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ABSTRACT
Allozyrne diversity was evaluated for two Tanzanian and two Nicaraguan landraces of teak (Tectotzn grandis
[L.]) and compared to the variation of four stands from within the natural distribution area as reference.
Historical records suzgest that the genetic processes involved in introductions may have been very different in
Tanzania and Nicaragua. Speculations are that the genetic variation in the Tanzanian landraces has been
enhanced following provenance hybridization, whereas the diversity in the Nicaraguan landraces may have been
reduced because of bottlenecks. The allozyme diversity was found to be lower in the two Nicaraguan
populations than in two Tanzanian, supporting these speculations. However, the differences between four naturai
populations surveyed for comparison were also large.
allozymes, genetic diversity, landraces
Key words: teak, Tector~agrn~~rlis,

INTRODUCTION
Tectona gratdis (L.) is a tropical tree species with a
large natural distribution in South and South East Asia
(KAOSA-AIID198 1). It has a long history as a plantation
species due to its valuable timber, and has been introduced successfully as an exotic species to many parts of
the tropical world (reviewed by WHITE 1991). Today it
is considered to be one of the most promising plantation
species in the tropics and tree improvement thus prornises lo be very profitably ( K J ~ E &
R FOSTER 1995).
T h e genetic origin of the stands found outside the
natural distribution area is largely unknown. as historical records mostly are inadequate. However, in the case
of introductions to Tanzania and Central America, some
knowledge is available. Teak was introduced to Tanzania at the beginning of this ccntury from several genetic
distant populations (moist, south western part of India
("Nilambur"), hfyanmar (formerly Burnla) and/or Java
(KEIDING1989; WOOD 1967). Most introductions to
Nicaragua came from other central American countries
(Panama. Honduras, Trinidad and Guatemala) where
teak was introduced earlier (WADSWORTH
1960, here
after KEOGH 1980). Historical records suggest, that
many of thesc Central American landraces have passed
through very small population sizes as seeds have bccn
collected on a low numbcr of trees ( r e v i c \ d by KEOGH
1980). The available records thus suzgest distinct
diffcrcnccs b c t ~ \ c c nthe introduction history to Tanzania and N i c a r a g u a . ~The landraces in Tanzania may bc
based on genetic material of variable origin and subsequent provenance hybridisation, opposite to the land0 ARROIIA P U B L I S H E R S

races in Nicaragua that may be based on seed sources
with reduced genztic variation.
The purpose of this article is to estimate the allozyme variation in four landraces of Tectoiza grarldis
(L.), two from Tanzania and two from Nicaragua, and
compare it to the allozyme level found in four seed
sources from within the natural distribution area of teak
as reference. T h e examined landraces are major seed
sources used in afforestation of teak in Tanzania and
Nigaragua, respecti~ely.Our main effort in this study is
to look for empirical evidence pro or contra the speculations that the genetic variation of the Tanzanian landraces have been enh2nced follnnin,n prmrenance hybridization, whereas the genetic variation in Nicaraguan
landraces may have bzen reduced because of bottlenecks.

hlATERIAL A S D XIETHODS
Samples
Seeds from eight stands were included in this study
(Table I ) , four landraces and four samples from natural
populations. The stand at Tecal-El Rececreo (Nic-I)
originates from an older stands in the area, which in
turn can be traced back to a small seedlot collected
from a few trees in a botanical garden in Sri Lanka.
Amalia-Chinandega (Nic-3) is founded on seed imported from a stand in Gunteninla of unknown origin
(Personal information from Hans Roulund, Centro d c
Mejoramiento Genetico y Banco de Semillas Foustales,
Nicaragua). Mtibwa (Tanz-I) is based on a seed
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Table 1 Origin of the populations used in this study

Population

Country

Thai-I
Thai-2
Laos
India
Nic-1
Nic-2
Tanz-1
Tanz-2

Thailand
Thailand
Laos
India
Nicaragua
Nicaragua
Tanzania
Tanzania

Latitude

Longitude

Rainfall
[mm.y-'1

Ban Cham Pui, Lampang
Mae Haut, Lampang
Khong Island
Sadiuaval, Tamil Nadu
Recal, El Recreo
Amalia, Chinandega
Mtibwa, Morogoro
Kihuwi, Tanga

