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Abstract The first introduction of Tectona grandis in

Indonesia took place between the fourteenth and sixteenth

centuries and in Africa in the nineteenth century. A total of

1.1 and 0.3 million ha, respectively were planted in the two

areas. The extension of teak plantations often started from

these first introductions. Unfortunately, the documentation

concerning dates, planting stocks and the sources of origin

of the teak imported into the different countries was very

inaccurate. In this study, the use of 15 microsatellite

molecular markers enabled us to compare 22 exotic teak

provenances with 17 provenances of the natural range.

Results of the analysis showed that the provenances from

South India were not related to the provenances that were

first introduced in either Africa or Indonesia. Nearly 95% of

teak landraces in Benin, Cameroon, Côte d’Ivoire, Tanza-

nia, Togo and Senegal came from North India, and 96% of

Indonesian and Ghanaian teak appeared to be very closely

linked to Central Laos. The genetic origin of introduced

teak was confirmed by the main traits of interest of

provenances observed in international trials. Thus, trees

from North India had very bad stem forms compared to

Laotian and Thai provenances, which generally had good

stem forms but low vigour. This genetic knowledge is

essential for programmes to develop varieties and to

improve the quality of plantations, particularly in Africa.

Keywords Genetic diversity . Genetic structure .

Phylogenetic origin .Microsatellite . Tectona grandis

Introduction

Teak (Tectona grandis L.f.) is one of the most important

tropical hardwood species in the international market of

high-quality timber extracted from both natural forest and

plantations. Teak forests occur naturally in India, Myanmar,

Thailand and Laos and cover an area of about 23 million ha.

Teak is also grown in plantations in at least 36 countries

throughout the tropics and about 5.7 million ha of teak

plantations are recorded (Bhat and Ma 2004). Teak con-

stitutes about 75% of the world’s high-quality tropical

hardwood plantations (FAO 2001). About 43% of all teak

plantations are located in India, 31% in Indonesia, 7% in

Thailand, 6% in Myanmar and 5% in tropical Africa. In

Africa, teak plantations are mainly concentrated in Côte

d’Ivoire, Nigeria, Ghana, Sudan, Togo, Benin and Tanzania.

Export of teak genetic material outside its natural range

is very recent and is hardly more than a century old in many

countries. Unfortunately, the exact sources of the genetic

materials were not well documented, sometimes forgotten,

or were hypothetical, and it is thus difficult to trace the
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origins of the materials in existing plantations. Today it is

also impossible to say in which form (seeds or stumps) and

how much teak was exported outside its natural range for

the first time, which is believed to have been to the island

of Java where it was used as planting material. The

scientific community agrees that teak was naturalised in

Java for several centuries, has been acclimatised to

ecological conditions there, and has regenerated naturally

throughout the area (Altona 1922; Begué 1957; Behaghel

1999; Kaosa-ard 1999; Pandey and Brown 2000; White

1991). The probable establishment of these plantations was

during the period of Hindunization, from the beginning of

the fourteenth to the sixteenth century. The local presence

of a sizeable Hindu population at that time justifies the

assumption that Hindus planted the teak. It was assumed

that teak seedlings were imported from South India by

Brahman monks (Altona 1922). At almost the same time,

Buddhism was being introduced in Indonesia by mission-

aries. Teak seedlings were probably planted in rows around

temples as teak was considered to be a religious tree, and

the incarnation of the souls of the ancestors was believed to

reside in the teak tree. Today teak is still planted around

temples in North Thailand.

In Africa, the first teak introduced in trial gardens can be

attributed to the German colonial administration at the end

of the nineteenth century, and the extension of these species

trials appears to have occurred at the beginning of the

twentieth century. In Tanzania, teak is assumed to have

been introduced in 1898 at sites in Dar Es Salam and

Mhoro using seeds from Calcutta (Madoffe and Maghembe

1988) or from several genetically distant populations

(moist, south western part of India), Myanmar and/or Java

(Kjaer and Siegismund 1996; Wood 1967). Trial plots were

established between 1905 and 1936 with provenances from

Myanmar (Tennasserim), Indonesia, South India (Travan-

core) and Thailand (Rance and Monteuuis 2004). Prove-

nances in Mtibwa and Bigwa are first and second

generations of the Kihuwi population (Pedersen et al.

2007). In 1902, teak was planted for the first time in

Nigeria using seeds from India and later using seeds from

Myanmar or from Thailand (Chollet 1958). In Togo and

Ghana, teak was introduced in 1905 using seeds from

Nigeria (Chollet 1958; Kokutse 2002). In 1916, the first

teak plantations were created in Benin. In Côte d’Ivoire,

teak was planted for the first time in 1926 in the Banco

National Park near Abidjan using seeds collected in Togo

where natural regeneration was very abundant, then in 1929

in Bouaké (Tariel 1966). In Senegal, teak was introduced

for the first time in 1932 in Casamance.

The history of the seed distribution pathway should

make it possible to trace the introduction of teak in

Indonesia and Africa, but in fact it is quite difficult to

identify the exact origin of a specific introduction since

African landraces are assumed to have originated from

three different sources (India, Myanmar or Thailand). Many

plantations have since been established using offspring of

local trees (i.e., Togo, Ghana or Côte d’Ivoire, or Tanzanian

landraces), whose sources are unknown. Our ignorance of

the genetic origin of the teak that was introduced in

different parts of the world raises a number of problems

for researchers. First, the natural genetic variability of the

provenances and the genetic relationship between the

origins are poorly described; yet knowledge of the genetic

pool and of natural genetic variability is indispensable for

any genetic improvement programme for teak since it is

required for the estimation of heritability and genetic gain,

and also for genetic resources management. Provenance

trials have shown that plantations based on seeds imported

from South India can grow 30% faster and have a better

stem form than plantations created with seeds from local

sources (Kjaer et al. 1995). Investing in teak plantations

with seeds from a narrow unknown range of genetic

sources is very risky because of poor growth, bad form

and high susceptibility to pests and diseases.

Several studies on the genetic diversity of teak have been

conducted (Kertadikara and Prat 1995; Nicodemus et al.

2003; Shrestha et al. 2005), but none offers decisive

information on the origin of the African landraces (Koskela

et al. 2010). Given the existence of the microsatellite teak

bank (Verhaegen et al. 2005) and a database containing

SSR markers for teak in its natural range (Fofana et al.

2009), microsatellite marker analysis and Bayesian analysis

could help determine the origin of African and Indonesian

teak.

Materials and methods

Sampling for molecular DNA analysis

Between 1971 and 1973, seeds were collected from 17

natural populations originating from India, Thailand and

Laos and distributed for international provenance trial by

the Danida Forest Seed Centre (Keiding et al. 1986).

These trials were used as a reference for samples of

natural origin. Microsatellite DNA analysis revealed four

main clusters, two of Indian origin (one on either side of

latitude 19°25′N), one cluster consisted mainly of pop-

ulations from Thailand and Laos, and the fourth cluster

was made up of provenances from the centre of Laos

(Fofana et al. 2009). This sample was used as the

reference for natural genetic clusters.

In 2003, leaf samples were collected from 165 unknown

trees in 22 African and Indonesian populations for three

comparative provenance trials in Ghana and Côte d’Ivoire.

