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Abstract

Tamarindus indica L. (tamarind) is a tropical tree species widely managed for fruit and
other exported products in countries like India and Thailand. In Africa tamarind was
earmarked for livelihood diversification however, conservation strategies,
products/markets were not yet developed moreover, unsustainable utilisation and
habitat losses has led to its populations and expectedly genetic resources erosion.
Additionally, because tamarind population structure was not yet well defined even
globally, knowledge on genetic structure requisite to classify the extent and nature of
genetic erosion and thus conservation needs/strategies for its populations was lacking.
The objective of our study was to generate knowledge on tamarind populations genetic
structure which we hypothesised was influenced by habitats, latitudes and isolation by
distance. We studied polymerase chain reaction—restriction fragment lengths
polymorphisms (PCR-RFLP) in the slow evolving, organelle genomes of 311 tamarind
sampled on-farm, woodland and riverbanks in island-mainland, higher-lower latitudes of
nine geographic regions. Analysis revealed significant among geographic regions
mitochondria genetic structure (ST = 0.64) but only one of its 6 haplotypes was global
(overall frequency, 59.6%), one restricted to Kenya, Tanzania, Mexico (overall
frequency, 12.8%) and the rest endemic to Kenya (2), Indonesia (1) and Thailand (1).
The chloroplast was conserved (®ST < 0.02), only one of its 16 haplotypes was global
(overall frequency of 94%), 14 were rare endemics of East Africa and one restricted to
Kenya-Indonesia (overall frequency<1%). Cytotypes genetic structure was significant
(®ST = 0.49) but with 51% variability within geographic populations and only one of the
identified 20 was global (overall frequency, 51.89%), one was restricted to Burkinafaso,
Indonesia, another one to Kenya, Tanzania, Mexico while the rest were endemic to
East Africa and one in Thailand. Clearly, geographic population specific conservation
strategies are needed for tamarind and the East African populations are worthy

conservation priority as centre of diversity.
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INTRODUCTION

Tamarind is a multipurpose, diploid (2n=24), hermaphrodite, out crossing tree of
Fabaceae subfamily Caesalpiniaceae, Amherstiaeae tribe mono species genus
Tamarindus (Nagarajan et al., 1998;Polhill and Raven 1981 in Diallo et al., 2007). lIts
fruit, wood and other products, shade and soil fertility enhancement services are utilized
worldwide and exported in countries like India and Thailand (Yoneyama et al., 1993;
Gunasena and Hughes, 2000; Nyadoi, 2005; Elsidig et al., 2006). In Africa, because of
past low priority and research attention, no conservation strategies were yet in place for
tamarind, its populations and expectedly genetic resources were declining under
unsustainable utilisation and habitats loss (FAO, 2004; Nyadoi, 2005). Additionally
because tamarind population structure was not yet fully defined; knowledge on genetic
structure required to determine the nature and extent of genetic erosion in its

populations and consequently their conservation needs and strategies was lacking.



Random amplified polymorphic DNA (RAPD) studies on tamarind in the recent past
revealed high genetic diversity in East Africa populations with close relationship to
Indian populations. However because of the shortcoming associated with RAPDs
(Lowe et al., 2004) and also sampling limitations, specific conservation needs and
management strategies required to enable sustainability of tamarind populations even
within East Africa were not identified. In East Africa and in some other African
countries, farmers prioritised tamarind conservation/product development to support
livelihoods (FAO, 2004; Jama et al., 2005). Thus, there was need to generate detailed
knowledge on tamarind populations genetic structure to guide identification of
conservation needs and strategies required to enable sustainability of its populations for
livelihood benefits. Therefore the objective of our study was to generate knowledge on
tamarind populations’ genetic structure. We hypothesized genetic structure in tamarind
was influenced by habitats, latitudes and isolation by distance and investigated this
using neutral genetic markers in the slow evolving recombination independent organelle
(chloroplast and mitochondria) genome. The organelle genome based genetic markers
instead of the highly evolving nuclear genome, in order to enable the long term

evolutionary dynamics of tamarind genetic resources.

MATERIALS AND METHODS

Study area

To enable comparative genetic evolution assessment in postulated native, introduced
and diverse environment populations; East -West Africa, South-South East Asia and
Central America representing the geographic regions of postulated origin and
introduced populations of tamarind worldwide were included as study sites (Figure 1).
The samples were collected from islands (Sri Lanka, Indonesia, Lamu, Zanzibar) and
mainland (Uganda, Tanzania, Kenya, Sahel Africa, Thailand and Mexico) on-farm,
woodland and riverbank habitats in higher latitudes in the North above equator and
lower latitudes in the South below equator. Within East Africa, diverse environments
were included- climatic zones (areas with temperature range of 20 to 29 °C, rainfall of
less than 500 mm in semi arid—arid Kenya to about 2000 mm per annum in Tanzania
and Uganda), vegetation types-Zanzibar Inhambane (Mombasa, Kilifi, Malindi, Lamu
and Tanzania's Zanzibar), Somalia Masaai (Kitui, Tharaka, Baringo, Pokot and
Samburu districts in Kenya), Lake Victoria regional, Sudanian and Guineo-Congolia
(Gulu, Nebbi and Arua in Uganda) and the Zambesia Phytocoria in Tanzania (White,
1983) and position in the West and Eastern junctions of the Rift Valley. The diverse
environments-sites from which tamarind were sampled n East Africa is shown
elsewhere (Nyadoi et al., 2010). The sample size (number of tamarind trees) from
which leaf and or seeds were collected from each of the studied sites are shown in

table 1 below.

