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Abstract

One of the recent advances in the field of molecular biology is the development and application of molecular markers in plant and animal species for the use of establishment of genetic relationships and phylogeny, accurate estimation of amount and distribution of genetic diversity and identification of markers-trait associations/linkages that are useful in marker assisted selection. Among many molecular marker techniques available, use of microsatellites (Simple Sequence Repeats or SSRs) is attractive, as they are reproducible, easy to perform through PCR, highly informative, co-dominant and multi-allelic in nature. 

This chapter reviews the application of microsatellites in studying genetic diversity and genetic relationships of coconut. Overall a very high level of genetic diversity has been found in coconut. Most diversity has been found in out-breeding Tall coconuts than in inbreeding Dwarf coconuts. Most genetic variation of Dwarfs was found between populations when it was more or less equally distributed within and between populations in Talls. Moreover, number of alleles in Talls were detected nearly double the number of alleles detected for Dwarfs, indicating a loss of allelic richness in Dwarfs. Genetic relationship studies revealed two major groups of genetically different Tall coconuts, one comprising of Talls from Southeast Asia and the Pacific and other comprising of Talls from South Asia and Africa. The Dwarfs, in contrast, formed a genetically tight single cluster and moreover fell in with Southeast Asia and Pacific Tall cluster. This observations and loss of allelic richness in Dwarfs tend to suggest that Dwarfs were originated from Talls from Southeast Asia and the Pacific, probably as a result of an event of domestication.   
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Introduction   

The coconut palm (Cocos nucifera L., Arecaceae) is the most  widely cultivated/occurring tropical  plantation crop. It is currently the only species of the genus Cocos.  It possesses a diploid genome with 32 chromosomes (2n=2x=32). Coconut mainly consists of two morphotypes, the mostly out-breeding Talls and the mostly inbreeding Dwarfs. The Talls are late bearing and the nuts are medium to large in size and in general they are hardy and thrive in different environmental conditions. Due to cross-pollination nature of Talls, they exist as highly heterogeneous populations both naturally and in cultivation. The Dwarfs on the other hand are less heterogeneous and an individual Dwarf palm can be logically considered as a homozygous line. In the natural state, the Dwarfs occur only very sparingly. The Dwarfs are early bearing and generally produce small bright colour nuts in large numbers. 

Harries (1978) proposed two main types of Tall coconuts based on morphology of the nut and nut component analysis. One that produces large, long, angular, thick-husked and slow-germinating nuts with less free water content termed Niu kafa (the wild type) was proposed to have been evolved naturally and disseminated by ocean currents. The second type that produces spherical nuts with an increased proportion of endosperm, reduced husk thickness and early germinating nuts with resistance to disease termed Niu vai and was proposed to have been evolved as a result of selection under cultivation for increased nut water content from Niu kafa type and disseminated by human intervention.  Harries (1978) further suggests that introgression of these two types and further selection and dissemination by man gave the wide range of varieties and pan-tropical distribution of coconut that is seen today. 

There are conflicting theories regarding the origin and domestication of coconut (Guppy, 1906; Cook, 1910; Ridley, 1930; Child, 1964, 1974; Burkill, 1966; Harries 1978; Purseglove, 1985; Dennis and Gunn, 1971; Fremond et al. 1966; Harries, 1995), but the origin of coconut is still not fully resolved. However, the most likely region for coconut domestication is now considered as Melanesia, on the coasts and islands between Southeast Asia and the western Pacific, approximately between New Guinea and Fiji (Child, 1964; Harries 1990; Purseglove, 1985). 

Swaminathan and Nambiar (1961) suggested that Dwarf coconuts might have originated as a result of inbreeding among Tall coconuts as Tall coconuts show limited self-pollination. Purseglove (1985) states that Dwarfs are probably mutations of Tall coconuts. However Harries (1978, 1995) suggests that some characters of Dwarfs (i.e. early germination, precocity, nut shape, different bright fruit colours, the proportion of husk and for some dwarf forms the high resistance to lethal yellowing disease) indicate that domestication is the more likely cause of origin for Dwarf.

Morphological diversity of coconut

Within both Tall and Dwarf groups, there are other numerous types of coconuts loosely categorized as varieties, forms, populations or ecotypes etc. based on some morphological differences, breeding habit and place of origin. These coconuts have been described by different researchers  (Narayana and John, 1949; Gangolly et al, 1957, Menon and Pandalai, 1958 and references there in; Liyanage, 1958; Ohler, 1984) and to date some 900 accessions of coconut have been entered in the Coconut Genetic Resources Database (IPGRI/COGENT Version 4). However, many of the named coconuts reported are suggested as either the vernaculars used by local people or because of slight morphological differences. It is also possible that there could be some duplication known by different names and hence classified as different varieties or ecotypes etc.

Within coconuts there is a great morphological diversity for nut size, shape and colour of the nut and weight and proportion of husk, shell and endosperm of the nut and volume of nut water etc. (Ashburner et al., 1997a). It is also observed that there is a great deal of variation in the yield related characters such as number of bunches, number of female flowers, number of nuts etc. Today coconut is mainly evaluated based on morphological variations, which are highly dependent on the environment where it is grown and therefore a little is known about the accurate genetic variation of coconut in terms of its magnitude and structure.

Application of molecular markers in coconut

Molecular markers in contrast to phenotypic markers are independent of environment and they reflect variations at the DNA sequence level. They are also unlimited in numbers compared to limited number of phenotypic markers and hence they have the ability to detect diversity at very high level of resolution. Therefore use of molecular markers to assess the amount and distribution of genetic diversity in coconut is paramount important. Currently there are many powerful molecular marker techniques and the choice of marker techniques depends upon several factors such as the information content of the marker, ease of performance, reproducibility, expense and available skills and facilities. Among many molecular marker systems currently in use, use of Restriction Fragment Length Polymorphism (RFLP) (Lebrun et al., 1998), Amplified Fragment Length Polymorphism (AFLP) (Perera et al., 1998; Teulat et al., 2000), Randomly Amplified Polymorhpic DNA (RAPD) (Ashburner et al., 1997b, Everard, 1996, Dassanayake, 2002) and Microsatellites or Simple Sequence Repeats (SSR) (Perera et al., 1999, 2000, 2001, 2002, 2003; Teulat et al., 2000, Rivera et al., 1999, Dassanayake, 2002, Meerow et al., 2003) were the commonly used marker techniques in studying genetic diversity of coconut.

