
RESEARCH ARTICLE

Ambiguous genetic relationships among coconut (Cocos
nucifera L.) cultivars: the effects of outcrossing, sample
source and size, and method of analysis

Margarita Mauro-Herrera Æ Alan W. Meerow Æ
Lalith Perera Æ Joanne Russell Æ Raymond J. Schnell

Received: 17 March 2009 / Accepted: 23 June 2009 / Published online: 31 July 2009

� US Government 2009

Abstract A prior analysis of eight coconut cultivars

with 15 microsatellite (SSR) markers drew unexpected

relationships between two of the out-crossing tall

cultivars evaluated: ‘Atlantic Tall’ and ‘Panama Tall’.

We further investigated the relationships between

these eight cultivars by increasing the number of

individuals studied (particularly for ‘Atlantic Tall’ and

‘Panama Tall’), by including 28 more molecular

markers, and by adding two other cultivars to our

analysis. Our results show that five to ten coconut

individuals do not represent a dependable sample to

withdraw conclusions regarding cultivar/variety rela-

tionships, particularly when studying out-crossing

genotypes. As suggested in the prior study, a high

level of hybridization was observed between the

‘Atlantic Tall’ and ‘Panama Tall’ cultivars. However,

at this time we were able to identify distinct groups for

each one of these two cultivars. The two clustering

methods used (Neighbor Joining, NJ and Unweighted

Pair Group Method with Arithmetic mean, UPGMA)

produced dendrograms that resolved contrasting cul-

tivar relationships, especially for the ‘Atlantic Tall’

and ‘Panama Tall’ cultivars. We discuss the implica-

tions of our results in regard to current scenarios of

coconut domestication and future considerations when

assessing genetic relationships among different

varieties.
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Introduction

The high levels of genetic diversity in coconut, Cocos

nucifera L., are the result of natural evolution and

adaptation, as well as human involvement in the

exploitation of the species (Harries 1978, 2001; Harries

et al. 2004). Coconut grows in the tropical environ-

ments of Africa, America, Asia and Oceania, and is an

important export crop for oil and fiber in many tropical

countries. For millennia, humankind has found myriad

uses for almost all parts of the coconut palm, and this

history has played an important role in shaping the

phenotypic diversity of this cultigenic species (Harries

2001). Coconut cultivars are generally classified into

the Tall and Dwarf types. The tall type is primarily
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out-crossing while the dwarf type is mainly selfing

(with a few exceptions).

A number of marker types have been used in the

study of coconut (e.g., Ashburner et al. 1997; Lebrun

et al. 1998; Perera et al. 1998, 1999, 2000; Rivera

et al. 1999; Rohde et al. 1995; Teulat et al. 2000).

Based on the results of these studies, a classification

was proposed by Lebrun et al. (2005). The classifi-

cation proposed two major cultivar groups: the

Pacific group with five sub-groups (Southeast Asia,

Melanesia, Micronesia, Polynesia and the Pacific

coast of Central and South America), and the Indo-

Atlantic group (Lebrun et al. 2005).

A population structure and genetic diversity anal-

yses of a cultigenic species is a usual first common task

in the understanding of intra-specific relationships

(Van den Berg and Jacobs 2007). Assuming adequate

sampling, both of markers and individuals, the analysis

should resolve the population structure of the species,

and the levels of diversity within each genealogy. The

analysis of the relationships among genetic groups may

also convey information regarding their origins and

diversification (Van den Berg and Jacobs 2007).

Several factors should be considered while conducting

these studies as they affect the accuracy of the

conclusions. In addition to adequate sample size,

sample source is of concern. Sample source is partic-

ularly important for samples obtained from different

collections of the presumed identical cultivar (same

name or similar phenotypes), which sometimes corre-

spond to different genotypes (e. g., ‘San Ramon’

coconut cultivars from the Philippines and Sri Lanka,

Perera et al. 2003). Lastly, the level of out-crossing (if

present in the species) is another factor to consider

while carrying out the study, particularly if the samples

originate from a diverse germplasm collection.

We previously evaluated several coconut cultivars

commonly used in the landscape of Florida, USA in order

to determine their population structure and genetic

relationships (Mauro-Herrera et al. 2007; Meerow et al.

2003). The results of those studies were perplexing as two

of the cultivars evaluated (i.e. ‘Atlantic Tall’ and

‘Panama Tall’), which have been classified as belonging,

respectively, to the two major cultivar groups (Lebrun

et al. 2005), were grouped together. The discrepancy of

our results with those of other studies (reviewed by

Lebrun et al. 2005) led to the further investigation of the

plant material/cultivars analyzed. In this paper, we

address the possible factors that might have affected

our previous results. The same genotypes studied in

Meerow et al. (2003) are used but the number of

individuals sampled on a per cultivar basis is increased,

two additional cultivars are sampled, and the number of

markers is increased to 41. We discuss the implications of

our results in regards to the origin of these two cultivars.

Materials and methods

Plant material

Two hundred and eighteen genotypes consisting of

ten coconut cultivars, two off-types, a ‘Maypan’ (a

hybrid between a ‘Malayan Dwarf’ and a ‘Panama

Tall’) and an undetermined tall were evaluated in this

study. One hundred and ten of these genotypes were

previously studied with 15 microsatellite markers

(Meerow et al. 2003). The description and prove-

nance of the plant material is presented in Table 1.

Data collection

Genomic DNA samples were collected and extracted

as in Meerow et al. (2003). Polymerase chain

amplifications and data collection were performed

as in Mauro-Herrera et al. (2006). A total of 41

codominant markers were analyzed: 28 microsatellite

or simple sequence repeat (SSR) markers and 13

WRKY-derived markers (Mauro-Herrera et al. 2006,

Table 2). Twenty of the 28 SSR markers (labeled

CACn, Table 2) were developed by Perera et al.

(1999, 2003 and seven new markers, Table 2). The

other eight SSR markers (labeled CN1G4, CN1H2,

CN2A5 and CNZn, Table 2) were developed by

Rivera et al. (1999). The annealing temperatures for

our PCR conditions for the SSR primers were

determined via a gradient and are reported on

Table 2. Only 13 of the 15 SSR markers analyzed

by Meerow et al. (2003) were used in this study since

the other two (CAC8 and CAC20) had problems as

determined by the parentage analysis performed in

that study. The primer sequences and amplification

conditions for the 13 WRKY-derived markers were

reported in Mauro-Herrera et al. (2006) and in

Mauro-Herrera et al. (2007). Twelve of the 13

WRKY-derived markers contained single nucleotide

polymorphisms (SNPs) and were analyzed via single-

strand conformation polymorphism (SSCP). The
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remaining WRKY marker contained an SSR. Allele

detection and analysis for both SSR and WRKY

markers were done as in Mauro-Herrera et al. (2006).