A total of ten African and four Indonesian landraces
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selected by Danida were completed by eight local African

landraces (Table 1). The aim of the collections was to

obtain as broad a representation as possible of the whole

range of distribution, covering both the most typical and

distinctly different types of environments (Keiding et al.

1986). In order to represent the maximum variability within

each provenance, the samples were collected randomly,

trees could be crooked, forked or buttressed as well as

skewed or have many protuberant buds. This sample was

used to establish the origins of African and Indonesian teak.

SSR genotyping and polymorphism

DNA extraction, PCR conditions and electrophoresis

conditions were as described in (Verhaegen et al. 2005).

Automated infrared fluorescence DNA sequencing was

used to identify allele variability according to (Steffens et

al. 1993). Fifteen microsatellite loci (the same loci as

those used by Fofana et al. 2009) were amplified by PCR

in a 15-µl reaction volume containing: 25 ng of genomic

DNA in a 0.5× reaction buffer (10 mM Tris–HCl, 50 mM

KCl, and 2 mM MgCl2), 0.2 mM dNTPs, 0.10 µM of

forward primer, 0.06 µM of reverse primer, 0.10 µM of

IRdye M13/700 or M13/800 and 0.13 U/µl Taq DNA

polymerase (Invitrogen™). Amplifications were carried out

with a thermal-cycler Stratagene® Robocycler gradient 96

under the following conditions: denaturation at 94°C for

4 min; 30 denaturation cycles at 94°C for 30 s, an

annealing cycle at 51°C for 45 s and an extension at

72°C for 45 s, and a final extension at 72°C for 5 min. The

reverse PCR primers were probed with a 19-base extension

at its 5′ tail end with the sequence 5′-CACGACGTTG

TAAAACGAC-3′. This sequence is complementary to an

IR-labelled universal M13 forward sequencing primer

included in the PCR reaction. During PCR, the tailed

primer generates a complementary sequence, which is

subsequently used for priming in the amplification reaction

thereby generating IR-labelled PCR products. The samples

were electrophoresed on an IR DNA analyzer (LI-COR,

Inc.), which detects primer-labelled extension products at

two different wavelengths (IRDye 700 nm and IRDye

800 nm), this enabled the loading of a multiplex of four

PCR products in one well. The individual trees were

genotyped using SagaGT software (LI-COR, Inc).

Table 1 The 22 unknown tested provenances cover a wide area in Africa and Indonesia

Harvest number Country Provenance name or local name Latitude Longitude Annual rainfall (mm) Trials N

5 Benin Djigbé 6°52′ 2°20′ 1,100 Séguié 5

6 Toffo Lama 6°52′ 2°07′ 1,100 Séguié 6

7 Cameroon Bambuku 4°15′ 9°15′ 1,780 Séguié 5

3067a Bambuku 4°26′ 9°16′ 1,900 Téné 5

4 Côte d’Ivoire Bamoro A20 7°48′ 5°05′ 1,200 Séguié 5

3 Bamoro A29 7°48′ 5°05′ 1,200 Séguié 5

3037a Bouaké 7°48′ 5°07′ 1,200 Téné 7

TB 73a Landrace 7°48′ 5°07′ 1,200 Téné 6

3044a Ghana Jema 7°50′ 1°50′ 1,100–1,600 Tain II 9

SG 01a Landrace 7°50′ 1°50′ 1,100–1,600 Tain II 9

SG 03a Landrace 7°50′ 1°50′ 1,100–1,600 Tain II 9

SG 04a Landrace 7°50′ 1°50′ 1,100–1,600 Tain II 8

3065a Tanzania Bigwa 6°50′ 38°39′ 900 Téné 14

3066a Kihuwi 5°12′ 38°39′ 1,880 Séguié 10

17 Mtibwa 6° 37°39′ 1,160 Séguié 10

3063a Togo Tové 6°40′ 0°40′ 1,300 Téné 5

1 Sénégal Djibelor 12°35′ 16°06′ 1,650 Séguié 6

2 Kalounayes 12°45′ 16°05′ 1,650 Séguié 5

3047a Indonesia Bangsri, Pati 6°30′ 110°48′ 3,900 Tain II 8

3048a Nanas, Blora 6°57′ 111°30′ 1,700 Tain II 10

3049a Ngliron, Ngliron 7°12′ 111°22′ 1,200 Tain II 9

3050a Temandsang 7°12′ 111°22 1,200 Tain II 9

The provenance names of eight countries with their main geographic traits are given. The trials of Séguié and Téné were planted in Côte d’Ivoire

and Tain II in Ghana

N number of trees used
a
Number designated by Danida Forest Seed Centre
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Analysis of molecular genetic data

Genotyping errors were estimated according to the recom-

mendations of Pompanon et al. (2005). For each SSR locus,

the DNA of three heterozygote teak samples of contrasted

natural origins whose alleles were known, was mixed and

used at the same time as the internal control and ladder of

size reference to estimate the size of the unknown alleles.

Ultimately, genotyping errors were identified on eight loci

(2TB07; 1TF05; 1TA06; 3TF01; 2TC03; 3TB02; 4TD12;

and 4TF02), 22 repeated known genotypes with 42 alleles

repeated 32 times.

The origin of the exotic provenances was determined

by two complementary analyses. The first used the teak

from its natural range as the reference cluster (Fofana et

al. 2009). Geneclass2 software (Piry et al. 2004) was used

to assign or exclude natural genetic clusters as the origin

of 165 diploid individuals from 22 exotic provenances on

the basis of multi-locus genotype data. The 165 teak trees

of unknown origin are grouped together in only one data

file. The probability for each individual to be assigned to

one or more of the defined genetic clusters was estimated

using a Bayesian criterion (Rannala and Mountain 1997)

and a frequency criterion (Paetkau et al. 2004). The log

likelihood of each individual multi-locus genotype in each

cluster was calculated assuming that the individual came

from the genetic cluster in question. The log–log plots of

genotypes for pairs of population likelihood were drawn to

identify genotypes that appeared to be better explained by

belonging to another cluster than the one in which they

were sampled (Excoffier et al. 2007; Paetkau et al. 1997).

The second method consisted of adding the 165

individuals from the natural range to the 166 individuals

from the exotic provenances. With the complete geno-

typed data, the 331 individuals were subdivided into

genetic clusters using a model-based clustering method

to infer population structure and assign individuals to

populations with the software package Structure (Pritchard

et al. 2000). This programme estimates the number of

genetically homogeneous populations (K) and does not

require prior information on the number of locations or on

the location where each individual was sampled. At least ten

clustering runs were carried out by setting the number of

populations (K) from 1 to 8. For each run, burnin time and

replication number were respectively 40,000 and 400,000.

Two models for the ancestry of individuals included in the

software were used. Individuals can have mixed ancestry

(admixture model) or come from one of the K populations (no

admixture model). The true number of populations (K) is

often identified using the maximal value of Ln Pr(X|K)

returned by the software. However, the authors warn that Pr(X|

K) is really only an indication of the number of clusters (p.

949 in Pritchard et al. 2000). Evanno et al. (2005) observed

that in most simulations, once the real K is reached, Pr(X|K) at

larger K levels off or continues to increase only slightly. In

order to detect the uppermost hierarchical level of structure,

the statistic ΔK was calculated based on the rate of change in

the log probability of data between successive K values

(Evanno et al. 2005).