Microsatellite markers

There were very limited numbers of published information available on application of molecular markers in coconut. Among them, use of microsatellite markers in studying genetic diversity of coconut takes prominent place. Microsatellites are tandem simple sequence repeats that occur abundantly and at random throughout most eukaryote genomes.  They are composed of monotonous motifs, consisting of repeats of one to six nucleotides in length.  They occur as perfect tandem repetition, imperfect (interrupted) repetitions or as compound repetitions.  Visualization of the hyper-variability of the simple sequence repeats array is achieved by PCR where PCR primers are designed which flank the repeat region and allowed amplification via PCR.  The resultant products are discriminated on the basis of length, using denaturing polyacrylamide gel electrophoresis.  The observed length polymorphism is due to expansion or contraction of the repeat unit and is stably inherited in a Mendelian fashion.  The relative abundance of microsatellites, its good genome coverage, ease of visualisation and high information content facilitate the use of microsatellite as a molecular marker in a broad range of applications.  Its multi-allelic and co-dominant nature (ability to detect heterosygotes from hormozygotes), suggests that microsatellites may be the most powerful Mendelian marker ever found.  

Applications of microsatellites have been very diverse within plant genetics and breeding, ranging from assessing genetic diversity in natural populations to creating high-resolution genetic maps.  Although microsatellites are one of the most candidate marker systems for population analysis, they are developmentally expensive as sequencing and isolation of microsatellites are needed for each and every plant, though some examples of cross amplification of microsatellites between closely related species are published (White and Powell, 1997a). Despite the high cost involved in isolation and development of microsatellites, substantial number of coconut microsatellite primers have been developed and published by two research groups (Perera et al., 1999, 2000; Rivera et al., 1999; Teulat et al, 2000) independently. A set of 39 coconut specific microsatellite primer pairs have been developed by Perera et al., (1999) from a small insert genomic library enriched for CA repeats using genomic DNA from the coconut variety Sri Lankan Tall following the method described by White and Powell (1997b) (contact Author for primer sequences) while a set of 38 polymorphic microsatellite primer pairs have been isolated by Rivera et al., (1999) from a small insert genomic library enriched for several types of microsatellite repeats following the method described by Edwards et al., (1996) using genomic DNA from Philippines coconut variety Tagnanan Tall (Primer sequences are available in  Teulat et al., 2000).
Amount and distribution of genetic diversity of coconut

In general a high level of genetic diversity has been observed by Perera et al. (1999, 2000, 2003) using highly polymorphic coconut specific 12 pairs of microsatellite primers in a collection of 130 coconut palms representing 51 Tall coconut varieties and 49 Dwarf coconut varieties sampled across the entire geographic range (Table 1). The total diversity values based on Nei’s unbiased statistics (1987) have varied from 0.386±0.035 to 0.837±0.009 among 12 microsatellite primer pairs with a mean gene diversity of 0.647±0.139.  A total of 84 alleles have been observed for Talls ranging from 3 alleles for primer pair CAC13 to 11 alleles for primer pair CAC56 with an average of 7 alleles per locus as compared with only 42 alleles for Dwarfs ranging from 2 for primer pairs CAC3, CAC13 and CAC68 to 6 for primer pair CAC56 with an average of 3.5 alleles per locus. The mean gene diversity of Talls was 0.703±0.125 ranging from 0.499±0.015 for primer pair CAC13 to 0.867±0.008 for primer pair CAC56. In contrast the mean diversity index of Dwarfs was much lower (0.374±0.204) ranging from 0.072±0.033 for primer pair CAC3 to 0.693±0.024 for primer pair CAC56 and is comparable with the observed reduction of number of alleles detected. 

[Table 1 in a separate page]

A similar level of genetic diversity based on Nei’s (1973) diversity index, has been observed by Rivera et al. (1999) who independently analysed 20 coconut varieties, mainly from Southeast Asia and the Pacific using 38 microsatellite primer pairs developed by them. They have generated a total of 198 alleles with an average of 5.2 alleles per microsatellite locus and noted genetic diversity ranging between 0.141 for primer pair CNZ03 to 0.809 for primer pair CNZ43 among 38 primers. They in a continuation of the previous work have generated 64 alleles per locus with an average of 8 alleles per locus, using only highly polymorphic 8 primer pairs out of 38 pairs of primers previously used, in a large collection of coconut germplasm which comprised 40 coconut varieties representing the entire geographic range. They found that genetic diversity of coconut in their collection ranged from 0.579 for primer pair CN2A5 to 0.790 for primer pair CN11E10 (Rivera et al., 1999), which is very much comparable with Perera et al.’s results. 

Teulat et al. (2000) who studied 31 individuals of coconut comprising 14 coconut varieties across the geographic range including 10 Tall coconut varieties [West African Tall (Mensah), Mozambique Tall, Malayan Tall, Baybay Tall, Sri Lankan Tall, Andaman Tall, Kar Kar Tall, Tonga Tall, Rennel Island Tall, Panama Tall (Monagre)] and 4 Dwarf coconut varieties [Malayan Yellow, Kiribati Green, Madang Brown, Niu Leka] using 37 microsatellite primers developed by Rivera et al. (1999) have again revealed a very high level of genetic diversity in coconut (based on Nei’s diversity index, 1973) ranging from 0.47±0.062 for CNZ03 to 0.9±0.009 for CNZ11A10 among primer pairs with an average of 9.4 alleles per locus confirming the results of previous two researches (Table 2). The number of alleles ranged between 2 and 16 per locus and have produced a total of 339 alleles for 14 varieties. 