= gk ofar

Russia
Canata

United_ States
. o America
e Ocear

Australa

Figure 1. Global populations of tamarind sampled for genetic structure studies

Table 1. Number of tamarind trees from which leaf samples were collected in Africa,

Asia and Central America

Study site Number of tamarind Seeds Latitudes
from which leaf were
sampled
Uganda 61 0-30°C North
Tanzania 58 0-30°C South
Kenya 91 28 seeds from 2 trees  0-30°C South- 0-30°C
North

Niger/Burkina 8 0-30°C North



Indonesia 20 0-30°C North

Thailand 11 0-30°C North

Sri Lanka 40 0-30°C North

Mexico 20 seeds from fruits in ~ 0-30°C North
supermarkets

Sampling strategy

Tamarind was sampled on-farm (on-farm here refers to farmlands, compounds of
homes, administrative offices, community centres, schools, churches, mosques, trading
centres and markets) and in wild habitats (riverbanks and woodlands). In each habitat,
the first encountered tamarind was sampled and subsequent ones sampled at random
systematic intervals = 500 meters apart and <100 m apart where tamarind were found
growing in pure stand. Where no tamarind was found at a given 500m interval, the next
tamarind encountered would become the next sample regardless of distance.
Environment and geographic information systems (GIS) data; latitudes, longitudes,
altitudes coordinates were recorded using geographic position systems equipment
(GPS model Garmin 3A, Garmin International, Inc. 1200 E. 151st Street, Olathe, KS
66062-3426, Kansas City metro area), the habitat, country, mainland or island status
was recorded on site and the mean annual temperature and rainfall obtained from the
GIS unit of World Agroforestry Centre-the International Centre for Research in
Agroforestry (ICRAF), Nairobi Kenya.

In East Africa, healthy leaves were collected from sampled tamarind, the leaves were
cleaned using clean cotton wool with distilled water and ethanol, and then packed in air
tight plastic bags with silica gels. Mature tamarind fruit were also collected from two
trees in Kenya and packed in airtight plastic bags but without silica gels. The leaf and
fruit samples were transported to ICRAF and kept in storage for two months, in a
refrigerator maintained at -20°C. The leaf and fruit samples were then taken to Austria
Research Centres Platform for Integrated Plant Clone Management Unit-PICME (ARC)
where they were stored at 4°C until DNA extraction and analysis. Leaf from the other
countries were sampled by experts and sent to ARC lab. Niger/Burkinafaso samples

were clones at ICRAF Sahel gene bank.

DNA extraction and PCR

Prior to DNA extraction, seeds were removed from fruits, pre-treated (washed with
miliqgue water and then incubated for some minutes in a water bath at 70°C) to break
dormancy. The seeds were then placed in moistened paper towels in Petri dishes and
incubated in 25 °C germination chamber to germinate. Seeds germinated within 2
weeks to 2 months. The seeds’ embryos were extracted, placed in micro centrifuge
tubes, frozen in liquid nitrogen for few seconds and stored at -20 °C until DNA
extraction. Extraction of DNA was carried out on 25-30 mg of leaf material and from
each embryo in 2 ml microcentrifuge tubes following QIAGEN DNeasy plant minikit and
extraction protocol (DNeasy Plant Kit Qiagen 2006) with slight modifications. Two ball
bearings were added to each leaflembryo in the centrifuge and frozen in liquid nitrogen
for a few seconds before grinding in a Retsch mill (Retsch GmbH, Rheinischestrae 36,
42781 Haan, Germany) at 30 revolution cycles per second for 5 minutes. 400 pl buffer
AP1 (lysis buffer) and 4 pl RNase were added to ground leaf/embryo material, vortexed
to mix and incubated for 20-30 minutes at 65°C (instead of 10 minutes as per Quiagen
protocol) to enable cell wall break down. 100 pl of TRIS pH8-low salt buffer (instead of
AE buffer from QIAGEN) was used to elute DNA (this modification was from experience
of PICME Lab group that buffer AE interferes with PCR amplifications). The DNA elutes
were stored at 4°C until quantity and quality tests. DNA were quantified using Nanodrop
spectrophotometer according to manufacturers protocol (Nanodrop ND 1000, Rockland
USA), verified for quality using 1% agarose gel electrophoresis in 1XTBE buffer run at
100V for 60 minutes and visualised using ethidium bromide stained gels on a UV light
image documentation system (ASA, 3000). After genomic DNA quantity and quality
verification, DNA quality for all samples were further tested for PCR amplification with
18s specific primer; The PCR master mix preparation included 20Nm dNTP, 4Mm
primer, 50ng/pl DNA, 0.5 unit DNA polymerase (HOT START, QIAGEN), 1x PCR buffer
(50 Mm KCL, 10 Mm Tris.CL and 1.5 mM MgCI2). The PCR amplification was carried
out in a 25 pl reaction volume. The PCR involved hot start at 96°C for 15', 96°C for one
min and 50-65 °C (depending on the primer combination) for 1 min, and finally at 72 °C
for 1 min and a final extension at 72°C for 10 min. All reactions were performed in PCR
Biometra thermocyclers (Hoffmann-La Roche Ltd, USA). The reaction cycles were
repeated 35 times. The amplicons were kept at 4 °C or for longer time at -20°C until

further analysis. Verification of 18s amplicons was done using 1% agarose gel



electrophoresis. DNA extraction and quality tests were repeated for samples that did
not amplify or those that had faint amplifications. SHAPE \* MERGEFORMAT
Mitochondrial and chloroplast specific primers were then tested for amplification and
polymorphism in tamarind (appendix 1). The PCR master mix was prepared as for 18s
ribosomal locus but with appropriate components’ units as per each primer
combination. Out of thirty five primers tested, only six; trnG, psbA and rplf2 genes found
in the large single copy region of the chloroplast genome (McCoy et al., 2008) and

Mitochondria Cox 11 loci amplified well.

