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Abstract

Genetic improvement in coconut relies on exploiting the vast existing diversity among coconut accessions. Robust molecu-
lar markers are a pre-requisite for efficient characterization of genetic diversity. Microsatellites or simple sequence repeats
(SSRs), mined from expressed sequence tags (ESTs), constitute an important resource for analysis of genetic diversity as
they are abundant, polymorphic and represent function regions of the genome. We have identified a total of 318,528 putative
EST-SSRs from 130,942 unigenes utilizing a leaf transcriptome dataset of coconut. Among the EST-SSRs, dinucleotide
repeats were abundant (219,912; 69.04%) followed by trinucleotide (70,722; 22.2%) and tetra-nucleotide repeats (6281;
1.9%). Among the dinucleotide repeat motifs, the dominant repeat was AG/CT (35.87%), followed by AT/AT (18.59%), while
the dominant trinucleotide repeat was AAG/CTT (4.59%). One hundred and twenty EST-SSR primer pairs were designed
and utilized to amplify six DNA samples of coconut accessions. Fifty primers (41.7%) produced reproducible polymorphic
fragments of expected sizes, from which a total of 10 primers were selected for the diversity assessment in 186 palms of 50
coconut accessions, comprising of 25 each of tall and dwarf accessions. A total of 137 alleles were detected with an average
of 13.7 alleles per SSR locus. The number of alleles observed at each locus in the data set ranged from 7 to 22. All the loci
showed 100% polymorphism with respect to the samples screened. The average observed heterozygosity was 0.46. The PIC
values ranged from 0.79 (CnKGDEST129 and CnKGDEST100) to 0.91 (CnKGDEST117 and CnKGDEST122) with a mean
value of 0.85, indicating the capacity of the EST-SSR markers to detect high levels of polymorphism. The cluster analysis
revealed that accessions were generally clustered based on their relative similarity and irrespective of their geographic ori-
gins. The present study demonstrates the usefulness of transcriptome sequencing as a rapid and cost-effective methodology
for the development of molecular markers. The EST-SSR markers generated through this study constitute useful and reliable
tools for assessment of genetic diversity and marker-assisted selection in coconut.
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Introduction

Electronic supplementary material The online version of this Popularly regarded as “Tree of Life’ or “Tree of Heaven’,
article (https://doi.org/10.1007/s11033-020-05981-8) contains the coconut palm (Cocos nucifera L.) is the livelihood sup-
supplementary material, which is available to authorized users. porter to millions of peop]e in around 93 tropica] countries,
comprising mainly of Island nations, where they play an
even influential role in sustaining the fragile ecosystem
[1]. Although all the parts of the coconut palm are used by
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derivatives are used either for consumption or industrial
purposes. The sweet water and delicious tender kernel from
immature fruits are relished for fresh consumption as well
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as processed to make beverages. The fresh sweet sap tapped
from the unopened inflorescence serves as a nutritious drink
and is also used to make a range of edible products.

The genus Cocos has only one species nucifera, with two
distinct botanical groups viz., talls and dwarfs, mainly dis-
tinguished by the palm stature and cross or self-pollination,
respectively, and also by several other morphological and
qualitative characters [2]. Because coconut is a perennial and
mainly a cross-pollinating species, most crop improvement
efforts have utilized the diversity existing in natural coconut
populations of different regions. Establishment of system-
atic coconut gene banks in a few countries since the 1920s
has paved the way for development and release of several
superior varieties through selection and hybridization [3].
Genetic diversity studies have particular importance in crop
breeding programs in coconut, especially in the arrangement
of accessions into genetic groups, for further use in breed-
ing programs, and in recognition of redundant ecotypes or
duplicates in collections [2, 4-6]. Genetic diversity analy-
ses in coconut were previously undertaken utilizing various
morphological and biochemical features of the germplasm
collections, which include foliar traits [7], fruit component
analysis [8] and banding profiles of native proteins [9]. As
these techniques are prone to environmental influences [10],
they have given way to molecular markers for the characteri-
zation of crop germplasm and overcome most of the limita-
tions of morphological and biochemical markers.