collection in 1961 in an older Tanzanian stand at
Bigwa. This stand was founded in 1898-1906 based on
imports from India or Java. Kihuwi (Tanz-2) is probably first generation planted in Tanzania, probably of
Indian or Java origin (based on information from The
National Tree Seed Project, Tanzania, and WOOD
1967). Four populations from the natural distribution
area (Thai-], Thai-2, Laos and India) are examples of
natural populations. They do not represent the full range
of the natural distribution area. They serve the purpose
of providing estimates of genetic variation in natural
teak populations so that the variation in the landraces
can be compared to a sample of natural populations.
In each stand the seeds were collected from the
ground in an area sufficiently large to cover a large
number of individuals. Approximately 1 kg of seed
were provided from each seed source. This is a sufficient quantity to allow a good representation of the
populations. Still, effects of sampling properties can not
be out-ruled if different individuals are the prevailing
gamete donors in different crop years.
The seeds were stored at 5 "C in sealed plastic bags
until germination. They were germinated after pretreatment (80 " C for 48 hours followed by 6 hours
soaking in water) at 34 "C with alternating 12 hours of
light and dark. Leaves were harvested when seedlings
were 5-10 cm of height. The leaf samples were stored
at +SO "C until analysis.
Electrophoresis

The seedlings were homogenizcd in extraction buffer
(No. 2, WENDELand WEEDEN (1989), which was
modificd by adding 3 niM Dithiothreitol (DTT)).
Allozyrne variation was resolved at nine loci:
glutamate-oxaloacctate (GOT, E.C. No. 2.6.1.I ) , 2 loci;
phosphoglucomutase (PGM, E.C. No. 2.7.5.1), 2 loci;
diaphorase (DIA, E.C. No. 1.6.99. I), 1 locus; glucose6-phosphate isomerase (GPI, E.C. No. 5.3.1.9), 1 locus;
triose-phoshate isomerase (TPI, E.C. No. 5.3.1. I), 2
loci, esterase (EST, E.C. No. 3.1.1-), 1 locus.

GOT and DIA were resolved by starch gel electrophoresis in a TRIS-EDTA-borate buffer, pH = 8.6
(type 7 of WENDEL& WEEDEN1989) at 500 V for 4.5
hours. PGM, GPI, TPI and EST were resolved by
cellulose acetate electrophoreses (HEBERT& BEATON
1989). Super 2-12@ applicator kit and Titan III@
cellulose acetate plates of Helena Industries were used
for applications and electrophoreses. PGhl was resolved
in Tris-glycine buffer, pH=8.5 (HEBERT& WEATON
1989). It was carried out at room temperature fcr 20
minutes at 450V. Separation of allozymes at the GPI,
TPI and EST loci was carried out in a Morpholinecitrate buffer (0.040M Citric acid adjusted to pH = 7.2
by N-(3-aminopropy1)-morpholine) for 25 minutes at
350V. PGM, GPI, TPI and EST allozymes were visualized according to the staining recipes of HEBERTand
BEATON(1989). GOT was stained with the recipe given
in MANCHENKO
(1994), method 1, and DIA according
to MANCHENKO
(1994) modified by adding additional
2 mg 2,6-dichlorophenol indophenol (DCIP) and 5 mg
NADPH per 50 ml staining solution. Cellulose acetate
electrophoresis in general gave the most clear bands
except for DIA which was resolved best by starch gel
electrophoresis. The two GOT loci were resolved well
by both techniques, but the best separation of the GOT
alleles were achieved by starch gel electrophoresis
because of longer movement. ULRA N D VERAPONG
(1995) accepted Mendelian segregation in Cot-l,
Cot-2, Din and Pgttz-l based on studies of half sib
families. No formal genetic analysis is a~.ailablefor the
rest of the loci included in the present study as these
loci were not polymorphic in the progenies incl~rdcdin
KJXR and VERAPONGS
study.
A larger number of isozymes was screened with
different buffers by both starch and cellulose acetate
elcctrophorcsis, but other isozyme loci n.ere excluded
due to lack of variation, poor resolution of the zymograms, or difficulties in interpretation of the zymograms. Alcohol dehydrogenase (ADH, E.C. No. 1.1.1.1)
and leucine aminopcptidase (LAP, E.C. No. 3.4.1 1 . 1 )
were excluded because the enzymes lost their activity

during storage at -80 'C within a few months generating too many missing observations. A total of 484
seedlings were analyzed.