[Table 2]

An allele frequency analysis carried out by Perera et al. (1999, 2000) for each locus and each group of coconuts (Tall and Dwarf) in their samples (Table 3) showed forty-two unique alleles for Tall coconut group which are not present in Dwarfs. A loss of allelic richness was therefore apparent in Dwarf palms sampled. Further the frequency distribution of alleles was greater in Talls compared to Dwarfs. At 5 of the 12 loci, the most frequent allele is the same for both Tall and Dwarf (e.g. CAC2: 254bp, CAC3: 197bp, CAC10: 201bp, CAC52: 160bp and CAC65: 154bp). In contrast to locus CAC8 the most frequent allele in the Tall group is not found within the Dwarf genotypes sampled. However examples were found where there were two equally common alleles in the dwarfs (e.g. CAC4: 212bp and 186bp, CAC65: 176bp and 154). The 210bp allele for Tall and 198bp allele for Dwarf in Sri Lanka appeared to be fixed at locus CAC8.

[Table 3]

Perera et al., (1999) also reported that heterozygous loci were evident in both Talls and Dwarfs, but in Talls a higher frequency than in Dwarfs. Overall percentage of heterozygote loci in Dwarfs was as low as 2.5% compared to more than 30% of heterozygote loci observed in Talls. Almost all the Talls were heterozygous at, at least any one locus while only 13 Dwarf varieties out of 43 were heterozygous at one or more loci leaving rest of the 30 Dwarf varieties completely homozygous for all 12 loci studied.  Variety Niu Leka, which is known to have shown cross-pollination (Powell, 1868), was heterozygous for six loci. Variety Banigan was heterozygous for five loci while variety Malayan Green Dwarf and San Isidro were heterozygous for three loci. The other nine varieties; Tacunan Green Dwarf, Kapatagan Green Dwarf, Salak, Nok Khum, Malayan Yellow Dwarf, Sri Lanka Yellow Dwarf and Cameroon Red Dwarf, Ghana Yellow Dwarf and Brazilian Green Dwarf were heterozygous for only one or two loci. Rivera et al. (1999) have also noted a higher heterozygosity values for Talls than Dwarfs in their microsatellite study. In that study, out of 38 microsatellite loci analysed in a collection of 10 Dwarf varieties, only 5 Dwarf varieties have shown to be heterozygous at any one locus. Variety San Isidro was heterozygous for 11 loci while varieties Sto. Nino Green Dwarf, Kapatagan Green Dwarf, Tacunan Green Dwarf and Banga Green Dwarf were heterozygous for 4 loci. Teulat et al., (2000) who studied four dwarf coconuts [Malayan Yellow Dwarf, Kiribati Green Dwarf, Madang Brown Dwarf and Niu Leka Dwarf) using 37 microsatellite primers have also found that Niu Leka and Malayan Yellow Dwarf were heterozygous for several loci and single locus respectively while Kiribati Green Dwarf and Madang Brown Dwarf were completely homozygous for all 37 microsatellite loci.  Further, Teulat et al. (2000) reported a high heterozygosity in east African Tall coconuts than in those from West Africa. 

Allelic distribution, estimates of genetic diversity and associated population differentiation statistics (FST) for coconuts from Sri Lanka, Indonesia and Philippines are presented in figure 1 (Perera et al., 1999). The allele distribution of dwarfs highlights the unique position of the Dwarf palms sampled from the Philippines that exhibit as much variation as that observed in the Tall group (0.442±0.19 for Dwarf Vs 0.512±0.22 for Talls). Further the lowest population differentiation statistic was observed between Philippines Tall and Philippines Dwarf compared to those of other countries (FST = 0.21 Vs 0.51 for Sri Lanka and 0.36 for Indonesia). Dwarf palms sampled from Sri Lanka appear to show a low level of allelic diversity with the highest population differentiation statistic for Sri Lankan Talls and Sri Lanka Dwarfs (FST = 51%). This was further evident with only ten out of twelve microsatellites detecting any polymorphism within Sri Lankan Dwarfs (Table 4). The diversity value for Indonesian Dwarfs (0.223±0.23) is comparable to that of Sri Lanka Dwarfs (0.223±0.29) but out of twelve microsatellites described, Indonesian Dwarfs showed diversity at only seven loci, while Sri Lankan Dwarfs were polymorphic only at five loci. All eight unique alleles observed in Sri Lankan Dwarf coconuts were observed to be present in Talls from Indonesia or the Philippines or from Pacific Islands. Pacific Island Tall coconuts recorded the highest level of diversity with the highest number of alleles (51). Teulat et al. (2000) reported that within and between populations variability was highest in the Tall varieties of the Pacific and of Southeast Asia. Therefore it is likely that higher levels of genetic diversity exists in the Pacific regions compared to the rest of the regions. As Perera et al. (1999) had sampled only one individual each from only two Dwarf varieties from Pacific Islands in their study, an accurate analysis of the status of dwarfs in the Pacific Islands has become impossible for them. However, Meerow et al. (2003) who analysed a population of Niu Leka Dwarf (popularly named as Fiji Dwarf in Florida), introduced to Florida, using microsatellites, found Niu Leka Dwarf was genetically very diverse (0.436) compared to other dwarfs they analysed (i.e. 0.202 for Malayan dwarfs) and observed large number of unique alleles. Furthermore they found that Tonga Tall and Fiji Tall had unique alleles, which were not observed in other south Pacific coconut populations. 

[Table 4] [Figure 1]

The distribution of total genetic variation between Talls and Dwarfs for each primer pair has been analysed by Perera et al. (1999) and is given in Table 1. Overall, there is a high level of population differentiation between Tall and Dwarf (23.3%).  The FST statistics for Talls and Dwarfs for the Philippines, Indonesia and Sri Lanka were 0.21, 0.36 and 0.51 respectively (Figure 1). A high level of population differentiation between Tall and Dwarf can be observed in Indonesian coconut and Sri Lankan coconut populations (36% and 51% respectively) in contrast to the low level of population differentiation observed in the Philippines coconuts (21%). 