In coconut, the use of molecular markers like RFLP
(Restriction Fragment Length polymorphism) [4], AFLP
(Amplified Fragment Length Polymorphism) [11] and
SSR (Simple Sequence Repeat) [11-14, 16—19] have been
reported for genetic characterization and diversity estima-
tion [2, 15]. Among these, SSRs have steadily become the
method of choice in population genetics and germplasm
characterization studies, construction of linkage maps and
mapping of QTLs (quantitative trait loci) in many crops
by their co-dominant nature, enhanced polymorphism and
reproducibility, and more coverage of the genome. Con-
cerning coconut, SSRs have been used by many research-
ers in diversity studies [11-14, 16, 17]. Although widely
employed, the development of SSR markers via screening
of genomic libraries is time-consuming, labor-intensive and
expensive [20].

The use of ESTs (Expressed Sequence Tags) to mine for
SSRs (EST-SSRs) has largely reduced the dependence on
genomic SSRs. The advantages of EST-SSR techniques
include hypervariability, suitability for high throughput
analysis, high polymorphism and mainly, their high trans-
ferability to related species [20]. EST-SSRs have been uti-
lized in diverse spheres, such as marker-assisted selection
(MAS), for developing high yielding varieties as well as
molecular mapping and quantitative trait loci (QTL) analysis
[21]. EST-SSR markers also constitute functional markers
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as they are derived from expressed regions of the genome
[22]. Transcriptome sequencing offers a cost-effective strat-
egy in the identification of microsatellite loci from expressed
regions of the genome [23]. The present work was under-
taken to screen coconut leaf transcriptome data, generated
previously in our laboratory [24], to identify EST-SSRs and
to utilize the EST-SSR technique for diversity analysis in
coconut utilizing the selected, well known conserved tall
and dwarf accessions.

Materials and methods
Mining for EST-SSRs

Leaf transcriptome dataset of Chowghat Green Dwarf cul-
tivar (NCBI SRA: SRX 436961), generated on an Illumina
HiSeq 200 platform [24], was used as a sequence source for
locating the SSR markers. The identification and localiza-
tion of perfect as well as compound microsatellites and the
frequency of a specific microsatellite type, according to the
unit size or individual motifs, were done using MIcroSAtel-
lite (MISA) tool (https://webblast.ipk-gatersleben.de/misa/).

BLASTx analysis

EST-SSR similarity searches were undertaken using the
BLASTX program. The sequences were screened with maxi-
mum threshold E-value at 0.0001, identity percentage (indi-
cating the similarity between the aligned sequences with
respect to the length of the matched region) and coverage
percentage (indicating the similarity between the aligned
sequences with respect to the size of the query’s sequence).
The sequences, which possessed major BLASTx similarity,
were further analyzed.

Design of primers flanking EST-SSRs

SSR primers were designed using the flanking sequences by
Primer3 software (bioinfo.ut.ee/primer3/). The major primer
design parameters were melting temperature (50-60 °C),
GC content (40-60%), primer size (18-30 bp) and prod-
uct size (150-400 bp). Melting temperature (T,,) ranged
from 57 to 60 °C, primer GC content ranged from 40 to
60%, primer size ranged from 22 to 27 bp, and product size
ranged from 101 to 300 bp. Besides, the following param-
eters were also used for SSR prediction: di-mers, tri-mers,
tetra-mers, penta-mers and hexa-mers, with a minimum of
three repeats, and hepta-mers, octa-mers and nona-mers,
with a minimum of two repeats. For marker design, we have
selected SSR regions with length greater than or equal to
30 bp. The parameters used for primer design are given in
Supplementary Table S1. Selected primers were checked
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for self-annealing and primer dimer formation using the
OligoAnalyzer tool (https://www.idtdna.com/pages/tools/
oligoanalyzer).

Plant materials and extraction of DNA

Selected conserved coconut germplasm, from the National
Coconut Genebank, ICAR-CPCRI, Kasaragod, Kerala State,
India and International Genebank for South East Asia and
the Middle East (ICG-SAME), Kidu, Karnataka State, India,
were used in the study. A total of 186 palms belonging to 50
coconut accessions (comprising of 25 tall and dwarf acces-
sions each; 2—4 palms per accession), representing both
exotic and indigenous material (Table 1), were used for
diversity analysis. Genomic DNA was isolated from spindle

leaves as per the protocol described in [25]. To check DNA
for its purity and intactness, the genomic DNA was run in
0.8% agarose gel stained with ethidium bromide and visual-
ized in a gel documentation system (BIO-RAD, USA).