Restriction digestion of PCR products

A pre-test of PCR amplicons was performed using 12 restriction enzymes; Alul,
BamH1, Cfol, ECoR1, Haelll, Hind 111, Hinfl, HPA11, Mnl1, Sau3A1, Xhol and Taq
according to manufacturers’ protocol (NEW ENGLAND Biolabs Inc, USA). Digestions
were carried out in 20 ul reaction volumes at 37°C and enzymes which generated

polymorphic restriction products for each primer combination were selected (Table 2).

Table 2. Primers and restriction enzymes used for tamarind genetic diversity studies

Primers primer sequence Enzyme Plastid genome
Cox 11 F 5'-TAGRAACAGCTTCTACGACG-3' Alul Mitochondria
Cox 11 R 5-GRGTTTACTATGGTCAGTGC-3' Alul Mitochondria
Nad9 F 5-GGTCATCTCAATTGGGYTCAG-3' Mnl1l Mitochondria
Nad9 R 5-TATAGTTGGGAGACTTTACC-3' Mnl1 Mitochondria
Rpl2F 5'-ACCGATATGCCCTTAGGCACGGC-3' BFCU1 LSC chloroplast
TrnH-M5 R 5'-GTGAATCCACCAYGCGCGGG-3' BFCU1 LSC chloroplast
Rpl2F 5'-ACCGATATGCCCTTAGGCACGGC-3' Hinfl LSC chloroplast
TrnH-M5 R 5'-GTGAATCCACCAYGCGCGGG-3' Hinfl LSC chloroplast
Trng2 Il F 5-GTTTAGTGGTAAAAGTGTGATTCGTT- Hinfl LSC chloroplast
3
Trngl R (2) 5'-CCGCATCGTTAGCTTGGAAGGC-3' Hinfl LSC chloroplast
Trng2 Il F 5-GTTTAGTGGTAAAAGTGTGATTCGTT- BFCU1 LSC chloroplast
3
Trngl R (2) 5'-CCGCATCGTTAGCTTGGAAGGC-3' BFCU1 LSC chloroplast
PSB A3 (7) F 5-TACGTTCRTGCATAACTTCC-3' Hinfl LSC chloroplast
PSB5A (8) R 5'-CTAGCACTGAAAACCGTCTT-3' Hinfl LSC chloroplast

of polymorphic primers after restriction of their products, all 311 tamarind DNA were
subjected to PCR and restriction digest, their products were prepared and subjected to
electrophoresis in 8% non denaturing polyacrylamide gel (PAGE) and their visualisation

was done on silver staining (Csaikl et al., 2002).

PCR-RFLP data management

The restriction digest products were scored using a binary system of zero (0) for
absence, one (1) for presence of restriction fragments. The figures below show some of
the polymorphic restriction fragments obtained in the two investigated genomes for
tamarind.

Following
identification
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Genomic DNA of the tamarind from different PCR products (NAD9) of the tamarind from
populations different populations

f Marked with lines are some Rplf2 +
= Lii tmHM-3 with Mnll polymorphic
Marked with oval. circles. rectangles and lines are the Cox 11- restriction fragments scored for/used

Alu 1 polymorphic restriction fragments scored for and used to to generate haplotypes in the
generate haplotypes in the mitochondria genome of the chloroplast genome of tamarind from
tamarind populations

Each tamarind restriction digest product was scored for the 29 and 7 restriction
fragments generated from three chloroplast and one mitochondria loci respectively;
(trnG digested with Hinfl, rplf2 digested with Hinfl, BCU and psbA digested with Mnl1,
Hinfl) and Cox 11 digested with Alul. The binary data from all restriction fragments
were combined to generate haplotypes (a total of 6 for mitochondria and 16 for
chloroplast) from 7 and 29 restriction fragments respectively. The mitochondria and
chloroplast haplotype for each tamarind were combined to generate cytotypes and a

total of 20 different were identified.

Data analyses

Frequencies and percentages overall and within populations were calculated for each
of the identified six mitochondria haplotypes, 16 chloroplast haplotypes and 20
cytotypes. The calculations were performed in Microsoft Excel Computer Programme,
tabulated and described. The haplotypes and cytotypes data matrix were then
converted to Arlequin (Excoffier et al., 2005) and FAMD (Schlutter and Harris, 2006)
Genetic diversity analysis soft ware programe compatible file format. Analysis of
molecular variance (AMOVA) was then performed in both programmes to comparatively
define genetic structure in tamarind within and among ; (i) Geographic regions, (i)
mainland and islands, (jii) lower and higher latitudes of Equator (iv) wild (woodland and
riverbanks) and on-farm habitats. The two analytical soft ware programmes gave similar

results however only FAMD results are presented in the results section here.

RESULTS

Haplotypes and cytotypes found in tamarind mitochondria and chloroplast

genomes

From the 265 tamarind restriction digest products of Cox 11-Alul, six haplotypes were
identified and of these only one was widespread globally with an overall populations
frequency of 59.62% and 100% within Niger, Uganda and Sri Lanka (Table 3). One
haplotype was restricted to Kenya, Tanzania and Mexico (overall frequency of 12.83%).
The most common haplotype in Kenya was endemic (overall frequency, 26.03% and
81% within Kenya), the second Kenyan endemic was rare (overall frequency<1%).
Thailand and Indonesia had one rare (overall frequency <1%) haplotype each. From
212 tamarind that amplified well for the three chloroplast locus and were digested with
appropriate restriction enzymes; 29 restriction fragments and from them 16 haplotypes
were identified but only one of the 16 haplotypes was widespread globally (92.98% over
all populations and 100% within Mexico, Burkinafaso, Niger, Sri Lanka and Thailand

populations) (Table 4). One haplotype was restricted to Kenya and Indonesia (overall



frequency of <1%), four were endemic to Kenya, four in Uganda and six in Tanzania
(Table 4).