DNA profiling of almost all the coconut varieties and forms indigenous to Sri Lanka also has been published by Perera and his group (1999, 2001) using highly polymorphic eighteen microsatellite primers (Table 4) A high level of genetic diversity has been reported in this study with overall genetic diversity exceeding 0.6. In this study also most variation has been detected in the out-crossing Tall group of coconuts rather than the inbreeding Dwarf group of coconuts. There are eight different forms of Tall coconut within the main Sri Lankan Tall group and four forms of coconut within the Dwarf coconuts in Sri Lanka (Liyanage, 1958). In addition according to Liyanage’s (1958) classification of Sri Lanka coconuts, there is an intermediate group of coconut termed as Aurantiaca in Sri Lanka, which resembles Talls in many aspects of agronomic features but also resembles to Dwarf coconuts by its in-breeding nature, early and seasonal bearing habit, and production of large number of small nuts. Most variation was observed between rather than within these forms in inbreeding Dwarfs and Aurantiaca. In contrast, the out-breeding Tall forms exhibited as much variation within as between forms. These observations have important implications for the maintenance and collection of coconut germplasm revealing that for Tall coconut forms emphasis should be given to both number of individuals and the number of populations whereas for inbreeding dwarfs and intermediates the number of populations is the important factor. This study also revealed that the Aurantiaca group of coconut in Sri Lanka although considered to be intermediate between the Tall and Dwarf varieties based on agronomic features is closer to the Dwarf group rather than to the Tall group. Microsatellites also showed a closer relationship between Dwarf varieties and the variety Bodiri, which was grouped under Tall forms of coconut based on phenotype. This observation has been confirmed by Dassanayake (2002 and unpublished data) by another independent study carried out for Sri Lanka coconut germplasm. Dassanayake (2002 and published data) who has analysed 43 coconut accessions [19 distinct coconut varieties comprising 7 Tall varieties, 9 Dwarf varieties and 3 intermediate varieties, 7 San-Ramon Tall-like populations and 17 Tall populations within the Sri Lankan Ordinary Tall variety] using 17 pairs of coconut specific micro-satellite primers developed by both Perera (1999) and Rivera et al. (1999) have detected 82 alleles with an average of 4.8 alleles per locus ranging from 2 to 10 alleles per locus. She has found that genetic distances among the accessions ranged from 0.13 to 1.0 with an average of 0.63. She has concluded that all the coconut germplasm accessions within Sri Lankan Ordinary Tall coconuts shared a similar genome indicating a narrow genetic base within them.

Meerow et al. (2003) reported genetic variation within Coconut germplasm collections at two locations in south Florida, representing eight cultivars comprising 110 palms using 15 microsatellite loci of Perera et al (1999). They have detected a total of 67 alleles, with eight alleles as the highest number detected (CAC56) among 15 loci and gene diversity ranging from 0.778 for CAC56 to 0.223 for CAC84 with a mean gene diversity of 0.574±0.140. They have found Niu Leka (Fiji Dwarf), Malayan Dwarf, Green Niño and Red Spicata coconut varieties as distinct clusters in a neighbour joining tree using modified Rogers distance. In closer examination of the neighbour joining tree it was observed that Niu Leka (Fiji Dwarf), Green Niño and Red Spicata individual clusters joined to form a main cluster before joining with the Malayan Dwarf cluster. They also found the highest gene diversity in the Tall cultivars in the Florida collection (0.583 cumulatively and 0.679 for Panama Tall) compared to Dwarf collection, although the genetic identity is highest between the Tall varieties.  This much less genetic diversity in Florida coconut compared to the diversity of Tall varieties from other regions may be because of a narrow genetic base in Florida coconut as a result of bottleneck effect. The lowest gene diversity in their collection was found in the Malayan Dwarf (0.202) indicating that genetic identity between Malayan Dwarfs was high compared to the other dwarfs studied while they found that Niu Leka (Fiji Dwarf) was the most genetically diverse (0.436) after Talls and had the largest number of unique alleles. Meerow et al. (2003) from their results narrate a very important line of reasoning that although observed heterozyosity levels are mostly commensurate with the gene diversity values, both Niu Leka and Green Niño were more allelically diverse than heterozygous. They further identified that among the three Malayan Dwarf forms, the Malayan Red Dwarf was genetically distinct from the Green and Yellow form of Malayan Dwarfs and in fact these two types could not be distinguished with the 15 microsatellite loci used. 

Further to this study, Perera et al. (2001) also reported the results of an analysis of thirty-three Sri Lankan coconut populations within the Sri Lankan Ordinary Tall coconut variety using 8 microsatellite primers (Table 5). They have found a very high overall genetic diversity index (0.9994) for Sri Lankan Ordinary Tall coconuts but a very low level among population variation (even less than 1%) accounting about 99% of the variation within, thus indicating that there were no distinct populations within the native range of Sri Lankan Ordinary Tall coconuts in Sri Lanka. High level within population variation is a common observation in out-breeding crops, for example in Theobroma cacao (Allen, 1988; Russell et al., 1993) and tropical tree species Calycophyllum spruceanum (Russell et al., 1999) where more than 90% of the variation was observed within population. It is likely that there is a common history and a narrow genetic base for commercially grown Sri Lankan Ordinary Tall coconuts. These results stress the importance of prior knowledge on the amount and distribution of genetic diversity for a successful collection and conservation programme. 