EST-SSR analysis

From the designed EST-SSR primer pairs, 120 primers
were selected, from sequences possessing major BLASTx
similarities, for screening a subset of germplasm comprising
three each of tall and dwarf coconut accessions [West Coast
Tall, San Ramon Tall, Philippines Ordinary Tall, Chowghat
Green Dwarf, Kenthali Orange Dwarf, and Andaman Yel-
low Dwarf] for detection of polymorphism. The three tall
and three dwarf accessions, used for initial screening, were

Table 1 List of tall and dwarf accessions used, their origin and number of palms sampled

SL. no Tall accessions Origin Number of SI.no Dwarf accessions Origin Number
palms sam- of palms
pled sampled

1 Fiji Tall Fiji 4 1 Kenthali Orange Dwarf  India 4

2 West Coast Tall India 4 2 Andaman Yellow Dwarf India 4

3 West Coast Tall Spicata  India 4 3 Nikkore Orange Dwarf ~ Papua New Guinea 4

4 East Coast Tall India 4 4 Andaman Green Dwarf  India 4

5 Kulasekharam Green Tall India 4 5 Cameroon Red Dwarf Cameroon 4

6 San Ramon Tall The Philippines 4 6 Niu Leka Dwarf Fiji 4

7 Laccadive Micro Tall India 4 7 Hari Papua Orange French Polynesia 4

Dwarf
8 Zanzibar Tall Tanzania 4 8 Gangabondam Green India 4
Dwarf

9 Java Tall Indonesia 4 9 Andaman Orange Dwarf India 4

10 Andaman Ordinary Tall  India 4 10 Laccadive Orange Dwarf India 4

11 Ayiramkachi Tall India 4 11 Laccadive Green Dwarf  India 4

12 Tiptur Tall India 4 12 Chowghat Orange Dwarf India 4

13 British Solomon Island ~ British Solomon Islands 4 13 Laccadive Yellow Dwarf India 4

Tall
14 Borneo Tall Indonesia 4 14 Sri Lankan Yellow Sri Lanka 4
Dwarf
15 Ratnagiri Tall India 4 15 Sri Lankan Orange Sri Lanka 4
Dwarf

16 Laccadive Ordinary Tall —India 4 16 Chowghat Green Dwarf  India 4

17 Guam Tall Guam 4 17 Malayan Orange Dwarf =~ Malaysia 4

18 Benaulim Tall India 4 18 Coco Bleu Dwarf Seychelles 4

19 Cochin China Tall Vietnam 4 19 Gudanjali Green Dwarf  India 4

20 Strait Settlement Green ~ Malaysia 4 20 Katchal Green Dwarf India 2

Tall
21 Philippines Ordinary Tall The Philippines 4 21 Malayan Yellow Dwarf ~ Malaysia 4
22 Federated Malay Straits ~ Malaysia 4 22 Malayan Green Dwarf Malaysia 2
Tall
23 Andaman Giant Tall India 23 Sri Lankan Green Dwarf  Sri Lanka 2
24 West African Tall Cote d’Ivoire 2 24 Kulasekharam Yellow India 2
Dwarf
25 Philippines Lono Tall The Philippines 2 25 Pemba Green Dwarf Mauritius 2
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selected to represent different geographical groups. PCR
reactions were conducted in volumes of 20 ul containing
35 ng genomic DNA, 0.2 uM of both forward and reverse
primers (Sigma), 0.1 pl of 10 mM of each dNTPs (MBI
Fermentas), 2.0 pl of 10 x buffer [10 mM Tris—HCl (pH 9.0),
50 mM KCl, 1.5 mM MgCl,, 0.01% gelatin] and 0.5 pul of
Tag DNA polymerase (3 Units/ul) (Genei Laboratories Pvt.
Ltd., India). The reaction mixture was given a brief spin for
thorough mixing of the cocktail components and aliquoted
in 20 pl thin-walled clear PCR tubes. Initially, gradient PCR
was carried out to find the optimum annealing temperatures
for the designed primers. The PCR conditions were: an
initial denaturation step 94 °C for 2 min, followed by 39
cycles at 94 °C for 1 min, annealing (different temperature
for each primer pair) for 1 min and 72 °C for 1 min 30 s,
terminating with a final extension at 72 °C for 10 min. After
gradient PCR, the products were run in a 3% agarose gel
and the amplicons were visualized with ethidium bromide
staining using a gel documentation system (Bio-Rad, USA).
The annealing temperatures, which gave a strong single band
of the expected size, were selected and subsequently PCR
was carried out at that temperature for the particular pair of
primers. Each polymorphic primer was tested at least thrice
to ensure the reproducibility of polymorphism and the band-
ing patterns. Based on their ability to detect polymorphism,
primers were selected for diversity analysis. PCR products
were analyzed, using the DNA 500 kit, using a MultiNA
microchip electrophoresis system (MCE-202 MultiNA,
Shimadzu). Automated detection of peak sizes on electro-
pherograms was achieved by the MultiNA software (Mul-
tiNA Control Software and Data Analysis Software MultiNA
Viewer, Shimadzu).