Data analysis

Several of the formatted files for the programs that

we used were produced with Convert (Glaubitz

2004). The population genetic structure analyses

were performed with the Bayesian model-based

clustering program STRUCTURE (Pritchard et al.

2000; Falush et al. 2003). A first population structure

analysis was done with all 218 genotypes in order to

determine the number of genetic groups and hybrids.

We used this program to assign individuals to genetic

groups since it does not require a priori information

regarding individual provenance, and it proved useful

at identifying known hybrids/off-types in a prelimin-

ary study (Mauro-Herrera et al. 2007). This feature

was important since we suspected the presence of

hybrids in two of the cultivars studied. The number of

populations/clusters (k) was determined following the

Dk method of Evanno et al. (2005). The admixture

model with correlated allele frequencies was used

with every run. To determine k, a total of 20 runs for

each k ranging from four to eighteen using 104

iterations for the burn-in period and 2 9 104 itera-

tions for the running period were used, and the k

value with highest Dk was determined. The STRUC-

TURE analysis with the determined k value was

performed with 105 iterations for the burn-in period

and 106 iterations for the running period. The results

of this first analysis were used to remove every

probable hybrid genotype (a total of 86) from a

second STRUCTURE analysis performed. K was

determined and the final STRUCTURE analysis

completed as before with the reduced file (132

individuals). The graphic displays of the

Table 1 Designation, sample size, individual labeling and seed source for the 218 coconut (Cocos nucifera L.) genotypes studied

Cultivar Sample size Labeling of individuals Source

‘Atlantic Tall’ 9 JT01–JT09 Fort Lauderdale, FL. Local, open pollinated

‘Atlantic Tall’ 12 AT01–AT12 Caribbean coast of Costa Rica.

‘Atlantic Tall’ 7 JTS01–JTS07 Palm Beach, FL. Local, open pollinated

‘Chowghat’ 7 CH01–CH07 Fort Lauderdale, FL. Second generation

seedlings grown from seed sent from the

Coconut Industry Board (CIB), Jamaica

‘Fiji Dwarf’ (‘Niu Leka’) 6 UF14–UF18 and FDtrue Coconut Industry Board (CIB), Jamaica

‘Fiji Dwarf’ (‘Niu Leka’) 48 FD01–FD33 and FDp1–FDp15 Open pollination at Fort Lauderdale, FL

‘Hawaiian Tall’ 2 HT01, HT02 Hawaii, maintained in the SHRS-Miami, FL

‘Hawaiian Tall’ 11 HT03–HT013 Open pollination at UF-Fort Lauderdale, FL

Several half sibs from a single maternal plant

‘Green Malayan Dwarf’ 10 GrMD01–GrMD10 Coconut Industry Board (CIB), Jamaica

Off-type ‘Green Malayan Dwarf’ 1 otGrMD Coconut Industry Board (CIB), Jamaica

‘Red Malayan Dwarf’ 10 RMD01–RMD10 Coconut Industry Board (CIB), Jamaica

‘Red Malayan Dwarf’ 5 RMD011–RMD15 Miami, FL. Local source

‘Red Malayan Dwarf’ 4 RMD16–RMD19 Coconut Industry Board (CIB), Jamaica

Off-type ‘Red Malayan Dwarf’ 1 otRMD Coconut Industry Board (CIB), Jamaica

‘Yellow Malayan Dwarf’ 5 YMD01–YMD05 Miami, FL. Local source

‘Green Niño’ 25 N01–N25 Coconut Industry Board (CIB), Jamaica

‘Maypan’ 1 M01 Coconut Industry Board (CIB), Jamaica

‘Panama Tall’ 6 PT01–PT06 Coconut Industry Board (CIB), Jamaica

‘Panama Tall’ 10 PT1a–PT10a Miami, FL. Local source

‘Panama Tall’ 11 PTCR1–PTCR11 Pacific coast of Costa Rica

‘Red Spicata’ 25 RS01–RS25 Miami, FL. Local source

‘Red Spicata’ 1 RS26 Coconut Industry Board (CIB), Jamaica

Undetermined tall 1 Tallund Unknown
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Table 2 Information for the 41 molecular markers used in the analysis of the 218 coconut genotypes

Locus Reference for previously published or

primer sequences and GenBank acc. nos.

for microsatellite markers published in this paper

Annealing

temperature (�C)

