATIONS ver. 1.2.32 (Langella, 2002)
and statistical support of the clusters was assessed by means of 1000 bootstrap replicates over
loci. The dendrograms were visualized by TREEVIEW ver. 1.6.6 (Page, 1996).

For AFLPs, the cluster analysis was performed based on the UPGMA method (Sneath and
Sokal, 1973) derived from Nei's genetic distances (1978). One thousand bootstrapped
replicated matrices of pairwise Nei’s genetic distances were calculated using AFLP-SURV
ver. 1.0 (Vekemans, 2002) and the results were used as inputs for computing UPGMA
dendrogram using NEIGHBOUR (UPGMA algorithm) and CONSENSE (expanded majority
rule approach) of the package PHYLIP ver. 3.69 (Felsenstein, 1989). The dendrogram was
visualized by TREEVIEW ver. 1.6.6 (Page, 1996).
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2.6.6. Mantel tests

Mantel test (Mantel, 1967) was used to estimate correlation between genetic (Fst/(1- Fst))
and natural logarithm of geographic distances between sampled populations using
GENALEX ver. 6.4 (Peakall and Smouse, 2006). Slaktin’s (1995) pairwise genetic
differentiation (Fst /(1- Fst)) was calculated using ARLEQUIN ver. 3.5.1.2 (Excoffier and
Lischer, 2010).

2.6.7. Principle Coordinate Analysis (PCA)

PCAs for both markers were generated by Nei’s (1978) genetic distances among populations
using GENALEX ver. 6.4 (Peakall and Smouse, 2006).

2.6.8. Analyses of Molecular Variance (AMOVA)

For both markers, genetic diversity at each level (i.e., adult, regeneration, each management
type and each region) and two or more hierarchical levels (i.e., between adults and
regeneration , between unlogged and selectively-logged populations, between regions) was
partitioned by ARLEQUIN ver. 3.5.1.2 (Excoffier and Lischer, 2010) after estimating
Analyses of Molecular Variances (AMOVA) based on pairwise differences between
molecular phenotypes using the estimators of Weir and Cockerham (1984). The P-values

were estimated for both markers after 1000 random permutations.

2.6.9. Bayesian cluster analysis

Bayesian clustering approaches implemented in STRUCTURE ver. 2.3.1 (Pritchard et al.,
2000) were used to infer the population structure. Both admixture and no-admixture model
for SSRs and only admixture model for AFLPs were applied. For AFLP analysis, the second
alleles were entered as missing data, and each band was treated as haploid allele. The number
of populations (K) was estimated with 5 replicates each for K = 1 to K = 10 using 100000
iterations of Markov Chain and 100000 iterations of burn-in periods. The best estimated K

was determined with the highest Ln (P (D)) with lowest deviation. Delta K was also estimated
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using Evanno et al. (2005) method by the web-based STRUCTURE HARVESTER program
(Earl and vonHoldt, 2011).

2.6.10. Locus-wise genetic differentiation (Gsr) for adults and regeneration

Genetic differentiation (Nei, 1973) among adult and regeneration populations within the
southern and northern regions was calculated by POPGENE ver. 1.32 (Yeh and Boyle, 1997)
for each locus. The differences in marker frequencies between adults and regeneration were

checked and compared based on the presence of AFLP fragments at each locus.

2.6.11. Pearson’s correlation

The Pearson’s correlations between estimates of genetic diversity (Hg, H;, Br) and between
genetic differentiations (Fst) for both markers were calculated to assess congruency and

discrepancy between the two markers.
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3. Results
3.1. Genetic variation at SSRs
3.1.1. Genetic diversity at SSR loci

Genetic diversity of T. grandis varied among ten SSR loci (Table 3). The number of alleles
ranged from 10 at GO2 to 35 at B03. The expected heterozygosity (Hg) ranged from 0.362 at
Dal2 to 0.867 at CO3 while the observed heterozygosity (Ho) ranged from 0.314 at Dal2 and
0.786 at CO3. All loci showed heterozygote deficits. The smallest fixation index (f) per locus
was observed at C03 (0.094) while the highest fixation index (f) was detected at FO2 (0.248).
Potential null alleles were detected in 18 out of 34 T. grandis populations (see appendix).

Table 3 Genetic diversity of T. grandis at 10 SSR loci.

Locus n A He Ho f

CIRDAT. grandisA06 1659 28 0.726 0.644 0.113
BCIRDAT. grandisB02 1648 31 0.806 0.721 0.105
CIRDAT. grandisB03 1661 35 0.763 0.612 0.199
CIRDAT. grandisB07 1653 27 0.737 0.628 0.140
CIRDAT. grandisC03 1652 27 0.867 0.786 0.094
CIRDAT. grandisDa09 1660 16 0.446 0.388 0.130
CIRDAT. grandisDal2 1656 16 0.362 0.314 0.133
CIRDAT. grandisF01 1661 27 0.700 0.605 0.135
CIRDAT. grandisF02 1649 22 0.695 0.522 0.248
CIRDAT. grandisG02 1655 10 0.537 0.435 0.189
All 16554 239 0.664 0.566 0.148

n number of samples, A number of alleles, Hg expected heterozygosity, Ho observed

heterozygosity and f fixation index.
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Table 4 Genetic diversity within populations of T. grandis at SSRs.

Location P.A. LT. S.T. n L.D. A Ar He Ho Fis
Aunglan ASA SL AD 499 76 7.2 0596 0571 0.041™
ASR SL RE 496 7.7 7.3 0593 0.549 0.075**
AUA UL AD 496 72 6.8 0599 0599 0.000™
AUR UL RE 464 72 7.0 0.588 0.539 0.084**
Bamauk BSA SL AD 486 6.0 58 0524 0544 -0.039™
BSR SL RE 489 57 55 0535 0.552 -0.032™
BUA UL AD 490 6.7 6.4 0600 0593 0.012™
BUR UL RE 4938 6.6 6.4 0585 0529 0.097***
Indaw ISA SL AD 494 59 57 0585 0.534 0.088**
ISR SL RE 468 56 55 0581 0.584 -0.005"™
IUA UL AD 4838 6.5 6.2 0588 0.549 0.067*
IUR UL RE 500 76 7.2 0587 0566 0.037"™
Letpadan LSA SL AD 50.0 6.8 6.5 0582 0568 0.025"™
LSR SL RE 480 2 81 7.6 0593 0579 0.024™
LUA UL AD 500 6.7 6.4 0547 0516 0.057*
LUR UL RE 500 7.1 6.7 0565 0.514 0.092***
Mabein MSA SL AD 486 1 54 52 0561 0.549 0.020™
MSR SL RE 4938 53 59 0.605 0.566 0.117***
MUA UL AD 496 1 53 51 0572 0.606 -0.060™
MUR UL RE 4938 53 52 0.605 0.566 0.066*
Pinlebu PLSA SL AD 497 71 6.8 0598 0.596 0.003™
PLSR SL RE 486 71 6.8 0612 0.593 0.031™
PLUA. UL AD 494 71 6.8 0591 0578 0.022™
PLUR UL RE 50.0 71 6.8 0593 0568 0.043™
Pyinmana PMSA SL AD 4938 79 75 0.623 0.596 0.043*
PMSR SL RE 474 7.7 74 0617 0.587 0.049*
PMUA UL AD 499 3 75 7.2 0618 0.629 -0.018™
PMUR UL RE 492 69 6.6 0573 0541 0.056*
Tharawaddy TSA SL AD 494 1 6.6 6.3 0566 0.507 0.107 ***
TSR SL RE 499 7.3 6.9 0568 0511 0.102***
TUA UL AD 497 12 70 6.7 0599 0582 0.029™
TUR UL RE 4938 72 6.8 0592 0.583 0.015™
Myanmar 49.2 6.8 6.5 0586 0.564 0.037
Agrimey BEN1 AD  40.0 45 70 7.0 0603 0613 -0.016™
Lama BEN2 AD  40.0 31 87 87 0683 067 0.020™
Benin 40.0 79 7.9 0.643 0.642 0.002

P.A. population abbreviations, SL selectively-logged populations, UL unlogged populations, L.T. logging types,

S.T. sample types, AD adults, RE regeneration, n number of samples, L.D. loci under linkage disequilibrium, A

number of alleles, Ar allelic richness, Hg expected heterozygosity, Ho observed heterozygosity, P-values: ns P >

0.05, significant at P < 0.5*, P < 0.01**, P < 0.001***
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3.1.2. Genetic diversity within populations

The estimates of genetic diversity of T. grandis varied among populations in Myanmar (Table
4). The number of alleles per population (A) ranged from 5.3 at MUA and MUR to 8.1 at
LSR while the allelic richness (Az) ranged from 5.1 at MUA to 7.6 at LSR (Table 4). The
expected heterozygosity (Hg) ranged from 0.524 at BMA to 0.623 at PMSA while the
observed heterozygosity (Ho) ranged from 0.507 at TSA to 0.629 at PMUA. The measures of
genetic diversity computed for all samples of T. grandis populations in Myanmar (A = 6.8,
He = 0.586, Ho = 0.564) were lower than for all samples of T. grandis plantations in Benin (A
=7.9, He = 0.643, Ho = 0.642).

3.1.2.1. Inbreeding coefficient (F)s)

T. grandis populations showed different levels of inbreeding among populations (Table 4).
Adults and regeneration in the same stand showed different level of inbreeding. The highest
values of inbreeding were observed in TSA (Fis = 0.107) and TSR (Fis = 0.102) (Table 4).
The lowest value of inbreeding coefficient was detected in MUA (Fis = -0.60). Significant
levels of inbreeding were observed in 14 out of 32 T. grandis populations in Myanmar. Non-
significant levels of inbreeding were observed in the two plantations in Benin. The average
value of the inbreeding coefficient for the Myanmar populations was 0.037, indicating a
slight deviation from Hardy-Weinberg equilibrium.

3.1.2.2. Linkage disequilibrium

Significant linkage disequilibrium among 10 pairs of SSR loci was observed in 8 of 34 T.
grandis populations (Table 4). All 45 pairs of loci were significantly associated in BEN1
plantation while 31 pairs of statistically associated loci were detected in BEN2 plantation.
Twelve pairs of associated loci were observed in TUA while one pair of associated loci was
detected in TSA.
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Table 5 Differences in genetic diversity of T. grandis at SSRs.

N AR Ho Hs FIS I:ST
Sample types (adults vs. regeneration)
Adult 16 6.4 0568 0582 0.025 0.120
Regen. 16 6.5 0.552 0583 0.053 0.116
Management types (UL vs. SL)
UL 16 6.5 0564 058 0.037 0.114
SL 16 6.5 0555 0580 0.042 0.123
Regions (northern vs. southern)
Northern 16 6.1% 0561 0579 0.031 0.027
Southern 16 7.0° 0559 0587 0.048 0.034
Adults (UL vs. SL)
UL 8 6.5 0581 0589 0.013 0.119
SL 8 6.4 0558 0580 0.037 0.134
Regen. (UL vs. SL)
UL 8 6.6 0550 0586 0.061 0.122
SL 8 6.6 0557 0584 0.046 0.126
UL (adults vs. regeneration)
Adult 8 6.5 0.581 0.589 0.013* 0.119
Regen. 8 6.6 0550 0586  0.061° 0.122
SL (adults vs. regeneration)
Adult 8 6.4 0558 0580 0.037 0.134
Regen. 8 6.6 0557 0584 0.046 0.126
Adults (northern vs. southern)
Northern 8 6.0°% 0569 0577 0.015 0.031
Southern 8 6.8 0571 0592 0.035 0.037
Regen. (northern vs. southern)
Northern 8 6.1°% 0.558 0.584 0.045 0.028
Southern 8 7.1° 0550 0586 0.062 0.034

SL selectively-logged populations, UL unlogged populations, Regen. regeneration, A allelic

richness, Ho observed heterozyogsity, Hs gene diversity, Fs inbreeding coefficient, Fst

fixation index. Values followed by different letters are significantly different at P < 0.05. All

other values are not significant.
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3.1.2.3. Significant tests for genetic diversity and differentiation

The estimates of genetic diversity between management types, sample types (adults and
regeneration) and regions were compared using allelic richness (Ar), observed heterozygosity

(Ho), gene diversity (Hs), inbreeding coefficient (Fs), and fixation index (Fsr) (Table 5).

Genetic diversity and differentiation of adults and regeneration were not significantly
different. Inbreeding coefficients (Fis) between all adults and regeneration were not
significantly different. However, inbreeding value was significantly higher in regeneration in
unlogged populations compared to selectively-logged populations. Generally, inbreeding
values of adult trees were higher in selectively-logged than in unlogged populations.
Conversely, inbreeding values of regeneration were higher in unlogged than in selectively-
logged populations but those values were not significantly different. T. grandis populations in
the southern region had slightly higher level of inbreeding than T. grandis populations in the

northern region though the estimates were not significantly different (Table 5).

All estimates of genetic diversity for unlogged and selectively-logged T. grandis populations
were not significantly different (P > 0.05, Table 5). Generally, the Fst value was slightly
higher in selectively-logged adult populations (0.134) than in unlogged adult populations
(0.119) but not significantly different (Table 5). The Fst values for northern (0.027) and

southern (0.034) regions were low and not significant.

Observed and expected heterozygosities (Ho and Hs) for the southern T. grandis populations
were slightly higher than for the northern T. grandis populations but not significantly
different. Nevertheless, allelic richness (Ar) was significantly higher in the southern region
than in the northern region.

3.1.3. Genetic distances and differentiation

3.1.3.1. Nei’s genetic distances among 34 population pairs

BENL1 plantation possessed the largest genetic distance to all Mabein populations (MUA,
MUR, MSA and MSR; see appendix). Genetic distances were higher between the northern

and southern regions than within each region (see appendix).

Within the southern populations, the highest value of genetic distance was observed between

PMA and TUA (0.131; see appendix). In the same stand, the genetic distances were low,
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ranging from zero between AUA and AUR, between ASA and ASR, and between LUA and
LUR to 0.020 between TUA and TUR.

Within the northern populations, the highest genetic distance between MSR and BSA was
0.082, which was lower than the genetic distances computed for southern T. grandis
populations (see appendix). There were quite low genetic distances between adults and
regeneration in the same stand, ranging from zero between BUA and BUR, between IUA and
IUR, between ISA and ISR, and between MSA and MSR to 0.029 between PLSA and PLSR.

3.1.3.2. Pairwise Fst among 34 population pairs

The pairwise Fsts among all population pairs ranged from -0.003 between MMA and MMR
to 0.254 between LUA and MSA (see appendix). Within the same stand, no significant
genetic differentiation (pairwise Fst) between adults and regeneration was observed in twelve
stands (see appendix). However, a low but significant level of genetic differentiation
(pairwise Fst) of adults and regeneration within the same stand was also observed in the

remaining four stands (see appendix).

3.1.3.3. Nei’s genetic distances among adult and among regeneration populations

The highest Nei’s genetic distances among adult populations and among regeneration
populations were observed between the northern and southern regions (0.538 for adults (MS
vs. LU); 0.491 for regeneration (MS vs. LU); Table 6) while the lowest genetic distances
were observed within the region, especially in population pairs in each area (0.013 for adults
(LU vs. LS); 0.009 for regeneration (LU vs. LS); Table 6).

3.1.34. Pairwise Fst among adult and among regeneration populations

The genetic differentiation (pairwise Fst) among adult populations and among regeneration
populations were significantly different (P < 0.05; Table 7). For adult T. grandis populations,
the highest pairwise Fst was observed in populations between the northern and southern
regions (MS vs. LU; Fst = 0.254; Table 7). A similar result was detected in regeneration

where the highest pairwise Fst was found in populations between the two regions (MS vs.
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LU; Fst = 0.224; Table 7). Meanwhile, the lowest level of pairwise Fst was detected in
populations within the region (Fst = 0.009 for adults (LU vs. LS); Table 7) and (Fst = 0.008
for regeneration (LU vs. LS); Table 7).