Pairwise genetic distances between pairs of provenan-

ces were computed with the Cavalli-Sforza chord

measure (Cavalli-Sforza and Edwards 1967) of the

Microsatellite Analyzer (Dieringer and Schlötterer 2003).

The results included the exotic teak populations added to

the natural teak populations studied by Fofana et al.

(2009). The distance tree was constructed using the

neighbour-joining method (Saitou and Nei 1987). The

robustness of each node was evaluated by bootstrapping

data over loci for 1,000 replications using the Seqboot

programme of PHYLIP 3.67 (Felsenstein 2005). The

consensus tree obtained using PHYLIP 3.67 was dis-

played with Darwin 5.0.148 software (Perrier and

Jacquemoud-Collet 2006).

To investigate the hierarchical structure of genetic varia-

tion, analysis of molecular variance (AMOVA)was performed

using Arlequin ver 3.11 (Excoffier et al. 2005) with 1,000

permutations, which tests the genetic structure by partition-

ing the total variance into covariance components due to

intra-individual differences, inter-individual differences and/

or inter-population differences. Components of genetic

variance were computed at two hierarchical levels: among

exotic teak populations added to the natural teak populations

studied by Fofana et al. (2009), and among the genetic

clusters found with the model-based clustering method

(Pritchard et al. 2000).

Genetic diversity within populations and genetic

clusters were estimated by the number of alleles per

locus (Ao), the expected unbiased (Hnb) and the observed

(H0) heterozygosity (Nei 1978) using Genetix 4.05.2

software (Belkhir et al. 1996–2004). To check if the

differences in sample size and the different spatial scales

at which individuals were pooled into provenances and

regions affected the diversity estimates, the allelic richness

(El Mousadik and Petit 1996) was calculated per prove-

nance and genetic cluster taking into account the depen-

dence on sample size with an adaptation of the rarefaction

index (Hurlbert 1971). The calculation was performed

with Fstat 2.9.3.2 software (Goudet 2001). The principle is

to estimate the expected number of alleles in a sub-sample

of 2n genes, given that 2N genes have been sampled (N>n),

with n defined as the smallest number of individuals typed

for a locus sample.
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Results

Genotyping errors

With the 232 PCR amplifications on eight SSR loci, the

mean error rate per allele was estimated at 89×10−5; the

error rate per locus varied from 0 (loci: 4TD12; 3TB02;

4TF02; 1TA06; 1TF05; 3TF01; 2TC03) to 33×10−3 (locus:

2TB07), and the mean error rate per locus was calculated at

43×10−4, and the error rate per multi-locus genotype and

the error rate per reaction were 4×10−4.

Population genetic structure

The individual-based assignment method with Bayesian

criterion placed 86% of the 36 teak trees growing in

Indonesia and 83% of the 35 teak trees growing in Ghana in

the genetic cluster from Central Laos (Table 2). Four

Indonesian and five Ghanaian trees were assigned to the

genetic cluster from North India. One Indonesian and one

Ghanaian tree were assigned to the Thai cluster, and no

Indonesian or Ghanaian trees were assigned to genetic

cluster from South India. Concerning the African prove-

nances, the method assigned 82%, 70%, 78%, 82%, 60%

and 73%, respectively of the trees from Benin, Cameroon,

Côte d’Ivoire, Tanzania, Togo and Senegal to the genetic

cluster from North India. Sixteen, two and two African

trees were assigned to the clusters from Thailand, South

India and Central Laos, respectively.

The Bayesian criterion assigned 85% of the trees from

Indonesia and Ghana to the genetic cluster in Central Laos

and 78% of the trees from Benin, Cameroon, Côte d’Ivoire,

Tanzania, Togo and Senegal to the genetic cluster in North

India. Assignment using the Frequency criterion gave very

similar results to those obtained using the Bayesian

criterion with 75% of the trees from Indonesia and Ghana

assigned to the genetic cluster in Central Laos and 69% of

the trees from Benin, Cameroon, Côte d’Ivoire, Tanzania,

Togo and Senegal in the genetic cluster in North India

(Table 2).

The log–log plots of genotypes for pairs of clusters

showed a clear separation between trees from South India

and trees belonging all the other provenances tested (Fig. 1a

to c) and also strong opposition between the genetic cluster

from Thailand and the cluster comprising Laos, Indonesia

and Ghana (Fig. 1d). Ultimately the graphs confirmed a

change in cluster of some African trees to the Thai cluster

or the reverse, and also moved some trees from the cluster

comprising Laos, Indonesia, and Ghana to the African

cluster (Fig. 1e, f). The graph and the data tables made it

possible to identify the genotypes that appeared to be better

explained by belonging to another cluster than the one in

which they were sampled. Only 12 trees (i031, i050, i153,

i074, i107, i110, i218, i219, g020, g004 g031 and i065) did

not fit their provenance and cluster origin.

Using a Bayesian approach, clustering was performed on

the entire data set with increasing numbers of inferred

clusters. With the admixture and the no admixture models

and for ten runs of clustering with 40,000 burnin time and

400,000 replications, the most appropriate number of

clusters for modelling the data did not appear clearly with

the Ln Pr(X|K) of the Structure software (Fig. 2a). The very

strong genetic structuring related to the trees from South

India (71 individuals) disturbed the analysis. On the other

hand, when the 71 samples from South India were

removed, all analyses using all the different models in the

software for the 260 teak trees clearly revealed three genetic

clusters (Fig. 2b). These clusters were analysed separately

and none presented a genetic substructure (Fig. 2c–f).

Ultimately, there were four genetic clusters for the 331

samples analysed (Fig. 3). Teak provenances were grouped

in four clusters which corresponded to i) South India with

provenances 15; 16; 3016; 3021; 20 and 3022, ii) North

Thailand and South Laos with provenances 12; 10; 3038;

3040; 13; 3061 and 3054, iii) Central Laos, Indonesia and

Ghana with provenances 3059; 3055; 3056; 3047; 3048;

3049; 3050; 3044; SG 01; SG 03 and SG 04, iv) North

India, Benin, Cameroon, Côte d’Ivoire, Tanzania, Togo and

Senegal with provenances 3034, 5, 6, 7, 3067, 4, 3, 3037,

TB 73, 3065, 3066 and 17.

A total of 41 individuals in the sample presented a

genome composed of two different origins (Fig. 3). These

were:

– Thirty trees (i023, i022, i003, i008, i034, i042, i051,

i053, i062, i199, i073, i065, i068, i069, i160, i044,

i128, i133, i226, g018, g074, g082, g006, g060, g043,

g065, g002, g014, g053 and g089) of 20 provenances

(1, 2, 3, 6, 7, 17, 3066, 3034, 3063, 3065, 3067, 12,

3054, 3061, SG01, SG03 SG04, 3044, 3047 and 3048)

had a small fraction of their genome belonging to

another cluster, but their classification corresponded

well with the cluster containing their provenance.

– Eleven trees (i031, i050, i153, i074, i107, i110, i218,

i219, g020, g004 and g031) did not group with their

provenance or cluster of origin. The level of confidence

for a particular sample belonging to a particular origin

varied from 65% to 100%. Two trees (i031 from Côte

d’Ivoire and i050 from Cameroon) mainly clustered with

samples from North Thailand and South Laos. Two trees

(i153 from Tanzania and i074 from Togo) were grouped

with the cluster comprising Central Laos, Indonesia and

Tree Genetics & Genomes (2010) 6:717–733 721



Ghana. Four trees native of the Ban Pha Lai provenance

of Thailand (i107, i110, i218, i219), two trees fromGhana

(g020, g004) and one from Indonesia (g031) were

assigned to the cluster of North India, Benin, Cameroon,

Côte d’Ivoire, Tanzania, Togo and Senegal.