RESULTS

Data analysis

Allele frequencies, Wright's fixation index (F,), tests
for Hardy-Weinberg proportions, and sample sizes are
presented in Table 2. Most of the loci showed little
variation except Got-1 where the Tanzanian and the
Indian populations were quite variable. Significant
deviations from Hardy-Weinberg proportions were
found for Thai-1, Laos. Tanz-1, Tanz-2 and India at
the Got1 locus. Howeber, the deviations were not
significant for Laos and Tanz-2 on a table-wide level of
significance of 5% (test not shown). The deviation from
Hardy-Weinberg proportions correspond to a positive
F-value in the case of Tanz-2 and Thai-1, i.e., surplus
of homozygotes. For the Indian population the significant deviation from Hardy \;lreinbcrg proportions was
caused by a surplus of heterozygotes compared to the
expectations under Hardy Weinberg proportions (a
negative F-value).

Allele frequencies were calculated for each population
at each locus. Genetic diversity was measured as the
expected degree of heterozygosity H,,the average
number of alleles per locus, and the fraction of polymorphic loci (subject to a 9 9 % criterion).
Genotypic distributions were compared to the
expected Hardy-Weinberg proportions. Deviations from
Hardy-Weinberg expectations were tested by GUO and
THOMPSON'S(1992) Monte Carlo permutation test.
Based on 17,000 permutations per test, the probabilities
of significance were calculated as the frequency of
deviations from Hardy-Weinberg proportions in the
permutated data equal to or more extreme than the
observed. "Table-wide" levels of significance according
to the sequential Bonferroni technique (HOLM 1979;
RICE 1989) were applied in multiple comparisons.
Following HOLM(1979), the tests were ranked according to their P values. The test corresponding to the
smallest P value ( P I ) was declared significant on a
i.e. t7P1<
"table-wide" significance level a if P, < dn,
a; \vhere n is the number of tests. The second smallest
P value (P,) was declared significant if P, < d ( n - I ) ,
i.e.. (PI-1)P, < a, and so on.
T h e relationship between the populations was
analyzed and quantified by constructing a maximumlikelihood tree. Since some of the populations presumably ha\,e been through bottlenecks we have chosen to
anal)-ze the relationship among them with the
masimum-likelihood procedure of FELSENSTEIN
(198 1,
1993). This procedure assumes that genetic drift is the
cause of the differentiation and does not assume a
constant population size over time, which is assumed by
the commonly used UPGMA method (NEI 1987).
T h e distribution of genetic variation within and
between populations was analyzed with Wright's Fstatistics. Four of the examined populations in this study
are artificial composites. F-statistics were therefore
calculated for both for the four populations from the
natural distrbution area (Thai-], Thai-2, Laos and
India) alone, and for the full data. Fs, based on all
populations should only be seen as an empcrical measure of the distribution of variance within and bctwcen
population. C;tl~ulations follow thc procedures de(1984). Unbiased
scribed by L ~ E I I Iand COCKER!-IA~I
estimates \\.ere used. The standard deviation of the
estimates \vere calculated by jackknifing over the
populations.
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Genetic variation at single loci

Genetic diversity
The measures of genetic d~versityare presented in
Table 3. The average H,at the nine loci varies between
0.02 (Thai-1) to 0.1 1 (India). There seems tu be a
geographic pattern: The Thai and Laos populations
have the lowest degree of genetic diversity (0.02, 0.05
and 0.03), the landraces from Nicaragua a little higher
(0.05 and 0.08), Tanzanian higher (0.08, 0.10) and the
population from India the highest among the investigated populations (0.1 1). The average number of alleles
per locus (N,)and the fraction of polymorphic loci
P(99%) gave a slightly different picture with highest
diversity in the Tanzanian populations. The differences
between the populations in hrAand P(9947c) were
smaller than the differences in H,.
Population structure
The relation between the populations are illustrated with
a maximum-likelihood tree (Figure 1). A geographical
pattern seems to be recognized from Figure 1 . The two
landraces from Tanzania cluster together as d o the two
populations from Thailand. The two Nicaraguan landraces seem to be less similar. Nic-2 being close to the
Thai-populations, Nic-I being more unique. The high
frcqucncy of the 85-allele at Got-1 in Nic-1 (Table 2)
places this population closer to the Indian, and indicates
that this population hardly orisinates from the two Thai
population included in this study (although it is still
possible that Nic-l still may origin from other 'Thai
populations). The 1 10-allele in Pgm-2 only appears in
the Indian population also indicating that none of the
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Table 2 Allele frequencies, Wright's fixation index (I;'), test for deviation from Hardy-Weinberg proportions (P<0.05
corresponds to significant deviations) based on GUO& T I ~ O ~ ~ P S O(1992)
N ' S Monte Carlo permutation test, and sample
size (N)