32



RESULTS: GENETIC VARIATION AT SSRs

Table 6 Nei’s unbiased genetic distances (1978) for adults (below diagonal) and regeneration (above diagonal) in T. grandis populations at

SSRs.
AS AU BS BU IS IU LS LU MS MU PLS PLU PMS PMU TS TU

AS 0.022 0.359 0.383 0.401 0.416 0.034 0.054 0456 0.460 0.301 0.343 0.077 0.052 0.041 0.059
AU 0.026 0.280 0.300 0.325 0.332 0.066 0.077 0.363 0.363 0.255 0.291 0.091 0.074 0.057 0.066
BS 0.312 0.285 0.014 0.029 0.032 0.351 0.341 0.061 0.057 0.031 0.023 0.412 0.336 0.320 0.307
BU 0.351 0.332 0.028 0.021 0.025 0.350 0.366 0.058 0.059 0.043 0.021 0.452 0375 0.322 0.298
IS 0.438 0.403 0.037 0.035 0.016 0.387 0.405 0.061 0.043 0.046 0.024 0481 0.407 0.359 0.347
IU 0.352 0.331 0.025 0.024 0.022 0.405 0.412 0.041 0.047 0.038 0.040 0.472 0422 0375 0.359
LS 0.034 0.052 0.305 0.352 0.445 0.357 0.009 0.467 0.483 0316 0325 0.083 0.046 0.011 0.019
LU 0.063 0.085 0.337 0378 0473 0378 0.013 0491 0501 0.319 0.348 0.088 0.046 0.019 0.021
MS 0.489 0.413 0.080 0.053 0.056 0.040 0.501 0.538 0.028 0.065 0.058 0.458 0.433 0.432 0.436
MU 0418 0.383 0.067 0.056 0.039 0.036 0.463 0.494 0.027 0.079 0.061 0.515 0474 0.441 0.437
PLS 0.388 0.327 0.070 0.049 0.057 0.048 0.382 0.419 0.023 0.041 0.021 0.348 0.303 0.300 0.297
PLU 0320 0.279 0.044 0.046 0.050 0.034 0.311 0.346 0.046 0.068 0.024 0.411 0.330 0.311 0.307
PMS  0.093 0.113 0.367 0366 0.499 0.393 0.104 0.124 0.467 0.443 0.387 0.367 0.045 0.085 0.104
PMU  0.044 0.052 0.326 0.338 0.438 0.350 0.042 0.044 0441 0.413 0.358 0.308 0.043 0.050 0.070
TS 0.052 0.061 0.277 0311 0.38 0.318 0.023 0.025 0434 0391 0.338 0.286 0.096 0.043 0.006
TU 0.062 0.080 0.287 0320 0.369 0.316 0.034 0.042 0.468 0.394 0.349 0.289 0.131 0.067 0.015

Populations: the last letter; S selectively-logged T. grandis population and U unlogged T. grandis population; the first letters; A Aunglan, B

Bamauk, | Indaw, L Letpadan, M Mabein, PL Pinlebu, PM Pyinmana and T Tharawaddy.
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Table 7 Pairwise Fst for adults (below diagonal) and regeneration (above diagonal) in T. grandis populations at SSRs.

AS AU BS BU IS U LS LU MS MU PLS PLU PMS PMU TS TU

AS 0.015 0.192 0.183 0.190 0.192 0.023 0.039 0.206 0.198 0.147 0.167 0.046 0.036 0.029 0.038
AU 0.017 0.165 0.157 0.168 0.168 0.043 0.054 0.180 0.172 0.132 0.151 0.054 0.050 0.040 0.044
BS 0.174 0.163 0.010 0.021 0.025 0.189 0.192 0.046 0.042 0.025 0.018 0.201 0.191 0.184 0.172
BU 0.170 0.163 0.026 0.015 0.017 0.172 0.184 0.039 0.038 0.028 0.014 0.194 0.188 0.169 0.154
IS 0.198 0.187 0.029 0.024 0.011 0.186 0.199 0.041 0.028 0.031 0.016 0.203 0.200 0.184 0.173
IU 0.170 0.162 0.020 0.016 0.016 0.189 0.198 0.029 0.030 0.025 0.026 0.198 0.201 0.186 0.174
LS 0.023 0.035 0.175 0.175 0.205 0.175 0.008 0.209 0.204 0.1583 0.161 0.051 0.033 0.008 0.012
LU 0.041 0.056 0.200 0.197 0.227 0.195 0.009 0.224 0.217 0.159 0.175 0.057 0.034 0.015 0.016
MS 0.222 0.199 0.061 0.037 0.039 0.028 0.230 0.254 0.019 0.042 0.038 0.197 0.207 0.206 0.201
MU 0.197 0.185 0.052 0.039 0.029 0.025 0.215 0.238 0.020 0.046 0.038 0.201 0.209 0.201 0.192
PLS 0.178 0.157 0.051 0.032 0.037 0.031 0.180 0.205 0.017 0.028 0.014 0.154 0.154 0.153 0.145
PLU 0.158 0.142 0.033 0.031 0.034 0.023 0.158 0.182 0.033 0.046 0.015 0.179 0.170 0.162 0.154
PMS  0.054 0.065 0.187 0.166 0.205 0.175 0.062 0.078 0.207 0.196 0.170 0.166 0.031 0.055 0.062
PMU  0.028 0.033 0.174 0.158 0.190 0.162 0.028 0.031 0.201 0.188 0.162 0.147 0.025 0.036 0.047
TS 0.034 0.041 0.168 0.165 0.192 0.166 0.015 0.019 0.217 0.199 0.171 0.153 0.060 0.029 0.005
TU 0.039 0.049 0.163 0.159 0.176 0.156 0.023 0.029 0.215 0.190 0.165 0.145 0.072 0.040 0.010

Populations: the last letter; S selectively-logged T. grandis population and U unlogged T. grandis population; the first letters; A Aunglan, B

Bamauk, I Indaw, L Letpadan, M Mabein, PL Pinlebu, PM Pyinmana and T Tharawaddy. All pairwise Fst are significantly different (P < 0.05).
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3.14. Cluster analysis

The Neighbor Joining (NJ) analysis revealed an obvious split between the northern and
southern T. grandis populations with higher bootstrapping values (53%; Fig. 8). Clusters
among populations within the regions were weaker as supported by lower bootstrapping
values while clusters between adults and regeneration in each stand were strong as explained
by higher bootstrapping values (Fig. 8). The cluster between PLSR and PLSA was weak, and
TSA and TUA grouped together rather than grouping of regeneration in their respective stand
but their bootstrapping value was less than 50% (Fig. 8). At the regional level, the
neighboring populations within each region were clustered together. T. grandis plantations in
Benin were clustered with the southern T. grandis populations. Similar patterns were
observed in the UPGMA cluster analysis (Fig. 9).
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Fig. 8 Neigbor Joining tree based on DC genetic distances (Cavalli-Sforza and Edwards,

1967) computed for SSRs. Numbers at nodes are percentages over 1000 bootstrap replicates.
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3.15. Mantel tests

Mantel tests showed significant and positive correlations between geographic and genetic
distances among T. grandis populations for both adults (R = 0.827, P < 0.01) and
regeneration (R = 0.838, P < 0.01) (Fig. 10). Similarly, significant and positive correlations
were observed for adult and regeneration populations within the southern and northern
regions (Fig.11 and Fig. 12).
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Fig. 10 Relationship between geographic and genetic distances among adult and regeneration
populations of T. grandis at SSRs. (A) adults (B) regeneration.
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Fig. 11 Relationship between geographic and genetic distances among adult and regeneration
populations of T. grandis in the sourthern region of Myanmar at SSRs. (A) adults (B)

regeneration.
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Fig. 12 Relationship between geographic and genetic distances among adult and regeneration
populations of T. grandis in the northern region of Myanmar at SSRs. (A) adults (B)
regeneration.
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3.1.6.

Principal Component Analysis (PCA)

The PCA showed that the two axes explained 87 % of the overall genetic variability (Fig. 13).

The first axis (79.24%) separated two groups: one group for the northern populations and

another one for the southern populations and Benin plantations. The second axis explained

only 7.71% of genetic variability and it did not clearly separate each region. However, there

was a clear separation between the two Benin plantations and the southern populations.
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Fig. 13 Principal Component Analysis (PCA) for T. grandis populations at SSRs.
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Table 8 Analyses of Molecular VVariance (AMOVA) for each group of T. grandis at SSRs.

Source of variation d.f. S.S. V.C. % V Dst P value
All Myanmar populations

Among populations 31 1248.18 0.38 11.58 0.116 <0.001
Within populations 3142 9039.91 2.88 88.42

Adult populations
Among populations 15 628.24 0.39 11.99 0.120 <0.001
Within populations 1580 4536.16 2.87 88.01

Regeneration populations
Among populations 15 61542 0.39 11.82 0.118 <0.001
Within populations 1562 4505.93 2.88 88.18

Unlogged populations
Among populations 15 599.99 0.37 114 0.114 <0.001
Within populations 1576 4566.24 2.90 88.6

Selectively-logged populations
Among populations 15 637.68 0.40 12.31 0.123 <0.001
Within populations 1566 4475.85 2.86 87.69

Unlogged populations (adults)

Among populations 7 29447 0.39 11.93 0.119 <0.001
Within populations 790 2290.13 2.90 88.07

Selectively-logged populations (adults)

Among populations 7 327.02 044 13.40 0.134 <0.001
Within populations 790 2246.03 2.84 86.6

Unlogged populations (regeneration)
Among populations 7 30213 041 12.29 0.123 <0.001
Within populations 786 2276.11 2.90 87.71

Selectively-logged populations (regeneration)
Among populations 7 306.42 0.42 12.68 0.127 <0.001
Within populations 776 2229.82 2.87 87.32

d.f degree of freedom, S.S. sum of square, V.C. variance components, % V percentage of

variation, @sr fixation index (analogous to Wright’s Fsr).
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Table 9 Analyses of Molecular Variance (AMOVA) among different groups of T. grandis at
SSRs.

Source of variation d.f. SS. V.C %V & statistics P value
Adults and regeneration

Among groups 1 476 0.02 -0.71  @cr=-0.007 > 0.05
Among populations

within groups 30 124342  0.39 1199 &g = 0.119 <0.001
Within population 3142 9039.91 2.88 88.72 &s7=0.113 <0.001

Unlogged and selectively-logged

Among groups 1 10.73 -0.02 -0.59  @cr=-0.006 >0.05
Among populations

within groups 30 1237.46  0.39 1192 &sc= 0.119 <0.001
Within population 3142 9039.91 2.88 88.67 ®s7=0.113 <0.001

Northern and southern regions

Among groups 1 886.50  0.55 1565 @¢r=0.157 <0.001
Among populations

within groups 30 361.69 0.09 2.63 @dsc=0.031 <0.001
Within population 3142 9039.91 2.88 81.72 &sr=0.183 <0.001

Northern, Southern Myanmar and Benin

Among groups 2 084.22 0.53 15.07 @&c7=0.151 <0.001
Among populations

within groups 31 371.32  0.09 262 @sc=0.031 <0.001
Within population 3300 9548.14  2.89 8231 &s7=0.177 <0.001

d.f. degree of freedom, S.S. sum of square, V.C. variance components, % V percentage of

variation.
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3.1.7. Analyses of Molecular Variance (AMOVA)

AMOVA revealed that genetic variation mostly resided within populations (88 %; Table 8).
Genetic differentiation among all populations in Myanmar was significant (@st = 0.116, P <
0.001). At each level, genetic variation was not considerably different. However, selectively-
logged adult populations had slightly higher level of genetic differentiation than unlogged

adult populations.

No significant genetic variation between adults and regeneration was observed (-0.71, P >
0.05; Table 9). Similarly, no significant genetic variation was observed between selectively-
logged and unlogged populations (-0.59 %, P > 0.05, Table 9). However, there was
significant genetic variation between the two regions (15.65 %, P < 0.001; Table 9), and
between the two regions and Benin (15.07 %, P < 0.001; Table 9).

3.18. Genetic structure based on Bayesian analysis

The Bayesian analysis of population structure was conducted using the correlated allele
frequency model, detecting two groups (K = 2): one group of the northern T. grandis
populations and another group of the southern and Benin T. grandis populations (Fig. 14).
The number of populations (K) was determined by the highest absolute probability value Ln
(P (D)) (Fig. 15A). Additionally, the optimal number of population (K = 2) was also chosen
by Evanno et al. method based on the highest AK value (Fig. 15B). Assignment of individual
genotypes followed the prior defined sub-populations as most individual genotypes were
assigned to the prior cluster of each region. Similar results were obtained with the no-
admixture model (Fig. 16 and Fig. 17). The AK values computed based on the no-admixture

model were smaller than the AK values based on the admixture model.
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Fig. 14 Clusters of 34 T. grandis populations based on the admixture model at SSRs. Red
color represents the southern populations and Benin plantations (No. 5and 6) and green color

represents the northern populations.
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Fig. 15 Population structure of 34 T. grandis populations at SSRs. Detection of the true
number of clusters K. (A) distribution of mean of estimated Ln probability of data based on

10 SSR loci for the admixture model (B) magnitude of AK as a function of K (Evanno et al.,
2005).
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Fig. 16 Clusters of 34 T. grandis populations based on the no-admixture model at SSRs.

Green color represents the southern populations and Benin plantations (No. 5 and 6) and red

color represents the northern populations.
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Fig. 17 Population structure of 34 T. grandis populations at SSRs. Detection of the true
number of clusters K. (A) distribution of mean of estimated Ln probability of data based on
10 SSR loci for the no-admixture model (B) magnitude of AK as a function of K (Evanno et
al., 2005).
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3.2. Genetic variation at AFLPs
3.2.1. Genetic diversity within populations

AFLPs revealed that genetic diversity varied among populations (Table 10). The percent of
polymorphic loci and Nei’s gene diversity was lowest in PMSR (PPL= 36.6%, H; = 0.151)
and highest in ISR (PPL= 94.4%, H; - 0.268) (Table 10). Meanwhile, another estimate of
genetic diversity (Br) revealed lowest in TSA (Br = 0.158) and highest in IUA (Br = 0.190).

Genetic diversity of T. grandis also varied among adult and regeneration populations (Table
10). All estimates of genetic diversity for adults was higher than for regeneration in both
selectively-logged and unlogged populations in Aunglan, Mabein and Pyinmana and in
unlogged populations in Bamauk, Indaw, and Pinlebu. However, genetic diversity for adults
was lower than for regeneration in Tharawaddy and in selectively-logged populations in

Indaw and Letpadan.

Genetic diversity of BEN1 plantation was lower than that of BEN2 plantation in Benin. The
estimates of average genetic diversity of Benin plantations were lower than those of
Myanmar populations (Table 10).

3.2.1.1. Significant tests for genetic diversity

ANOVA tests revealed that the estimates of genetic diversity of T. grandis for overall adults
and regeneration were not significantly different (PPL%, H;, Br; Table 11). However, in the
unlogged T. grandis populations, genetic diversity (H;) for adults was significantly higher
than for regeneration (P < 0.5) while the other two estimates (PPL% and Br) were not
significantly different. Conversely, the genetic diversity of regeneration is slightly higher in
selectively-logged than in unlogged T. grandis populations though the estimates were not

significant.

All estimates of genetic diversity of T. grandis for the selectively-logged and unlogged
populations were not significantly different (P > 0.05; Table 11). Meanwhile, genetic
diversity of the northern populations was significantly higher than that of the southern
populations (Table 11). Genetic diversity of adults was significantly higher in the northern

populations.
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Table 10 Genetic diversity within populations of T. grandis at AFLPs.

Area Logging Sample
Populations types types n PPL H; Br
Aunglan ASA SL AD 48 70.4 0.207 1734
ASR SL RE 49 69.0 0.198  1.728
AUA UL AD 45 69.0 0.212 1761
AUR UL RE 46 73.2 0.194  1.665
Bamauk BSA SL AD 48 73.2 0201 1771
BSR SL RE 47 76.1 0.209 1773
BUA UL AD 38 84.5 0.257 1.861
BUR UL RE 49 74.6 0210 1.774
Indaw ISA SL AD 35 83.1 0.243 1831
ISR SL RE 45 94.4 0.268  1.882
IUA UL AD 43 83.1 0.245 1901
IUR UL RE 45 71.8 0.179 1673
Letpadan LSA SL AD 49 52.1 0.185  1.662
LSR SL RE 48 52.1 0.198 1.712
LUA UL AD 47 62.0 0.197 1710
LUR UL RE 47 49.3 0.191 1.694
Mabein MSA SL AD 34 78.9 0.253  1.887
MSR SL RE 45 67.6 0.200 1.724
MUA UL AD 43 84.5 0.256  1.839
MUR UL RE 49 74.6 0.204 1751
Pinlebu PLSA SL AD 43 60.6 0.182 1.676
PLSR SL RE 48 70.4 0.199 1.864
PLUA UL AD 45 74.6 0.222  1.804
PLUR UL RE 48 394 0.165 1.621
Pyinmana PMSA SL AD 49 69.0 0.219 1.801
PMSR SL RE 47 36.6 0.151  1.603
PMUA UL AD 47 67.6 0.199 1.69%4
PMUR UL RE 48 63.4 0.171  1.657
Tharawaddy TSA SL AD 47 42.3 0.155  1.584
TSR SL RE 49 70.4 0.202 1.718
TUA UL AD 46 36.6 0.158  1.625
TUR UL RE 48 53.5 0.194 1738
Myanmar 45 72.2 0.215 1.767
Benin BEN1 AD 40 394 0.151  1.489
BEN2 AD 38 67.6 0.187  1.592
Benin 39 535 0.169 1541

SL selectively-logged populations, UL unlogged populations, AD adults, RE regeneration, n
number of samples, H; gene diversity (Nei, 1978), PPL percent of polymorphic loci, Br band
richness based on small sample size (n = 35).
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Table 11 Differences in genetic diversity within T. grandis at AFLPs.

N PPL H; Br
Sample types (adults vs. regeneration)
Adults 16 68.2 0.212 1.759
Regeneration 16 64.8 0.196 1.724
Management types (UL vs. SL)
UL 16 66.4 0.203 1.736
SL 16 66.6 0.204 1.747
Regions (northern vs. southern)
Northern 16 745%* (0.218%* 1790 dx**
Southern 16 58.5 "x* (0,189 P** 1,693 Pxx*
SL (adults vs. regeneration)
Adult 8 66.2 0.206 1.743
Regen. 8 67.1 0.203 1.751
UL (adults vs. regeneration)
Adults 8 70.2 0.218% 1.774
Regen. 8 62.5 0.188"  1.697
Adults (SL vs. UL)
UL 8 70.2 0.218 1.774
SL 8 66.2 0.206 1.743
Regeneration (SL vs. UL)
UL 8 62.5 0.188 1.697
SL 8 67.1 0.203 1.751
Adults (northern vs. southern)
Northern 8 7787 0232%7  1.821%
Southern 8 58.6°  0.191°7  1.696°"
Regeneration (northern vs. southern)
Northern 8 71.1 0.204 1.758
Southern 8 58.4 0.187 1.689

SL selectively logged populations, UL unlogged populations, N number of populations, H;
gene diversity (Nei, 1978), PPL % percent of polymorphic loci, Br band richness based on
small sample size (n = 35).Values followed by different letters with (*) (**) and (***) are
significant at P < 0.05, P < 0.01 and P < 0.001, respectively. All other values are not

significant.
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3.2.2. Genetic distances and differentiation

3.2.2.1. Nei’s genetic distances among 34 T. grandis populations

The largest genetic distance was observed between BEN1 and PLSA (see appendix). The
largest genetic distances among T. grandis populations in Myanmar were observed between
the northern and southern regions while the smallest genetic distances were observed within

regions.