Number

of alleles

PIC Gene diversity

CAC4 Perera et al. (1998, 1999) 58 7 0.674 0.412 ± 0.26

CAC6 Perera et al. (1998, 1999) 58 9 0.741 0.388 ± 0.36

CAC11 Perera et al. (1998, 1999) 58 3 0.375 0.201 ± 0.18

CAC13 Perera et al. (1998, 1999) 58 2 0.363 0.203 ± 0.18

CAC21 Perera et al. (1998, 1999) 58 2 0.373 0.281 ± 0.18

CAC23 Perera et al. (1998, 1999) 58 3 0.584 0.290 ± 0.25

CAC27a F:TCCAAGTCCTTGGTTAGC

R:AAAACACAACCCACCTAAG

FJ499399

56 3 0.376 0.257 ± 0.16

CAC46a F:GATGGTTGGATATCATTCTTG

R:TTGACCTATCAAATGTGCC

FJ499400

52 13 0.796 0.537 ± 0.22

CAC52 Perera et al. (1998, 1999) 58 8 0.699 0.409 ± 0.30

CAC56 Perera et al. (1998, 1999) 58 8 0.734 0.437 ± 0.22

CAC65 Perera et al. (1998, 1999) 58 7 0.666 0.416 ± 0.25

CAC67a F:GGAGAAACGGTATACCAGAG

R:CCTCATTTAGATGCCCTATC

FJ499401

56 7 0.741 0.459 ± 0.31

CAC68 Perera et al. (1998, 1999) 58 5 0.534 0.312 ± 0.29

CAC69a F:TATAAATGGGTAGCCCTGAG

R:TGAATAGGTTGGTGAATGTG

FJ499402

58 5 0.555 0.354 ± 0.21

CAC70a F:AACAAATGAAAACTTGATTCC

R:AACTTGCCATGTTTTACTTGT

FJ499403

52 6 0.605 0.378 ± 0.26

CAC71 Perera et al. (1998, 1999) 58 5 0.462 0.362 ± 0.22

CAC72 Perera et al. (1998, 1999) 58 5 0.547 0.343 ± 0.25

CAC75a F:GTTTCACCTTGTACTCTGTCC

R:GAGAAATGGAAAACTTTTGTG

FJ499404

56 10 0.816 0.418 ± 0.21

CAC77a F:CAGAGGTCACAACCATATTG

R:CTTTAGCTATTTGTTCCAAGG

FJ499405

56 11 0.677 0.377 ± 0.36

CAC84 Perera et al. (1998, 1999) 58 3 0.301 0.290 ± 0.23

CN1G4 Rivera et al. (1999) 58 9 0.776 0.435 ± 0.20

CN1H2 Rivera et al. (1999) 56 6 0.713 0.344 ± 0.26

CN2A5 Rivera et al. (1999) 54 14 0.822 0.491 ± 0.28

CNZ02 Rivera et al. (1999) 52 10 0.755 0.546 ± 0.26

CNZ05 Rivera et al. (1999) 52 10 0.523 0.428 ± 0.29

CNZ26 Rivera et al. (1999) 56 14 0.822 0.542 ± 0.25

CNZ29 Rivera et al. (1999) 58 10 0.838 0.429 ± 0.21

CNZ46 Rivera et al. (1999) 56 10 0.739 0.437 ± 0.27

CnWRKY-01 Mauro-Herrera et al. (2006) 54 4 0.400 0.108 ± 0.21
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STRUCTURE results were obtained with the pro-

gram Distruct (Rosenberg 2004).

The reduced set of genotypes was used for all

subsequent analyses. The descriptive statistics (allele

number, average sample size, proportion of polymor-

phic loci, expected and observed heterozygosity and

fixation index; Tables 2 and 3) were estimated with

GDA 1.1 (Lewis and Zaykin 2001). Polymorphism

information content (PIC) was estimated using Bot-

stein’s et al. (1980) formula implemented in Power-

Marker (Liu and Muse 2005). Gene diversity and

allelic richness were calculated with FSTAT (Goudet

2002). Gene diversity was estimated using Nei’s

unbiased estimator (Nei 1987). Allelic richness, an

estimate of allele number independent of sample size

(El Mousadik and Petit 1996; Petit et al. 1998), was

calculated as

RS ¼
Xnu

i¼1

1�

2N � Ni

2n

� �

2N
2n

� �

2
664

3
775;

where 2N represents the number of sampled genes,

2n is a sub-sample of the sampled genes (N C n), and

Ni is the number of type i alleles among the 2N

genes. Genetic distances were estimated using the

Cavalli-Sforza and Edwards’ (1967) chord distance

(Dc), and the Nei et al.’s (1983) Da genetic distance.

Both of these estimates were the best at revealing

correct tree topologies when compared with other

genetic distances (Takezaki and Nei 1996). For

cluster analysis we used POPULATIONS (Langella

2002) with both the neighbor-joining method (NJ,

Saitou and Nei 1987) and the unweighted pair group

method with arithmetic mean (UPGMA, Sneath and

Sokal 1973). Statistical confidence of the trees was

established via bootstrap analysis with 2,000 repli-

cations. We also tested how well each clustering

method fit the genetic distance data using the

program TreeFit (Kalinowski 2007). TreeFit calcu-

lates the proportion of variation (R2) in the distance

matrix that is captured by the tree topology. The

closer R2 is to 1.0, the better that tree represents a

good summary of the genetic relationships shown in

the distance matrix. Principal coordinate analysis

(PCA) was performed with Nei et al.’s (1983) Da

genetic distance estimates between individuals with

the Multivariate Statistical Package (MVSP, Kovach

Computing Services, Anglesey, Wales). PCA plots

were generated with the SAS system ver. 9.0 (SAS

Institute Inc., Cary, NC, USA).

Results

The initial STRUCTURE analysis with all 218

genotypes representing ten coconut cultivars, two

off-types, a hybrid and an undetermined tall

Table 2 continued

Locus Reference for previously published or

primer sequences and GenBank acc. nos.

for microsatellite markers published in this paper

Annealing

temperature (�C)

Number

of alleles

PIC Gene diversity

CnWRKY-02 Mauro-Herrera et al. (2006) 50 2 0.091 0.076 ± 0.13

CnWRKY-03 Mauro-Herrera et al. (2006) 55 5 0.497 0.370 ± 0.26

CnWRKY-04 Mauro-Herrera et al. (2006) 52 3 0.271 0.257 ± 0.19

CnWRKY-05 Mauro-Herrera et al. (2006) 50 3 0.411 0.289 ± 0.20

CnWRKY-06 Mauro-Herrera et al. (2006) 52 2 0.191 0.104 ± 0.17

CnWRKY-09 Mauro-Herrera et al. (2006) 52 2 0.332 0.317 ± 0.18

CnWRKY-10 Mauro-Herrera et al. (2006) 57 4 0.356 0.155 ± 0.20

CnWRKY-13 Mauro-Herrera et al. (2006) 50 4 0.331 0.191 ± 0.21

CnWRKY-14 Mauro-Herrera et al. (2006) 54 3 0.462 0.238 ± 0.27

CnWRKY-16 Mauro-Herrera et al. (2006) 50 3 0.269 0.162 ± 0.24

CnWRKY-19 Mauro-Herrera et al. (2006) 58 2 0.161 0.035 ± 0.11

CnWRKY-21 Mauro-Herrera et al. (2006) 58 3 0.396 0.316 ± 0.24

a Not previously published
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established the presence of nine genetic groups: one

for the ‘Atlantic Talls’, a single genetic group for the

‘Chowghat’, ‘Red Malayan Dwarf’ and ‘Green Niño’

cultivars, two groups in the ‘Fiji Dwarf’ (‘Niu Leka’)

cultivar, one for the ‘Hawaiian Talls’, a single group

for the ‘Green’ and ‘Yellow Malayan Dwarf’ culti-

vars, two groups for the ‘Panama Tall’ samples and

one group for the ‘Red Spicata’ genotypes (Fig. 1A).