Data analysis

The calculation of genetic diversity values and construc-
tion of the unweighted pair group method with arithmetic
mean (UPGMA) dendrogram using Nei’s genetic distance
[26] was carried out using the GDA software (Genetic Data
Analysis) [27].

Results

Mining for EST-SSRs from coconut transcriptome
data

A total of 130,942 unigenes, assembled from Illumina
sequencing of the leaf of CGD cultivar (SRX 436961), were
used for the mining of EST-SSRs. Using the MISA tool, a
total of 318,528 potential SSRs were identified. The num-
ber of SSR containing sequences was 89,820. The number
of sequences containing more than one SSR was 57,578.
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Di-nucleotide repeats were more (219,912), followed by
tri-nucleotide (70,722) and tetra-nucleotide repeats (6281)
(Table 2). From Table 2, it is clear that the di-nucleotide SSR
is the dominant type (69.04%) followed by tri-nucleotide
repeats (22.2%). Among the di-nucleotide repeat motifs, the
dominant repeat was AG/CT (35.87%) followed by AT/AT
(18.59%) and AC/GT (13.19%). The dominant tri-nucleotide
repeat was AAG/CTT (4.59%) (Table 3).

Development of EST-SSR markers

A total of 523 primers were designed from flanking SSR
regions using Primer3 software. These primers were named
as CnKGDESTO01-CnKGDEST523 (to denote Cocos nucif-
era Kasaragod). The details of the 523 primers are given in
Supplementary Table S2. Other sequences were excluded
due to very short SSR flanking sequences, which were not
suited for primer designing. BLAST analysis revealed that
all the primers were novel.

Sequence annotation

For the identification of the putative function of each
sequence containing EST-SSRs, BLASTx analysis was done.
The 523 EST-SSR sequences were subjected to BLASTx
analysis, and no hits were found for 78 EST-SSR sequences.
The remaining 445 sequences possessed a putative func-
tion and 94 were uncharacterized proteins. The results also
showed that 381 of the EST-SSR sequences possessed
high homology with Elaeis guineensis (oil palm) (in which
84 were uncharacterized proteins) and the remaining 64

Table 2 Summary information on frequencies of different SSR repeat
motif types related to variation of repeat unit numbers in coconut
EST-SSR loci

Sl.no. Item Numbers
1 Total number of sequences examined 130,942
2 Total size of examined sequences (bp) 86,240,850
3 Total number of identified SSRs 318,528
4 Number of SSR containing sequences 89,820
5 Number of sequences containing more than 57,578
one SSR
6 Number of SSRs present in compound forma- 109,723
tion
7 Di-nucleotide 219,912
Tri-nucleotide 70,722
9 Tetra-nucleotide 6281
10 Penta-nucleotide 1548
11 Hexa-nucleotide 1096
12 Hepta-nucleotide 1015
13 Octa-nucleotide 4517
14 Nona-nucleotide 2437
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Table 3 Frequency of distribution of most abundant repeat motifs
found in coconut EST sequences

SI. No Repeats Percentage (%)
1 AC/GT 13.19
2 AG/CT 35.87
3 AT/AT 18.59
4 CG/CG 1.38
5 AAC/GTT 1.58
6 AAG/CTT 4.59
7 AAT/ATT 1.58
8 ACC/GGT 1.99
9 ACG/CGT 0.67
10 ACT/AGT 0.35
11 AGC/CTG 2.28
12 AGG/CCT 3.98
13 ATC/ATG 2.81
14 CCG/CGG 2.36
15 AAAC/GTTT 0.11
16 AAAG/CTTT 0.43
17 AAAT/ATTT 0.32
18 AACC/GGTT 0.04
19 Others 7.85

EST-SSR sequences possessed high homology with Phoenix
dactylifera (date palm) (in which 10 were uncharacterized
proteins). The details are given in Supplementary Table S2.