3.2.2.2. Pairwise Fst among 34 T. grandis populations

There was significant genetic differentiation between almost all population pairs except
MUA and MSA populations as indicated by pairwise Fsrs (see appendix), Genetic
differentiations between pairwise populations ranged from 0.004 between MUA and MSA to
0.365 between PLSA and BEN1. BEN1 and BEN2 plantations were genetically most
differentiated from PLSA while they were least differentiated from TSR.

Genetic differentiation between BENL1 plantation and Myanmar T. grandis populations was
mostly higher. Generally, genetic differentiation between the two regions was higher than
within region, and the highest pairwise differentiation was detected between populations of
the two regions (Fst=0.288, PLUR and TSA).

3.2.2.3. Nei’s genetic distances among adult and among regeneration populations

The highest genetic distances were observed between the northern and southern regions
(0.063 for adults (PLS vs. LS); 0.042 for regeneration (LS vs. IS); Table 12) while the lowest
genetic distances were detected within the regions, particularly in population pairs in each
area (0.007 for adults (TS vs. TU); 0.005 for regeneration (PLS vs. PLU); Table 12).

3.2.2.4. Pairwise Fst among adult and among regeneration populations

Genetic differentiation (pairwise Fst) among adult populations and among regeneration
populations was significant except one adult population pair (MU vs. MS) (Table 13). The
highest genetic differentiations were observed between the northern and southern populations
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(Fst = 0.277 for adults (PLS vs. TS); Fst = 0.207 for regeneration (PLU vs. AS); Table 13).
Meanwhile, the lowest genetic differentiations were observed within the regions (Fst = 0.004
for adults (MU vs. MS); Fst = 0.014 for regeneration (PLU vs. PLS); Table 13).
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Table 12 Nei’s unbiased genetic distances (1978) for adults (below diagonal) and regeneration (above diagonal) in T. grandis populations at

AFLPs.
AS AU BS BU IS IU LS LU MS MU PLS PLU PMS PMU TS TU

AS 0.010 0.035 0.040 0.045 0.027 0.015 0.016 0.043 0.039 0.034 0.088 0.012 0.016 0.017 0.019
AU 0.007 0.032 0.032 0.038 0.017 0.018 0.012 0.039 0.032 0.032 0.030 0.011 0.019 0.015 0.018
BS 0.039 0.032 0.009 0.019 0.013 0.030 0.031 0.016 0.009 0.010 0.014 0.029 0.025 0.034 0.033
BU 0.025 0.026 0.017 0.016 0.010 0.085 0.034 0.012 0.009 0.011 0.017 0.030 0.026 0.037 0.035
IS 0.050 0.040 0.020 0.013 0.026 0.042 0.039 0.018 0.022 0.028 0.039 0.035 0.033 0.039 0.036
IU 0.035 0.028 0.022 0.008 0.009 0.025 0.022 0.021 0.013 0.013 0.016 0.022 0.026 0.024 0.031
LS 0.025 0.023 0.056 0.035 0.059 0.037 0.006 0.044 0.082 0.025 0.030 0.017 0.024 0.015 0.014
LU 0.029 0.019 0.038 0.025 0.033 0.021 0.023 0.039 0.026 0.024 0.024 0.013 0.022 0.008 0.010
MS 0.030 0.028 0.024 0.017 0.029 0.027 0.036 0.039 0.010 0.020 0.027 0.037 0.029 0.041 0.039
MU 0.034 0.037 0.031 0.019 0.028 0.021 0.035 0.034 0.009 0.011 0.017 0.033 0.028 0.032 0.033
PLS 0.059 0.049 0.031 0.026 0.018 0.018 0.063 0.030 0.050 0.045 0.005 0.032 0.030 0.030 0.031
PLU 0.039 0.031 0.013 0.014 0.011 0.012 0.045 0.027 0.032 0.030 0.014 0.032 0.034 0.030 0.029
PMS 0.013 0.016 0.051 0.026 0.049 0.030 0.017 0.026 0.038 0.039 0.059 0.039 0.009 0.013 0.011
PMU  0.010 0.009 0.029 0.018 0.037 0.022 0.021 0.023 0.024 0.029 0.041 0.024 0.008 0.019 0.016
TS 0.025 0.023 0.049 0.041 0.059 0.044 0.019 0.031 0.045 0.044 0.067 0.048 0.024 0.024 0.009
TU 0.019 0.016 0.041 0.030 0.047 0.033 0.020 0.022 0.041 0.040 0.050 0.086 0.021 0.017 0.007

Populations: the last letter; S selectively-logged T. grandis population and U unlogged T. grandis population, the first letters; A Aunglan, B

Bamauk, | Indaw, L Letpadan, M Mabein, PL Pinlebu, PM Pyinmana and T Tharawaddy.
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Table 13 Pairwise Fst for adults (below diagonal) and regeneration (above diagonal) in T. grandis populations at AFLPs.

AS AU BS BU IS U LS LU MS MU PLS PLU PMS PMU TS TU

AS 0.023 0.151 0.161 0.117 0.109 0.080 0.056 0.141 0.141 0.169 0.207 0.068 0.099 0.045 0.064
AU 0.021 0.134 0.140 0.086 0.093 0.095 0.069 0.139 0.138 0.152 0.200 0.090 0.106 0.068 0.094
BS 0.211 0.176 0.018 0.063 0.046 0.163 0.145 0.082 0.034 0.088 0.051 0.157 0.114 0.143 0.147
BU 0.097 0.094 0.082 0.059 0.046 0.169 0.161 0.087 0.039 0.036 0.068 0.161 0.121 0.165 0.163
IS 0.148 0.115 0.071 0.029 0.058 0.157 0.147 0.068 0.081 0.101 0.143 0.126 0.096 0.139 0.145
IU 0.111 0.079 0.090 0.029 0.018 0.129 0.116 0.048 0.056 0.052 0.089 0.121 0.108 0.100 0.138
LS 0.112 0.080 0.234 0.131 0.179 0.116 0.017 0.159 0.143 0.159 0.199 0.110 0.139 0.057 0.062
LU 0.116 0.063 0.203 0.115 0.119 0.082 0.079 0.143 0.127 0.151 0.183 0.096 0.127 0.042 0.041
MS 0.123 0.106 0.117 0.055 0.081 0.075 0.130 0.135 0.037 0.057 0.091 0.139 0.098 0.141 0.141
MU 0.119 0.111 0.130 0.059 0.074 0.069 0.130 0.131 0.004™ 0.069 0.101 0.159 0.116 0.132 0.130
PLS 0.244 0.202 0.143 0.109 0.064 0.061 0.245 0.176 0.181 0.170 0.014 0.190 0.145 0.147 0.157
PLU 0.159 0.124 0.040 0.041 0.024 0.037 0.171 0.141 0.094 0.092 0.059 0.237 0.188 0.178 0.191
PMS 0.034 0.036 0.232 0.099 0.148 0.100 0.088 0.093 0.134 0.126 0.236 0.158 0.035 0.075 0.058
PMU 0.029 0.028 0.183 0.084 0.135 0.078 0.102 0.102 0.116 0.116 0.207 0.127 0.020 0.094 0.073
TS 0.127 0.108 0.266 0.169 0.191 0.139 0.104 0.102 0.18 0.174 0.277 0.199 0.108 0.116 0.045
TU 0.100 0.092 0.255 0.144 0.175 0.123 0.109 0.106 0.181 0.176 0.256 0.182 0.080 0.089 0.031

Populations: the last letter; S selectively-logged T. grandis population and U unlogged T. grandis population; the first letters; A Aunglan, B

Bamauk, I Indaw, L Letpadan, M Mabein, PL Pinlebu, PM Pyinmana and T Tharawaddy, ns not significant and all others are significant at P <

0.05.
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Fig. 18 UPGMA dendrogram based on Nei’s genetic distances (1978) at AFLPs.
The robustness of the tree was supported by bootstrapping values based on 1000

replications.

3.2.3. Cluster analysis

UPGMA dendrogram revealed two major clusters: one for the northern T. grandis
populations and another one for the southern T. grandis populations and BEN2 plantation
(Fig. 18). The BENL1 plantation behaved as outlier. In general, grouping among T. grandis

populations was not strong as explained by low bootstrapping values. In the northern T.
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grandis populations, grouping was strong only between MSA and MUA. Meanwhile, in the
southern T. grandis populations, grouping was strong only between TUA and TSA, and
between AUR and ASR. Within each cluster, adult populations were mostly clustered
together with adjacent adult populations while regeneration populations were also clustered

together with adjacent regeneration populations.
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Fig. 19 Relationship between geographic and genetic distances among populations of T.
grandis at AFLPs. (A) adults (B) regeneration.
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Fig. 20 Relationship between geographic and genetic distances among populations of T.
grandis in the southern region of Myanmar at AFLPs. (A) adults (B) regeneration.
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Fig. 21 Relationship between geographic and genetic distances among populations of T.

grandis in the northern region of Myanmar at AFLPs. (A) adults (B) regeneration.
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3.2.4. Mantel tests

Mantel tests revealed significant and positive correlations between geographic and genetic
distances among T. grandis populations for adults (R = 0.638, P < 0.01; Fig. 19) and
regeneration (R = 0.772, P < 0.01; Fig. 19). Simiarly, significant and positive correlations
were detected for adults and regeration in populations within the southern (Fig. 20) and
northern (Fig. 21) regions. Regeneration in the southern region showed a slightly higher level
of correlation compared to the adults in the same region (R = 0.637, P < 0.01 for
regeneration; R = 0.501, P < 0.05 for adults; Fig. 20) while a relatively high level of
correlation was observed for adults than regeneration in the northern region (R = 0.577, P <
0.05 for adults, R = 0.369, P < 0.05 for regeneration, Fig. 21).

3.2.5. Principle Coordinate Analysis (PCA)

The two axes explained 64.08 % of the overall genetic variability (Fig. 22). The first axis
(40.81%) separated two groups: the northern populations and the southern populations
including Benin plantations (Fig. 22). The second axis (23.27%) illustrated that the northern
T. grandis populations were genetically more differentiated than the southern populations.

Benin T. grandis plantations stood outside of the southern T. grandis populations.
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Fig. 22 Principal Coordinate Analysis (PCA) of T. grandis populations at AFLPs.
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Table 14 Analyses of Molecular Variance (AMOVA) for each group of T. grandis at AFLPs.

Source of variation d.f. S.S. V.C. % V &gt Pvalue
All Myanmar populations
Among populations 31 1541.54 0.93 12.3 0.123 <0.001
Within populations 1462  9603.81 6.57 87.7
Adult populations
Among populations 15 741.46 0.95 12.27 0.123 <0.001
Within populations 705 4776.11 6.78 87.73
Regeneration populations
Among populations 15 669.21 0.80 11.04 0.110 <0.001
Within populations 757  4827.70 6.38 88.96
Unlogged populations
Among populations 15 688.06 0.84 11.31 0.113 <0.001
Within populations 734  4824.87 6.57 88.69
Selectively-logged populations
Among populations 15 842.43 1.07 13.99 0.140 <0.001
Within populations 728 4778.94 6.56 86.01
Unlogged populations (adults)
Among populations 7 331.24 0.90 11.23 0.112 <0.001
Within populations 350 2488.31 7.11 88.77
Selectively-logged populations (adults)
Among populations 7 440.07 1.26 16.29 0.163 <0.001
Within populations 351 2272.86 6.48 83.71
Unlogged populations (regeneration)
Among populations 7 316.02 0.80 11.64 0.116 <0.001
Within populations 380 2321.62 6.11 88.36
Selectively-logged (regeneration)
Among populations 7 339.10 0.87 11.56 0.116 <0.001
Within populations 377  2506.08 6.65 88.44

SL selectively-logged populations, UL unlogged populations, d.f. degree of freedom, S.S. sum

of square, V.C. variance components, % V percentage of variation. P-values were obtained

after 1000 permutations.
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Table 15 Analyses of Molecular Variance (AMOVA) for different groups of T. grandis at
AFLPs.

Source of variation d.f. S.S. V.C. % V @ statistics P value

Adults and regeneration

Among groups 1 130.88 0.112 15 @cr=0.015 <0.05
Among populations
within groups 30 1410.67 0.867 115 &5 =0.117 <0.001

Within populations 1462  9603.81 6.569 87.0 dsr=0.130 <0.001

Unlogged and selectively-logged populations

Among groups 1 11.05 -0.054 -0.72 &7t =-0.007 >0.5
Among populations
within groups 30 1530.49 0.952 128  &sc=0.127 <0.001

Within populations 1462  9603.81 6.569 88.0 @&sr= 0.120 <0.001

Northern and southern regions

Among groups 1 497.15 0.620 80 @cr=0.080 <0.001
Among populations
within groups 30 1044.39 0.605 78 dsc=0.084 <0.001

Within populations 1462  9603.81 6.569 843  &s7=0.157 <0.001

Northern, southern regions and Benin

Among groups 2 619.60 0.644 83 @cr=0.083 <0.001
Among populations
within groups 31 1085.41 0.614 79 &sc=0.086 <0.001

Within populations 1539 10036.42 6.521 838 @sr= 0.162 <0.001

d.f. degree of freedom, S.S. sum of square, V.C. variance components, % V percentage of

variation. P-values were obtained after 1000 permutations.

60



RESULTS: GENETIC VARIATION AT AFLPs

3.2.6. Analyses of Molecular Variance (AMOVA)

Genetic variation mostly resided within populations (87 %; Table 14). The genetic variation
among all populations in Myanmar was highly significant (&st = 0.123, P < 0.001; Table
14). More than 80% of genetic variation was observed within populations for each stage and
management types while genetic differentiation among populations was also significant.
Noticeably, the genetic differentiation among adult T. grandis in selectively-logged
populations (@st = 0.163) was considerably higher than in unlogged populations (®@st =
0.112) (Table 14).

Genetic variation partitioned between unlogged and selectively-logged T. grandis populations
was not significantly different (-0.72%, @ct = -0.007, P > 0.05; Table 15). Meanwhile,
genetic differentiation between adults and regeneration were low but significant (1.5 %, @cr
= 0.015, P < 0.05; Table 15). The genetic differentiation of T. grandis between the two
regions, and between the two regions and Benin plantations was highly significant (P <
0.001; Table 15).

3.2.7. Genetic structure based on Bayesian analysis

The Bayesian analysis of population structure revealed two groups (K = 2): one group for the
northern T. grandis populations and another group for the southern populations and Benin T.
grandis plantations (Fig 23). The number of populations was determined by the highest
absolute probability value Ln P(D) (Fig. 24A) and was also determined by Evanno et al.
method using the highest AK values. The optimal number of K was observed at K = 2 (Fig.
24B). Assignment of individual genotypes did not fully follow the prior defined sub-

populations as many individual genotypes were not correctly assigned to the prior cluster.
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Fig. 23 Clusters of 34 T. grandis populations based on the admixture model at AFLPs. The
southern populations (No.1 to No. 4; No. 15 to No. 18; No. 27 to No. 34) and two Benin
plantations (No. 5 and 6), and the northern populations (No. 7 to No. 14; No.19 to No. 26).
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Fig. 24 Population structure of 34 T. grandis populations at AFLPs. Detection of the true
number of clusters K. (A) distribution of mean of estimated Ln probability of data based on
71 AFLP loci for the admixture model. (B) magnitude of AK as a function of K (Evanno et
al., 2005).

3.2.8. Genetic differentiation between adults and regeneration

There was a marked difference in the band frequency of AFLP markers between adults and
regeneration in the southern and northern regions (Fig. 25). Similarly, there was a strong
locus-wise genetic differentiation (Gsr) between adults and regeneration in each region (Fig.
26).
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Fig. 25 Difference in AFLP band frequency between adults and regeneration in T. grandis

populations in the southern region (A) and in the northern region (B) of Myanmar.
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Fig. 26 Genetic differentiation between adults and regeneration at 71 AFLP markers in T.
grandis populations in the southern region (A) and in the northern region (B) of Myanmar.
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3.3. Correlation between SSRs and AFLPs

The correlation between the estimates of gene diversity and genetic differentiation for the two
markers was assessed using the Spearman's rank correlation coefficient. The estimates of
genetic diversity (Hg) obtained from SSRs and of genetic diversity (H;) from AFLPs were
negatively correlated but not statistically significant (R = —-0.16, P > 0.05; Fig. 27).
Moreover, no significant correlations were observed for adults (R = 0.05, P > 0.05; Fig. 28A)
and for regeneration (R = -0.226, P > 0.05; Fig. 28B). Similarly, there was no significant
correlation between He from SSRs and Br from AFLPs (R =-0.174, P > 0.05; Fig. 29).