Analysis of population differentiation

All FST values were significant, except in the cluster

containing North Indian and African populations (Table 3).

FST values were 0.16 and 0.14 among 39 teak populations

and four genetic clusters respectively. The FST values were

0.03, 0.08 and 0.12, respectively within six populations

from South India, 11 populations from Central Laos,

Indonesia and Ghana and seven populations from Thailand.

The FIS values were all non-significant except for the

cluster comprising Laos, Indonesia and Ghana.

With the genetic distances of Cavalli-Sforza and

Edwards, the 39 provenances were clearly separated and

the robustness of nodes varied from 591/1,000 to 1,000/

1,000 (Fig. 4). The phylogram allowed separation of four

groups: i) the seven populations from South India (Nelli-

cutha 15, Nellicutha 16, Virnoli Range, Masale Valley,

Nilambur and Bairluty), which formed a single highly

significant group (robustness of node 1,000/1,000). ii) The

three central populations from Laos (Vientiane, Savanna-

khet I and Savannakhet II) together with four provenances

from Indonesia (Ngliron Ngliron, Bangsri Pati, Temand-

sang and Nanas Blora) and four provenances from Ghana

(Jema and Landraces G1, G3, G4), which were clearly

separated from other provenances (robustness of node

1,000/1,000). iii) The provenance from North India (Puru-

nakote) was grouped with the African populations (Bam-

buku 3067, Mtibwa, Bigwa, Toffo Lama, Tové, Djibelor,

Bamoro A29, Kalounayes, Djigbé, Kihuwi, Bamoro A20,

Bouaké), which were very clearly separated from all other

origins or clusters (robustness of node 671/1,000). iiii) The

group of provenances from Thailand and two Laotian

populations (Ban Cham Pui, Mae Huat, Pong Salee, Pak

Lai, Houi Na Soon, Ban Pha Lai and Pakse) formed the last

group (robustness of node 604/1,000). The two provenan-

ces from Bambuku (7) and Landrace TB73 were not clearly

associated with any of the clusters.

Table 2 Assignment of 165 teak trees from 22 exotic provenances genotyped with 15 microsatellite markers to four pre-defined genetic clusters

(Fofana et al. 2009) using the algorithm of GeneClass2 with criterion Rannala and Mountain (1997) and criterion of Paetkau et al. (2004)

Cluster 1:

South India

Cluster 2:

North India

Cluster 3:

Thailand

Cluster 4:

Central Laos

P value P value P value P value

Country N 0.5–0.95 >0.95 0.5–0.95 >0.95 0.5–0.95 >0.95 0.5–0.95 >0.95

Rannala and Mountain (1997) Indonesia 36 2 2 1 9 22

Ghana 35 3 2 1 3 26

Total 71 5 4 2 12 48

Benin 11 1 3 6 1

Cameroun 10 7 2 1

Côte d’Ivoire 23 1 1 17 1 2 1

Tanzania 34 1 1 27 1 4

Togo 5 1 2 1 1

Senegal 11 8 1 2

Total 94 2 1 6 67 7 9 2

Paetkau et al. (2004) Indonesia 36 5 4 1 4 22

Ghana 35 2 5 1 3 24

Total 71 7 9 2 7 46

Benin 11 3 4 2 2

Cameroun 10 1 6 1 2

Côte d’Ivoire 23 1 14 4 3 1

Tanzania 34 1 26 3 4

Togo 5 1 1 1 2

Senegal 11 1 6 2 2

Total 94 8 57 13 10 5 1

N number of trees studied
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Fig. 1 Log likelihood of individuals sampled in one cluster versus

those of another cluster for 15 SSR loci. a South India (green

circles) vs. North India and Africa (blue triangles). b South India

(green circles) vs. Thailand (yellow diamonds). c South India (green

circles) vs. Laos, Indonesia and Ghana (red squares). d Thailand

(yellow diamonds) vs. Laos, Indonesia and Ghana (red squares). e

Thailand (yellow diamonds) vs. North India and Africa (blue

triangles). f Laos, Indonesia and Ghana (red squares) vs. North

India and Africa (blue triangles)
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Within-population and within-cluster genetic diversity

The 15 microsatellite loci were polymorphic across all

331 genotypes, and the number of alleles per locus

ranged from 3 for 1TG02 to 21 for 1TH10 (Table 4).

Considering each locus, the distribution of allele frequen-

cies was not unbalanced for ten loci, and one allele

presented a frequency higher than 50% for the following

loci: 4TF02 (size of 227 bp), 4TH09 (size of 157 bp),

3TE06 (size of 218 bp), 3TD09 (size of 208 bp) and

1TG02 (size of 166 bp).

The number of rare alleles ranged from 1 to 13 for

locus 1TG02 and 4TD12, respectively. No SSR locus

presented rare alleles specific to only one provenance or

only one genetic cluster. With fifteen SSR loci, the

provenances of Bairluty, Mtibwa, Masale Valley and

Purunakote showed 7.8%, 7.7%, 7.0% and 6.7% of rare

alleles. The poorest provenances with rare alleles were

Pong Salee, Huoi Na Soon, Pak Lai and Savannakhet I

from 0.6% to 0%. Out of a total of 224 alleles, 91 alleles

showed a frequency of under 1% and the first genetic

cluster of provenances from South India (Nellicutha 15;

A
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Fig. 2 Bayesian estimates of population structure based on micro-

satellite variation among 17 teak natural populations and 22

African and Indonesian populations. Description of the three steps

allowing the detection of the true number of clusters K. a

Distribution of Pr(X|K) (+/−SD) (Pritchard et al. 2000) with 331

individuals and 15 SSR loci for admixture and no admixture models.

b Magnitude of ΔK as a function of K (Evanno et al. 2005)

calculated on 260 teak trees excluding 71 individuals from South

India. c Magnitude of ΔK calculated on the South Indian cluster (71

individual trees). d Magnitude of ΔK calculated on the Thailand

cluster (64 individual trees). e Magnitude of ΔK calculated on the

cluster including Laos, Indonesia and Ghana (92 individual trees). f

Magnitude of ΔK calculated on the North India and Africa cluster

(104 individual trees)
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Nellicutha 16; Masale Valley; Nilambur; Virnoli; Bairluty)

and the second genetic cluster of provenances from Nord

India added to African provenances (Purunakote; Djibelor;

Kalounayes; Bamoro A29; Bamoro A20; Bouaké: Landrace

TB73; Tové; Djigbé; Toffo Lama; Bambuku 7; Bambuku

3067; Kihuwi; Mtibwa; Bigwa) presented respectively

32.9% and 25.3% of low-frequency alleles. The two

clusters of provenances from Thailand (Pong Salee; Mae

Huat; Ban Cham Pui; Ban Pha Lai; Huoi Na Soon; Pak

Lai; Pakse) and Laos added to provenances from Ghana

and Indonesia (Vientiane; Savannakhet I; Savannakhet II;

Bangsri Pati; Temandsang; Ngliron Ngliron; Nanas Blora;

Jema; Landraces G1, G3, G4) presented only 3.3% of low-

frequency alleles.