STRUCTURE also identified the mixed makeup of

the known hybrid (Maypan) and two off-types

(Fig. 1a). Despite the fact that the STRUCTURE

analysis identified a single genetic group for the

‘Chowghat’, ‘Green Niño’ and the ‘Malayan Dwarf’

cultivars, we chose to keep them separate for further

analysis. The genetic distance estimates and the PCA

analysis confirmed the proximity of these cultivars

but also their distinctiveness (Table 4, Figs. 2, 3). In

addition, substantial levels of hybridization/admix-

ture were also detected for several of the cultivars

studied: ‘Atlantic Tall’, ‘Fiji Dwarf’, ‘Hawaiian

Tall’, ‘Green Niño’, ‘Panama Tall’, and for some of

the ‘Red Spicata’ genotypes.

All nine ‘Atlantic Tall’ individuals used by

Meerow et al. (2003) showed variable levels of

admixture (JT01–JT09, first nine individuals from

left in Fig. 1a). Most of them looked like the product

of out-crossing with ‘Green Niño’, ‘Green’, ‘Red’ or

‘Yellow Malayan Dwarf’ genotypes while JT03

appeared as a mislabeled ‘Panama Tall’ genotype.

These genotypes were obtained from Fort Lauder-

dale, FL, and represented progeny from an unknown

number of ‘Atlantic Tall’ individuals that survived

the LY epidemic of the late 1970s.

In regard to the twelve ‘Atlantic Tall’ genotypes

collected from a pure grove of ‘Atlantic Talls’ on the

Caribbean coast from Costa Rica (AT01–AT12,

Fig. 1a), four showed some level of admixture with

the ‘Green Niño’ and/or the ‘Malayan Dwarf’

cultivars, six others showed variable levels of

admixture only with the ‘Panama Tall’ cultivar while

two were completely homogeneous (true to type, all

brown in Fig. 1a). Lastly, the seven ‘Atlantic Tall’

genotypes (JTS01–JTS07), which are seedlings from

a surviving single mother tree located in West Palm

Table 3 Genetic information for the ten cultivars studied and the two subgroups identified for two of them with STRUCTURE

Cultivar Sample sizea Average allelic richnessb Pc Hed Hoe ff Gene diversityg

‘Atlantic Tall’ 13.5(28) 1.90 ± 0.58 0.93 0.434 0.312 0.287 0.439 ± 0.251

‘Chowghat’ 5.6(7) 1.01 ± 0.06 0.02 0.005 0.005 0 0.005 ± 0.031

‘Fiji Dwarf’ (‘Niu Leka’)-1 13.9(54)h 1.87 ± 0.55 0.85 0.421 0.318 0.251 0.425 ± 0.249

‘Fiji Dwarf’ (‘Niu Leka’)-2 11(54)h 1.59 ± 0.43 0.71 0.333 0.383 -0.160 0.330 ± 0.243

‘Hawaiian Tall’ 5(13) 1.47 ± 0.47 0.51 0.263 0.288 -0.105 0.260 ± 0.261

‘Green Malayan Dwarf’ 8.8(10) 1.40 ± 0.37 0.63 0.214 0.082 0.648 0.223 ± 0.208

‘Red Malayan Dwarf’ 18.4(19) 1.03 ± 0.11 0.17 0.017 0.011 0.365 0.017 ± 0.061

‘Yellow Malayan Dwarf’ 4.9(5) 1.47 ± 0.43 0.63 0.238 0.197 0.190 0.244 ± 0.224

‘Green Niño’ 10.5(25) 1.13 ± 0.25 0.24 0.068 0.036 0.472 0.069 ± 0.142

‘Panama Tall’ 6.8(16) 1.57 ± 0.49 0.71 0.290 0.155 0.486 0.303 ± 0.253

‘Panama Tall’-Costa Rica 10.6(11) 1.48 ± 0.46 0.59 0.260 0.282 -0.089 0.259 ± 0.244

‘Red Spicata’ 16.4(26) 1.06 ± 0.10 0.27 0.030 0.031 -0.032 0.030 ± 0.051

These estimates were obtained with 132 individuals as all putative hybrids were removed from this analysis
a Average sample size over all loci, the number in the parentheses is the initial sample size for the corresponding cultivar
b Average allelic richness across loci, as a measure of the number of alleles independent of sample size
c P Proportion of polymorphic loci
d He Expected heterozygosity
e Ho Observed heterozygosity
f Fixation index
g Gene diversity, Nei’s unbiased estimator (Nei 1987)
h The initial sample size for the ‘Fiji Dwarf’ cultivar includes both groups since the two genetic groups were established with the

STRUCTURE analysis
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Beach, FL, were all homogeneous (presumably due to

their at least half-sib status) like the two homoge-

neous Costa Rican ‘Atlantic Talls’ AT02 and AT09

(all brown, Fig. 1a). The use of ‘Atlantic Tall’

samples from different origins helped to identify a

distinct genetic group for this cultivar.

Regarding the six ‘Panama Tall’ genotypes used

by Meerow et al. (2003) (PT01–PT06, lanes two to

Fig. 1 Population structure results of coconut individuals

representing ten cultivars analyzed with 41 molecular markers

and the program STRUCTURE (Pritchard et al. 2000) and

visualized with DISTRUCT (Rosenberg 2004). ATs: ‘Atlantic

Tall’, CHs: ‘Chowghat’, FDs: ‘Fiji Dwarf’ (‘Niu Leka’), HTs:

‘Hawaiian Tall’, GrMDs: ‘Green Malayan Dwarf’, RMDs:

‘Red Malayan Dwarf’, YMDs: ‘Yellow Malayan Dwarf’,

Ninos: ‘Green Niño’, PTs: ‘Panama Tall’, RSs: ‘Red Spicata’.