[Table 5]

Perera et al. (2002) also reported the use of chloroplast microsatellite primers in detecting variability in coconuts coming from different geographical origins. As the first attempt they have reported the use of chloroplast microsatellite primers developed for monocotyledons such as rice, barley and wheat to amplify coconut chloroplast DNA (Perera et al., 1999; Perera et al., 2002) and then later use of three coconut specific chloroplast microsatellite primers developed by them by sequencing and isolating mononucleotide microsatellite motifs observed in the PCR amplified chloroplast regions of intergenic spacers between trnT and trnL, trnS and trnT and trnC and trnD, on a set of 130 coconut genotypes. The cross amplification of several chloroplast microsatellite primers from other plants, in coconut has been able to generate PCR products in the expected size but no length polymorphisms have been observed. The three coconut specific chloroplast microsatellite primers too have shown no length polymorphisms indicating that coconut from all geographical regions shares a common origin of chloroplast.

Genetic relatedness between coconut varieties/populations

Perera et al. (1999, 2003) have constructed a phenetic tree diagram showing the genetic relationships among the same 130 individuals of coconuts that comprised 51 Tall varieties and 49 Dwarf varieties, using the same data set generated for the previously mentioned genetic diversity study. The genetic distances have been calculated based on the proportion of shared microsatellite alleles using the program MICROSAT (Version 1.5; Eric Minch, Stanford University, USA) and using the NEIGHBOR and DRAWGRAM options in the PHYLIP software package (V3.57c; Joe Felsenstein, University of Washington, USA) using the un-weighted pair-group method using arithmetic averages (UPGMA). These 130 genotypes have been sampled from the Philippines, Indonesia, Malaysia, Thailand, Vietnam, Sri Lanka, Andaman Island, Comoro Island, Mozambique, Ghana, Ivory Coast, Cameroon, Panama, Brazil, Papua New Guinea and from some Pacific Islands i.e. Vanuatu, Rennell, Tahiti, Fiji, Tonga, Rotuma and Solomon Island, representing south Asia, Southeast Asia, east and west Africa, the Pacific and America. 

Instantly this phenetic tree (Figure 2) divided all Tall coconuts into two main groups. The first group comprised three subgroups, which are two main Tall subgroups and one main Dwarf group. All the Tall varieties/populations in the two Tall subgroups were from Southeast Asia, except variety Kalok, that was sampled from Thailand. All Tall varieties sampled from Southeast Asia, the Pacific and Papua New Guinea were intermingled between them and between two Tall subgroups and showed no distinct geographic clusters within them. Coconut varieties/populations from the west coast of Panama (varieties Panama Aquadulce and Panama Monagre) and one east African coconut, Comoro Tall, were also tightly grouped within those Tall subgroups. 

[Figure 2]

Interestingly the other subgroup consisted of only dwarf varieties, except a single Tall variety, Niu  Damu with a greater genetic distance and comprised 42 out of 49 Dwarf varieties analysed. This dwarf subgroup also included Sri Lanka varieties King Coconut and Rathran Thembili, which were earlier classified as intermediate varieties between Tall and Dwarf coconuts. However, Dwarf varieties Banigan, Banga, Kinabalan, Aromatic Green Dwarf, Santo Nino, Malayan Green Dwarf and Niu Leka Dwarf, all of which were from Southeast Asia and Pacific Islands were grouped with Talls from the same regions in either of two Tall subgroups. On the contrary, Rivera et al. (1999) who studied the genetic relationships among ten Philippines Dwarf varieties and ten Philippines and Pacific Tall varieties using data generated from 38 microsatellites and analysed to construct a dendrogram by UPGMA cluster analysis using a similarity matrix based on Simple matching coefficient (i.e. allele sharing) have found that all the samples from Dwarf varieties including varieties Banga, Santo Nino and Kinabalan in Perera et al.’s study (2003) have grouped separately from those from the Tall cultivars. Teulat et al. (2000) who analysed four Dwarf varieties; Malayan Yellow, Kiribati Green, Madang Brown and Niu Leka along with other ten Tall varieties also have observed that varieties Malayan Yellow, Kiribati Green, Madang Brown, although collected from different regions, clustered together. Similar to Perera et al.(2003), Teulat et al. (2000) also have observed that variety Niu Leka being clustered with Tall coconuts, moreover with Tonga Tall from south Pacific. Further, Perera et al. (1999, 2000) found that Dwarf varieties Raja Brown, Tebing Tinggi, Madang Brown, Malayan Red and Sri Lanka Red had identical microsatellite allelic profiles and therefore they could not be discriminated between each other using their 12 pair of microsatellite primers elucidating the fact that these five Dwarfs were genetically very similar. Similarly it was also found that Dwarf varieties Nias Yellow, Nias Green, Thailand Red, Nali Kei and Sri Lanka Yellow between each other and also Dwarf varieties Tam Quan Yellow, Nam Horm and Thung Keld between each other also had identical microsatellite banding patterns, making them genetically indistinguishable (Perera et al., 1999; 2000). 

The second main group consisted of Talls from South Asia (varieties Bodiri, Ran Thembili, Kamandala, Sri Lanka Ordinary Talls, Gon Thembili, Pora Pol and Nawasi from Sri Lanka and Andaman Ordinary Tall from Indian Ocean), east Africa (Mozambique Tall from Mozambique), west Africa (Cameroon Kribi Tall and West African Tall from Cameroon and Ivory Coast respectively) and some varieties from Southeast Asia (varieties Thai Tall, Pak Chok and Thalai Roi from Thailand only). The variety San Ramon sampled from Sri Lanka grouped with south Asia/Africa main Tall group, while the same named variety sampled from the Philippines was grouped with the rest of the Southeast Asia Tall coconuts. Interestingly, none of the dwarf coconuts grouped with the second main Tall group.     

Teulat et al. (2000), based on the results of the cluster analysis according to UPGMA using the similarity matrix based on the proportion of shared alleles, confirming the results of Perera et al. (1999, 2003), stated that there was generally a good grouping of the Tall populations into different geographic regions. They have found that west African Tall population grouped with Sri Lanka Tall population and the populations from Mozambique and Andaman Island shared a large number of alleles with them to form a single cluster. Similarly The Tall populations from Southeast Asia, Papua New Guinea and the Solomon Islands, formed a broad cluster including the Panama Tall Populations, Panama Tall (Monagre).    