Upon combination of the chloroplast and mitochondria haplotypes of 212 tamarind that
amplified well in both genomes and were digested successfully with appropriate
restriction enzymes, 20 different cytotypes were found. Only one of the twenty
cytotypes was widespread globally (over all frequency of 51.89%) but rare in Kenya
(Table 5). One cytotype was restricted to Burkinafaso and Indonesia with an overall
frequency of 2.83% and the second restricted cytotype occurred in Kenya, Tanzania
and Mexico (overall frequency of 13.68%). The most common cytotype in Kenya was
endemic (overall frequency of 23.58% and 71% within Kenya (Table 5). Additional 5
cytotypes were endemic in Kenya, six in Tanzania, two in Uganda and two in Thailand.
Uganda, Burkinafaso and Indonesia had one rare (overall frequency <1%) restricted but
not well resolved cytotype. Because of incomplete resolution this cytotype was not

included in population structure analysis.

Table 3. Mitochondria haplotypes of tamarind in populations from different geographic

regions, habitats, mainlands, islands and latitudes in Africa, Asia and Central America

Haplotypes Frequencies

Populations A B C D E F TOTAL
Combined populations *158 34 69 1 2 1 265
ok (12.83)  (26.04) (0.38) (0.75) (0.38)  (100)
(59.62)
Geographic origin 16 0 0 0 2 0 18
Indonesia (88.89) (11.11) (100)
Kenya 1 14 69 1 0 0 85
(1.18)  (16.47)  (81.176) (1.18) (100)
Mexico 16 3 0 0 0 0 19
(84.21) (15.79) (100)
Niger 1 0 0 0 0 0 1
(100) (100)
Sri Lanka 28 0 0 0 0 0 28
(100) (100)
Tanzania 38 17 0 0 0 0 55
(69.09) (30.90) (100)
Thailand 10 0 0 0 0 1 11
(90.90) (9.10)  (100)
Uganda 48 0 0 0 0 0 48
(100) (100)
Habitats 92 23 51 1 2 0 169
On-farm (54.44) (13.61)  (30.18) (0.59) (1.18343) (100)
ICRAF 3 0 0 0 0 1 4
(75) (25) (100)
River 12 9 7(25) 0 0 0 28
(42.86) (32.14) (100)
Wood 51 2 11 0 0 0 64
(79.69) (3.125)  (17.19) (100)
Mainland-island 48 16 5 0 2 0 71
Island (67.61) (22.54)  (7.04) (2.82) (100)
Mainland 110 18 64 1 0 1 194
0.52)
(56.70) (9.28) (32.99) (0.52)  (100)
Latitudes 120 17 0 0 2 1 140



North (85.71) (12.14) (1.43) (0.71)  (100)

South 38 17 69 1(0.8) 0O 0 125
NB;
(30.4)  (13.6) (55.2) (100) A
F, haplotypes generated using two approaches, manually based on visual inspection of
restriction site polymorphisms and or based on excel computer programe soft ware
analysis of binary data scored restriction fragments identified in the mitochondria Cox
11 Alu 1 restriction digest of tamarind samples from populations. *Frequency of
haplotypes within or among populations, **() Percentage frequency of haplotypes within
or among populations.
Table 4. Chloroplast haplotypes of tamarind in different populations from different
geographic regions, habitats, mainlands, islands and latitudes in Africa, Asia and
Central America
Haplotypes frequencies
Populations A B C D E F G H 1 J K L M N (0] P TOTAL
Populations  *225 1 2 1 1 1 1 1 2 1 1 1 1 1 1 1 242
combined
*(92.98) (0.41) (0.83) (0.41) (0.41) (0.41) (0.41) (0.41) (0.83) (0.41) (0.41) (0.41) (0.41) (0.41) (0.41) (0.41) (100)
Geographic 17 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 18
origin
(94.44) (5.56) (100)
Indonesia
Kenya 76 1 1 0 0 0 0 0 0 1 1 1 0 0 0 0 81
(93.83) (1.23) (1.23) (1.23) (1.23) (1.23) (100)
Mexico 19(100) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 19
(100)
Burkinafaso 5(100) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5
(100)
Niger 3(100) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3
(100)
Sri Lanka 27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 27
(100) (100)
Tanzania 38 0 0 1 1 1 1 1 2 0 0 0 0 0 0 0 45
(84.44) (2.22) (2.22) (2.22) (2.22) (2.22) (4.44) (100)
Thailand 11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11
(100) (100)
Uganda 29 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 33
(87.88) (3.03) (3.03) (3.03) (3.03) (100)
Habitat 147 1 2 1 1 1 1 0 0 0 0 0 0 0 1 1 156
On-farm (94.23) (0.64) (1.28) (0.64) (0.64) (0.64) (0.64) (0.64) (0.64) (100)
ICRAF 11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 11
(100) (100)
River 21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 21
(100) (100)
Wood 46 0 0 0 0 0 0 1 2 1 1 1 1 1 0 0 54
(85.19) (1.85) (3.70) (0.64) (0.64) (0.64) (0.64) (0.64) (100)
Mainland- 64 0 1 1 1 1 0 1 0 0 0 0 0 0 0 0 69
island
(92.75362) (1.45) (1.45) (1.45) (1.45) (1.45) (100)
Island
Mainland 161 1 1 0 0 0 1 0 2 1 1 1 1 1 1 1 173
(0.58)
(93.06) (0.58) (0.58) (1.16) (0.58) (0.58) (0.58) (0.58) (0.58) (0.58) (0.58) (100)
Latitude 130 1 2 0 0 0 0 0 0 0 0 0 1 1 1 1 137

North (94.89) 0.73)  (1.46) 0.73) (0.73) (0.73) (0.73) (100)



South 95 0 0 1 1 1 1 1 2 1 1 1 0 0 0 0 105

(90.48) (0.95) (0.95) (0.95) (0.95) (0.95) (1.90) (0.95) (0.95) (0.95) (100)

NB: A — P, haplotypes generated using two approaches, manually based on visual
inspection of restriction site polymorphisms and or based on excel computer programe
soft ware analysis of binary data scored restriction fragments identified in the rplf2, trnG
and psbA chloroplast loci and Hinfl, BFCU1, Mnll restriction digest of tamarind
samples from populations. *Frequencies of haplotypes within and among populations

and **() Percentage frequency of haplotypes within or among populations.