A. Population structure results for all 218 coconut genotypes

representing ten cultivars, two off-type Malayan Dwarf

individuals, and one ‘Maypan’. Individuals in Fig. a are

represented in the same order as they are described in Table 1;

b population structure results for 132 individuals representing

all ten coconut cultivars after removing putative hybrid

genotypes (including off-types). Based on the first analysis

(Fig. 1a), the ‘Fiji Dwarfs’ were divided in two subgroups:

FDs1 and FDs2, and the two subgroups for the ‘Panama Talls’,

i.e. PTs1a and PTs2a, resolved as a single genetic group

Table 4 Nei et al.’s Da (1983) genetic distance (above

diagonal) and Cavalli-Sforza and Edwards Dc (1967) genetic

distance (below diagonal) between the ten coconut cultivars

studied and the two genetic groups identified for each the

‘Fiji Dwarf’ and the ‘Panama Tall’ cultivars

AT CH FD1 FD2 HT GrMD RMD YMD Niño PT PTCR RS

AT 0.594 0.489 0.590 0.554 0.539 0.621 0.505 0.605 0.399 0.441 0.606

CH 0.647 0.583 0.642 0.594 0.308 0.203 0.244 0.263 0.445 0.510 0.552

FD1 0.583 0.618 0.262 0.462 0.511 0.560 0.493 0.529 0.367 0.358 0.422

FD2 0.638 0.652 0.383 0.473 0.490 0.614 0.500 0.588 0.463 0.443 0.501

HT 0.600 0.571 0.526 0.535 0.470 0.579 0.495 0.558 0.477 0.451 0.568

GrMD 0.610 0.371 0.575 0.533 0.522 0.270 0.049 0.364 0.452 0.459 0.551

RMD 0.667 0.198 0.604 0.629 0.562 0.348 0.245 0.212 0.518 0.548 0.478

YMD 0.588 0.319 0.560 0.558 0.534 0.157 0.333 0.342 0.461 0.467 0.548

Niño 0.651 0.270 0.584 0.606 0.555 0.404 0.241 0.403 0.469 0.527 0.517

PT 0.497 0.487 0.460 0.520 0.534 0.514 0.554 0.521 0.517 0.184 0.565

PTCR 0.532 0.524 0.466 0.496 0.526 0.522 0.568 0.523 0.541 0.313 0.553

RS 0.647 0.521 0.509 0.556 0.578 0.586 0.467 0.590 0.506 0.597 0.546
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Fig. 2 Dendrograms depicting genetic relationships between

ten coconut cultivars. a, b Cavalli-Sforza and Edwards’ (1967)

chord distance (Dc). c, d Nei et al.’s (1983) Da genetic

distance. a, c Neighbor-joining (NJ, Saitou and Nei 1987). b, d

Unweighted pair group method with arithmetic mean (UP-

GMA, Sneath and Sokal 1973). Numbers at tree nodes are

bootstrap support percentages
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seven in the PTs section in Fig. 1a), all but PT01

showed considerable levels of admixture. Two indi-

viduals were admixed with ‘Green’ or ‘Yellow

Malayan Dwarf’ cultivars, two with ‘Atlantic Talls’

while PT06 appeared as a mixture of cultivars. These

seeds were obtained from the Coconut Industry Board

(CIB), Jamaica. Concerning the ten ‘Panama Tall’

genotypes from a local source in South Florida

(PT1a–PT10a, Fig. 1a), seven of them showed var-

iable levels of admixture primarily with the ‘Atlantic

Tall’ cultivar two were homogeneous like PT1 and

JT03 (all gray) while PT8a emerged as a combination

between the two ‘Panama Tall’ sub-types (gray and

blue colors). In addition, the ‘Panama Talls’ from the

pure grove on the Pacific coast of Costa Rica

(PTCR1–PTCR11, Fig. 1a) appeared as a distinct

homogeneous group (all blue).

Of our sampling of 13 ‘Hawaiian Tall’ genotypes,

two of them (HT01 and HT02, maintained in Miami)

appeared as mislabeled ‘Panama Tall’ genotypes; two

(HT12 and HT13) appeared as hybrids between

‘Atlantic’ and ‘Panama Tall’ cultivars; and four

others were admixed with ‘Panama Tall’ or ‘Malayan

Dwarf’ cultivars. Nevertheless a distinct genetic

group was identified for this cultivar (purple in

Fig. 1a).

The ‘Green Niños’ were not different from the

‘Chowghat’ and ‘Red Malayan Dwarf’ cultivars

based on this initial STRUCTURE analysis (yellow

in Fig. 1a). In addition, several of them appeared to

be admixed with ‘Atlantic Tall’, which may explain

the weak grouping of this cultivar with the ‘Atlantic

Tall’—’Panama Tall’ cluster in Meerow et al. (2003).

A closer examination of the information received

from the CIB, Jamaica, indicated that some of them

could have been hybrids. The removal of the admixed

individuals in the second STRUCTURE analysis led

to the identification of a unique genetic group for this

cultivar (yellow, Fig. 1b) and to its definite placing

with the ‘Chowghat’ and the ‘Malayan Dwarf’

cultivars in the clustering analyses (Figs. 2, 3).

The results of the initial STRUCTURE analysis

were used to remove the 86 hybrid/admixed geno-

types and to reassign those individuals that evidently

belonged to a different cultivar. The second STRUC-

TURE analysis with 132 individuals representing all

ten coconut cultivars (Fig. 1b) also identified nine

genetic groups, but with some differences from the

results of the first analysis. As mentioned previously,

removal of the putative hybrid ‘Green Niños’ resulted

in the identification of a unique genetic group for this

cultivar, while the number of genetic groups in the

‘Panama Tall’ cultivar was reduced from two to one,

though we kept the two ‘Panama Tall’ subgroups for

further analysis. The final list for cultivars and

subgroups further studied based on the STRUCTURE

analyses is presented in Table 3.

On a per locus basis, allele number ranged from

two (CAC11, CAC13, CAC21, CAC27, CnW02,

CnW06, CnW09 and CnW19) to 14 (CN2A5 and

CNZ26) while average gene diversity ranged from

Fig. 3 Three dimensional PCA plots using Nei et al. (1983)

Da genetic distance across 132 individual coconut genotypes

representing ten varieties. a, b Depict the same plot from

different viewing angles. ‘Atlantic Tall’ orange pyramid,

‘Chowghat’ brown pillar, ‘Fiji Dwarf 1’ purple balloon, ‘Fiji

Dwarf 2’ cyan balloon, ‘Hawaiian Tall’ blue cross, ‘Green

Malayan Dwarf’ green flag, ‘Red Malayan Dwarf’ red

diamond, ‘Yellow Malayan Dwarf’ yellow prism, ‘Green

Niño’ black heart, ‘Panama Tall 1’ pink square, ‘Panama Tall

2’ olive-green square, ‘Red Spicata’ red prism. The percentage

of the variation explained by the axes was 52.33, 18.99 and

9.64%, respectively, for a total of 80.97%
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0.035 (CnW19 with two alleles) to 0.546 (CNZ02

with ten alleles). Polymorphism information content

(PIC) values ranged from 0.091 (CnW02) to 0.838

(CNZ29) with a mean of 0.531 (Table 2). On a per

cultivar basis the average allelic richness ranged from

1.01 (‘Chowghat’) to 1.90 (‘Atlantic Tall’) (Table 3).