The observed (H0) heterozygosity and the expected

unbiased heterozygosity (Hnb) values ranged from 0.17 to

0.84 and from 0.20 to 0.87 for locus 1TG02 and 1TH10,

respectively. All the loci showed a heterozygote deficit. The

FIS values were highly significant except for one locus

1TH10 (Table 4). In the samples studied, more than 12

alleles were identified per locus, with the exception of locus

3TD09 (9) and 1TG02 (3). Allelic richness varied between

2.66 and 15.95 for all the loci.

In the 22 teak from exotic provenances, the mean

number of alleles per locus per population (A) ranged

from 3.00 in Bambuku (7) to 5.93 in Bigwa, while allelic

richness (R) ranged between 3.00 and 4.47 for Bambuku

(7) and Djigbé, respectively (Table 5). The Pearson

correlation coefficient between the number of alleles per

locus and the allelic richness corrected with a rarefaction

index was 0.41 and was highly significant, demonstrating

a strong relationship between these two parameters. The

allelic richness of the cluster from North Thailand (R=

5.07) was approximately half that of the cluster from

South India (R=11.47) and of that from North India and

Africa (R=10.26). With an allelic richness of 6.93, the

cluster comprising Central Laos, Indonesia and Ghana was

close to that from Thailand (Table 5).
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Fig. 3 Estimated population structure of 331 individuals from 17

provenances from the natural range and 22 African and Indonesian

provenances of Tectona grandis. Each individual is represented by a

vertical bar, which is assigned to one of the four colours that represent

the estimated affiliation of the individual to one of the four clusters:

South India; North India and Africa; North Thailand and South Laos;

Central Laos, Indonesia and Ghana
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Observed (H0) heterozygosity values ranged from 0.43

in the Ngliron Ngliron population to 0.75 in the Bamoro

A29 population and the expected unbiased heterozygosity

(Hnb) values ranged from 0.49 to 0.70 in the Bambuku (7)

and Bamoro A20 provenances, respectively. At the regional

level, teak heterozygosity (H0) was clearly higher in India

and Africa (0.74 and 0.63, respectively) than in Thailand

and Laos (0.38 and 0.47, respectively).

Discussion

Genotyping errors and missing data

In our study on teak, the 43×10−4 error rate per locus can

be regarded as very low since the review of the literature by

Pompanon et al. (2005) reported error rates ranging from

0.2% to more than 15%. Causes of genotyping errors can

be: i) variation in the DNA sequence, ii) too small quantity

or low quality of DNA, iii) biochemical artefacts and iv)

human error (Pompanon et al. 2005). With regard to teak,

genotyping errors were mainly caused by variation in the

DNA sequence. Indeed, in our study, it was primarily the

disappearance of one fragment that was the source of error

in genotyping. This phenomenon is well known and is due

to competition between fragments during PCR amplifica-

tion (Wattier et al. 1998). Non-amplification of SSR alleles

has been shown to be due to either mutations in flanking

sequences or a low target DNA copy number (Taberlet et al.

1996). Genotyping errors in this study were probably due to

either mutations in flanking sequences or a low target DNA

copy number in only one heterozygote sample. The

disappearance of one fragment can lead to overestimation

of heterozygote deficiency and to erroneous conclusions

regarding genetic populations, but in this study on teak, the

overestimation of heterozygote deficiency was very low

and the final results were strengthened by the low number

of genotyping errors identified. Nevertheless, a recent study

showed that the human factors represented nearly 93% of

genotyping errors (Hoffman and Amos 2005). For teak,

these human errors could have taken place either in

nurseries, during the establishment of trial plots, during

Table 3 Hierarchical analysis of molecular variance based on 15 SSR analysed in 22 exotic provenances of Tectona grandis and in 39

populations regrouped in four genetic clusters defined using a model-based approach and pairwise genetic distances

Source of variation df SS Variance components Percent FST FIS

Among 39 populations 38 687.93 0.8157*** 16.0 0.1604*** 0.0135NS

Among individuals within populations 292 1,263.96 0.0578 NS 1.1

Within individuals 331 1,394.50 4.2130*** 82.8

Total 661 3,346.38

Among four clusters 3 391.91 0.7402*** 14.1 0.1407*** 0.0135 NS

Among populations within clusters 35 296.02 0.2502*** 4.8

Among individuals within populations 292 1,263.96 0.0578 NS 1.1

Within individuals 331 1,394.50 4.2130*** 80.1

Total 661 3,346.38

Among 6 populations of South India 5 46.88 0.1706* 3.0 0.0299* −0.0001NS

Among individuals within populations 65 360.21 0.0000 NS 0.0

Within individuals 71 393.50 5.5423 NS 97.0

Total 141 800.59

Among 7 populations of Thailand 6 55.02 0.3638*** 11.5 0.1151*** −0.0278NS

Among individuals within populations 57 155.00 −0.0779 NS
−2.5

Within individuals 64 184.00 2.8750** 91.0

Total 127 394.02

Among 11 populations of Laos Indonesia and Ghana 10 87.07 0.2910*** 7.7 0.0769*** 0.1014***

Among individuals within populations 81 311.84 0.3543*** 9.4

Within individuals 92 289.00 3.1413*** 82.9

Total 183 687.90

Among 15 populations of North India and Africa 14 101.34 0.1897NS 3.88 0.0388NS −0.0131NS

Among individuals within populations 89 412.65 −0.0616NS −1.26

Within individuals 104 495.00 4.7596* 97.4

Total 207 1,008.99

NS p value non significant; *p value significant <0.05; **p value significant <0.01; ***p value significant <0.001
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sampling in Côte d’Ivoire and Ghana, or while handling

DNA in the laboratory. These human errors could explain

the results of the trees i050, i107, i218 and g031 of which

100% of the genome corresponded to another genetic

cluster rather than that of their origin.

Finally, for studies of the genetic structure of teak and

the assignment of individuals to genetic clusters, the lack of

a precise analytical correction for missing alleles was not a

significant problem because results were relatively insensi-

tive to the frequency assumed for the alleles concerned

(Paetkau et al. 2004). However, the power to identify

immigrants was improved by using a large sample (up to

about 50 individuals) and by sampling all populations from

which migrants may have originated. The genetic analyses

of teak carried out in this study can thus be regarded as

robust and reliable.