Table 5. Cytotypes of tamarind in different geographic, habitats, mainlands, islands and

latitudinal populations in Africa, Asia and Central America

Cyto types frequencies

AA AX AB AC BC CcC CE DB EB FB GA HB 1A Jc LC MA NA AD AE
Populations
Combined 110* 6 29 50 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
populations
(51.89) (2.83) (13.68) (23.58) (0.47) (0.47) (0.47) (0.47) (0.47) (0.47) (0.47) (0.47) (0.47) (0.47) (0.47) (0.47) (0.47) (0.47) (0.4
x
Geographic 14 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1
origin
(82.35) (5.88) (5.88) (5.8
Indonesia
Kenya 1 0 14 50 1 1 0 0 0 0 0 0 0 1 1 0 0 1 0
(1.43) (20) (71.43) (1.43) (1.43) (1.43) (1.43) (1.43)
Mexico 16 0 3] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(84.21) (15.79)
Niger 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(100)
Burkina 1 5(100) O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(100)
SriLanka 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tanzania 20 0 12 0 0 0 0 1 1 1 1 1 2 0 0 0 0 0 0
(100) (26.67) (2.22) (2.22) (2.22) (2.22) (2.22) (4.49)
Thailand 26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(57.78)
Uganda 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0
(90.91) 4.17) (4.12)
Mainland- 22 1(1.79) 11 3 0 0 1 1 1 1 0 0 0 0 0 0 0 0 1
island
(91.67) (19.64) (5.36) 1.79) (1.79) (1.79) (1.79) @7
Island
Mainland 74 5 18 47 1 1 0 0 0 0 1 1 2 1 1 1 1 1 0
(47.44) (3.21) (11.54) (30.13) (0.64) (0.64) (0.64) (0.64) (1.28) (0.64) (0.64) (0.64) (0.64) (0.64)
Habitat 36 1 19 39 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1
On-farm (64.29) (0.73) (13.87) (28.47) (0.73) (0.73) (0.73) (0.73) (0.73) (0.73) (0.73) 0.73) (0.7
ICRAF 74 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(55.56)
(47.44)
River 9 0 9 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
(40.91) (40.91) (18.18)
Wood 69 0 12.27) 7 0 0 0 0 0 0 0 1 2 1 1 1 1 0 0
(2.27)
(50.36) (15.91) (2.27) (4.55) (2.27) (2.27) (2.273)

Latitude 3 6(5.17) 17 4 0 0 il 0 0 0 0 0 0 0 0 1 il 0 l,



North (33.33) (14.66) (3.45) (0.86)

South © 0 12 46 l 1 0 1 1

(40.91) (125) (47.92) (1.04) (1.04) (1.04) (1.04) (1.04)

NB; AA — AF, Cytotypes generated from the combination of tamarind individuals
mitochondrial and chloroplast haplotypes generated using two approaches, manually
based on visual inspection of restriction site polymorphisms and or based on excel
computer programe soft ware analysis of binary data scored restriction fragments
identified in the mitochondrial Cox 11 and Alu 1 digest and chloroplast rplf2, trnG and
psbA loci digest with Hinfl, BFCU1, Mnl1, *Frequency of cyto types within and among

populations and **() Percentage frequency of cyto types within or among populations.

Tamarind populations genetic structure based on haplotypes and cytotypes

Amount of genetic variation based on the Mitochondria genome of tamarind among
geographic regions was 63.63% and 36.36% within populations and the genetic
structure as revealed on AMOVA was strong (®ST = 0.64). A test of population
variation based on tamarind from latitudes higher North above equator and lower in the
South below the equator revealed 57.60% variability within populations and 42.39%
variation among populations with a differentiation index ®ST = 0.42 while, variability in
different habitats and mainland-island populations were higher within populations
(Table 6). There was no genetic structure in the chloroplast genome (Table 6). For
cytotypes, within geographic populations variability was 51%, similar pattern was in
higher-lower latitudes and no genetic structure occurred among habitats and mainland-

islands populations (Table 6).

Table 6. Tamarind genetic structure in populations from different geographic regions,

habitats, mainlands, islands and latitudes in Africa, Asia and Central America

(1.04) (1.04)

Genome Source of variation Geographic North- Mainland-
regions South Islands
of tamarind

Habitats

Mitochondria Among populations % 63.64 42.39 7.40
variation (Va)
Within populations % 36.36 57.60 92.60
variation (Vb)
PhiST (®ST) *0.64 *0.42 0.07

6.62

93.38

0.07

Chloroplast Among populations % 0.56 1.73 -0.52
variation (Va)
Within populations % 99.44 98.27 100.52
variation (Vb)
PhiST (®ST) 0.01 0.02 -0.01

1.58

98.42

0.002

Cyto types Among populations % 48.97 26.22 6.08
variation (Va)

(Mitochondria

and Chloroplast

genome
combined PhiST (®ST) *0.49 *0.26 0.08

Within populations % 51 73.78 93.92
variation (Vb)

7.88

92.12

0.08

The population differentiation index ®ST was computed as implemented in the AMOVA
framework in FAMD (Schluter et al., 2006) based on the frequencies of the different
mitochondria and chloroplast haplotypes and cyto types within and among the different
populations of tamarind. The cyto types were generated from the combination of
generated tamarind individuals’ mitochondrial and chloroplast haplotypes. The
haplotypes were generated using two approaches, manually based on visual inspection
of restriction site polymorphisms and or based on excel computer programe soft ware
analysis of binary data scored restriction fragments identified in the mitochondrial Cox
11 and Alu 1 digest and chloroplast rplf2, trnG and psbA loci digest with Hinfl, BFCU1,

Mnll1. * refers to significant ®ST values for populations.