Population
Locus

Allele

Laos

India

Din

Got- J

Got-2

Gp i

Tpi-1

Tp-2

Est

landraces hardly descent directly from this population.
Of course, the four samples from the natural distribution
area (Thai-1, Thai-2, Laos and India) cannot be be

used to infer on the actual origin o f the land races,
because they only represent a small fraction of the full
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Table 2 (corztirz~~ed)

Population
Locus

Allele
Thai-1
110
100
F
P
iv

I10
100
90

F
P
N

0.00
1 .OO
-

43
0.00
1 .OO
0.00

Thai-2
0.03
0.97
-0.03
I .000
51
0.00
1 .OO
0.00

Laos
0.00
1 .00
-

20
0.00
1 .OO
0.00

-

-

-

43

51

20

-

-

Nic-2

Nic-l

0.00
1 .OO
21

0.00
1 .OO
0.00
21

Table 3 Genetic diversity. Expected heterozygosity (H,), number of alleles

India

0.1 1
0.89
-0.12
1.000
55
0.00
0.99
0.01
-0.01
1.000
55

(I%),and fraction of polymorphic loci (99%)

Population
Locus

Allele
Laos

India

nia
GOI-I

GO[-2
Gpi

Tni- I
Tpi-2

Es I
Pglll-I
Pglll-2

Mean

Relative
to Indla

distribution of tcak. Studics covcring the full genetic
\,ariation are needed for that purpose.
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Wright's F-statistics supports the apparent large
population differentiation. The niultilocus F,, based on
the four natural populations was found to be 0.27 (with
standard error of 0.141). The estimated multilncus F,s
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Table 4 Estimated frequency of silent allele ( p ) at Got-2, test for deviation from expected phenotjpic distribution under
the assumption of random mating subject to (i) existence (G i+,,renn), and (ii) non-existence of the silent allele (G .,,,,,,,,)

0.00
0.24
0.12
0.10
0.12
0.04
0.00

India
Tanz-2
Thai- 1
Laos
Tanz- l
Nic-1
Nic-2
Thai-:!

0.00

28.0
12.8
4.2

3.1
3.1

2.8
0.1
0.4

Laos
India
Tanz-1
Figure 1Phylogenetic maximum likelihood tree. The tree is
unrooted. Branch lengths indicate the expected accumulated
variance due to drift. Angles between branches are arbitrary.

was low, -0.026, but determined with a large standard
error, 0.103. T h e multilocus F,, based on all popula
tions, i.e, both landraces and natural populations, was
found to be 0.125 with a standard error of 0.030. The
multilocus F , for this mixture of populations is 0.101
with and standard error of 0.063, i.e., not significantly
different from zero.

DISCUSSION
Deviation f r o m Hardy-\\'einberg p r o p o r t i o n s

Thrcc of the exatnincd populations were found to
dcviate significantly from Hardy-Weinberg proportions
at the Got-1 locus. Two of the populations deviated duc
to surplus of homozygotes (positive F-valuc), onc due
to dcficit of homozygotes (negative F-value). Deviation
from random mating such as selfing or close-ncighbour
mating will rcsult in positive I;-values. It can also be a
result of seed contamination, i.e., if the examined population actually are mixed from two or more separate
population (Wahlund effect), large sampling units that
actually covers more than one panmictic unit, and theoretically - natural selection at the locus.

Another explanation can be thc presence of a silent
allele at the Got-1 locus, which is supported by otle
observation of such an apparent homozygote (missing
band) in o m population, Tanz-1 (stained normally at
the Got-2 locus). If a silent allcle is present, Gut neglected in the calculations, this will result in a positive
F-value even in the presence of random mating (BROWN
1979). The presence of a silent allele was examined
further by assuming its existence, and estimating the
expected frequency from the phenotypic distribution
assuming random mating. Maximum likelihood estimates were obtained by so-called "gene counting",
calculations follow ~ S T E R G A R Det 01. (1985). The
estimated allele frequencies calculated this way are
high, up to 0.24 for Tanz-2 (0.12 for Thai-1, 0.12 for
Tanz-1, 0.10 for Laos, 0.04 for Nic-1, and 0.00 for
India, Thai-2, Nic-2). The deviations between the
expected and observed phenotypic distributict.., r e .
mained significant in India and Tanz-2 even whcn a
silent allele were assumed to be present in these
frequences. W e do not considcr such high frequencies
to be very likely. We therefore reject the hypcthesis that
the positive F-values are generated merely by silent
alleles.
Two recent studies of teak have shown that teak is a
mainly outcrossing species. KERTADIKARAand PRAT
(1995) found a high outcrossing ratc (t,,, = 0.98) based
on a sample from India, and KJER and VERAPOSG
(1995) found similar high outcrossing rate (t,,,= 0.95) in
a Thai population. This small amount of selfing corrcsponds to an equilibrium F-value of F = d(2-s) =
0.01-0.05 (HARTL&CLARK1989, p , 262). Selfin,n can
thcreforc not explain thc high F-values found in this
study, if we assume that the breeding system of the
investigated populations do not differ significantly from
the populations studied by KERTADIKARA
and PRAT
(1995) and I C I E R and VERAPONG(1995). Vari~ttion
between teak populations in mating parametcss is of'
course a possibility, as this is known liom other spccics
(KARRON1992). T h e highly significant surplus o f
heterozygotes in thc Indian population is morc puzzling.
TC