The two cultivars with the smaller average allelic

richness and proportion of polymorphic loci values

were ‘Chowghat’ and ‘Red Malayan Dwarf’

(Table 3). The two cultivars with the larger average

allelic richness and proportion of polymorphic loci

values were ‘Atlantic Tall’ and ‘Fiji Dwarf’-1

(Table 3). Accordingly, these same cultivars

(‘Chowghat’ plus ‘Red Malayan Dwarf’ and ‘Atlantic

Tall’ with ‘Fiji Dwarf’-1) had the lowest and highest

gene diversity estimates, respectively. The ‘Green

Malayan Dwarf’ cultivar had the highest fixation

index (0.648), followed by the ‘Panama Tall’ and

‘Green Niño’ cultivars. ‘Fiji Dwarf’-2, ‘Hawaiian

Tall’, ‘Panama Tall’-Costa Rica and ‘Red Spicata’

had higher observed heterozygosity values than

expected, which led to negative fixation indexes

(Table 3).

The largest genetic distance estimates were those

between the ‘Atlantic Tall’ cultivar and each one of

the other cultivars; the lower of these estimates were

with the two ‘Panama Tall’ groups (Table 4). High

genetic distance estimates were also obtained

between the ‘Fiji Dwarf’ and the other cultivars,

and between ‘Red Spicata’ and several of the other

cultivars (Table 4). The dwarf cultivars overall

(‘Chowghat’, ‘Green Niño’, ‘Green’, ‘Red’ and

‘Yellow Malayan Dwarf’) had the lowest genetic

distance estimates among them (Table 4).

The clustering of the ‘Chowghat’, ‘Red Malayan

Dwarf’, ‘Green Niño’, ‘Green’ and ‘Yellow Malayan

Dwarf’ cultivars was consistent across clustering

methods and genetic distance estimates with signifi-

cant bootstrap values (Fig. 2). The clustering of the tall

cultivars varied depending on the algorithm used. The

NJ method (regardless of the genetic distance estimate)

placed together the ‘Atlantic Tall’ cultivar and the two

‘Panama Tall’ genetic groups with significant boot-

strap values (82 and 85%). However, the UPGMA

method places the two ‘Panama Tall’ groups with the

two ‘Fiji Dwarf’ groups with bootstrap values of 59 and

69%, and with the Da estimate it places the ‘Atlantic

Tall’ cultivar in the ‘Panama Tall’-’Fiji Dwarf’ cluster

with a bootstrap value of 58%. UPGMA with the Dc

(Cavalli-Sforza and Edwards) estimate does not cluster

the ‘Atlantic Tall’ cultivar with any of the other

cultivars (bootstrap value of 28%). The NJ method

with the Dc estimate also clustered the two ‘Fiji Dwarf’

groups with the tall cultivars but the bootstrap value

was not significant (28%). The clustering of the

‘Hawaiian Tall’ and ‘Red Spicata’ cultivars was not

significant with any of the genetic distance estimates

and clustering methods (bootstrap support values

B50%) though with the UPGMA method they were

placed in the ‘Fiji Dwarf’-’Panama Tall’ cluster

(Fig. 2). In addition to the higher bootstrap values for

the cultivar clusters resolved by NJ, the R2 values for

the NJ trees were higher than those for UPGMA for

both distance coefficients (Da: 88.7% vs. 79.9%; Dc:

92% vs. 88.4%).

The clustering of the ‘Chowghat’, ‘Red Malayan

Dwarf’, ‘Green Niño’, ‘Green’ and ‘Yellow Malayan

Dwarf’ cultivars was also observed in the PCA analysis

(Fig. 3a), and except for the ‘Green’ and ‘Yellow

Malayan Dwarf’ cultivars, each one of them formed a

distinct cluster (Fig. 3b). The PCA analysis also

supports the clustering of the two ‘Panama Tall’

genetic groups with the two ‘Fiji Dwarf’ genetic groups

as the UPGMA clustering method did. In addition, the

‘Hawaiian Tall’ individuals were placed very close to

the two ‘Panama Tall’ genetic groups by the PCA

analysis. Finally, the ‘Atlantic Tall’ and ‘Red Spicata’

cultivars formed their own independent clusters,

though the cluster closest to the ‘Atlantic Talls’ is

that of the ‘Hawaiian Tall’-’Panama Tall’ group

(Fig. 3a, b).

Discussion

Seed source, sample size and admixture levels

The initial analysis with STRUCTURE was quite

useful in pin pointing those individuals which were

highly admixed. This information was particularly

helpful for the ‘Atlantic Tall’ and ‘Panama Tall’

cultivars since hybridization between them and also

with other cultivars is a probable issue in germplasm

collections. Our results confirm cross pollination

between dwarf and tall types, which has been

reported as common (Whitehead 1965; Harries

1978). Considerable levels of admixture as well as

mislabeling were quite common in some of our
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samples for our tall cultivars. The presence of

‘Yellow Malayan Dwarf’ or ‘Atlantic Tall’ alleles

in ‘Panama Tall’ individuals from Jamaica was also

detected by Baudouin et al. (2008). The level of

admixture of the ‘Atlantic Tall’ and ‘Panama Tall’

genotypes used by Meerow et al. (2003), between

them and with the same other cultivars, and the

presence of one true to type ‘Panama Tall’ in each

group, explains the clustering of these two cultivars

in the neighbor joining tree and PCA plot corre-

sponding to Figs. 1 and 3 in Meerow et al. (2003).

The increased number of individuals sampled in

this study, particularly for the ‘Atlantic Tall’ and

‘Panama Tall’ cultivars, helped in identifying unique

genetic groups for these cultivars as well as in the

establishment of more accurate relationships between

them by eliminating admixed individuals. Many

coconut studies have not accounted for this factor

in their analyses and have evaluated just between one

and three (maximum seven) individuals for most of

their cultivars (Manimekalai and Nagarajan 2006a, b;

Perera et al. 1998, 1999, 2000; Rivera et al. 1999;

Teulat et al. 2000) which may be a critical factor

when evaluating relationships between tall (out-

crossing) genotypes. Furthermore, only recently,

Baudouin and Lebrun (2009), Baudouin et al.