Nonetheless, there was a significant and positive correlation between genetic differentiation
(Pairwise Fst) of SSRs and AFLPs (adults: R = 0.631, P < 0.01; Fig. 30A) (regeneration: R =
0.77, P < 0.01; Fig. 30B).
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Fig. 27 Spearman’s correlation between Heg from SSRs and H; from AFLPs for T. grandis

populations.
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populations. (A) adults (B) regeneration.
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4. Discussion
4.1. Genetic diversity within populations

All 10 SSR loci showed heterozygote deficit (Table 3). Verhaegen et al. (2005) reported
heterozygote deficit in six out of fifteen SSR loci. The presence of null alleles could also
induce heterozygote deficit at SSR loci (Pemberton et al., 1995). The heterozygote deficit in
this study may be explained as Wahlund effect because the total population is structured in
several subpopulations (Hartl and Clark, 1989).

The SSR markers revealed a high level of genetic diversity in all T. grandis populations
regardless of sample stages, logging types or regions (Table 4). This supports our prediction
that genetic diversity of T. grandis in Myanmar is still high. The estimates (n = 1655.4, Hg =
0.586, Ar = 6.5) are comparable to the study conducted for T. grandis populations from North
India, South India, North Thailand and Laos using 15 SSR loci (Fofana et al., 2009). The
expected heterozygosity of T. grandis in Myanmar was lower than in South India (n =71, He
= 0.76) and North India (n = 10, He = 0.64), but higher than in North Thailand (n = 64, He =
0.41) and Central Laos (n = 21, Hg = 0.22) (Fofana et al., 2009). Allelic richness of T.
grandis in Myanmar (Ag = 6.50) was similar to South India (Ag = 6.63) but higher than in
North India (Ag = 3.85), North Thailand (Ar = 3.24) and Central Laos (Ag = 3.06) (Fofana et
al., 2009). Nonetheless, all these comparative assessments should be cautiously taken as these
two studies were independently conducted with different number of markers and sample

sizes.

SSR markers showed that genetic diversity of T. grandis in Myanmar was lower than in
Benin (He = 0.643; Table 3) which is similar to T. grandis in North India (Fofana et al.,
2009). Nearly 97 % of land races in Benin, Cameron, Cote d’Ivoire, Tanzania, Togo and
Senegal came from North India (Verhaegen et al., 2010). The origin of BEN1 was reported as
India and the seed source of BEN2 was from Tanzania and from the former T. grandis
plantations in Benin (Ganglo and Lejoly, 1999). It correspondingly suggests that North India
could be the origin of seed sources for the two T. grandis plantations in Benin.

Genetic diversity of T. grandis is comparable to other tree species investigated by SSR
makers. The estimate of T. grandis is slightly lower than long-lived perennial (n = 59, Hg =
0.68), widespread species (n = 31, He = 0.62), outcrossing (n = 71, Hg = 0.65) and late
successional species (n = 34, He = 0.70) (Nybom, 2004).
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Seventy-one AFLP markers revealed that the estimates of genetic diversity of T. grandis
varied among populations (Table 10). A relatively high level of genetic diversity (n = 1667,
He = 0.215, PPL = 72.7, Br = 1.767) was observed (Table 10). This result confirms the high
level of genetic diversity of T. grandis revealed by SSR markers of this study. However, the
current estimates of AFLPs are lower than the previous investigation of four adult T. grandis
populations in Myanmar investigated with 69 AFLP loci from the same primer combination
(n = 85, Hg = 0.315, PPL = 94.23) (Minn, 2007). The difference in the estimates of genetic
diversity could be largely due to the different selected loci, different number of samples,

sample stages and populations.

The results are comparable to other tropical tree species investigated by AFLP markers and
our estimates of T. grandis are quite similar to Diperocarpus cf. condorensis (Hg = 0.215,
PPL = 71.20) (Luu, 2005) but lower than in Tectona hamiltoniana (He = 0.305, PPL = 90.23)
(Minn, 2007) and higher than estimates of Shorea leprosula (Hg = 0.161, PPL = 53.23) and
Shorea parvifolia (He = 0.138, PPL= 51.79) (Cao et al., 2006) and nine Dipterocarps (He =
0.100 to He = 0.165) (Cao et al., 2009).

4.2. Genetic structure of T. grandis plantations and linkage disequilibrium

The high levels of genetic diversity in T. grandis plantations in Benin at SSRs reflect that
artificial regeneration was unlikely to induce a severe impact on their genetic diversity (Table
4). This result is comparable to Pinus roxburghii Sarg. plantations which show genetic
similarity between plantations and natural populations (Gauli et al., 2009). Nonetheless, the
estimates are different to the artificial regeneration in Piceae glauca which induces a

decrease in genetic diversity compared to its old growth forests (Rajora, 1999).

Significant amount of associated loci observed in the T. grandis plantations in Benin
demonstrates that human interference influences the genetic structure of T. grandis (Table 4),
though T. grandis can still maintain high level of genetic diversity. Founder effects, small
populations size and migration can create and maintain linkage disequilibria (Lynch and
Walsh, 1998). The significant amount of associated loci may be explained by the
establishment of plantations using seeds collected from a few numbers of founder trees
(Stefenon et al., 2008). Introducing tree species from such a small number of founder trees

could decrease genetic diversity of tree species (Finkeldey and Hattemer, 2007).

70



DISCUSSION

Contrastingly, the SSR analysis detected high level of genetic diversity of T. grandis.
Nevertheless, AFLPs of the current study detected low genetic diversity in those plantations

compared to T. grandis in Myanmar, possibly due to founder effects.

Significant amount of associated loci was also observed in six adult T. grandis populations
(TUA, TSA, MUA and MSA, PMUA) and one regeneration population (LSR) (Table 4) in
Myanmar. This elevated linkage disequilibrium among pairs of polymorphic loci could also
be an indication of recent population bottlenecks or admixture at the subpopulation level and

high population turnover at a metapopulation level (Tero et al., 2003).

4.3. Genetic structure of adults and regeneration

The level of inbreeding varied among adult and regeneration populations (Table 4). Some T.
grandis populations did not show significant inbreeding in regeneration but in adults of the
same stand. Meanwhile, some T. grandis populations showed significant inbreeding only in
regeneration. Moreover, some adult T. grandis populations with significant levels of
inbreeding can also induce regeneration populations with non-significant levels of
inbreeding. This significant inbreeding for regeneration and adult stages could be due to the

current and historical genetic bottlenecks and reproductive isolation.

Generally, high levels of inbreeding were observed in regeneration, indicating frequent
mating among related trees including selfing. T. grandis is reported to be partially self-
incompatible species (Tangmitcharoen and Owens, 1997). But this high level of inbreeding in
regeneration demonstrates that T. grandis is a mixed mating species (Finkeldey and
Hattemer, 2007). Interestingly, inbreeding was significantly higher in the unlogged T. grandis
populations than in the logged stands (Table 5). This may be explained by stronger selection

against inbred individuals in logged stands.

Genetic diversity of tropical and subtropical forest trees are not greatly different among
different temporal stages (Hall et al., 1994; Spain and Lowe, 2011) and this was observed for
adults and regeneration at SSRs (Table 5). Nonetheless, the results of SSRs are not
congruent to adults and regeneration of Prunus africana which shows significantly higher
level of genetic diversity in adults (Hg: adults: mean 0.80, seedlings: mean 0.75) (Farwig et
al., 2008). These differences could be largely due to different population history and different
mating system of the species.
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Significant positive Fsts between parental trees (adults) and young cohorts (regeneration)
would be expected if many genes come from differentiated populations and young cohorts
showing reduction in genetic diversity relative to parental population (Spain and Lowe,
2011). For SSRs, twelve out of sixteen pairwise Fst values between adult and regeneration in
each stand was low and not significant (see appendix). Moreover, adults and regeneration in
the remaining four stands having significant pairwise Fst was also low (> 0.018). This
reflects our expectation that progenies are largely produced from adult (putatively parental)
T. grandis of the same stand and gene flow among stands is low. The NJ tree and UPGMA
dendrogram also supported genetic similarity between adults and regeneration by higher
bootstrapping values (Fig. 8 and 9). Correspondingly, AMOVAs supported a similar genetic
structure of adults and regeneration by revealing no significant genetic differentiation
between them (Table 9).

For AFLPs, ANOVAs did not reveal significant differences concerning the genetic diversity
(H;, PPL, and Br) for overall adults and regeneration (Table 11), which is congruent to the
result of SSRs (Table 5). Nonetheless, the genetic diversity (H;) of adults was significantly
higher than that of regeneration in the unlogged stands (Table 11). AMOVA correspondingly
showed that there was significant genetic differentiation between adults and regeneration at
AFLPs (1.5 %, P <0.05; Table 15). Such difference between adults and regeneration was due
to the small effects of many different AFLP loci (Fig. 26) and some of them might be under

selection.

Contrary to our expectation, AFLPs showed that genetic differentiation was significant
between adults and regeneration in each stand revealed by the pairwise Fsrs (see appendix),
in contrast to the result of SSRs. The UPGMA analysis interestingly showed that adults and
regeneration in each stand did not group together, but they rather grouped with the sample
stages of adjacent populations (Fig. 18). This genetic similarity of the same sample stages
could be explained by natural selection in young regeneration stages. The example of intense
natural selection has been reported for tree species. For example, 52,000 seedlings are
required to reach to one 450 year-old adult Pseudotsuga menziesii tree (Campbell and
Sugano, 1979) and 20,000 seedlings are required to reach a 400 year-old adult Eucalyptus
regnans tree (Barber, 1965). Thus, all representing genotypes of regeneration revealed by

AFLPs are not likely to reach adult stages due to natural selection.
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In addition, the contrasting results between SSRs and AFLPs could be due to the nature of
different markers (Nybom, 2004). Moreover, the different quality of DNA in regeneration
and adults might influence differentiation patterns at AFLP markers which generally need
relatively high quality DNA. Different types of T. grandis samples (tree leaf, seedling leaf,
graft leaf and seed), and different extraction methods influence the amplification pattern of
dominant Inter-Simple Sequence Repeat (ISSR) marker (Narayanan et al., 2006).
Nevertheless, in order to improve accuracy and precision, AFLP probes with ambiguous
patterns were carefully removed from the analysis, and only reliable and reproducible
fragments were carefully screened and chosen for the analysis. The marked difference in
marker frequencies and locus-wise Ggst for each AFLP locus between adults and regeneration
within the northern and southern region (Fig. 26) suggests that many loci are responsible for

genetic difference between adults and regeneration.

Additionally, the level of genetic diversity in a population can be affected by genetic, life
history and ecological characteristics of tree species which collectively define their genetic
structure (Yeh, 2000). Generally, teak regeneration is abundant in logged stands since teak
needs full light for its survival and growth. The genetic structure of (offspring) regeneration
and (parental) adults will differ if the number of offsprings are small (White et al., 2007).
Thus, restricted abundance of regeneration in unlogged stands might also influence genetic
diversity of teak regeneration. As a rule, genetic diversity for the adults and regeneration in
the same stand are expected to be similar. However, the unintentional change of genetic
structure of natural regeneration can not be ruled out, even though the transmission of genes
from the parent generation to the progenies implies a limited potential for drastic changes in

their genetic structures (Finkeldey and Ziehe, 2004).

4.4. The impacts of selective logging on genetic variation of T. grandis

Following intensive logging, it is expected to have an increased level of inbreeding in the
stand due to the increased reproductive isolation. In case of selective logging where only a
small number of trees are selectively removed, reproductive isolation is expected to be small,
and minimum or no inbreeding would be expected. In consonance with our expectation, the
present study indicates no significant impact of selective logging on inbreeding (Table. 5).
This is comparable to other studies which shows no impact of selective logging on breeding
system (Kitamura et al., 1994; Chaisurisri et al., 1997; Takahashi et al., 2000; Cloutier et al.,
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2007). Meanwhile, increased level of inbreeding has been reported for Shorea megistophylla
(Murawski et al., 1994). In our study, selective logging (Fis= 0.037) induced a slightly higher
level of inbreeding in adult T. grandis populations compared to unlogged stands (Fis = 0.013)
(Table 5). This indicates that reproductive isolation become stronger after removal of target

diameter trees in selectively-logged stands.

We assumed that selective logging could not strongly affect genetic diversity of T. grandis
due to the selective removal of a few T. grandis trees. The SSR results support our
expectation as the genetic diversity (Hg, Hg, Ar) of selectively-logged and unlogged T.
grandis populations were not significantly different (Table 5). Correspondingly, no
significant impact of logging on genetic diversity (H;, PPL, Br) of T. grandis was detected at
AFLPs (Table 11). AMOVAs of both markers also supported no significant impact of
logging (Table 9 and 15). This could be largely due to the existence of a high level of genetic
diversity of T. grandis which has sufficient capacity to resist and recover from the human-
induced genetic effects (Reusch et al., 2005). Life history traits of tree species such as mating
system and pollen and seed dispersal mechanism also plays a role in mitigating loss of
genetic diversity in the remnant forests following disturbances and logging (Dick, 2001,
White et al., 2002). Our result is comparable to studies with no significant impact of logging
on genetic diversity of forest trees species: Fagus sylvatica (Buiteveld et al., 2007; Rajendra,
2011), Quercus tiaoloshanica (Zheng et al., 2005), and Mansonia altissima (Akinnagbe et al.,
2010).

SSRs revealed a slightly higher level of Fst values in the selectively-logged population (®st
= 0.134) than in the unlogged adult T. grandis populations (®sr = 0.119). AFLPs also
showed a similar trend of slightly higher level of genetic differentiation among adult T.
grandis populations followed by selective logging (@st = 0.163) compared to unlogged adult
stands (@st = 0.112). Though the estimates were not significant, there was a trend of
increasing genetic differentiation among populations and decreasing genetic variation within
populations due to the impact of logging (Slatkin, 1995; Young et al., 1996; Hartl and Clark,
2007). Apart from this trend, selective logging did not produce significant impacts on genetic
structure of T. grandis forests, and thus, the selection felling is still considered to be a
sustainable forest management system for T. grandis forests. However, care should be taken
for this assessment because selectively neutral genetic markers like SSRs and AFLPs may not

be relevant to adaptive and quantitative traits like diameter of T. grandis trees. Thus, the
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application of adaptive markers is strongly recommended to further investigate the impact of

selective logging on adaptive genetic structure of T. grandis forests.

4.5. Genetic variation and structure of T. grandis among populations and regions

The SSRs revealed that the estimates of genetic diversity (Hs and Hp) within populations
were not significantly different for the northern and southern T. grandis populations but
allelic richness (Ag) was significantly higher in the T. grandis populations in the southern
region (Table 5). Contrary to SSRs, AFLPs revealed that the estimates (Hj, PPL and Br) were
significantly higher in the northern T. grandis populations, and this significant estimate was
mostly attributed by adult T. grandis populations (Table 11). This differences in genetic
diversity between the two regions revealed by the two markers could be due to the nature of
applied markers (Nybom, 2004). However, in this study, different historical evolutionary
factors like genetic drift and gene flow could be responsible for different level of genetic

diversity in two regions.

Both markers revealed that genetic variation mainly resided within populations of T. grandis
(> 80 %; Table 8 and Table 14), which agrees the observation because woody species with
large geographic ranges and outcrossing breeding maintains more genetic diversity within
species and populations but less variation among populations (Hamrick et al., 1992). The
result is comparable to the genetic variation within populations of T. grandis: 57 % variation
for 28 genotypes in T. grandis originating from India, Indonesia and Thailand (Shrestha et al.,
2005), 79% variation in 15 T. grandis populations in Thailand (Changtragoon and Szmidt,
2000), 78 % variation in 10 T. grandis populations in India (Nicodemus et al., 2003).

The &sr values (analogous to Fsr) for both markers suggests T. grandis possessed moderate
level of genetic differentiation (@sr = 0.116 (SSRs) and @sr = 0.123 (AFLPs)). This

differentiation is comparable to the majority of tree species: (Table 16).

Both markers revealed positive and significant correlations between geographic and genetic
distances among populations (Fig. 10 and 19) and among adult and among regeneration
populations within southern and northern regions (Fig. 11, 12, 20, and 21), indicating an
existence of isolation by distance (IBD). IBD is a phenomenon characterized by increasing

genetic divergence and decreasing gene flow within increasing geographical distances
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(Crispo and Hendry, 2005). Due to the presence of IBD, multiple T. grandis populations

should be included for conservation programs to maintain high level of genetic diversity.

All clustering analyses support two distinct genetic structures for the northern and the
southern regions (Fig.8, 9, 13, 14 and 16 for SSRs; Fig.18, 22, and 23 for AFLPs), revealing
two centers of genetic diversity for T. grandis in Myanmar. Accordingly, genetic distances
(Nei, 1978) between the two regions were higher than within each region (Table 6 and 12).
The values of pairwise Fsts between the two regions (< 0.20) were also significantly higher
(Table 7 and 13). AMOVA of both markers also demonstrated significant genetic
differentiation between the two regions (Table 9 and 15). This significantly higher level of
genetic differentiation among populations in the two regions could be attributed to
differential selection due to different environmental conditions and reduction of population
size (genetic drift) in either population and no migration between populations and elevated
rate of mutation in populations in the two regions (White et al., 2007). In populations in
equilibrium between drift and migration, genetic differentiation among populations is
expected to increase with the geographic distance (Slatkin, 1994). All our findings indicate
limited gene flow or migration between populations in the northern and southern regions,
leading to a strong genetic differentiation. Moreover, the existence of the geographic barrier
could also be responsible for this strong genetic differentiation as the large dry area without
natural T. grandis forests between the two regions might avoid effective gene flow and
migration between the regions. Thus, this stronger genetic differentiation between the two
regions could be due to no migration for many generations.