Genetic structure and assignment test

Concerning the assignment tests computed with Gene-

class2, it is worth mentioning that criterion values were not

comparable among individuals when based on a different
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Fig. 4 Neighbour-joining

phylogram based on the Cavalli-

Sforza and Edwards chord

method for 17 natural and 22

exotic provenances of Tectona

grandis. The robustness of each

node was evaluated by boot-

strapping data over loci for

1,000 replications, only data

>500 were noted

Locus name Accession number Number N<1% H0 Hnb FIS FST R

1TA06 AJ968929 20 6 0.76 0.85 0.106*** 0.145 15.95

1TB03 AJ968930 15 6 0.70 0.81 0.129*** 0.132 11.97

1TF05 AJ968931 15 6 0.59 0.71 0.172*** 0.133 11.59

1TG02 AJ968932 3 1 0.17 0.20 0.156** 0.161 2.66

1TH10 AJ968933 21 9 0.84 0.87 0.035NS 0.065 15.05

2TB07 AJ968934 13 4 0.66 0.77 0.136*** 0.208 10.77

2TC03 AJ968935 17 8 0.66 0.85 0.225*** 0.179 11.66

3TA11 AJ968936 15 5 0.60 0.79 0.241*** 0.232 12.86

3TB02 AJ968937 19 8 0.69 0.81 0.146*** 0.107 14.36

3TD09 AJ968938 9 3 0.30 0.40 0.256*** 0.091 6.23

3TE06 AJ968939 12 2 0.31 0.48 0.353*** 0.286 10.25

3TF01 AJ968940 18 7 0.72 0.81 0.108*** 0.130 13.69

4TD12 AJ968941 20 13 0.55 0.74 0.258*** 0.185 11.38

4TF02 AJ968942 14 5 0.54 0.60 0.100*** 0.163 11.13

4TH09 AJ968943 13 8 0.37 0.53 0.305*** 0.248 8.37

Table 4 Genetic diversity

among 331 trees of Tectona

grandis revealed by 15 SSR loci

No total number of observed

alleles, N<1% number of alleles

with a frequency <1%, H0

observed heterozygosity, Hnb the

expected unbiased heterozygos-

ity corrected for small sample

size (Nei 1978), FIS the

inbreeding coefficient (fixation

index, Fisher) with NS p value

adjusted using sequential

Bonferroni (Rice 1989) proce-

dure not significant, FST repre-

sents the differentiation among

the four clusters within the total

population, R is the corrected

allelic richness

*p value significant <0.05;**p

value significant <0.01; ***p

value significant <0.001
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number of loci (Piry et al. 2004). For teak, the calculations

were mainly made with all the 15 loci studied and ten

individuals were compared with only 14 loci in our study.

At least three potentially misleading results may arise when

applying the method used in this study (Rannala and

Mountain 1997). Firstly, the appropriate reference popula-

tions were not included in the analysis. This is the case of

the Myanmar populations which could not be included in

our reference populations. If provenances from Myanmar

had been widely introduced in Africa and/or if these

provenances were genetically very different from those in

our study, then we should have seen a new genetic cluster

appear. In addition, it is difficult to accept that provenances

that are located on each side of the border between

Myanmar and Thailand are very different and could form

a new genetic cluster. As a new genetic cluster did not

appear, we can conclude either that introductions from

Myanmar into Africa remained rare or that these Myanmar

provenances were not different from the four genetic

clusters found by Fofana et al. (2009). Secondly, an

individual might incorrectly appear to have originated from

a particular population other than its actual population of

origin. This might be due to similarities in allele frequen-

cies due to long-term gene flow, or to genotyping errors, or

to missing data. The allele frequencies of the natural

populations of teak, which were very different among the

four clusters and the small number of genotyping errors in

this study could not explain these discrepancies. Gene

flows between African or Indonesian populations, which

were widely distributed for more than one century and

which could recombine could also be a source of clustering

error. Thirdly, the fact that many pairwise comparisons

between populations were performed for each of a large

number of individuals means that some individuals will

appear to be immigrants by chance. This can be corrected

for by using smaller values for α (Rannala and Mountain

1997).

In a simulation study comparing different methods of

assignment, the Bayesian criterion of Rannala and Moun-

tain (1997) was always the most efficient (Cornuet et al.

1999). These authors also showed that a perfect assignment

can be obtained with FST values as moderate as 0.1.

Whenever FST is high (e.g., FST=0.22) many combinations

from (10 loci×24 individuals per population) to (48 loci×

only five individuals per population) all provide a 100%

correct assignment. Our study on teak is situated among

Population Sample size A R Hnb H0

Bangsri Pati 8 3.80 3.34 0.56 0.51

Temandsang 9 3.93 3.25 0.52 0.44

Ngliron Ngliron 9 3.80 3.17 0.51 0.43

Nanas Blora 10 4.27 3.45 0.59 0.55

Jema 9 4.20 3.51 0.58 0.53

Landrace G1 9 4.20 3.49 0.59 0.53

Landrace G3 9 4.27 3.52 0.58 0.57

Landrace G4 8 4.00 3.40 0.54 0.53

Djibelor 6 4.20 3.95 0.65 0.58

Kalounayes 5 3.60 3.60 0.58 0.59

Bamoro A29 5 4.33 4.33 0.68 0.75

Bamoro A20 5 4.13 4.13 0.70 0.67

Bouaké 7 4.60 4.05 0.65 0.72

Landrace TB 73 6 3.80 3.57 0.61 0.67

Tové 5 3.93 3.93 0.65 0.64

Djigbé 5 4.47 4.47 0.71 0.72

Toffo Lama 6 4.33 4.01 0.62 0.66

Bambuku 7 5 3.00 3.00 0.49 0.52

Bambuku 3067 5 4.07 4.07 0.63 0.72

Kihuwi 10 5.13 3.85 0.63 0.61

Mtibwa 10 5.40 3.96 0.61 0.57

Bigwa 14 5.93 3.95 0.60 0.60

South India 71 11.47 11.26 0.76 0.74

North Thailand 64 5.07 5.07 0.41 0.38

Central Laos Indonesia, Ghana 92 7.40 6.93 0.56 0.47

North India, Africa 104 11.20 10.26 0.65 0.63

Table 5 Summary of intra-

population genetic diversity at

15 microsatellite loci for 22

exotic populations and four

genetic clusters of Tectona

grandis

Results are given for each exotic

population and each cluster with

the natural range defined in

Fofana et al. (2009)

A mean number of alleles

per population or cluster, R

corrected allelic richness, Hnb the

expected unbiased heterozygosity

i.e., expected heterozygosity

corrected for the small sample

size (Nei 1978), H0 the observed

heterozygosity
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high values of FST (0.1488<FST<0.2762) and an average

number of loci. With these conditions, it is possible to

conclude that the assignment method using the Bayesian

criterion of Rannala and Mountain (1997) gives the best

results. The Monte Carlo re-sampling algorithms may be

useful for identifying populations whose origin are poorly

known. For teak, this method gave very precise information

on the most probable origin of the different introductions in

Africa and Indonesia.

The number of clusters in which the individuals could be

grouped was estimated using simulations with the Structure

software (Evanno et al. 2005). The only situation in which

the software failed to detect the real K was the partial

sampling of 20 individuals and five microsatellite markers

in an island model. This study of different genetic models

associated with reductions in sampling or genotyping

appeared to confirm the robustness of the results obtained

in teak.

On the other hand, Bayesian or maximum-likelihood

estimations based on Markov chain Monte Carlo (MCMC)

methods often require several consecutive runs to check

that the chains have converged and that parameter space has

been correctly explored (Excoffier and Heckel 2006). The

Structure programme tried to define the number of sub-

populations from which the sampled individuals were

drawn. The software performed this allocation sequentially

for different numbers of clusters, and then flagged the

number of clusters with the highest likelihood, which might

not always be optimal (Evanno et al. 2005). For the teak

data, we ran a large number of MCMC repetitions

(400,000), with several repetitions of the same analyses

(10) after a long burnin period (40,000) and for two

different methods (admixture model, no admixture model)

with two options (correlated alleles, or independent alleles).

By using the whole SSR dataset, the strong specificity and

variability of teak trees from South India disturbed the

identification of the four genetic clusters with both models

used. Nevertheless, as the number of sub-populations was

exactly the same in all the other analyses, in these

conditions the distribution of the teak samples in four

genetic clusters could be considered as accurate and robust.