(2008) and Lebrun et al. (2008) assessed more than

20 and up to 104 individuals for specific cultivars

(‘Malayan Yellow Dwarf’, ‘Panama Tall’) and

showed the prevalence of cross-contamination/

admixture in those cutlivars.

The analysis of a number of ‘Panama Tall’ individ-

uals by Lebrun et al. (2005) and Baudouin et al. (2008)

led to the identification of three sub-populations: the

‘‘typical’’ ‘Panama Tall’, the ‘‘Aguadulce’’ and the

‘‘Costa Rica’’ types. Those studies identified the

‘‘Aguadulce’’ type as having a low percentage of

‘Atlantic Tall’ genes. Our results indicate that we

might have had some of the ‘‘Aguadulce’’ type

individuals (Fig. 1a). However, to truthfully determine

the relationship between these two cultivars we

removed these individuals from our final analysis.

Our final sampling probably included only the ‘‘typ-

ical’’ ‘Panama Tall’ and the ‘‘Costa Rica’’ types.

In general, higher levels of admixture were

observed with the tall cultivars as compared to the

dwarf cultivars, as expected due to their out-crossing

nature. On the other hand, the majority of the dwarf

cultivars showed fewer admixed individuals,

regardless of their source, particularly the ‘Chowghat’

and the ‘Malayan Dwarf’ cultivars. In addition, some

of the ‘Red Spicata’ individuals showed some level of

admixture with the ‘Green Niño’, ‘Malayan Dwarf’ or

‘Panama Tall’ cultivars, but a unique genetic group

was also obvious for this cultivar (red in Fig. 1a).

The ‘Green Niños’ presented an interesting situ-

ation as several appeared to be introgressed with

‘Atlantic Tall’ (Fig. 1a). When we included putative

hybrid individuals in the population sample, the

placement of this cultivar in our initial preliminary

dendrograms was with the ‘Atlantic Talls’ (data not

shown), and is indicative of how profoundly unde-

tected admixture in population samples can influence

the topology of genetic distance trees.

The exception to high homogeneity in dwarf

coconuts is the ‘Fiji Dwarf’ or ‘Niu Leka’ cultivar.

Both Harries (1978) and Whitehead (1976) consider

this variety more like a tall variety in most respects

other than the fact that it segregates for phenotypes

with compressed internodes. The reproductive biology

of this cultivar (conclusion of the male phase one to five

days prior to the beginning of the female phase within

an inflorescence) favors cross-pollination (Whitehead

1966). The representatives of this cultivar were

partitioned in two groups, and their overall level of

admixture denotes their outcrossing behavior,

although the homogeneity of several of them is striking

(all green or pink color, Fig. 1). Five of the ‘Fiji Dwarf’

individuals imported from Jamaica in the 1980 s

(UF14–UF17 and FD true), which have never suc-

cumbed to Lethal Yellowing in South Florida, were

highly homogeneous. Several progeny from these five

original ‘Fiji Dwarf’ individuals were also highly

homogeneous, while others showed admixture with

other cultivars (‘Atlantic Tall’, ‘Malayan Dwarf’,

‘Panama Tall’) maintained in close proximity.

Method of analysis and coconut cultivar

relationships

NJ clustering differs from UPGMA by not assuming

equal rates of evolution across all lineages, and is

considered a more accurate clustering method for

genetic distances (Saitou and Nei 1987). Except for

studies by Perera et al. (1998, 2000, 2003), most of

the other coconut studies on genetic diversity have

used the UPGMA method (e.g., Ashburner et al.

1997; Rivera et al. 1999; Teulat et al. 2000;
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Manimekalai and Nagarajan 2006a, b) to present the

relationships between cultivars [Lebrun et al. (1998)

used Factorial Analysis of Correspondences (FAC)

instead of cluster analysis]. In addition, some of these

studies have used as few as one to three individuals

per cultivar in their analysis, which according to our

results and those of Baudouin et al. (2008), may

cause misleading resolution of relationships between

cultivars due to the presence of admixed individuals.

The grouping of the cultivars with the two clustering

methods used (NJ and UPGMA) showed some consis-

tent groupings but also some remarkable differences

(Fig. 2). The cluster including the five dwarf cultivars:

‘Chowghat’, ‘Green Niño’, ‘Green’, ‘Red’ and ‘Yel-

low Malayan Dwarf’ was quite consistent with both

clustering methods and genetic distance estimates

(Fig. 2) and was in agreement with their low genetic

distance estimates (Da and Dc, Table 4). The support

(bootstrap values) for almost every node of this main

cluster was equal or higher than 50%, the exception

being the node for the ‘Green Niño’ and the ‘Chowg-

hat’—‘Red Malayan Dwarf’ cultivars (bootstrap value

[60% with Dc but\50% with Da). This same cluster

is also observed in the PCA plots (Fig. 3) where, with

the exception of the ‘Green’ and ‘Yellow Malayan

Dwarf’ cultivars, a discrete group can be observed for

each one of the other three cultivars (Fig. 3b). The

grouping of dwarf cultivars has been consistently

observed in other studies and has been attributed to a

common origin (Lebrun et al. 1998; Perera et al. 1998,

2003; Rivera et al. 1999; Teulat et al. 2000; Upadhyay

et al. 2004). The clustering of the ‘Green’ and ‘Yellow

Malayan Dwarf’ cultivars is easily explained by their

shared origin while the closer relationship of the ‘Red

Malayan Dwarf’ with the ‘Chowghat’ and the ‘Green

Niño’ cultivars rather than with the other ‘Malayan

Dwarf’ cultivars was unexpected. Harries (1978)

placed the ‘Chowghat’ dwarf cultivar (native to India)

in the same group of small-fruited dwarf types as the

‘Green Niño’ (i.e. ‘Coconino’, from the Philippines).