Contrary to our expectation, the Bayesian analyses of both markers showed that the southern
T. grandis populations in Myanmar and the T. grandis plantations in Benin grouped together,
indicating genetic similarity between them. NJ of SSRs also supports this result. For AFLPs,
the UPGMA dendrograms did not consistently show clustering between the two groups.
However, PCA of both markers were able to differentiate between the two groups as Benin T.
grandis plantations stood separately, indicating PCA as a useful tool to differentiate among

them.

Low levels of Fst values within each northern and southern region indicate higher gene
exchanges within the regions than between the regions. There are significant correlations

between gene flow and mode of reproduction, resulting higher levels of gene flow for
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outcrossing or mixed mating species than for selfing species (Morjan and Rieseberg, 2004).

This is mainly true for the populations within the regions in this study.
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Table 16 Comparison of SSRs and AFLPs for genetic diversity and differentiation of natural populations of different tree species.

Congruence
No. of of Geographic and
polymorphic diversity Fst Fst genetic Ordination
estimates (or equivalent)  correlation correlation analysis References
SSRs vs. SSRs vs.
Species SSRs AFLPs AFLPs SSRs AFLPs AFLPs SSRs  AFLPs
Avicennia (Maguire et al.,
marina 3 918 N/A 0.547 0.208 0.628 N/A N/A  AFLPs>SSRs 2002)
Eryngium (Gaudeul et al.,
alpinum 7 63 No 0.230 0.420 0.500 0.610 0.280 AFLPs>SSRs 2004)
Malus sylvestris 12 126 No 0.097 0.140 0.872 N/A N/A AFLPs>SSRs (Coart et al., 2003)
Pinus (Mariette et al.,
pinaster 3 58 No 0.111 0.102 N/A none none  N/A 2001)
Athyrium (Woodhead et al.,
distentifolium 18 265 some 0.349 0.496 0.985 0.830 0.811 AFLPs>SSRs 2005)
Blighia sapida 4 375 N/A 0.073  0.520 0.170 N/A N/A  N/A (Ekue et al., 2011)
Araucaria (Stefenon et al.,
angustifolia 5 166 No 0.045 0.133 N/A 0.620 0.320 N/A 2008)
Tectona grandis
(all) 10 71 No 0.116 0.123 N/A N/A N/A  SSRs > AFLPs Present study
Tectona grandis
(adults) 10 71 No 0.120 0.123 0.631 0.827 0.638 N/A Present study
Tectona grandis
(regeneration) 10 71 No 0.118 0.110 0.675 0.838 0.772 N/A Present study

N/A data not available.
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4.6. Congruency and discrepancy between SSRs and AFLPs

The ranking of populations based on the diversity estimates from the two markers in this
study were not congruent (Fig 27, 28 and 29). These estimates of genetic diversity between
SSRs (He) and AFLPs (H;) were negatively but not significantly correlated (Fig. 27 and 28).
This result is comparable to other studies (Table 16) and it could also be possibly due to the
different nature of the markers. SSRs are highly polymorphic and co-dominant markers which
can produce any numbers of alleles at each locus, and thus, expected heterozygosity can reach
up to 1. On the other hand, AFLPs are biallelic markers which can produce a maximum of

two alleles at each locus, and thus, the gene diversity can reach up to a maximum of 0.5 only.

Moreover, the correlation between the two markers also depends on the numbers of loci used
since the correlation between the two markers should increase when sufficient numbers of loci
are used (Mariette et al., 2002). One possible explanation for conflicting diversity estimates
between the two markers will be the result of random variation in the data with populations of
broadly equivalent levels of diversity having different rank order levels of variation
attributable to minor differences in diversity estimates (Mariette et al., 2002). Additionally, it
could be explained that both markers may selectively screen complementary, rather than
overlapping , regions of genome (Crouch et al., 1999). This discrepancy explains a better
coverage of the genome with numerous AFLP markers, higher mutation rates of
microsatellites or the absence of significant differences among within-population diversity
estimates (Gaudeul et al., 2004).

Despite the discrepancy in the estimates of genetic diversity, the patterns of genetic
differentiation (pairwise Fst) between the two markers were congruent, showing a positive
and significant correlation (Fig. 30). All these results explain different segregation of the
markers within the population level but evolutionary groups show similar patterns (Maguire et
al., 2002). Due to the discrepant and congruent estimates, the combined application of both

markers provides more accurate and comprehensive information for T. grandis.

SSR markers are more effective to differentiate not only at the population level but also at the
regional level, which is contrasting to other studies (Table 16). Thus, SSRs could be better
marker system to differentiate the origins of T. grandis in this study. Meanwhile, genomic
AFLPs contributed more variable estimates of genetic diversity among the populations,
suggesting that AFLPs could be still effectively applied to assess comprehensive patterns of

genetic variation of T. grandis.
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5. Conclusion

Teak (T. grandis) is one of the most valuable tropical timber species being well-known for its
timber strength and beauty. T. grandis naturally occurs in India, Laos, Myanmar and
Thailand. Myanmar has the largest area of T. grandis forests among these four countries.
Nevertheless, genetic resources of T. grandis in Myanmar are increasingly threatened due to
high deforestation rate, and consequently, conservation and sustainable utilization are

urgently needed to safeguard its genetic resources.

T. grandis still has a high level of genetic diversity in Myanmar. Thus, in situ and ex situ
conservation should be effectively implemented to maintain these genetic resources. This
study indicates two centers of genetic diversity of T. grandis in Myanmar: one for the
northern and another for the southern regions. Moreover, due to strong genetic differentiation
between the northern and southern regions, the two regions should be regarded as two
different conservation units. Furthermore, many spatially-isolated populations should be
included in the conservation programs due to the presence of IBD and significant genetic
differentiation among T. grandis populations.

Information on genetic variation of tree species alone will never be complete for gene
conservation, and thus, other factors like geographical, ecological, and political criteria need
to be considered when deciding the number of populations (White et al., 2007). At least one
or more populations from the center of the species’ origin, where high level of genetic
diversity exist, should be given priority for gene conservation (Yanchuk and Lester, 1996).
Moreover, T. grandis populations with the highest number of alleles (A), allelic richness (Ar)
and percent of polymorphic loci (PPL) should also be given priority to maintain the genetic
multiplicity of populations. T. grandis populations with significantly high levels of
inbreeding (e.g., TSA) should be considered for ex situ conservation which may particularly
be important for populations that suffer from inbreeding and as an indicator for high rates of

allelic loss and genetic erosion (van Zonneveld et al., 2012).

Seeds or planting materials for plantation programs should be carefully collected from a large
number of T. grandis trees situated in areas with high genetic diversity. Moreover, seeds or
reproductive materials should be collected from many different populations for gene bank
storage, provenance trials and other ex-situ plantations. Furthermore, provenances for transfer
of seeds or seedlings should be delineated based on the significant genetic differentiation
among populations. Multiple breeding strategies (Namkoong, 1989), which are well-suited
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approaches for allogamous tree species like teak with large distribution range, should be

implemented in order to conserve and utilize all broad bases of genetic resources sustainably.

Forest management practices can alter genetic structure of forest trees (Finkeldey and Ziehe,
2004). However, selective logging did not significantly affect genetic structure of T. grandis
populations in this study. Thus, Myanmar Selection System (MSS) can still be considered as
a sustainable management practice for T. grandis forests. Nonetheless, care should be taken
as excessive and intensive logging may lead to genetic erosion (Ledig, 1992). Furthermore,
adaptive genetic markers are recommended to further confirm the impacts of logging on
genetic structure of T. grandis forests since neutral genetic markers like SSRs and AFLPs
may not able to detect the impacts on adaptive and quantitative traits like diameters of the

trees.

In this study, SSRs and AFLPs provide us comprehensive and complementary information on
the patterns of genetic variation of T. grandis forests. Therefore, the combined application of
these two markers is considered to be the best approach to assess the patterns of genetic
variation of T. grandis in Myanmar for the conservation and sustainable utilization of genetic

resources.
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6. Summary

Teak (Tectona grandis Linn. f.) is a valuable tropical tree species which naturally occurs in
India, Laos, Myanmar and Thailand. The total area of T. grandis forests was reported to be
about 28 million ha, and 60 percent of T. grandis forests (about 16.5 million ha) was known
to be in Myanmar. However, natural T. grandis forests in Myanmar are nowadays under
enormous threats due to high deforestation rates, and thus, genetic resources of T. grandis are
increasingly at risk. Consequently, the conservation and sustainable utilization of the genetic

resources of teak forests are urgently needed.

Nonetheless, information on the patterns of genetic variation of T. grandis is still lacking. In
addition, there is no information about the impact of selective logging on the genetic structure
of teak forests which have been managed by the Myanmar Selection System for more than
one century. Similarly, no investigation has ever been carried out for the genetic structure of

natural regeneration which plays an important role for future teak forests.

Thus, the presented study was conducted with three major objectives: 1) to investigate the
genetic variation of T. grandis; 2) to assess the genetic differentiation between adults and
regeneration; 3) to examine the impact of selective logging on the genetic structure of teak

forests.

Leaf samples from adult trees (n = 50) and natural regeneration (n = 50) were collected in
unlogged and its adjacent selectively-logged T. grandis stands. The sampling included eight
population pairs in Myanmar (n = 1600): four population pairs (unlogged and selectively-
logged populations) each in the northern and in the southern regions. Additionally, leaf
samples from two plantations in Benin (n = 80) were collected. The patterns of genetic
variation of T. grandis were assessed using ten Simple Sequence Repeats (SSRs) and 71

Amplified Fragment Length Polymorphisms (AFLPSs).

For SSRs, genetic diversity within T. grandis populations in Myanmar was relatively high (A
= 6.8, H: = 0.586, Hpo = 0.564). T. grandis in Myanmar had still higher genetic diversity than
in Laos and Thailand but the genetic diversity was lower than in India. T. grandis populations
in Myanmar had a lower diversity than the plantations in Benin (A= 7.9, Hg = 0.643, Hp =
0.642) revealing that artificial regeneration did not affect the genetic diversity of teak.

Nonetheless, extensive associations of loci in these plantations indicate human interferences
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on genetic structure of T. grandis plantations. This suggests founder effects caused by an

origin from a few seed trees.

For SSRs, the genetic diversity (Hg) was not significantly different between adults and
regeneration, between selectively-logged and unlogged populations and between the northern
and southern regions. However, the allelic richness was significantly higher in populations in
the southern region (Ag = 7.0) than in the northern region (Ag = 6.1). Inbreeding was also not
significantly different between the logging types and between the regions. Similarly, there
were no significant differences with regard to inbreeding for all adults and the regeneration.
However, a significant difference between inbreeding coefficients was observed for the adults

(F)s = 0.013) and the regeneration (F;s = 0.061) in unlogged T. grandis stands.

Not only SSRs but also AFLPs revealed high genetic diversity within T. grandis populations
(PPL=72.2 %, H;=0.216, Br = 1.767). In contrast to SSRs, AFLPs revealed higher genetic
diversity in Myanmar than in Benin (PPL= 53.5 %, H; = 0.169, Br = 1.541), which could be
explained by the different nature of markers. On the whole, AFLPs revealed that the genetic
diversity was not significantly different between unlogged and selectively-logged populations
and between regeneration and adults. However, in unlogged populations, the estimate of
genetic diversity (H;) was significantly higher in adults (H; = 0.218) than in the regeneration
(H;j = 0.188). This reduced level of genetic diversity in the regeneration could be largely due
to the mating system and limited abundance of natural regeneration in unlogged stands. The
genetic diversity of the northern populations (PPL= 74.5 %, H;=0.218, Br = 1.790) was also
significantly higher than that of southern populations (PPL= 58.5 %, H;=0.189, Br = 1.693),
which is contrasting to the result of SSRs.

For SSRs, there was no significant genetic differentiation (pairwise Fst) and low genetic
distances between adults and regeneration in the same stand. In addition, UPGMA and NJ
revealed a strong grouping of adults and regeneration. This confirms the genetic similarity

between adults and regeneration in the same stand.

For AFLPs, there was a significant genetic differentiation between adults and regeneration
and low genetic distances between the same age types in most stands. An UPGMA
dendrogram revealed genetic similarity between the same age type of adjacent populations,
rather than between adults and regeneration of the same stand. This result is not congruent
with the result of SSRs. This genetic similarity between the similar age classes could be
explained as a selection process taking place in the early temporal stages of T. grandis. This
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strong difference between adults and regeneration was attributed by many AFLP loci with

small effects.

An Analysis of Molecular Variance (AMOVA) showed that the genetic variation between
adults and regeneration was significantly different at AFLPs (1.5 %, P < 0.05). This result is
in contrast to the result of SSRs which showed no significant difference between them (-0.71
%, P > 0.05).

Both markers consistently revealed that selective logging did not significantly affect the
genetic structure of T. grandis forests, indicating a resilient capacity of teak forests against
genetic effects followed by silvicultural regimes. Nonetheless, both markers constantly
showed a slight decrease in genetic variation and subsequently slight increase in genetic

differentiation among selectively-logged adult populations.

There were significant and positive correlations between the genetic and geographical
distances among all adult and regeneration populations (SSRs: R = 0.827 for adults, R =
0.838 for regeneration; AFLPs: R = 0.638 for adults, R = 0.772 for regeneration) and among
the populations within the northern and the southern regions, suggesting the existence of a
strong isolation-by-distance.

AMOVAs detected the highest genetic variation within populations (> 80%) at both markers,
which is congruent with genetic patterns of other tropical tree species. Moreover, both
markers showed a significant genetic differentiation among all 32 T. grandis populations in
Myanmar (@st = 0.120 for SSRs, &st = 0.123 for AFLPs, P < 0.001), confirming the

importance of inclusion of a number of different populations for conservation programs.

For both markers, all analyses consistently revealed an obvious split between the northern
and the southern populations. The highest genetic differentiation between the two regions
was consistently confirmed by pairwise Fsts and Nei’s genetic distances, suggesting little or
limited gene flow and migration between the two regions. Due to the high genetic diversity
and genetic differentiation between the two regions, two centers of genetic diversity of T.
grandis were suggested. In this study, Bayesian analyses consistently showed genetic
similarity of T. grandis plantations in Benin and the populations in the southern regions of
Myanmar at both markers. NJ and UPGMA showed the same clustering at SSRs while the
UPGMA dendrogram revealed no consistent clustering between these two groups. However,

a PCA was successfully able to differentiate between them at both markers.
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The correlation between the estimates of genetic diversity from both markers was negative
but not significant (R = -0.16, P > 0.05). Nonetheless, genetic differentiation (Fst) calculated
by both markers were positively and significantly correlated (R = 0.631, P < 0.001 for adults;
R = 0.770, P < 0.05 for regeneration). This result is explained by a similar evolutionary
history of the T. grandis populations but there may be non-random associations of markers

within populations.

In this study, the combined application of SSRs and AFLPs is considered to be the best
approach to assess the patterns of genetic variation of T. grandis, accordingly providing
comprehensive and complementary information for the conservation and sustainable

utilization of genetic resources of T. grandis in Myanmar.
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7. Zusammenfassung

Teak (Tectona grandis Linn. f.) ist eine wertvolle tropische Baumart, deren natlrliche
Verbreitung Indien, Laos, Myanmar und Thailand umfasst. Das gesamte Areal von T. grandis
entspricht etwa 28 Mio. ha; 60 % davon liegen in Myanmar. Die nattrlichen T. grandis-
Waélder in Myanmar und damit die genetischen Ressourcen dieser Art sind heute stark durch
hohe Abholzungsraten geféahrdet. Daher ist es dringend notwendig, Teakwalder zu erhalten
und nachhaltig zu nutzen. Gleichwohl fehlen Informationen zur Verteilung der genetischen
Variation der Art sowie zum Einfluss selektiver Abholzung auf die genetische Struktur von
Teak, deren Wilder seit mehr als einem Jahrhundert durch das ,,Myanmar Selection System*
bewirtschaftet werden. Zudem gibt es bislang keine Erfassung der genetischen Struktur der

natlrlichen Verjlingung, der eine wichtige Rolle in Teakwéldern zukommt.

Die hier présentierte Studie verfolgte drei Hauptziele: 1) die Erfassung der genetischen
Variation von T. grandis, 2) die Abschdtzung der genetischen Differenzierung zwischen
Adulten und Verjingung, 3) die Beurteilung des Bewirtschaftungseinflusses auf die
genetische Struktur von Teak.

Es wurden Blattproben von adulten Bdumen (n = 50) und der naturlichen Verjingung (n =
50) in unbewirtschafteten und bewirtschafteten T. grandis-Bestanden gesammelt. Die
Probenahme erfolgte in acht Populationspaaren (n = 1600): jeweils vier Populationspaare
(unbewirtschaftet und bewirtschaftet) im ndrdlichen und im sudlichen Myanmar. Zudem
wurden Blattproben in zwei Plantagen in Benin (n = 80) gesammelt. Die genetische Variation
wurde mit 10 SSR- (Simple Sequence Repeats) und 71 AFLP-Loci (Amplified Fragment

Length Polymorphisms) untersucht.