The results of this genetic relationships by various research groups based on microsatellite markers generally agree with the results of genetic relationships established  using other molecular techniques such as RFLP markers (Lebrun et al., 1998) and ISTR markers (Rohde et al., 1995). According to Harries (1978) naturally evolved coconuts; Niu Kafa, predominate in south Asia, Africa, Caribbean and the Atlantic coast of Central America while coconuts selected under cultivation; Niu Vai, were predominant in Southeast Asia, the Pacific and the west coast of Central America. It is accepted that the coconut palm has existed on the Atlantic coast of Africa, south America and around the Caribbean region for only less than 500 years (Child, 1974; Purseglove, 1972) and that there is a great similarity between these coconuts and those  in east Africa, India and Sri Lanka (Harries, 1977). The grouping of Mozambique Tall, which Harries (1977) suggested as the main original source of coconuts to east Africa and to the Atlantic coast of America, Cameroon Kribi Tall, West African Tall, Sri Lankan Tall and Andaman Ordinary Tall from the Indian Ocean, in a single cluster in the phenetic tree of Perera et al. (1999, 2003) and others (Teulat et al., 2000) supports  Harries's theory of natural and human-assisted coconut germplasm dissemination.  The observation of grouping of variety San Ramon sampled from Sri Lanka with mainly Sri Lanka Tall cluster suspects that this variety may has been introgressed with Sri Lanka Tall coconuts. Interestingly, the variety Comoro Tall, from east Africa falls in with  Southeast Asia/Pacific main Tall group and seemed that this variety originated from Southeast Asia coconuts, the Niu Vai type. Lebrun et al. (1998) noted that the variety Comoro Tall took an intermediate position between southeast Asian populations and Indian Ocean populations based on RFLP markers. The Thailand Talls, varieties Thai Tall, Pak Chok, Talai Roi  are grouped with mainly the south Asia/Africa Tall group while variety Kalok is grouped with  Southeast Asia/Pacific Tall group. The results of a detailed study on varieties of coconuts in Thailand by Harries et al. (1982) based on fruit component analysis of coconut has suggested that both Niu Kafa and Niu Vai types of coconuts are available in Thailand with  the Niu Kafa type  predominant on the  Indian Ocean coast of the country. He therefore has concluded that the variety Kalok is a large fruited coconut type that resembles other large fruited forms such as varieties San Ramon and Tagnanan in the Philippines, variety Bali Tall in Indonesia, variety Rennell Tall in  Solomon Islands and variety Panama Tall in the Pacific coast of America. He also suggested that variety Malayan Tall probably shares common ancestry with variety Kalok. He observed further that variety Pak Chok could be compared with other Talls that have Niu Kafa type characteristics, for example the Talls from Sri Lanka, India, Mozambique, west Africa and the Caribbean. Rattanapruk (1970) has also stated that the variety Pak Chok found growing along the coast of Indian Ocean resembles coconut from Sri Lanka. Interestingly, the variety  Kalok in Perera et al.’s study (1999, 2003) is grouped  with varieties San Ramon Tall, Tagnanan Tall, Bali Tall, Rennell Tall and Malayan Tall in  Southeast Asia/Pacific group of coconuts. Similarly variety Park Chok  is grouped with the varieties  from Sri Lanka, Andaman Islands  and Mozambique. However one population of the variety West African Tall obtained from the Malaysian Coconut Gene Bank is grouped with the coconut varieties of the Far East while the same name variety sampled from Ivory Coast is grouped with south Asia/Africa coconuts. This is invariance with  the overall observations and  may be because of misidentification of the variety from Malaysia.    

The grouping of Panama Talls (varieties Panama Manarge and Panama Aguadulce) with southeast Asian and Pacific Talls is in agreement with Whitehead’s (1976) proposition of the eastward movement of coconut from southeast Asia to the Pacific region and subsequently from there to  Pacific coast of America.  Both types of Panama Talls were from the Pacific coast of Panama. These results are largely in agreement with the results from ISTR (Inverse Sequence-Tagged Repeats) analysis (Rohde et al., 1995), which grouped Panama Talls with Polynesian varieties/populations.  

The grouping of all Dwarfs from different geographical regions in a single cluster within the main Niu Vai type of coconuts and loss of allelic richness observed in Dwarfs suggest that  Dwarfs  have a common origin and evolved from the Niu Vai type of coconuts in the Southeast Asia/Pacific region, domesticated there and were later introduced to the other regions. The results of Teulat et al. (2000) strongly support a common origin of Dwarfs. 
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Table 1. Number of alleles detected, diversity statistics and FST for 12 coconut microsatellite primers (Perera et al., 1999).

Locus

Number of alleles


Observed product

Gene index




FST






size range (bp)







(Tall/Dwarf)



All
Tall
Dwarf



All (n=130)
Tall (n=75)
Dwarf
(n=55)


CAC2

9
9
5

210 - 154

0.713±0.024
0.830± 0.016
0.418±0.016
 
0.184 ***




CAC3

5
5
2

187 - 203

0.386±0.035
0.549±0.036
0.072±0.033

0.187 *** 

CAC4

8
8
3

182 - 216

0.762±0.015
0.792±0.012
0.573±0.02

0.154 ***




CAC6

9
9
5

150 - 168

0.704±0.019
0.793±0.016
0.476±0.041

0.125 ***




CAC8

9
8
4

188 - 210

0.722±0.018
0.74±0.025
0.303±0.055

0.381*** 



CAC10

5
5
3

195 - 205 
0.468±0.032
0.616±0.028
0.156±0.045

0.191***


CAC13

3
3
2

158 - 172

0.488±0.013
0.499±0.015
0.348±0.176

0.285 ***


CAC52

7
7
3

148 - 162

0.568±0.031
0.731±0.02
0.124±0.042

0.292 ***

CAC68

6
6
2

136 - 152

0.630±0.014
0.534±0.036
0.203±0.047

0.549 ***

CAC65

7
7
3

154 - 180

0.765±0.013
0.800±0.011
0.575±0.022

0.148 ***

CAC20

6
6
4

122 - 138

0.723±0.012
0.684±0.026
0.545±0.043

0.243 ***

CAC56

11
11
6

144 - 168

0.837±0.009
0.867±0.008
0.693±0.024

0.100 ***


Mean

7.4
7
3.5



0.647±0.139
0.703±0.125
0.374±0.204
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122
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CAC56
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164
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Total