Below is a map (Figure 2) and notes summaries on the six mitochondria haplotypes, 16

chloroplast haplotypes and 20 cytotypes found in tamarind populations globally.

(2.08) (1.04)

(1.04)

(0.86) (0.86)

0

0

(1.042)

0.8



Global common (59.62% over
all populations)

s O Restricted- Kenya, Zanzibar and
| Mexico (12.83% over all populations)

Endemic 81% within Kenya,
1.18% overall populations)
Endemic 1.18%within Kenya.

<1% overall populations

 Endemic 11.11% within Indonesia,
= 1% overall pepulations

& Endemic 9.10% within Thailand
1% overall populations

¥ Not fully resolved-Uganda,
Sahel. Indonesia restricted (<11%

Figure 2. Mitochondria haplotypes found in global populations of tamarind

Note — Not shown in the figure;

- One global chloroplast haplotype (92.98% overall frequency), one Kenya, Indonesia
restricted (1.23% overall), rare endemics (each<1% overall frequency)-Kenya (4),

Tanzania (6), Uganda (4) found in the populations.

- Twenty cytotypes, of which one was global (51.89% overall populations and 100% in
SriLanka, Niger), one restricted to Kenya, Tanzania, Mexico (13.68% overall) and the
rest rare endemics (overall frequency <1% each) in Thailand (1), Uganda (2), Indonesia

(3), Kenya (6, one of them 71.43% within Kenya) and 6 in Tanzania.

DISCUSSION

The goal of this study was to generate knowledge of genetic variation in tropical
populations of tamarind using the slow evolving organelle (chloroplast and
mitochondria) genome based neutral genetic markers. Analysis of molecular variance
based on the mitochondria genome revealed strong genetic differentiation among
geographic populations. Genetic structure for tamarind in higher latitudes North above
equator and lower latitudes in the South below equator was strong but only within
populations while, negligible genetic structuring is exhibited for island-mainland and
different habitat populations. The presence of a population structure suggests absence
of geneflow and potential for populations to drift apart and become distinct over a long
time (Hartl and Clarke, 1997). Observed population structure in the mitochondria
among geographic populations of tamarind therefore means potential for these
populations to drift apart and even become distinct if left in the current state over a long
time. Divergence among geographic regions has been found in many other
angiosperms (Demesure et al., 1996; Latta et al., 1998), the current finding in tamarind
thus provide additional evidence to entrench such diversity pattern in species.
Characteristically, the population structure causing mitochondria haplotypes were few,
rare and restricted mainly to East Africa while the other geographic regions were
composed largely of the single global haplotype or cytotype. In literature higher
diversity is characteristics of founder population/centre of origin of species (Muratorio-
Oddou et al.,, 2001). Therefore, the relatively higher diversity of tamarind genetic
resources (haplotypes and cytotypes) within East Africa suggests origin from the
region.

Among other factors, geographic barriers between islands and mainlands, North-South
latitudes and on-farm and wild habitats are in literature known to cause genetic
divergence, even speciation among species' populations (Hartl and Clarke, 1997;
Erikson, 2001; Frankham, 2002; Grant and Grant, 2008). For tamarind, genetic
differentiation among habitats, island-mainland populations were insignificant, and the
population structure causing haplotypes and or cytotypes (genetic resources) were
rare, endemic and or restricted to few geographic region(s), mainly East Africa. This
diversity pattern hypothetically suggests two things; one a gene poor but stable
ancestral tamarind genome (also evidenced by chloroplast genome conservation and
absence of genetic structure among habitats, island—mainland and latitude populations)
and two, an East Africa origin.

Taken alone, the observed high conservation of the chloroplast genome in tamarind is
also in line with literature for other angiosperms, more recently in Diospyros kaki where

PCR-RFLP revealed no polymorphism (Hu et al., 2008) and in the recent past, Sorbus



tormenalis in its France range (Muratorio-Oddou et al., 2001). Sorbus tormenalis is a
hermaphrodite, pollinated by insects and dispersed by mammals and birds just like
tamarind but for it, its chloroplast genome is known to be maternally inherited
(Nagarajan et al., 1998; Muratorio-Oddou et al., 2001). Due to high homogeneity, it was
not possible to determine tamarind organelle genomes inheritance mechanisms in the
current study. But in many angiosperms, maternal and paternal inheritance is known for
chloroplast and mitochondria respectively, although in some like Musa species
maternal inheritance of mitochondria is reported (Curtis and Cleg, 1984; Faure et al.,
1994; Demesure et al., 1995; Nwakanma et al., 2003). Based on literature from studies
in other species, higher diversity in populations can be attributed to multiple maternal
and paternal parents in founder populations (Muratorio-Oddou, 2001). Even though the
inheritance mechanisms for tamarind organel genome was not identified, both its
mitochondria and chloroplasts haplotypes and their cytotypes were more diverse (their
rare, restricted and endemic nature not withstanding) within East Africa. This finding
alludes to multiple maternal and paternal parents/centre of diversity/origin of tamarind
being the East Africa populations.