Die mit den SSR-Markern ermittelte genetische Diversitat der T. grandis-Populationen in
Myanmar war relativ hoch (A = 6,8; Hg = 0,586; Ho = 0,564). Die Diversitat war im
Vergleich zu Laos und Thailand etwas hoher, im Vergleich zu Indien etwas niedriger. Die T.
grandis-Populationen in Myanmar wiesen eine niedrigere genetische Diversitat auf als die
Plantagen in Benin (A= 7,9; Hg = 0,643; Ho = 0,642). Die kinstliche Verjungung hat die
genetische Diversitat von Teak somit nicht beeinflusst. Dennoch wurde eine erhdhte Anzahl
stochastisch assoziierter Loci in diesen Plantagen gefunden. Dies verweist auf einen
anthropogenen Einfluss auf die genetische Struktur der T. grandis-Populationen. So kénnen
Grundereffekte angenommen werden, da die Verjlingung von nur wenigen B&umen

ausgegangen ist. Die genetische Diversitat an den SSR-Loci (Hg) war zwischen den Adulten
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und der Verjingung, zwischen unbewirtschafteten und bewirtschafteten sowie zwischen den
nordlichen und sudlichen Regionen nicht signifikant verschieden. Allerdings war die ,,allelic
richness* in den siidlichen Populationen (Ag = 7,0) signifikant héher als in den nérdlichen
(AR = 6,1). Es wurden ebenfalls keine signifikanten Unterschiede von Inzuchteffekten
zwischen den Bewirtschaftungstypen und den Regionen gefunden. Fur alle Adulten und die
gesamte Verjingung wurden keine signifikanten Unterschiede bezuglich der Inzucht
beobachtet, allerdings waren die Unterschiede zwischen den Adulten (Fis = 0.013) und der
Verjungung (Fis = 0,061) in den unbewirtschafteten Bestanden signifikant.

Die AFLP-Untersuchungen ergaben ebenfalls eine hohe genetische Diversitdt in den T.
grandis-Populationen (PPL= 72,2 %; H;=0,216; Br = 1,767), die zwischen den Populationen
variiert. Im Gegensatz zu den SSR-Untersuchungen ergaben die AFLPs eine hdhere
genetische Diversitat in Myanmar als in Benin (PPL= 53,5 %; H;=0,169; Br = 1,541). Dieser
Widerspruch kann durch die unterschiedlichen Eigenschaften der Marker erkléart werden. Die
mit den AFLPs ermittelte genetische Diversitat war zwischen den unbewirtschafteten und den
bewirtschafteten Populationen sowie zwischen der Verjungung und den Adulten nicht
signifikant verschieden. In den unbewirtschafteten Populationen wurde jedoch eine
signifikant hohere genetische Diversitat (H;) fur die Adulten (H; = 0,218) als fir die
Verjiingung (H; = 0,188) ermittelt. Die reduzierte Diversitat in der Verjungung ist vermutlich
eine Folge des Reproduktionssystems und dem begrenzten Auftreten natirlicher Verjlingung
in den unbewirtschafteten Bestdnden. Die genetische Diversitat der nordlichen Populationen
(PPL= 745 %; H; = 0,218; Br = 1,790) war signifikant hoher als in den stdlichen
Populationen (PPL= 58,5 %; H; = 0,189; Br = 1,693). Das ist zu den SSR-Untersuchungen

ein ebenfalls gegensatzliches Ergebnis.

Mit den SSR-Markern wurden keine signifikante Differenzierung (pairwise Fst) und
niedrige genetischen Distanzen zwischen den Adulten und der Verjingung in den einzelnen
Bestanden gefunden. Das unterstreicht die genetische Ahnlichkeit der Adulten und der
Verjungung im entsprechenden Bestand.

Mit den AFLPs wurden eine signifikante Differenzierung, aber niedrige genetische Distanzen
zwischen den Adulten und der Verjingung in den meisten Bestanden gefunden. Ein
UPGMA-Dendrogramm zeigte eine hohere genetische Ahnlichkeit zwischen gleichen
Altersgruppen benachbarter Populationen als zwischen den Adulten und der Verjingung des

gleichen Bestandes. Dieses Ergebnis entspricht nicht den SSR-Untersuchungen. Die

87



ZUSAMMENFASSUNG

genetische  Ahnlichkeit innerhalb der gleichen Altersstufen kann durch einen
Selektionsprozess in den frihen Entwicklungsstadien von T. grandis erklart werden. Dieser
deutliche Unterschied zwischen den Adulten und der Verjungung fand sich an vielen AFLP-
Loci mit jeweils schwachen Effekten.

Eine molekulare Varianzanalyse (AMOVA) ergab, dass die genetische Variation fir die
AFLPs zwischen den Adulten und der Verjiungung signifikant verschieden war (1,5 %; P <
0,05). Die SSR-Marker hingegen fanden keinen signifikanten Unterschied (-0,71 %; P >
0,05).

Beide Marker zeigten, dass die Bewirtschaftung die genetische Struktur von T. grandis nicht
signifikant beeinflusst und unterstreicht damit die Widerstandsféhigkeit der Teakwélder
gegeniiber genetischen Effekten durch waldbauliche MaRnahmen. Dennoch ergaben beide
Marker eine leichte Abnahme der genetischen Variation in den bewirtschafteten adulten

Populationen sowie eine leichte Zunahme der genetischen Differenzierung zwischen diesen.

Es wurde eine signifikante und positive Korrelation der genetischen und geografischen
Distanzen zwischen allen 16 adulten Populationen und der Verjungung (SSRs: R = 0,827 fur
Adulte, R = 0,838 fir die Verjingung; AFLPs: R = 0,638 fur Adulte, R = 0,772 fur die
Verjingung) sowie zwischen den nérdlichen und slidlichen Populationen gefunden. Das zeigt

einen starken ,,isolation-by-distance*‘-Effekt.

Molekulare Varianzanalysen fur beide Markersysteme fanden die hdchste genetische
Variation innerhalb von Populationen (> 80 %). Das entspricht den genetischen Mustern
tropischer Baumarten. Darliber hinaus zeigten beide Marker signifikante genetische
Differenzierungen zwischen allen 32 T. grandis-Populationen in Myanmar (®st = 0,120 fir
SSRs; &gt = 0,123 fur AFLPs; P < 0.001). Dieses Ergebnis unterstreicht die Bedeutung der

Bertcksichtigung vieler Populationen fiir Erhaltungsprogramme.

Alle Analysen fir beide Marker ergaben eine deutliche Trennung zwischen den nérdlichen
und sudlichen Populationen. Die hohe genetische Differenzierung zwischen den Regionen
wurde durch die paarweisen Fsts und Nei’s genetische Distanzen bestétigt. Diese Ergebnisse
verweisen auf geringen Genfluss und Migration zwischen den beiden Regionen. Aufgrund
der hohen genetischen Diversitat und Differenzierung zwischen den Regionen werden zwei
Diversitatszentren von T. grandis vermutet. Die Bayesschen Analysen ergaben fiir beide

Marker auRerdem genetische Ahnlichkeiten der T. grandis-Plantagen in Benin und den
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Populationen im Siiden Myanmars. Diese Gruppierung zeigten auch die NJ- und UPGMA-
Analysen der SSR-Daten, obwohl die Gruppierung in den UPGMA-Dendrogrammen nicht
konsistent war. In den PCAs der beiden Marker waren die beiden Gruppen jedoch deutlich

voneinander getrennt.

Die mit den beiden Markern ermittelten genetischen Diversitaten zeigten eine negative, aber
nichtsignifikante Korrelation (R = -0,16; P > 0.05). Die genetischen Differenzierungen (Fst)
hingegen korrelierten positiv und signifikant (R = 0,631, P < 0.001 fir Adulte; R = 0,770, P <
0,05 fir die Verjungung). Das wird erklart durch eine vergleichbare Evolution der T. grandis-
Populationen, obwohl es nichtzufallige Assoziationen zwischen einzelnen Markern in den

Populationen geben kodnnte.

Diese Studie zeigt, dass die kombinierte Anwendung von SSR- und AFLP-Markern als beste
Methode angesehen werden kann, mit der man die Verteilung der genetischen Variation von
T. grandis analysieren kann. Der hier gewahlte Ansatz erbrachte umfassende Informationen
fur die Erhaltung der genetischen Ressourcen und die nachhaltige Nutzung von T. grandis in

Myanmar.
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APPENDICES

9. Appendices

Appendix 1 AFLP Protocol.

Restriction - Ligation - Reaction RLR Restriction - Ligation - Mix RLM

(for 10 probes- 60 ul): (for 10 probes- 20 ul):

T, DNA Ligase buffer 10 x 10.0 ul | T, DNA Ligase buffer 10 x 2.0 ul

0.5 M NaCl 10.0 ul | 0.5 M NaCl 2.0 ul

BSA (1 mg/ml) 50ul | BSA (1 mg/ml) 1.0 pl

Msel Adaptor pair (+/-) 6.0 ul | Msel (10 u/ul) 0.8 ul

EcoRI Adaptor pair (+/-) 6.0 ul | EcoRI (10 u/ul) 4.0 pl

HPLC H,0 23.0 ul | T, DNA Ligase (4 u/ul) 3.0 ul
HPLC H,0 7.2 ul

Step I: Restriction Ligation

(Note: always hold on the top part of the tubes for Msel, EcoRI and T, DNA ligase to avoid

reaction: always put them on ice)

Step | A: Incubation

Each probe contains:

6 pl RLR + 4 pl genomic DNA + 2 ul RLM

Mix and incubate overnight (at room temperature).
(Note: thoroughly centrifuged)

Step | B: Dilution of RL

Fill to 50 pl with H,O (+ 38 ul H,0)
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Step 11: Pre-selective amplification

Pre-selective amplification (15ul): PCR protocol (AFLP-preamp):
PCR-buffer (10x) 15ul | 72°C 2 min

Mg Cl; 1.5l 94°C 10 sec

dNTPs (10 mM) 1.0l 56°C 30sec » x 20

Primer MO3 0.25 ul |L72°C 2 min

Primer EO1 0.2 ul | 60°C 30 min

Tag-polymerase (Qiagen) 0.06 ul | 16°C forever

HPLC H20 6.49 pl

RLR Product 4.0 ul

Step Il A: Electrophoresis

GEL: 1.5% Agarose Gel (1.5 g Agarose +100 ml TAE+1.5 ul Ethydium Bromide)
2 ul Bro-phenol + 5 ul AFLP-preamp product

Run at 150 V for 15 minutes and photographed under UV light.

Step 11 B: Dilution of AFLP-preamp Product

Step I11: AFLP Selective amplification

Selective Amplification (15pl): PCR protocol (AFLP-Selec):
HPLC H,0 7.09ul | 94°C 2 min
PCR-buffer (10x) 1.50 ul | [94°C 10 sec, 65°C 30 sec, 72°C 2 min]1
MgCl, 1.50 ul | [94°C 10 sec, 64°C 30 sec, 72°C 2 min]1
dNTPs (10 mM) 1.00 ul | [94°C 10 sec, 63°C 30 sec, 72°C 2 min]1
Msel primer (M74) 0.60 ul | [94°C 10 sec, 62°C 30 sec, 72°C 2 min]1
EcoRI primer (E41) 0.25 ul | [94°C 10 sec, 61°C 30 sec, 72°C 2 min]1
Tag-polymerase 0.06 ul | [94°C 10 sec, 60°C 30 sec, 72°C 2 min]1
DNA (AFLP-preamp product) 3.0ul | [94°C 10 sec, 59°C 30 sec, 72°C 2 min]1
[94°C 10 sec, 58°C 30 sec, 72°C 2 min]1
[94°C 10 sec, 57°C 30 sec, 72°C 2 min]1
[94°C 10 sec, 56°C 30 sec, 72°C 2 min]24
60°C 30 min
16 °C forever
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Step 111 A: Electrophoresis

The same protocol as mentioned above.

Step 111 B: Dilution of AFLP-Selec products
Step 1V: Gene Scan

Each probe contains: 12 pl HiDi mixed {1270 pul + 1.6 pl for 1 plate (96 probes) + 2 ul dil of
Sel-AFLP product

Denaturation at 90°C for 2 min

Put on ice before loading into ABI 3100 Genetic Analyzer.

Notes:

Preparation of Adaptors (M+/- and E+/-)

Prepare together M+ and M- in one tube and E+ and E- in another tube.
Transfer to the reaction tube.

Denature at 95°C for 5 min.

Check the amount.

Dilute 1:5. (e.g. 150 pl M+/- plus 600 ul H,0)
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Sequences of adaptors and primers used for AFLP analysis

EcoRlI adapter

Msel adapter

EcoRI + 0 primer EOO
EcoRI + 1 primer EO1
EcoRI + 3 primer E41
Msel + 0 primer MO0
Msel + 1 primer M03
Msel + 3 primer M74

E41-Fam (labelled)

104

5-CTCGTAGACTGCGTACC-3'

3-CTGACGCATGGTTAA-5

5-'GACGATGAGTCCTGAG-3'

3-TACTCAGGACTCAT-5'

5-GACTGCGTACCAATTC-3'

5-GACTGCGTACCAATTCA-3'

5-GACTGCGTACCAATTCAGG-3'

5-GATGAGTCCTGAGTAA-3'

5-GATGAGTCCTGAGTAAG-3'

S5-GATGAGTCCTGAGTAAGGT-3'

(E-)
(E+)
(M-)

(M+)

(pre-sel)

(sel)

(pre-sel)

(sel)
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Appendix 2 Ln (1 + Geographical distance) among T. grandis populations.

AS AU BS BU IS IU LS LU MS MU PLS PLU PMS PMU TS TU
AS 0.000
AU 0.727  0.000
BS 6.298 6.296 0.000
BU 6.266 6.264 2.892  0.000
IS 6.240 6.238 3.665 3.325 0.000
U 6.233 6.231 3.744 3410 1515 0.000
LS 5109 5116 6552 6527 6.510 6.505 0.000
LU 5118 5125 6.554 6.530 6.512 6.507 0.954 0.000
MS 6.195 6.193 4506 4399 3999 3959 6480 6.483 0.000

MU 6.184 6.182 4.611 4514 4166 4130 6.473 6.476 2399 0.000

PLS 6.191 6.189 4.268 4.060 4.242 4232 6.464 6467 4.710 4.778 0.000

PLU 6.200 6.198 4418 4276 4469 4465 6.467 6.470 4.871 4930 3.020 0.000

PMS 4345 4351 6335 6304 6.285 6.279 4953 4964 6.256 6.248 6.221 6.224 0.000

PMU 4320 4326 6.328 6.298 6.278 6.272 4976 4987 6.249 6.241 6.214 6.216 1567 0.000

TS 5.237 5243 6581 6557 6540 6535 3182 3123 6.513 6506 6495 6.497 5074 5.09 0.000

TU 5242 5248 6.582 6558 6542 6537 3218 3.161 6.514 6507 649 6.498 5080 5.102 0.647 0.000

A Aunglan, B Bamauk, I Indaw, L Letpadan, M Mabein, PL Pinlebu, PM Pyinmana, T Tharawaddy, S selectively-logged teak population and U
unlogged teak population
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Appendix 3 Geographical distances (km) among T. grandis populations.

AS AU BS BU IS IU LS LU MS MU PLS PLU PMS PMU TS TU
AS 0.0
AU 11 0.0

BS 5425 5414 0.0
BU 5255 5244 17.0 0.0

IS 511.8 5108 381  26.8 0.0
IU 508.3 5073 413 293 3.5 0.0
LS 164.5 165.6 699.5 6825 670.7 667.3 0.0

LU 166.1 167.1 7011 6841 672.3 668.8 1.6 0.0

MS 489.3 4883 895 804 536 514 6513 6529 0.0

MU 484.1 4831 995 903 634 612 6465 6481 10.0 0.0

PLS 487.6 4866 704 569 686 679 640.7 6423 1100 1179 0.0

PLU 4917 490.7 819 710 863 859 6427 6443 1294 1374 195 0.0

PMS 76.1 766 5629 546.0 5356 5323 140.6 1421 520.1 5161 502.3 503.5 0.0

PMU 742 747 559.2 5422 5319 5285 1440 1455 516.3 5123 498.7 4999 3.8 0.0

TS 187.1 188.2 7200 703.0 6915 6881 231 217 6728 668.1 660.6 662.2 1589 162.4 0.0

TU 188.0 189.1 7209 703.9 6924 689.0 240 226 673.7 669.0 6614 663.0 159.7 163.3 0.9 0.0

A Aunglan, B Bamauk, I Indaw, L Letpadan, M Mabein, PL Pinlebu, PM Pyinmana, T Tharawaddy, S selectively-logged teak population and U
unlogged teak population
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Appendix 4 Nei’s 1978 unbiased genetic distances among T. grandis populations at SSRs.