85
84
42
  


0.995±0.001
0.999±0.001
0.971±0.006

0.233***
Table 2. Microsatellite loci, number of alleles per locus allele size range and gene diversity for the microsatellites tested on 2-3 samples of 14 coconut populations (31 individuals) (Adopted from Teulat et al., 2000)

	Name of the SSR locus
	Number of alleles 
	Diversity value
	Standard Error (D)

	CNZ01
	7
	A
	A

	CNZ02
	10
	0.7133
	0.0546

	CNZ03
	3
	0.4688
	0.0623

	CNZ04
	11
	0.8033
	0.0358

	CNZ05
	7
	0.5765
	0.0616

	CNZ06
	7
	0.8033
	0.0173

	CNZ09
	11
	0.7820
	0.0395

	CNZ10
	13
	0.8096
	0.0328

	CNZ12
	7
	0.7237
	0.0264

	CNZ13
	A
	A
	A

	CNZ16
	5
	0.6597
	0.0333

	CNZ17
	8
	0.6108
	0.0644

	CNZ18
	13
	0.8923
	0.0132

	CNZ19
	9
	0.8137
	0.0259

	CNZ20
	5
	0.6660
	0.0348

	CNZ21
	14
	0.9037
	0.0100

	CNZ22
	A
	A
	A

	CNZ23
	5
	0.6805
	0.0285

	CNZ24
	10
	A
	A

	CNZ26
	12
	0.8642
	0.0158

	CNZ29
	13
	0.7773
	0.0368

	CNZ31
	5
	0.7560
	0.0201

	CNZ32
	8
	0.5375
	0.0707

	CNZ33
	2
	0.4870
	0.0202

	CNZ34
	11
	0.8424
	0.0183

	CNZ37
	14
	0.8845
	0.0171

	CNZ40
	8
	0.8189
	0.0193

	CNZ42
	8
	0.6873
	0.0352

	CNZ43
	10
	0.8028
	0.0291

	CNZ44
	9
	0.8215
	0.0761

	CNZ46
	9
	0.8304
	0.0163

	CNIH2
	9
	0.7680
	0.0299

	CNIC6
	6
	0.6993
	0.0346

	CN2A5
	12
	0.7674
	0.0457

	CNIG4
	7
	0.7854
	0.0212

	CNIIE6
	16
	0.7711
	0.0511

	CN2A4
	13
	0.8392
	0.0239

	CNIIE10
	9
	0.7305
	0.0401

	CNIIA10
	12
	0.9027
	0.0090

	
	
	
	


A: Number of alleles and Diversity values were not estimated due to various reasons
Table 3.  Allele frequencies at 12 microsatellite loci in the worldwide collection of coconut genotypes studied.  Most common allele at each locus is shown in bold (Perera et al., 1999).

	Locus
	Allele (bp)
	Frequency

	
	
	Tall
	Dwarf
	Both 

	CAC2

CAC3

CAC4

CAC6

CAC8

CAC10

CAC13


	210

220

232

234

240

246

248

252

254

187

197

199

201

203

182

186

188

200

204

208

212

216

150

152

154

156

158

160

162

164

168

188

196

198

200

202

204

206

208

210

195

197

201

203

205

158

162

172
	0.007

0.007

0.061

0.142

0.270

0.061

0.128

0.034

0.291

0.027

0.623

0.226

0.116

0.007

0.007

0.314

0.193

0.036

0.186

0.193

0.064

0.007

0.033

0.155

0.101

0.020

0.304

0.277

0.081

0.014

0.014

0.050

0.014

0.130

0.210

-

0.113

0.010

0.040

0.430

0.007

0.188

0.542

0.243

0.021

0.423

0.570

0.007
	-

-

-

-

0.038

0.094

0.057

0.057

0.755

-

0.963

0.037

-

-

-

0.462

0.077

-

-

-

0.462

-

-

-

0.009

-

0.273

0.672

0.009

0.036

-

0.020

-

0.830

0.080

0.020

0.047

-

-

-

-

-

0.917

0.074

0.009

0.833

0.167

-
	0.004

0.004

0.035

0.083

0.173

0.075

0.098

0.043

0.484

0.015

0.768

0.146

0.067

0.004

0.004

0.377

0.143

0.020

0.107

0.111

0.234

0.004

0.019

0.088

0.062

0.012

0.291

0.446

0.050

0.023

0.008

0.040

0.008

0.430

0.160

0.008

0.085

0.010

0.020

0.250

0.004

0.107

0.702

0.171

0.016

0.594

0.402

0.004


Table 3.  Continued.

	Locus
	Allele (bp)
	Frequency

	
	
	Tall
	Dwarf
	Both

	CAC52

CAC68

CAC65

CAC20

CAC56


	148

150

154

156

158

160

162

136

140

146

148

150

152

154

156

164

168

170

176

180

122

130

132

134

136

138

144

146

150

152

154

156

158

160

164

166

168
	0.097

0.014

0.021

0.313

0.069

0.389

0.097

0.089

0.007

0.630

0.007

0.253

0.014

0.264

0.223

0.034

0.142

0.237

0.095

0.007

0.007

0.021

0.479

0.211

0.197

0.085

0.169

0.014

0.007

0.155

0.007

0.134

0.121

0.197

0.070

0.092

0.035
	-

0.028

-

0.037

-

0.935

-

0.887

-

0.113

-

-

-

0.500

0.083

-

-

-

0.417

-

-

-

0.204

0.019

0.148

      0.629

-

-

0.009

0.066

-

-

0.189

0.293

0.009

0.434

-
	0.056

0.019

0.012

0.194

0.039

0.623

0.056

0.425

0.004

0.413

0.004

0.147

0.008

0.363

0.164

0.019

0.082

0.137

0.234

0.004
0.004

0.012

0.360

0.128

0.176

0.320

0.097

0.008

0.008

0.117

0.004

0.077

0.149

0.238

0.044

0.238

0.020


Table 4.  Primer information, number of alleles detected, diversity statistics and FST values for 12 coconut microsatellite primers (Perera et al., 1999).
	