Insightfully, the East Africa endemic and restricted genetic resources identified in the
current study may have been responsible and or help explain the higher diversity
reported for the region in the previous study involving RAPDS (Diallo et al., 2007).
Similarly, the high homogeneity exhibited in tamarind organelle genome especially in
populations outside East Africa (e.g. Niger, Sri Lanka, Mexico, Thailand) support
findings of low genetic variability earlier reported in those regions (Shanthi, 2003;
Pushpakumara and Gunasena in Elsidig et al., 2006). East African higher diversity and
near homogeneity in the Asia (Sri Lanka, Thailand and to some extent Indonesia) and
Central America (Mexico) observed in the current study also provides evidence of East
African origin and confirms the introduced statuses of India and American populations.
The rare-restricted-endemic nature of tamarind haplotypes/cytotypes responsible for
genetic structure coupled with the global widespread status of only one genotype raise
two hypotheses;

(1) These haplotypes or cytotypes may have been originally widespread but were
reduced to small restricted populations by strong convergent selection or other
population bottlenecks. In East Africa these bottlenecks may be habitat losses,
destructive harvesting and poor regeneration reported for tamarind (Nyadoi, 2005) and
known to cause genetic erosion in species (Frankham et al ., 2002 ; FAO, 2004; Lowe
et al ., 2005). A gene poor ancestor moved from East Africa could have been the cause
of observed near genetic homogeneity in Sri Lanka, Mexico and Thailand or, a
convergent strong selection could have taken place despite diverse environment.

(2) Tamarind speciation from the Amherstiaeae may have involved genetically poor but
a highly plastic, selection favoured ancestral gene pool. In fact evolution is known to
start from a selection favoured ancestral genotype (Kauffmann, 1995). Similarly,
genomic plasticity is the known force behind species’ ability to colonise and survive in
new environments with minimal or no evolution (Price et al., 2003; Grant and Grant,
2008). Indeed Tamarindus is the most derived among the twenty five Amherstiacae
genera (Polhill and Raven, 1981). A selection favoured, plastic gene poor ancestor
coupled with little time since speciation is a plausible hypotheses for the observed
current restricted and or endemic nature of its unique genetic resources visa-vie one
global common one. The observed rare and unique genetic resources likely represent
just emerging products of minimal drift and mutations or they may be remnants of
genetic resources that were originally widespread. Weak populations’ genetic structure
despite diverse environments (different habitats, island-mainlands also support the
hypothesis that tamarind ancestral genome may have been gene poor and stable or
convergent selection occurred).

Based on the evidence of restricted genetic resources among geographic regions, the
ancestral tamarind dispersal routes were most likely three; (i) East Africa—West
Africa—South East Asia (Indonesia and Thailand) (ii) East Africa—South Asia (Sri
Lanka/Indian region) and (iii) East Africa—Mexico/Americas. Interestingly, the first
human migrants out of East Africa followed similarly routes (Sforzan and Feldman,
2003) and may have carried tamarind germplasm to geographic regions of their destiny.
For example a Kenya ancestor is likely for the Kenya-Indonesia and Kenya, Zanzibar
and Mexico restricted genetic resources. Tamarind restricted and the country endemic
genetic resources may have been dispersed by tourists, traders, extension officers and
or pollinators/bees. The Tharaka and Kitui based traders who sell tamarind fruits in
Mombasa market could have aided the distribution of the Mombasa, Kilifi, Tharaka and
Kitui (Kenyan endemic) haplotypes. Mexican tourists visiting the Samburu, Turkana
and Pokot may have taken Kenya tamarind to Mexico, via Tanzania’'s Zanzibar Island
giving rise to the Kenya, Zanzibar and Mexico restricted genetic resources. In Samburu,

some farmers and extension officials reported planting tamarind seeds from Kenya



Forestry Research Institute (KEFRI) or from South Horr Forest. Similarly, in Zanzibar,
agriculture station, it was reported that agricultural officials planted tamarind in the
station but origin of seeds planted were not recorded. In literature (Gunasena and
Hughes, 2000), tamarind fruits from Kenya are exported to Yemen and other
destinations, genetic diversity studies involving such populations may reduce genetic
resources endemism in East Africa. In terms of pollen dispersal, bees can move pollen
from as near as 100 metres to several kilometres apart and are known to influence
genetic variation in tropical trees (Di-Giovanni et al., 1991; Dow and Ashley, 1996;
Young et al., 2000). Thus they could have facilitated dispersal especially of the locally
widespread endemic Kenya haplotypes.

In general, whether the rare, endemic and restricted haplotypes and cytotypes of
tamarind observed in the current study are remnants of once diverse genetic resources
reduced under strong selection or they are just emerging products of limited drift and
mutations; their rare-endemic and or restricted nature demonstrate they are
endangered and need conservation interventions to enable sustainability (Kimura,
1983). To merit conservation investments however, the evolution and conservation
value of these genetic resources need to be investigated. A phylogeny study of
tamarind with its closest Amherstia relatives would for example shade light on the
evolution of tamarind genetic resources while quantitative trait analyses would help
elucidate their conservation value. But these further investigation needs not
withstanding, it is clearly evident from findings of this study that specific/in-situ to
geographic region population conservation strategies will be needed for the different
tamarind genetic resources. Secondly, the relatively high genetic diversity in East
Africa compared to near homogeneity in other geographic regions make the East
African populations worthy of conservation priority as centre of diversity. Additionally,
the need for conservation of the limited diversity found in Indonesia and Thailand
withstanding, the single global widespread tamarind genetic resource conservation

could be tied to its economic benefits if any and or other reasons.
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Appendix 1 Primers tested for tamarind amplificatand diversity studies