EST-SSR analysis

From the 523 designed EST-SSR primers, after eliminating
the 78 EST-SSR sequences which had no hits in BLASTx
analysis and 94 EST-SSR sequences with uncharacterised
proteins, a total of 120 primers (NCBI Accession numbers:
KX580069 to KX580168; KU999089 to KU999108) were
selected and synthesized. Gradient PCR was used to select
the optimum annealing temperature for each SSR primer
pair. These primers were screened in six coconut accessions
comprising of three each of tall and dwarf accessions. A
total of 60 primer pairs (50%) produced monomorphic bands
in the six accessions. Ten primers (8.3%) did not give ampli-
fication or gave weak amplification. Fifty primers (41.7%)
produced reproducible polymorphic fragments. From these
50 primer pairs, a total of 10 primers were selected for the
diversity assessment. The details of primer sequences, opti-
mum annealing temperature and observed allele sizes of the
selected primer pairs are provided in Table 4.

Table 4 List of primer-pairs used to amplify the EST-SSR loci used in this study, their NCBI accession numbers, the repeat motifs of the loci,
the forward and reverse primer sequences, their annealing temperature and the observed fragment sizes of the alleles

Sl no. Primer name NCBI accession no. Repeat motif Forward sequence Reverse sequence Annealing Allele sizes (bp)
(5'-3" (5'-3") temperature
Q)
1 CnKGDEST100 KU999092 (GAGGCG)7 TGGCCCTCAGCG  ACCGACGAGAAT 59 178-204
AAAGGGAGAA GGCGGTCTCT
2 CnKGDEST101 KX580071 (CT)20 AGGCCTGGCACC  ATCGAGGCAGCC 59 238-272
ACCTCTTCTT CCACCTTACT
3 CnKGDEST85 KU999096 (CT)21 TGGATATCACAG GTTGCAGTTTGG 57 170-188
CCCTTCCATGCT TGCATGTGAAAG
AT
4 CnKGDEST126 KU999102 (TG)21 ACTCTGCTGCTT AGTTAACAGAAT 58 248-274
TTCCAGACAGGT  CACATTGGCGGA
CA
5 CnKGDEST136 KU999103 (AG)22 AGCTCCAGTCCA  TCCTTCCCTCCA 58 232-292
CCCACGGAAT TCATTCCCTCTCT
6 CnKGDEST139 KU999104 (TC)23 TCCACGGTGCCC  ACGAGAAAGGAG 59 142-198
CTATTGGTCA ACAAAATGG
GGAAAA
7 CnKGDEST142 KX580095 (GGCGGA)6 TGCATAAACCGG  CCCCCGCCCAIT 59 194-250
GCAGTCGGTG GAAATCGGAA
8 CnKGDEST117 KX580073 (TAGA)1I0  CCGCCTCGGTTC  TCCCCACCCCAC 59 198-238
AACAAACCCA AACCAAACCA
9 CnKGDEST122 KX580075 (TC)25 TATGCTGGTGCG  CGCGTAATTGGC 59 126-186
GAGAGTGGGA AACTGACATGGG
10 CnKGDEST129 KX580077 (AG)22 AGCTGCAGCACC  TGCGTTTCATGC 59 292-328
GAGGATGAGA ACTCACAAAAGG
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Allele richness of SSR loci

A total of 137 alleles were detected with an average of
13.7 alleles per SSR locus. Digital gel profiles generated
by MultiNA Viewer software of tall and dwarf accessions
using the primers CnKGDEST142, CnKGDEST129 and
CnKGDEST136 are given in Supplementrary Fig. S1 a—c.
The number of alleles observed at each locus in the data
set ranged from seven (loci CnKGDEST100) to 22 (CnK-
GDEST136). All the loci showed 100% polymorphism
with respect to the samples screened. The average observed
heterozygosity was 0.46 (Table 5). The PIC values ranged
from 0.79 (CnKGDEST129 and CnKGDEST100) to 0.91
(CnKGDEST117 and CnKGDEST122), with a mean value
of 0.85 (Table 5).