	
	Number of alleles
	Gene diversity index ± sd
	FST

	Locus
	Size Range (bp)
	All
	Tall
	Dwarf
	All
	Tall
	Dwarf
	

	CAC2
	210-254
	6
	6
	1
	0.64±0.04
	0.75±0.04
	-
	0.49***

	CAC3
	187-203
	4
	4
	1
	0.61±0.04
	0.69±0.03
	-
	0.52***

	CAC4
	182-216
	6
	4
	2
	0.77±0.02
	0.62±0.04
	0.42±0.07
	0.47***

	CAC6
	150-168
	6
	5
	3
	0.76±0.02
	0.69±0.05
	0.55±0.05
	0.29***

	CAC8
	188-210
	2
	1
	1
	0.50±0.02
	-
	-
	1.00***

	CAC10
	195-205
	3
	3
	1
	0.48±0.05
	0.63±0.03
	-
	0.41***

	CAC13
	158-170
	2
	2
	1
	0.55±0.02
	0.33±0.07
	-
	0.16***

	CAC52
	154-160
	3
	3
	1
	0.49±0.03
	0.54±0.05
	-
	0.56***

	CAC68
	136-152
	5
	5
	1
	0.65±0.02
	0.52±0.06
	-
	0.71***

	CAC65
	154-176
	6
	5
	3
	0.77±0.02
	0.59±0.05
	0.50±0.05
	0.44***

	CAC20
	132-138
	5
	4
	3
	0.63±0.05
	0.44±0.08
	0.68±0.02
	0.23***

	CAC56
	144-166
	6
	4
	3
	0.81±0.01
	0.68±0.03
	0.64±0.03
	0.31***

	CAC72
	131-139
	4
	4
	2
	0.62±0.03
	0.59±0.06
	0.30±0.08
	0.41***

	CAC84
	158-162
	3
	3
	2
	0.60±0.04
	0.66±0.02
	0.10±0.06
	0.46***

	CAC71
	182-186
	3
	3
	2
	0.55±0.04
	0.52±0.03
	0.29±0.08
	0.36***

	CAC39
	140-154
	5
	5
	2
	0.70±0.02
	0.55±0.07
	0.45±0.05
	0.43***

	CAC21
	154-156
	2
	2
	2
	0.50±0.01
	0.51±0.01
	0.51±0.02
	-0.02(ns)

	CAC23
	170-182
	3
	3
	1
	0.59±0.02
	0.41±0.07
	-
	0.75***

	
	Mean
	4.1
	3.6
	1.7
	0.62±0.10
	0.54±0.17
	0.25±0.26
	

	
	Total
	74
	66
	32
	0.98±0.00
	0.99±0.00
	0.94±0.01
	0.49***


Table 5.  Primer information, gene diversity, number of alleles detected, and population differentiation statistics (FST) for eight coconut microsatellite primers (Perera et al., 1999).

	Locus
	Repeat
	Primer (5’ – 3’)
	Size Range (bp)
	Gene Diversity
	Number of Alleles
	FST
	*FST

	CAC2
	(CA)12(AG)14
	AGCTTTTTCATTGCTGGAAT

CCCCTCCAATACATTTTTCC
	210-254


	0.8461± 0.00053
	9


	0.051 ***
	0.031 ***

	CAC3


	(CA)13
	GGCTCTCCAGCAGAGGCTTAC

GGGACACCAGAAAAAGCC
	187-203
	0.6882± 0.0132
	5
	0.078***
	0.013 ns



	CAC4
	(CA)19(AG)17
	CCCCTATGCATCAAAACAAG

CTCAGTGTCCGTCTTTGTCC
	182-216
	0.7486± 0.0105
	9
	0.049 ***
	-0.005 ns

	CAC6
	(AG)14(CA)9
	TGTACATGTTTTTTGCCCAA

CGATGTAGCTACCTTCCCC
	150-168
	0.7315± 0.0095
	7
	0.061 ***
	0.029 ***

	CAC8


	(AG)10(CA)9
	ATCACCCCAATACAAGGACA

AATTCTATGGTCCACCCACA
	188-210


	0.6768± 0.0129
	9


	0.024 ***
	0.001 ns

	CAC10
	(TA)6CATA(CA)11(TA)8
	GGAACCTCTTTTGGGTCATT

GATGGAAGGTGGTAATGCTG
	195-205
	0.4260± 0.0221
	4


	0.014 ***
	0.014 ***

	CAC13
	(CA)9(TA)5A(TA)4(CA)6

	GGGTTTTTTAGATCTTCGGC

CTCAACAATCTGAAGCATCG
	158-172
	0.5167± 0.0082


	3


	0.056 ***
	0.0176  ns

	CAC56
	(CA)14
	ATTCTTTTGGCTTAAAACATG

TGATTTTACAGTTACAAGTTTGG
	144-168
	0.8221±0.0021
	10
	0.052***


	0.028 ***

	
	
	
	Mean:
	0.6820±0.1446
	7


	
	

	
	
	
	Overall
	0.9994± 0.0001
	56
	0.054 ***
	0.015 ***


*FST - FST  values calculated without introduced populations

Figure 1. Allelic distribution between 12 microsatellite loci, diversity index, FST between coconuts from Sri Lanka, Indonesia, Philippines and Pacific Islands (Perera et al., 1999)
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Figure 2. UPGMA phenogram showing the relationships between individuals based on proportion of shared alleles (Perera, 1999). 

(See attached file for Figure 2)
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