Primer Foreword /rever se sequences publisher Pcr success with tamarinds remark
1. tRNAleu (Intron 1 F) 5'-CGAAATCGGTAGACGCTACG-3' Taberlet et al 1991 Amplified in some and failether individuals, Polymorphic
with Hinfl but poor resolution
tRNAleu (Intronl R 5-GGGGATAGAGGGACTTCAAC3! -
Not used in final stuc
2. MatkF Nishikawaet al., 2002 Amplified in some and failed in other indivals Not used in
MatKR study
3.trnL F Nishikawaet al., 2002 Amplification failure Not used in study
trnF
4. CCB 203 5-ASGTTCTACGGACCGATGC(-3' Duminil et al., 2002 Amplified in some and failed in other indivals Not used in
CCB 203 F 5"CACGGGGAGGGAGCRGGCG-3' study
5.CF 5-CACGGGTCGCCCTCGTTCC-3' Demesureet al., 199¢ Amplified in some and failed in others Not usedsindy

RC 5-GTGTGGAGGATATAGGTTG1-3'



6.CB

5-GCATTACGATCTGCAGCTC/-3'

Demesureet al., 1995

Amplified in some and failed in other indivals Not used in
study

Amplification failure Not used in study

Amplified in some and not in other individuals Nsted in
/s-\trlrj%)lification failure Not used in stut

Amplification failure Not used in study

Amplification failure Not used in study

Amplification failure Not used in stur

Amplification failure Not used in stur

Amplified in some and failed in othédst used in study
Amplification failure Not used in study

Amplification failure Not used in stur

Amplified in some and failed in others Not usedindy
Amplification failure Not used in study

Amplified across populations Used in study

Amplified across populations Was used in s

BC 5'-GGGCTCGATTAGTTTCTGC-3'

7. NA41 5-CAGTGGGTTGGTCTGGTAT(-3' Demesureet al., 1995
NA14 5-TCATATGGGCTACTGAGGAG3'

8.NA4z 5-TGTTTCCCGAAGCGACACT™-3' Demesureet al., 1995
NA24 5-GGAACACTTTGGGGTGAACA-3'

10. ORF 25 5-AAGACCRCCAAGCYYTCTCG-3' Dumunil et al., 2002
ORF25F 5-TTGCTGCTATTCTATCTATT-3'

11.A< 5-ACTTCTGGTTCCGGCGAACG/-3' Demesureet al., 1995
SA 5-AACCACTCGGCCATCTCTCC-3'

12.CC 5-CCAGTTCAAATCTGGGTGT(-3' Demesuret al., 1995
DC 5-GGGATTGTAGTTCAATTGGT-3'

MatK F 5-AACCCGGAACTAGTCGGATC-3' Nishikawaet al., 200:
trnK 5-TCAATGGTAGAGTACTCGG(-3'

13. trnlR Junget al., 200«
trnLFA

14..trnEDoyle 1 GTCCTATCCATTAGACAATGG In PICME lab
TrnTM 11 CTACCACTGAGTTAAAAGGG

15.TrHF Tsumuraet al., 1995
PSB A3 (8

16. atBSam 1 Samuelet al., 1991
atBsam 2

17. rbel

rbel R

20. ORF 62 CTTGCTTTCCAATTGGCTG"

trnf-M CATAACCTTGAGGTCACGGC Demesureet al., 199¢
21. trnG 2(III! GTTTAGTGGTAAAAGTGTGATTCG Shawet al., 2008
TG 1F CCGCATCGTTAGCTTGGAAGG!(

22. rpl2f (2 ACCGATATGCCCTTAGGCACGG!(

TrnH-M GTGAATCCACCAYGCGCGG(

23. PSB A5 (7 TACGTTCRTGCATAACTTCC Tsumuraet al., 1995
PSBA3 (8 CTAGCACTGAAAACCGTCTT

24. NAD9 F GGTCATCTCAATTGGGYTCAC

NAD9R TATAGTTGGGAGACTTTACC

25. Cox 11 5-TAGRAACAGCTTCTACGACG-3' Duminil et al., 200z
Cox 11 F 5-GRGTTTACTATGGTCAGTG(-3'

26.rps 1. Demesureet al., 1995
Cob

DT 5-ACCAATTGAACTACAATCCC-3' Demesuret al., 1995
TD 5-CTACCACTGAGTTAAAAGGG-3'

27. rbel samut GAAGTAGTAGGATTGATTCTC Samueetal., 1997
Rbcl Samuel | CCCTACAACTCATGAATTAAG

28. Atp9 F 5-CCAAGTGAGATGTCCAAGAT-3' Duminil et al., 199%
Atp 9 R 5-CTTCGGTTAGAGCAAAGCC-3'

29. NA1Z

NA21

30. MatKF

trnIKR

3LITSF

ITSR

32.F1

TF

33. Rpoc |

Rpoc F

34. Rps 4 5-CSTTTCYGCTCCGAAGA(-3'

Rps 4 F 5-TCTCCGAAGATTGAGC-3'

35.IGRF

IGR R

35.18S |

18SF

36. atB Samuel
Rbcl Samuel |

GAAGTAGTAGGATTGATTCTC
CCCTACAACTCATGAATTAAG

Samuekt al., 1997

Amplified across populations was used in study
Amplified across populations Was used in study
Amplified across populations was used in s
Amplified in some and failed in others Nogdisn study
Amplification failure Not used in stur

Amplification failure Mot used in study

Amplification failure Not used in stur

Amplified in some and failed in others Not used sturdy
Amplified in some and failed in others Not used $ardy
Amplifies in all Not used in stur

Amplification failure Not used in stur

Amplification failure Not used in study

Amplification failure Not used in study

Amplification failure Not used in stur

Amplified in all Used to test DNA quality for PC

Amplification failed Not used in study