ASA ASR AUA AUR BEN1 BEN2 BSA BSR BUA BUR ISA ISR IUA IUR LSA LSR LUA LUR MSA MSR MUA MUR PLSA PLSR PLUA PLUR PMSA PMSR PMUA PMUR TSA TSR TUA TUR

ASA  0.000

ASR  0.000 0.000

AUA  0.026 0.017 0.000

AUR  0.032 0.022 0.000 0.000

BEN1 0.167 0.183 0.197 0.200 0.000

BEN2 0.120 0.132 0.132 0.145 0.040 0.000

BSA  0.312 0.321 0.285 0.255 0.435 0.440 0.000

BSR  0.355 0.359 0.315 0.280 0.478 0.447 0.015 0.000

BUA  0.351 0.382 0.332 0.308 0.453 0.418 0.028 0.021 0.000

BUR  0.363 0.383 0.329 0.300 0.478 0.450 0.020 0.014 0.000 0.000

ISA 0.438 0.460 0.403 0.375 0.560 0.516 0.037 0.041 0.035 0.035 0.000

ISR 0.376 0.401 0.354 0.325 0.529 0.481 0.024 0.029 0.020 0.021 0.000 0.000

IUA  0.352 0.372 0.331 0.298 0.475 0.440 0.025 0.021 0.024 0.022 0.022 0.017 0.000

IUR  0.391 0.416 0.363 0.332 0.473 0.432 0.037 0.032 0.022 0.025 0.018 0.016 0.000 0.000

LSA  0.034 0.033 0.052 0.062 0.148 0.125 0.305 0.354 0.352 0.351 0.445 0.389 0.357 0.401 0.000

LSR  0.037 0.034 0.056 0.066 0.186 0.152 0.315 0.351 0.356 0.350 0.447 0.387 0.356 0.405 0.003 0.000

LUA 0.063 0.063 0.085 0.091 0.163 0.143 0.337 0.364 0.378 0.377 0.473 0.415 0.378 0.424 0.013 0.014 0.000

LUR  0.057 0.054 0.073 0.077 0.165 0.141 0.325 0.341 0.369 0.366 0.463 0.405 0.365 0.412 0.016 0.009 0.000 0.000

MSA  0.489 0.496 0.413 0.399 0.585 0.505 0.080 0.055 0.053 0.051 0.056 0.055 0.040 0.034 0.501 0.503 0.538 0.523 0.000

MSR  0.450 0.456 0.374 0.363 0.535 0.450 0.082 0.061 0.057 0.058 0.062 0.061 0.052 0.041 0.464 0.467 0.509 0.491 0.000 0.000

MUA 0.418 0.436 0.383 0.350 0.532 0.467 0.067 0.048 0.056 0.066 0.039 0.040 0.036 0.037 0.463 0.468 0.494 0.474 0.027 0.027 0.000

MUR 0.443 0.460 0.396 0.363 0.577 0.515 0.070 0.057 0.055 0.059 0.043 0.043 0.039 0.047 0.481 0.483 0.519 0.501 0.027 0.028 0.001 0.000

PLSA 0.388 0.386 0.327 0.317 0.461 0.378 0.070 0.051 0.049 0.050 0.057 0.057 0.048 0.039 0.382 0.388 0.419 0.401 0.023 0.016 0.041 0.058 0.000

PLSR 0.295 0.301 0.284 0.255 0.414 0.343 0.042 0.031 0.036 0.043 0.059 0.046 0.035 0.038 0.318 0.316 0.337 0.319 0.069 0.065 0.062 0.079 0.029 0.000

PLUA 0.320 0.313 0.279 0.267 0.426 0.384 0.044 0.039 0.046 0.036 0.050 0.045 0.034 0.037 0.311 0.304 0.346 0.323 0.046 0.045 0.068 0.067 0.024 0.030 0.000

PLUR 0.346 0.343 0.311 0.291 0.481 0.434 0.026 0.023 0.029 0.021 0.035 0.024 0.029 0.040 0.333 0.325 0.366 0.348 0.052 0.058 0.064 0.061 0.036 0.021 0.005 0.000

PMSA 0.093 0.101 0.113 0.127 0.267 0.186 0.367 0.384 0.366 0.403 0.499 0.429 0.393 0.429 0.104 0.101 0.124 0.114 0.467 0.437 0.443 0.482 0.387 0.326 0.367 0.373 0.000

PMSR 0.081 0.077 0.081 0.091 0.226 0.145 0.410 0.412 0.423 0.452 0.550 0.481 0.437 0.472 0.082 0.083 0.098 0.088 0.498 0.458 0.474 0.515 0.398 0.348 0.384 0.411 0.014 0.000

PMUA 0.044 0.054 0.052 0.065 0.162 0.114 0.326 0.335 0.338 0.357 0.438 0.378 0.350 0.388 0.042 0.038 0.044 0.039 0.441 0.406 0.413 0.441 0.358 0.301 0.308 0.331 0.043 0.032 0.000

PMUR 0.051 0.052 0.066 0.074 0.183 0.134 0.348 0.336 0.363 0.375 0.470 0.407 0.382 0.422 0.056 0.046 0.059 0.046 0.471 0.433 0.441 0.474 0.373 0.303 0.306 0.330 0.069 0.045 0.006 0.000

TSA  0.052 0.047 0.061 0.063 0.194 0.155 0.277 0.298 0.311 0.310 0.386 0.332 0.318 0.350 0.023 0.023 0.025 0.026 0.434 0.403 0.391 0.421 0.338 0.281 0.286 0.299 0.096 0.090 0.043 0.056 0.000
TSR 0.037 0.041 0.052 0.057 0.188 0.159 0.284 0.320 0.327 0.322 0.416 0.359 0.332 0.375 0.011 0.011 0.018 0.019 0.461 0.432 0.425 0.441 0.366 0.300 0.295 0.311 0.095 0.085 0.037 0.050 0.007 0.000
TUA 0.062 0.064 0.080 0.080 0.203 0.158 0.287 0.297 0.320 0.321 0.369 0.325 0.316 0.347 0.034 0.034 0.042 0.042 0.468 0.431 0.394 0.431 0.349 0.285 0.289 0.304 0.131 0.116 0.067 0.075 0.015 0.027 0.000
TUR  0.052 0.059 0.063 0.066 0.195 0.156 0.286 0.307 0.305 0.298 0.401 0.347 0.317 0.359 0.012 0.019 0.019 0.021 0.461 0.436 0.426 0.437 0.360 0.297 0.291 0.307 0.115 0.104 0.057 0.070 0.017 0.006 0.020 0.000
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Appendix 5 Pairwise Fst among 34 T. grandis populations at SSRs.

ASA ASR AUA AUR BEN1 BEN2 BSA BSR BUA BUR ISA ISR IUA IUR LSA LSR LUA LUR MSR MSA MUA MUR PLSA PLSR PLUA PLUR PMSA PMSR PMUA PMUR TSA TSR TUA TUR
ASA  0.000
ASR  0.000™ 0.000
AUA 0.017 0.012 0.000
AUR 0.021 0.015 0.000™ 0.000
BEN1 0.080 0.085 0.085 0.089 0.000
BEN2 0.072 0.079 0.082 0.088 0.012 0.000
BSA 0.174 0.179 0.163 0.156 0.215 0.196 0.000
BSR 0.189 0.192 0.174 0.165 0.215 0.203 0.013 0.000
BUA 0.170 0.182 0.163 0.160 0.186 0.175 0.026 0.017 0.000
BUR 0.175 0.183 0.163 0.157 0.194 0.185 0.016 0.010 -0.002™ 0.000
ISA 0.198 0.206 0.187 0.183 0.218 0.201 0.029 0.030 0.024  0.024 0.000
ISR 0.181 0.190 0.173 0.168 0.210 0.195 0.019 0.021 0.014  0.015 -0.006™ 0.000
IUA  0.170 0.178 0.162 0.155 0.192 0.181 0.020 0.017 0.016 0.015 0.016 0.012 0.000
IUR 0.183 0.192 0.173 0.168 0.188 0.181 0.029 0.025 0.016 0.017 0.013  0.011 -0.002™ 0.000
LSA 0.023 0.022 0.035 0.041 0.081 0.070 0.175 0.193 0.175 0.174 0.205 0.189 0.175 0.190 0.000
LSR  0.025 0.023 0.037 0.043 0.091 0.084 0.177 0.189 0.174 0.172 0.203 0.186 0.172  0.189 0.002™ 0.000
LUA 0.041 0.041 0.056 0.061 0.089 0.086 0.200 0.210 0.197 0.196 0.227 0.211 0.195 0.211 0.009 0.010 0.000
LUR 0.041 0.039 0.052 0.054 0.085 0.087 0.187 0.192 0.184 0.184 0.215 0.199 0.182 0.198 0.013 0.008 -0.002"™ 0.000
MSR 0.202 0.206 0.178 0.180 0.195 0.197 0.059 0.046 0.039 0.039 0.042 0.041 0.036 0.029 0.211 0.209 0.237 0.224 0.000
MSA 0.222 0.227 0.199 0.201 0.221 0.216 0.061 0.042 0.037 0.035 0.039 0.039 0.028 0.024 0.230 0.227 0.254  0.240 -0.003™ 0.000
MUA 0.197 0.204 0.185 0.179 0.204 0.199 0.052 0.037 0.039 0.045 0.029 0.029 0.025 0.026 0.215 0.214 0.238 0.223 0.019  0.020 0.000
MUR 0.192 0.198 0.177 0.172 0.204 0.196 0.051 0.042 0.034 0.038 0.028 0.028 0.025 0.030 0.206 0.204 0.230 0.217 0.019  0.020 0.000™ 0.000
PLSA 0.178 0.179 0.157 0.159 0.167 0.171 0.051 0.038 0.032 0.034 0.037 0.038 0.031 0.026 0.180 0.181 0.205 0.191 0.011 0.017 0.028 0.035 0.000
PLSR 0.143 0.147 0.139 0.132 0.152 0.155 0.033 0.025 0.023 0.028 0.038 0.031 0.023 0.025 0.155 0.153 0.174 0.159 0.042 0.047 0.041 0.046 0.018 0.000
PLUA 0.158 0.157 0.142 0.142 0.171 0.168 0.033 0.030 0.031 0.024 0.034 0.030 0.023 0.025 0.158 0.154 0.182 0.167 0.030 0.033 0.046 0.041 0.015 0.020 0.000
PLUR 0.166 0.167 0.154 0.151 0.189 0.180 0.019 0.018 0.019 0.014 0.024 0.016 0.019 0.026 0.166 0.161 0.189 0.175 0.038 0.036 0.043 0.038 0.024 0.014 0.003™ 0.000
PMSA 0.054 0.059 0.065 0.073 0.100 0.102 0.187 0.190 0.166 0.179 0.205 0.188 0.175 0.186 0.062 0.061 0.078 0.068 0.190 0.207 0.196 0.193 0.170 0.146 0.166 0.167 0.000
PMSR 0.047 0.046 0.048 0.054 0.084 0.089 0.202 0.201 0.184 0.194 0.219 0.203 0.188 0.198 0.051 0.051 0.065 0.057 0.197 0.217 0.204 0.201 0.173 0.154 0.172 0.179 0.008 0.000
PMUA 0.028 0.034 0.033 0.041 0.068 0.068 0.174 0.175 0.158 0.166 0.190 0.174 0.162 0.175 0.028 0.025 0.031 0.027 0.183 0.201 0.188 0.184 0.162 0.139 0.147 0.155 0.025 0.019 0.000
PMUR 0.035 0.036 0.045 0.050 0.082 0.086 0.198 0.191 0.182 0.188 0.217 0.200 0.188 0.201 0.038 0.033 0.041 0.034 0.207 0.227 0.213 0.209 0.182 0.154 0.161 0.170 0.043 0.031 0.004™ 0.000
TSA 0.034 0.031 0.041 0.043 0.088 0.093 0.168 0.176 0.165 0.165 0.192 0.175 0.166 0.178 0.015 0.016 0.019 0.018 0.198 0.217 0.199 0.195 0.171 0.146 0.153 0.158 0.060 0.057 0.029 0.039 0.000
TSR 0.025 0.029 0.037 0.040 0.094 0.093 0.170 0.184 0.170 0.169 0.200 0.184 0.171 0.186 0.008 0.008 0.013 0.015 0.206 0.224 0.209 0.201 0.180 0.153 0.157 0.162 0.059 0.055 0.026 0.036 0.005™ 0.000
TUA 0.039 0.040 0.049 0.050 0.092 0.088 0.163 0.166 0.159 0.159 0.176 0.163 0.156 0.168 0.023 0.021 0.029 0.029 0.196 0.215 0.190 0.187 0.165 0.138 0.145 0.151 0.072 0.066 0.040 0.048 0.010 0.019 0.000
TUR 0.033 0.038 0.041 0.044 0.093 0.087 0.165 0.172 0.155 0.154 0.189 0.173 0.159 0.174 0.009 0.012 0.015 0.016 0.201 0.216 0.202 0.192 0.171 0.145 0.149 0.154 0.066 0.062 0.036 0.047 0.011 0.005™ 0.012 0.000

ns not significant. All other values are significant at 5 % probability.
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Appendix 6 Nei’s 1978 unbiased genetic distances among 34 T. grandis populations at AFLPs.

ASA ASR AUA AUR BEN1 BEN2 BSA BSR BUA BUR ISA ISR IUA IUR LSA LSR LUA LUR MSA MSR MUA MUR PLSA PLSR PLUA PLUR PMSA PMSR PMUA PMUR TSA TSR TUA TUR
AsaA  0.000
ASR  0.022 0.000
AUA  0.007 0.017 0.000
AUR  0.021 0.010 0.014 0.000
BEN1 0.051 0.052 0.044 0.049 0.000
BEN2 0.025 0.031 0.025 0.031 0.022 0.000
BSA  0.039 0.033 0.032 0.031 0.066 0.036 0.000
BSR  0.040 0.035 0.032 0.032 0.065 0.037 0.011 0.000
BUA 0.025 0.033 0.026 0.031 0.067 0.035 0.017 0.020 0.000
BUR 0.041 0.040 0.038 0.032 0.061 0.033 0.012 0.009 0.015 0.000
ISA 0.050 0.043 0.040 0.040 0.094 0.055 0.020 0.023 0.013 0.019 0.000
ISR 0.051 0.045 0.045 0.038 0.085 0.053 0.025 0.019 0.015 0.016 0.011 0.000
IUA  0.035 0.036 0.028 0.037 0.077 0.047 0.022 0.026 0.008 0.023 0.009 0.014 0.000
IUR  0.037 0.027 0.028 0.017 0.047 0.026 0.017 0.013 0.026 0.010 0.029 0.026 0.031 0.000
LSA  0.025 0.028 0.023 0.028 0.063 0.036 0.056 0.052 0.035 0.055 0.059 0.057 0.037 0.041 0.000
LSR  0.021 0.015 0.015 0.018 0.041 0.018 0.035 0.030 0.026 0.035 0.046 0.042 0.034 0.025 0.013 0.000
LUA  0.029 0.027 0.019 0.026 0.070 0.045 0.038 0.046 0.025 0.044 0.033 0.043 0.021 0.039 0.023 0.023 0.000
LUR  0.020 0.016 0.015 0.012 0.041 0.016 0.032 0.031 0.026 0.034 0.043 0.039 0.033 0.022 0.017 0.006 0.026 0.000
MSA  0.030 0.038 0.028 0.035 0.064 0.029 0.024 0.021 0.017 0.019 0.029 0.030 0.027 0.024 0.036 0.030 0.039 0.026 0.000
MSR  0.049 0.043 0.043 0.039 0.076 0.044 0.016 0.016 0.020 0.012 0.018 0.018 0.023 0.021 0.062 0.044 0.047 0.039 0.019 0.000
MUA 0.034 0.046 0.037 0.042 0.085 0.042 0.031 0.027 0.019 0.025 0.028 0.023 0.021 0.033 0.035 0.034 0.034 0.032 0.009 0.028 0.000
MUR 0.037 0.039 0.032 0.032 0.067 0.033 0.010 0.009 0.018 0.009 0.021 0.022 0.022 0.013 0.046 0.032 0.043 0.026 0.012 0.010 0.016 0.000
PLSA 0.059 0.051 0.049 0.052 0.104 0.066 0.031 0.043 0.026 0.033 0.018 0.034 0.018 0.047 0.063 0.058 0.030 0.054 0.050 0.040 0.045 0.038 0.000
PLSR 0.035 0.034 0.030 0.032 0.046 0.020 0.017 0.010 0.021 0.011 0.027 0.028 0.029 0.013 0.048 0.025 0.045 0.024 0.018 0.020 0.026 0.011 0.042 0.000
PLUA 0.039 0.032 0.031 0.035 0.076 0.042 0.013 0.017 0.014 0.018 0.011 0.020 0.012 0.024 0.045 0.034 0.027 0.033 0.032 0.022 0.030 0.017 0.014 0.020 0.000
PLUR 0.037 0.038 0.033 0.030 0.047 0.020 0.019 0.014 0.030 0.017 0.040 0.039 0.043 0.016 0.049 0.030 0.052 0.024 0.025 0.027 0.036 0.017 0.053 0.005 0.026 0.000
PMSA 0.013 0.029 0.016 0.033 0.068 0.036 0.051 0.050 0.026 0.052 0.049 0.050 0.030 0.050 0.017 0.022 0.026 0.025 0.038 0.052 0.039 0.044 0.059 0.045 0.039 0.050 0.000
PMSR 0.022 0.012 0.015 0.011 0.056 0.029 0.028 0.029 0.027 0.030 0.037 0.035 0.029 0.022 0.032 0.017 0.026 0.013 0.039 0.037 0.043 0.033 0.041 0.032 0.029 0.032 0.027 0.000
PMUA 0.010 0.023 0.009 0.025 0.055 0.023 0.029 0.030 0.018 0.037 0.037 0.039 0.022 0.036 0.021 0.017 0.023 0.016 0.024 0.037 0.029 0.027 0.041 0.028 0.024 0.030 0.008 0.017 0.000
PMUR 0.023 0.016 0.018 0.019 0.058 0.033 0.021 0.025 0.027 0.026 0.032 0.033 0.027 0.026 0.046 0.024 0.033 0.022 0.037 0.029 0.043 0.028 0.039 0.030 0.025 0.034 0.036 0.009 0.019 0.000
TSA  0.025 0.020 0.023 0.016 0.071 0.040 0.049 0.046 0.041 0.049 0.059 0.050 0.044 0.031 0.019 0.021 0.031 0.018 0.045 0.056 0.044 0.044 0.067 0.049 0.048 0.045 0.024 0.014 0.024 0.032 0.000
TSR 0.023 0.017 0.016 0.015 0.048 0.024 0.029 0.034 0.026 0.037 0.040 0.039 0.026 0.024 0.020 0.015 0.020 0.008 0.034 0.041 0.037 0.032 0.043 0.030 0.025 0.030 0.028 0.013 0.016 0.019 0.021 0.000
TUA 0.019 0.018 0.016 0.015 0.062 0.032 0.041 0.037 0.030 0.038 0.047 0.043 0.033 0.028 0.020 0.017 0.022 0.014 0.041 0.050 0.040 0.037 0.050 0.040 0.036 0.038 0.021 0.008 0.017 0.023 0.007 0.017 0.000
TUR 0.014 0.019 0.014 0.018 0.050 0.023 0.034 0.033 0.021 0.035 0.038 0.036 0.026 0.031 0.019 0.014 0.028 0.010 0.032 0.039 0.035 0.033 0.046 0.031 0.027 0.029 0.019 0.011 0.010 0.016 0.021 0.009 0.014 0.000
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Appendix 7 Pairwise Fsramong 34 T. grandis populations at AFLPs.