What is more, our results correspond perfectly with the

results of Fofana et al. (2009).

With the results of these genetic structure analyses, the

four genetic clusters obtained by Fofana et al. (2009) were

analysed again. The results obtained with the two methods

were identical (Table 6). The 22 exotic provenances tested

ended up in one of the four clusters. All the African

provenances: Senegal (2), Côte d’Ivoire (4), Benin (2),

Togo (1), Cameroon (2) and Tanzania (3) were in the

cluster from North India. The provenances of Indonesia (4)

and Ghana (4) were grouped with the cluster from Central

Laos (Fofana et al. 2009). It should be noted that neither

provenance nor introduced teak was related to the cluster

from South India and it is consequently possible to assert

that the teak introduced in Africa and Indonesia did not

come from South India. The African sample of teak is

believed to have originated from North India, while

Indonesian and Ghanaian teak were introduced from the

natural range of teak in East Thailand or Central Laos.

Origin of exotic teak

Among reports in the literature on the introduction of teak

in Africa, only the paper by Madoffe and Maghembe

(1988) on the first introduction of teak in Tanzania by the

German administration in 1898 from seeds from Calcutta

was confirmed by our results. At that time, Germany

occupied Tanzania, Togo, Cameroon and Namibia. Teak

was then introduced in Togo, because the German

administration was interested in problems arising from

savannah and soil degradation. Forest species were planted

at Nuatja, Sokodé-Bassari and Galangashi. After the First

World War, Togo and Cameroon were integrated into

French administered Africa, and the Togolese teak planta-

tions were used as the origin of seeds to test the species in

Benin, Côte d’Ivoire and subsequently in Senegal. Results

obtained with SSR molecular markers on the genetic

diversity structure and the individual-based assignment

analyses to their clusters of origin confirmed this expansion

of the teak plantations from German-speaking to French-

speaking Africa with seeds originating from North India

first planted in Tanzania.

The results of the analysis of the genetic structure of teak

populations using the clustering approach and individual-

based assignment analyses revealed a significant difference

between the teak introduced in countries that were formerly

under German and/then French administration and the teaks

introduced in countries that were formerly under English

administration. For Benin, Cameroon, Côte d’Ivoire,

Tanzania, Togo and Senegal, 94.7%, 3.2%, and 2.1% of

individual teak could be assigned respectively to North

India, Thailand and Central Laos. For Indonesia and Ghana,

respectively 95.8% and 4.2% of the teak could be assigned

to Central Laos and North India.

In Ghana, four different provenances were sampled

(Jema, SG1, SG3 and SG4), but using molecular markers,

these four provenances appeared to correspond to only one

sampled population with close genetic distances (Fig. 4).

The difference observed between Ghanaian provenances

and all the other African populations could be due to the

specific choice of the stand where the seeds were harvested

by Danida, possibly from Indonesia or Laos.

Concerning Indonesia, results using the SSR markers

made it possible to reject the speculative theory of Altona

(1922) which strongly presumed teak was imported from
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South India by Brahmans or Buddhism monks. Indeed the

introduction of teak in Java could have taken place between

the fourteenth and the sixteenth centuries during which

there was intensive interaction between India and Indone-

sia. However, a remark on the importing of teak to Java

which was primarily planted around temples (as still

observed in North Thailand around Chiang Mai), could be

closer to our results (Simatupang 2000). We tested a large

number of provenances from this area (Ban Cham Pui, Mae

Huat, Huoi Na Soon, Ban Pha Lai and Pong Salee), and our

results showed that it was probably from a smaller area with

a narrow genetic base that the first teak was introduced in

Java. Several centuries of teak introduction in Indonesia,

during which there were an increase in the number of

plantations and many genetic mixings, made it possible for

SSR loci to acquire a high level of variability (Table 5).

The supply of seed is a limiting factor for planting and

reduces the quality of the plantations, especially in

countries where teak is grown as an introduced tree species.

In Africa, for the first teak plantations, it was probably

easier to use seeds harvested in stands that showed

satisfactory adaptation to local conditions. Two comple-

mentary analyses of teak stands in Togo confirmed this

hypothesis. The technological properties of teak trees

(Kokutse et al. 2004) and the genetic diversity with

molecular markers (Logossa 2006) were analysed in five

very contrasted ecological zones in Togo. Results showed

that the percentage of heartwood differed significantly in

trees depending on the ecological zone (Kokutse et al.

2004). The genetic differentiation among the six popula-

tions studied was estimated at 2.3% and the teak stands of

these five ecologically contrasted zones can be considered

as a single genetic population. Moreover, these Togolese

provenances are close to the North Indian cluster defined by

Fofana et al. (2009). The differences in technological

properties of teak in Togo are thus only due to the

environmental effect.

Finally it should be noted that in Africa, even 100 years

after teak was originally introduced, there are still few

successive generations and consequently little genetic admix-

ture. For example, in Côte d’Ivoire, seeds harvested in the

former Bamoro stands (1929) were first generation and were

used for the Matiemba plantation (1964) and by Sodefor for

their mechanised plantations until the 1990s. Seeds harvested

in the Matiemba stand were second generation and were also

used by Sodefor until the 1990s. The programme for the

genetic improvement of teak has been producing seeds since

1995, but the quantities are not sufficient to ensure extensive

man-made forests. The fairly low multiplication factor of seed

orchard trees could be attributed to the slow growth of trees,

the duration of the breeding programmes, the low seed yield

per tree and the low and sporadic germination behaviour of

teak seed (Koskela et al. 2010). Contrary to common belief,

in Africa there was neither very diversified use of seed

stands nor many generations of genetic admixture.

Consequently, the genetic admixture between the various

provenances—which may have been introduced—remained

very limited. This low level of genetic admixture between

generations also explains the results obtained with SSR

markers in our study.

Using the SSR molecular markers enabled us to trace the

origin of teak imported into Africa during the nineteenth

century and into Indonesia during the period of Hinduniza-

tion. It is possible to assert that the teak introductions in Africa

and Indonesia did not come from South India. Today, the

South India provenances of teak are found mainly in

provenance trials or in conservation areas and were introduced

in Africa and Indonesia more recently to increase the teak

genetic pool for the genetic improvement of the species.

Relationship between teak straightness and genetic clusters

The general form of African plantation teak also appears to

confirm the results we obtained with the SSR molecular

Table 6 Comparison between the results obtained with the method of assignment of the unknown individuals to the reference genetic clusters of

the natural range (GeneClass2) and the clustering based on all the teak trees studied (Structure)

Provenance names or local names N Method Cluster 1:

South India

(%)

Cluster 2:

North India

(%)

Cluster 3:

Thailand

(%)

Cluster 4:

Central

Laos (%)

Djigbé; Toffo Lama; Bambuku 7; Bambuku 3067;

Bamoro A20; Bamoro A29; Bouaké; TB 73; Bigwa;

Kihuwi; Mtibwa; Tové; Djibelor; Kalounayes.

94 Assignment 3 79 17 1

Djigbé; Toffo Lama; Bambuku 7; Bambuku 3067;

Bamoro A20; Bamoro A29; Bouaké; TB 73; Bigwa;

Kihuwi; Mtibwa; Tové; Djibelor; Kalounayes.