Maybc the ncgative F-value is due to pollen-flow froni
a genctic distant population into the examined stand.
This will generate a surplus of heterozygotes depending
on the differences in allele frequencies in pollen and the
mother population (JONGet al. 1994).

Nicaraguan populations may hnve been reduced during
introduction, if the starting point has been a level of
diversity comparable to the Indian. However, bearing in
mind the differences in diversity between the natural
populations, we can not exclude the possibility that the
observed differences between Nicaraguan and TanzaGenetic Diversity
nian landraces are merely founder effects.
The general level of allozyme diversity in this study
Differences in genetic diversity measured as average
is low compared to the diversity found in the comparaexpected heterozygosity was found in this study. The
ble study by KERTADIKARA
and PRAT (1995). Espemain differences were found between the three populacially, the very low diversity in the ThaiLaothian
tions from the Laos-Thailand part of the natural distripopulations were not observed in their study. Kertabution area on the one hand and the population from
dikara used polyacrylamide gel electrophoresis
India on the other. The Thai-Laos populations had only
(KERTADIKARA
1992), but we used a combination of
1 8 4 2 % of the expected heterozygosity found in the
starch and cellolose acetate gel electrophoresis. It
Indian population. Similar low diversity of a Thai
would seem that the former technique gives the best
population compared to populations from India was
resolution in the case of teak, as several of the loci
found by KJER, SIEGISMUNDand VERAPONG(1996).
found polymorphic by Kertadikara appeared mono& PRAT(1995) also relativ high heteroKERTADIKARA
morphic when studied on both starch and cellulose
zygosity in Indian populations, but the differences
acetate. The developmental stage were almost the same
found in their study were much smaller. Also, the
in the two studies, although Kertadikara used seedlings
general level of diversity in their study was much
that were a little older.
higher. The origin of the apparently relatively lower
The multilocus F,, based on the four natural populadiversity of the Thai-Laos populations compared to the
tions only, was found to be high, 0.2 1 , and 0.13 based
Indian populations found in the present study is not
on all populations. This is in good concordance with
known. The Indian and Thai parts of the natural distriresults of KERT.-\DIKARA8( PR.-\T(1995), who found a
bution area are geographically separated and probably
FsT value of 0.12 based on 8-9 teak populations includhave been s o for thousands of years (KERTADIKARA ing both natural populations and landraces. These F,,
1992). Distinct morphological characteristics between
values are relative high for tree species in general
and ZHENG (HAMRICK& GODT 1989), although not unusual for
populations froni the two areas (BINGCHAO
1986) support the theory that they havc a genetically
tropical tree species (LOVELESS1992; HAMRICK1994).
distant relationship. Thai and Laos provenances are well
adapted to their natural habitats. World wide transplantACKNOWLEDGEMENTS
ing experiments have shown, however, that Thai- and
h'e thank Mrs. Kirstcn R. Sorensen, Bente Rasmussen, and
especially Laos-provenances generally perform poorly
lcleretc Linnet for excellent assistance ~viththe laboratory
compared to Indian provenances when used outside the
work. The staffs at Centro de Mejoramiento Genetico y Banco
et
al.
1995,
Figure
63,
natural distribution areas (KJER
de Semillas Forestales, Nicaragua, The National Tree Seed
71 and 72). Whether this has any connection to the
Project, Tanzania, The Teak Improvement Centre, Thailand,
general l e ~ e lof genetic diversity remains an open
Institute of Forest Genetics and Tree Breeding, Coimbaiore,
question that cannot be ansu,ered by the present study.
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