ASA ASR AUA AUR BEN1 BEN2 BSA BSR BUA BUR ISA ISR IUA IUR LSA LSR LUA LUR MSA MSR MUA MUR PLSA PLSR PLUA PLUR PMSA PMSR PMUA PMUR TSA TSR TUA TUR
ASA 0.000
ASR  0.093 0.000
AUA 0.021 0.068 0.000
AUR 0.086 0.023 0.052 0.000
BEN1 0.258 0.224 0.191 0.243 0.000
BEN2 0.107 0.106 0.079 0.124 0.138 0.000
BSA 0.211 0.180 0.176 0.180 0.317 0.181 0.000
BSR 0.157 0.151 0.124 0.134 0.254 0.120 0.060 0.000
BUA 0.097 0.119 0.094 0.109 0.271 0.105 0.082 0.065 0.000
BUR 0.167 0.161 0.149 0.140 0.267 0.114 0.072 0.018 0.040 0.000
ISA 0.148 0.126 0.115 0.106 0.293 0.134 0.071 0.074 0.029 0.057 0.000
ISR 0.155 0.117 0.118 0.086 0.260 0.128 0.113 0.063 0.055 0.059 0.025 0.000
IUA 0.111 0.108 0.079 0.098 0.264 0.114 0.090 0.091 0.029 0.082 0.018 0.047 0.000
IUR 0.153 0.109 0.106 0.093 0.229 0.093 0.092 0.046 0.082 0.046 0.056 0.058 0.068 0.000
LSA 0.112 0.099 0.080 0.110 0.255 0.127 0.234 0.193 0.131 0.201 0.179 0.180 0.116 0.151 0.000
LSR 0.124 0.080 0.079 0.095 0.211 0.078 0.211 0.163 0.123 0.169 0.165 0.157 0.123 0.129 0.033 0.000
LUA 0.116 0.089 0.063 0.079 0.273 0.149 0.203 0.186 0.115 0.183 0.119 0.149 0.082 0.134 0.079 0.096 0.000
LUR 0.109 0.056 0.075 0.069 0.194 0.075 0.205 0.145 0.130 0.161 0.162 0.147 0.128 0.116 0.054 0.017 0.107 0.000
MSA 0.123 0.138 0.106 0.126 0.277 0.114 0.117 0.062 0.055 0.061 0.081 0.082 0.075 0.078 0.130 0.129 0.135 0.130 0.000
MSR 0.174 0.141 0.136 0.139 0.265 0.107 0.099 0.032 0.073 0.037 0.062 0.068 0.077 0.048 0.187 0.159 0.174 0.143 0.057 0.000
MUA 0.119 0.139 0.111 0.128 0.305 0.135 0.130 0.099 0.059 0.097 0.074 0.082 0.069 0.103 0.130 0.140 0.131 0.143 0.004™ 0.098 0.000
MUR 0.141 0.141 0.124 0.138 0.277 0.118 0.061 0.034 0.057 0.039 0.060 0.081 0.061 0.056 0.151 0.143 0.164 0.127 0.029 0.037 0.047 0.000
PLSA 0.244 0.204 0.202 0.202 0.365 0.221 0.143 0.174 0.109 0.154 0.064 0.114 0.061 0.162 0.245 0.248 0.176 0.241 0.181 0.153 0.170 0.146 0.000
PLSR 0.168 0.169 0.137 0.152 0.219 0.082 0.102 0.038 0.085 0.036 0.089 0.101 0.111 0.052 0.201 0.159 0.201 0.151 0.082 0.057 0.122 0.069 0.186 0.000
PLUA 0.159 0.128 0.124 0.128 0.271 0.124 0.040 0.064 0.041 0.060 0.024 0.062 0.037 0.070 0.171 0.163 0.141 0.156 0.094 0.074 0.092 0.049 0.059 0.077 0.000
PLUR 0.205 0.207 0.175 0.200 0.261 0.117 0.123 0.051 0.125 0.068 0.139 0.143 0.160 0.089 0.241 0.199 0.246 0.183 0.126 0.091 0.164 0.101 0.243 0.014 0.098 0.000
PMSA 0.034 0.096 0.036 0.107 0.251 0.103 0.232 0.184 0.099 0.180 0.148 0.153 0.100 0.169 0.088 0.102 0.093 0.110 0.134 0.180 0.126 0.156 0.236 0.191 0.158 0.231 0.000
PMSR 0.130 0.068 0.100 0.090 0.282 0.126 0.205 0.157 0.138 0.161 0.133 0.126 0.103 0.121 0.151 0.110 0.129 0.096 0.187 0.139 0.188 0.159 0.211 0.190 0.152 0.237 0.121 0.000
PMUA 0.029 0.103 0.028 0.112 0.245 0.086 0.183 0.141 0.084 0.155 0.135 0.144 0.078 0.147 0.102 0.097 0.102 0.104 0.116 0.147 0.116 0.121 0.207 0.157 0.127 0.189 0.020 0.101 0.000
PMUR 0.123 0.099 0.095 0.106 0.254 0.119 0.145 0.114 0.111 0.121 0.094 0.096 0.071 0.108 0.179 0.139 0.157 0.127 0.160 0.098 0.170 0.116 0.158 0.145 0.114 0.188 0.135 0.035 0.088 0.000
TSA  0.127 0.083 0.108 0.103 0.336 0.175 0.266 0.214 0.169 0.227 0.191 0.166 0.139 0.167 0.104 0.120 0.102 0.122 0.185 0.208 0.174 0.197 0.277 0.257 0.199 0.288 0.108 0.078 0.116 0.153 0.000
TSR 0.099 0.045 0.061 0.068 0.191 0.089 0.157 0.143 0.120 0.165 0.136 0.139 0.100 0.100 0.078 0.057 0.080 0.042 0.144 0.141 0.150 0.132 0.199 0.147 0.121 0.178 0.106 0.075 0.083 0.094 0.086 0.000
TUA 0.100 0.086 0.092 0.104 0.309 0.143 0.255 0.187 0.144 0.189 0.175 0.154 0.123 0.157 0.109 0.114 0.106 0.098 0.181 0.190 0.176 0.178 0.256 0.230 0.182 0.255 0.080 0.057 0.089 0.119 0.031 0.098 0.000
TUR  0.073 0.064 0.069 0.094 0.217 0.077 0.195 0.147 0.112 0.163 0.151 0.145 0.097 0.138 0.083 0.062 0.131 0.041 0.144 0.141 0.149 0.130 0.222 0.157 0.143 0.191 0.068 0.058 0.052 0.073 0.102 0.045 0.071 0.000
110 ns not significant. All other values are significant at 5 % probability.
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Appendix 8 Linkage disequilibrium in T. grandis populations.

SSR Loci TUA TSA MUA MSA PMUA LSR BEN1 BEN2
A06 & B02 * *
A06 & B03

A06 & BO7

A06 & C03

A06 & Da09 *
A06 & Dal?

A06 & FO1 *
A06 & F02 *

A06 & G02

B02 & B03

B02 & BO7

B02 & C03

B02 & Da09 *

B02 & Dal2 *

B02 & FO1

B02 & F02 *

B02 & G02

B03 & BO7

B03 & C03

B03 & Da09

B03 & Dal2 *

B03 & FO1

B03 & F02 *

B03 & G02 *

B07 & C03

B07 & Da09

B07 & Dal2 *
B07 & FO1

B07 & F02 *

B07& GO02
C03 & Da09
C03 & Dal2
C03 & FO1
C03 & F02 *

C03 & G02

Da09 & Dal2

Da09 & FO1 *

Da09 & F02 *

Da09 & G02

Dal2 & FO1 *

Dal2 & F02 *

Dal2 & G02

FO1 & FO2 *

FO1 & G02 *
F02 & G02 *
Total 12 1 1 1 3 2

*
% % % ¥ O% % ok X % % ok ok X X X 0% % ok ok X X

ok ok ok b b b b b b b b b b b R ok b ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok Ok Ok Ok Ok Ok Ok F F *

D
(8]

31

P <0.05*
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Appendix 9 The potential null alleles in SSR loci for T. grandis populations.

No. Pop. AO06 B02 B03 BO7 C03 D09 D12 F01 FO02 GO2 Total
1 TUA * * 2
2 TSA * * * 3
3 PMSA * * 2
4  ASA * 1
5 PLSA * 1
6 IUA * * 2
7 ISA * * 2
8 LSA * 1
9 MSR * * 2
10 PMUR * * * 3
11 AUR * 1
12 ASR * 1
13 BUR * * * 3
14 BSR * 1
15 PLSR * 1
16 LSR * * * 3
17 LUR * 1
18 BEN1 * 1
Total 1 2 0 3 1 6 2 7 4 5 31

P <0.05*
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Appendix 10 Differences in frequencies of AFLP markers in adults and regeneration in T.

grandis population in the southern regions of Myanmar.

Loci Adults  Regeneration Difference
50 0.995 0.997 -0.003
55 0.026 0.057 -0.031
57 0.083 0.057 0.027
60 0.997 1.000 -0.003
61 0.964 0.969 -0.006
62 0.078 0.033 0.045
66 0.016 0.134 -0.118
67 0.096 0.172 -0.076
70 0.995 1.000 -0.005
72 0.984 0.987 -0.003
79 0.990 0.979 0.010
80 0.712 0.722 -0.011
81 0.997 0.990 0.008
88 1.000 0.997 0.003
96 0.408 0.445 -0.037
97 0.901 0.946 -0.045
98 0.834 0.877 -0.043
99 0.436 0.699 -0.263
101 0.034 0.041 -0.007
103 0.886 0.571 0.315
104 0.119 0.080 0.040
105 0.873 0.956 -0.084
106 0.016 0.041 -0.026
112 0.003 0.015 -0.013
113 1.000 0.985 0.015
115 0.042 0.129 -0.087
117 0.083 0.082 0.001
120 0.860 0.931 -0.071
123 0.265 0.206 0.059
125 0.021 0.044 -0.023
128 0.283 0.129 0.155
132 0.977 0.967 0.010
134 0.561 0.455 0.106
135 0.078 0.028 0.050
141 0.021 0.036 -0.015
142 0.078 0.098 -0.020
148 0.779 0.817 -0.038
149 0.021 0.021 0.000
152 0.636 0.514 0.122
160 0.145 0.134 0.012
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161
165
166
168
171
182
186
189
190
192
193
194
197
202
204
279
282
284
288
290
294
336
342
346
367
368
378
387
391
394
438

0.486
0.977
0.055
0.044
0.047
0.982
0.122
0.068
0.956
0.460
0.023
0.966
0.468
0.114
0.029
0.992
0.242
0.088
0.127
0.494
0.143
0.997
0.239
0.875
0.364
0.540
0.078
0.979
0.026
0.966
0.849

0.201
0.997
0.080
0.033
0.031
0.995
0.206
0.064
0.951
0.514
0.026
0.990
0.445
0.144
0.054
0.995
0.231
0.049
0.090
0.504
0.129
0.987
0.396
0.941
0.368
0.530
0.018
0.995
0.039
0.959
0.614

0.285
-0.021
-0.025
0.011
0.016
-0.013
-0.084
0.003
0.005
-0.054
-0.002
-0.023
0.023
-0.030
-0.025
-0.003
0.010
0.039
0.037
-0.010
0.014
0.010
-0.157
-0.066
-0.004
0.011
0.060
-0.016
-0.013
0.007
0.235

114



APPENDICES

Appendix 11 Differences in frequencies of AFLP markers in adults and regeneration in T.

grandis population in the northern regions of Myanmar.

Loci Adults  Regeneration Difference
50 1.000 0.977 0.023
55 0.107 0.135 -0.028
57 0.110 0.023 0.087
60 0.994 0.977 0.017
61 0.970 0.961 0.009
62 0.060 0.091 -0.032
66 0.330 0.154 0.177
67 0.149 0.201 -0.052
70 0.967 0.953 0.014
72 0.961 0.951 0.011
79 0.985 0.977 0.009
80 0.491 0.557 -0.066
81 0.982 0.971 0.011
88 1.000 0.977 0.023
96 0.211 0.245 -0.033
97 0.878 0.901 -0.023
98 0.949 0.906 0.043
99 0.753 0.753 0.000
101 0.155 0.151 0.004
103 0.619 0.430 0.189
104 0.265 0.227 0.038
105 0.771 0.930 -0.159
106 0.074 0.086 -0.012
112 0.039 0.021 0.018
113 0.979 0.964 0.016
115 0.060 0.070 -0.011
117 0.113 0.042 0.071
120 0.708 0.906 -0.198
123 0.899 0.958 -0.060
125 0.113 0.042 0.071
128 0.295 0.161 0.133
132 0.884 0.893 -0.009
134 0.414 0.497 -0.084
135 0.268 0.240 0.028
141 0.152 0.070 0.081
142 0.223 0.185 0.038
148 0.714 0.878 -0.163
149 0.098 0.042 0.057
152 0.643 0.620 0.023
160 0.247 0.112 0.135
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161
165
166
168
171
182
186
189
190
192
193
194
197
202
204
279
282
284
288
290
294
336
342
346
367
368
378
387
391
394
438

0.262
0.994
0.071
0.089
0.247
0.988
0.167
0.179
0.926
0.524
0.042
0.902
0.565
0.068
0.083
0.982
0.372
0.036
0.060
0.292
0.140
0.935
0.027
0.664
0.164
0.568
0.033
0.970
0.036
0.917
0.360

0.328
0.974
0.091
0.039
0.115
0.974
0.477
0.190
0.940
0.396
0.021
0.956
0.531
0.068
0.151
0.945
0.372
0.052
0.076
0.409
0.143
0.914
0.042
0.818
0.276
0.510
0.026
0.953
0.026
0.914
0.102

-0.066
0.020
-0.020
0.050
0.132
0.014
-0.310
-0.012
-0.015
0.128
0.021
-0.054
0.034
0.001
-0.068
0.037
0.000
-0.016
-0.016
-0.117
-0.003
0.020
-0.015
-0.154
-0.112
0.058
0.007
0.017
0.010
0.003
0.259
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Appendix 12 Locus-wise (Gst) for adults and regeneration in T. grandis populations in the

southern and northern regions of Myanmar.

Southern Northern

region region
Loci (GsT) (GsT)
50 0.001 N/A
55 0.003 0.001
57 0.002 0.013
60 0.028 0.040
61 0.002 0.003
62 0.005 0.002
66 0.021 0.023
67 0.004 0.003
70 0.040 0.001
72 0.002 0.002
79 0.002 0.065
80 0.000 0.004
81 0.006 0.010
88 0.025 0.026
96 0.000 0.001
97 0.003 0.006
98 0.003 0.003
99 0.051 0.000
101 0.001 0.000
103 0.087 0.021
104 0.005 0.001
105 0.017 0.072
106 0.002 0.001
112 0.002 0.001
113 0.062 0.001
115 0.007 0.000
117 0.000 0.008
120 0.021 0.059
123 0.007 0.043
125 0.001 0.009
128 0.022 0.013
132 0.000 0.002
134 0.002 0.004
135 0.004 0.001
141 0.001 0.008
142 0.000 0.001
148 0.004 0.046
149 0.000 0.006
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152
160
161
165
166
168
171
182
186
189
190
192
193
194
197
202
204
279
282
284
288
290
294
336
342
346
367
368
378
387
391
394
438

0.032
0.001
0.039
0.035
0.001
0.001
0.002
0.015
0.007
0.001
0.000
0.000
0.000
0.006
0.000
0.000
0.001
0.000
0.001
0.004
0.000
0.000
0.001
0.009
0.011
0.019
0.000
0.000
0.010
0.031
0.000
0.001
0.045

0.000
0.016
0.004
0.003
0.001
0.005
0.016
0.011
0.066
0.000
0.006
0.008
0.002
0.031
0.001
0.000
0.006
0.004
0.000
0.001
0.001
0.010
0.000
0.000
0.001
0.036
0.012
0.000
0.000
0.000
0.000
0.000
0.049

NA data not available.
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