94 Clustering 0 96 2 2

Bangsri Pati ; Nanas Blora ; Ngliron; Temandsang ;

Jema; SG01; SG03; SG04.

71 Assignment 0 12 3 85

Bangsri Pati ; Nanas Blora ; Ngliron; Temandsang ;

Jema; SG01; SG03; SG04.

71 Clustering 0 4 0 96
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markers. The bad overall shape of the trees (stem form, axis

persistence, branch size, buttressing) of Jema, SG01, SG03,

SG04, Bouaké, Tové, Bambuku 7, Bambuku 3067, TB73,

Kihuwi, Bamoro A29, Bamoro A20, Toffo Lama, Kalou-

nayes, Djigbé provenances from Africa has been confirmed

in numerous comparative trials across the world (Dupuy

and Verhaegen 1993; Kaosa-ard 1999; Keiding et al. 1986;

Kjaer and Lauridsen 1996; Kjaer et al. 1995; Kjaer et al.

1996; Madoffe and Maghembe 1988; Pedersen et al. 2007;

Rao et al. 2001). Stem quality, which includes straightness,

clear bole, persistence of stem axis, mode of branching,

branch size and branch diameter and flowering, is strongly

controlled by the provenance. In the teak natural range, bad

stem quality was found in provenances from Maharashtra

(Kaosa-ard 1999), Hoshangabad (Pedersen et al. 2007),

Chanda (Madoffe and Maghembe 1988; Pedersen et al.

2007), Berbera, Purunakote, Bakbahal (Kjaer et al. 1996),

Jhirpa, Murda and Bakbahal (Rao et al. 2001). It is

interesting to note that all these populations are located to

the north of the limit defined by Fofana et al. (2009), which

separated the genetic variability of the teak in its natural

range in India. In this paper, we show that the introductions

of teak in Africa probably originated from North India. It is

thus possible to propose the hypothesis that the bad general

shape of trees in Africa could be connected to their genetic

origin.

The molecular markers revealed the strong genetic

relationships between the landraces studied, but markers

are neutral with respect to the evolution of the introduced

provenances which may have undergone mass selection.

The case of the provenances from Kihuwi, Bigwa and

Mtibwa in Tanzania is a good illustration of the last point.

Genetic distances measured with SSR markers (Fig. 4)

confirmed that Mtibwa, and Bigwa are first and second

generations of Kihuwi (Pedersen et al. 2007). For the main

tree shape traits, the Kihuwi provenance is comparable to

the other African provenances. On the other hand, the mass

selection of seed trees in the seed-collection stand of

Kihuwi and Mtibwa significantly improved the stem form

of the trees belonging to the Mtibwa and Bigwa prove-

nances (Madoffe and Maghembe 1988; Pedersen et al.

2007). The best behaviour in trials of these last two

provenances gave the impression that Tanzanian provenan-

ces were of different genetic origin than the other African

provenances.

The genetic cluster including Laos, Ghana and Indonesia is

represented by provenances from Savannakhet I, Savannakhet

II, Vientiane Town, Jema, SG01, SG03, SG04, Ngliron

Ngliron, Bangsri Pati, Temandsang, Nanas Blora, Beran and

Lembaga. An analysis of the literature on comparative

provenance trials (Kaosa-ard 1999; Kjaer and Lauridsen

1996; Kjaer et al. 1996; Pedersen et al. 2007) showed that

the provenances from Ghana (Jema, SG01, SG03, SG04)

had a bad stem form and axis persistence in the international

trials in Ghana (Vigneron, personal communication), Puerto

Rico and Brazil. The Indonesian provenances had bad stem

form and axis persistence in seven international trials. The

provenances from Indonesia which had the worst stem form

are the provenances from Ngliron Ngliron, Temandsang and

Nanas Blora. The provenance from Bangsri Pati may have

an average or a good stem form. The provenances from

Savannakhet I, Savannakhet II and Vientiane Town had a

bad tree shape in trials in Ghana and Brazil (Kjaer et al.

1995). It is important to note that the Laotian provenances

analysed in this study were divided into the two genetic

clusters defined by Fofana et al. (2009). The provenances in

the cluster from Central Laos (Savannakhet I, Savannakhet

II, Vientiane Town) had a bad stem form, in contrast to the

provenances from Laos (Pakse and Pak Lai) allocated to the

Thailand cluster which had a better stem form, but which

also varied. The genetic cluster including Laos, Ghana, and

Indonesia is also linked with the bad general shape of teak

trees. Some provenances in this cluster were able to diversify

under the effect of anthropological pressure or natural

selection resulting in populations with a better general tree

shape.

To close this analysis of international trials, it is worth

noting that the provenances from Ban Cham Pui, Pak Lay,

Ban Pha Lai, Mae Huat, Ban Mae Pam, Ban Maekut and

Ban Huey that were the straightest, are part of the genetic

cluster in Thailand defined by Fofana et al. (2009).

The technological properties of teak should also be

analysed because it has been shown that the quality of

wood varies with the provenance. In Madhya Pradesh, the

timber is golden yellow and the heartwood blends into the

sapwood (Bedell 1989). Perfect wood from African

plantations (Togo, Benin, Côte d’Ivoire and Nigeria) is

golden yellow to yellow-brown (Dupuy and Verhaegen

1993).

Population genetic parameters

It should be noted that the genetic parameters of both

clusters from South India and Africa associated with North

India displayed the strongest diversity and their genetic

parameters were similar with respect to a number of alleles

of 11.5 and 11.2, a corrected allelic richness of 11.3 and

10.3 and an expected heterozygosity of 0.76 and 0.65. The

genetic diversity found in Benin, Cameroon, Côte d’Ivoire,

Tanzania, Togo and Senegal remained high and corre-

sponded well to the genetic diversity of the natural range in

North India. On the other hand, the cluster comprising

Indonesia, Ghana and Central Laos presented a number of

alleles, a corrected allelic richness, and an expected

heterozygosity lower and closer to the cluster from Thai-

land. Fofana et al. (2009) showed that genetic diversity in
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Central Laos is very low (Na=3.8, R=3.06 and He=0.22)

compared with South India where genetic diversity is

maximum (Na=11.5, R=6.63 and He=0.76). These char-

acteristics are of major importance for any programme for

the conservation and (or) genetic improvement of the

species. The in situ conservation of teak germplasm is

discussed in the paper of Fofana et al. (2009). For genetic

improvement programmes, the genetic admixture of various

genetic clusters should at best help investigate the genetic

variability of teak in order to benefit from different teak

traits: e.g., the stem form, growth, technological wood

properties and pest resistances of ex situ germplasm.

Conclusions

In this study on teak, the methods used were found to be

very effective and it was surprising to note that more

than one century after the introduction and extension of

teak in Africa and several regions in Indonesia, and after

a lot of intercontinental seed exchanges and several

generations, it was still feasible to find the origin of

introduced teak populations in Africa and Indonesia. It

should be noted that the African populations corre-

sponded perfectly with the Purunakote population, which

is rather close to Calcutta; they were thus combined in

order to constitute a reference genetic base of the four

genetic clusters. These methods could now be used to

test other as yet unknown teak provenances or to

compare other countries in which teak was introduced.

It is however still necessary to complete our data with

provenances from Myanmar and also to increase the

number of populations in North India to consolidate our

reference data base.
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