However, he identified the ‘Malayan Dwarf’ cultivars

in a different group due to their larger-fruit and as a

‘‘more vigorous’’ dwarf type (Harries 1978). Our

results contradict such grouping but also corroborate

the closeness between the ‘Chowghat’ and the ‘Green

Niño’ cultivars. The pairing/clustering of ‘Chowghat

Dwarf’ and ‘Malayan Dwarf’ cultivars was also

identified by Upadhyay et al. (2004) and by Devaku-

mar et al. (2006). This study corroborates a common

ancestry/domestication region for dwarfs from India,

Malaysia and the Philippines as established/proposed

in previous studies (Harries et al. 2004; Lebrun et al.

1998, 2005; Perera et al. 2003; Teulat et al. 2000).

The pairing/clustering of the ‘Atlantic Tall’ and

the two ‘Panama Tall’ cultivars was robust and

consistent with the NJ method (bootstrap val-

ues [ 80%) but inconsistent with the UPGMA

method (Fig. 2). UPGMA instead placed the two

‘Panama Tall’ genetic groups with the two ‘Fiji

Dwarf’ genetic groups (bootstrap values of 59 and

69%) although with the Da estimate ‘Atlantic Tall’

was grouped with the ‘Panama Tall’-’Fiji Dwarf’

cluster (bootstrap value of 58%). ‘Atlantic Tall’ was

not part of any cluster by using the Dc estimate and

UPGMA. The groups closest to the ‘Atlantic Talls’ in

the PCA plot are the ‘Hawaiian Tall’, the two

‘Panama Tall’ sub-groups and the ‘Fiji Dwarfs’

(Fig. 3). This clustering is consistent with the low

genetic distance values between ‘Atlantic Tall’ and

the aforementioned cultivars (Table 4).

The coconut in the Americas has been long

proposed as having two sources: one from across

the Pacific ocean that led to the Gulf of Panama as a

main center of distribution, which existed prior to the

arrival of Europeans, and the second from the Cape

Verde islands from where coconuts were brought to

Puerto Rico (Bruman 1944). Bruman (1944) also

dismissed the only report by Columbus of tall palms

with large nuts on the north coast of Cuba as a

possible fabrication by the editor of his notes. Harries

(1977) further explained the source of the Cape Verde

coconuts as being introduced from India and East

Africa, believed to be the center of domestication of

those cultivars growing on the Atlantic and the

Caribbean, including the ‘Atlantic Tall’ from our

study. On the other hand, the origin of the ‘Panama

Tall’ cultivar (from the Pacific American coast) has

recently been confirmed as South–East Asia (another

center of domestication of coconut), particularly the

Philippines (Baudouin and Lebrun 2009). The pro-

posed origins of these two cultivars, and their

contrasting phenotypic characteristics, make the

explanation of their well-supported pairing by the

NJ method in our study confounding. The theory

about the Indian and East African origin for the

cultivars from the Atlantic and the Caribbean in

America has been widely championed (Harries 1978;

Lebrun et al. 2005; Perera et al. 2000, 2003;
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Purseglove 1985), but little support has been pro-

vided with genetic marker data. Only recently, a

genetic study of the ‘Atlantic Tall’ (‘Jamaica Tall’)

and ‘Panama Tall’ cultivars along with African and

Caribbean coconuts reported dissimilar results

depending on the marker system used (Manimekalai

and Nagarajan 2006a, b). The RAPD analysis (Man-

imekalai and Nagarajan 2006a) paralleled the

accepted origin theory by grouping the ‘Atlantic

Tall’ with an African (Nigerian) and Indian cultivars

in one main cluster and the ‘Panama Tall’ with

cultivars from the South Pacific and South East Asia

in another (though ‘Panama Tall’ was paired with a

cultivar from North East India). The Nigerian cultivar

was genetically most similar to a Caribbean cultivar.

Alternatively, the ISSR study (Manimekalai and

Nagarajan 2006b) found highest similarity between

‘Panama Tall’ and the Nigerian cultivar, placing them

both in a cluster that included the ‘Atlantic Tall’ and

Caribbean cultivars as well as other Indian and South

East Asian genotypes. Both studies used the UPGMA

clustering method and only the ISSR results were

reported with bootstrap values. Such discrepancies

with the same genotypes make it difficult to conclude

that any one scenario of coconut varietal relationships

is accurate. Zizumbo-Villarreal et al. (2006) studied

Atlantic and Pacific genotypes from Mexico and

analyzed them with both clustering methods (UP-

GMA and NJ). Their results were similar to ours;

with NJ tall and dwarf cultivars were separated into

two main groups, though their ‘Malayan Dwarfs’

were grouped with some of their ‘Panama Talls’ and,

with some exceptions, their talls were divided

between those of Atlantic origin and those from the

Pacific. With UPGMA their ‘Malayan Dwarfs’ also

grouped with a subgroup of ‘Pacific Talls’ and the

Atlantic and Pacific talls are grouped in two separate

clusters. The fact that they found a consistent

grouping of their ‘Malayan Dwarfs’ with a subgroup

of ‘Pacific Talls’ may be indicative of admixture

between those Pacific genotypes, which, as we see

with our own data, can play a significant role in the

clustering patterns of the different genetic groups in

the dendrograms.

In summary, broad-based molecular marker stud-

ies of coconut varietal relationships should strive to

include at least 10–20 individuals from at least two

isolated source populations if at all possible. More

importantly, it is essential that population samples be

tested for possible admixture with other varieties

growing in their vicinity.

Whether recent cross contamination or an earlier

dispersal of Pacific tall coconuts into the Atlantic area

led to a much closer relationship than expected

between our ‘Atlantic Tall’ and ‘Panama Tall’

materials remains to be further investigated. Given

the fact that NJ clustering results portray different

and even better supported grouping results than

UPGMA might be indicative that the ancestry of

coconut cultivars may be more ambiguous than

presumed by some accounts (e.g., Harries 1978;

Lebrun et al. 2005). At the very least, molecular

marker studies on coconut diversity should provide

bootstrap support percentages for any genetic dis-

tance tree used to justify a particular classification, as

well as a rationale for rejecting alternative hypotheses

of relationships based on other clustering algorithms.

Common ancestry of dwarf cultivars on one hand and

of tall cultivars on another as resolved by NJ

clustering with relatively high bootstrap support

may suggest that a different model for the domesti-

cation and dispersal of coconut cultivars may need to

be examined. A phylogeographic approach (Avise

2000, 2009) using multilocus sequence data across a

large and geographically diverse collection of coco-

nut populations may ultimately be more informative

in answering this question decisively than any

method of fragment analysis.
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