Genetic diversity levels

Genetic variation at 10 EST-SSR loci was assessed in 186
palms of 50 coconut accessions (2—4 palms per accession),
comprising of 25 each of tall and dwarf accessions. The pro-
portion of polymorphic loci (%), alleles per locus, expected
heterozygosity (He), observed heterozygosity (Ho) and fixa-
tion index in the 50 accessions overall 14 loci are given in
Table 6.

For all the accessions, the observed heterozygosity was
less than expected heterozygosity indicating a tendency
towards inbreeding within a population (Table 6). The mean
fixation index across the 50 accessions was 0.17. Negative
fixation index was noticed for three accessions viz., Katchal
Green Dwarf, Andaman Orange Dwarf and Sri Lankan Yel-
low Dwarf. The fixation index was the highest for the acces-
sion East Coast Tall (0.88). The fixation index value was
zero for the accessions Kulashekharan Green Tall, Kenthali
Orange Dwarf, Gangabondam Green Dwarf, Chowghat
Green Dwarf, Andaman Yellow Dwarf, Andaman Green

Dwarf, Sri Lankan Green Dwarf, Hari Papua Orange Dwarf,
Coco Bleu Dwarf and Pemba Green Dwarf (Table 6).

Clusters based on the dendrogram

The clustering pattern, based on the analyses of the EST-
SSR profiles, revealed the formation of two main clusters
among the selected 25 tall accessions, representing the
diversity among tall accessions from different geographical
regions. The grouping was observed, generally, based on
geographical affinity (Fig. 1). Cluster 1, which was a major
cluster with 21 accessions, included accessions from South
East Asia, most of the Indian and African accessions and
one accession from the Pacific region. Within the sub-clus-
ters, most of the large-fruited accessions including Anda-
man Giant Tall, San Ramon Tall, Borneo Tall, and Cochin
China Tall were grouped whereas the majority of the small
and medium fruited types formed separate sub-cluster. West
Coast Tall Spicata, which is a sub-population of West Coast
Tall, clustered together indicating their close relatedness
whereas Tiptur Tall, a coconut population from Karnataka
state of India showing greater extent of morphological simi-
larity to West Coast Tall, grouped with Philippines Lono
Tall.

Interestingly, the two native coconut populations from
Andaman Islands viz., Andaman Ordinary Tall and Anda-
man Giant Tall were positioned at two extremities. While
Andaman Ordinary Tall has normal sized nuts, Andaman
Giant Tall has giant sized nuts. Both the populations were
collected from South Andaman Island. The two populations
from the Konkan region in the West Coast of India, viz.,
Benaulim Tall and shared similarity with East Coast Tall (a
population from the state of Tamil Nadu, on the East Coast
of India), and separated from other coconut populations from
the West Coast of India. Cluster 2 grouped only four acces-
sions, comprising two from the Pacific Ocean region (British
Solomon Island Tall and Guam Tall) and one each from the

Table 5 Characteristics of

. SL. No Locus Proportion of poly-  Number of alleles H, H, PIC value

E,ST'S,SR primers used .for the morphic loci (%) detected per locus

diversity study: proportion

of polymorphic loci (%), 1 CnKGDEST100 100 7 079 018 079

ﬁgf;szf;;ls‘:f;zgl;e sxpected CnKGDESTI01 100 10 087 026 086

heterozygosity (H,) and the 3 CnKGDESTS85 100 9 0.82 0.00 0.82

polymorphism information 4 CnKGDEST126 100 9 0.85 0.16 0.85

content (PIC) value 5 CnKGDESTI39 100 19 090 038 090
6 CnKGDEST136 100 22 0.90 0.79 0.90
7 CnKGDEST122 100 20 0.91 0.78 091
8 CnKGDEST129 100 13 0.80 0.79 0.79
9 CnKGDEST142 100 12 0.83 0.76 0.82
10 CnKGDEST117 100 16 0.91 0.49 091
All 100 13.70 0.86 0.46 0.85
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Table 6 The expected heterozygosity (H,), observed heterozygosity
(H,) and fixation index (Fgp) across the 50 coconut accessions based
on the 10 polymorphic EST-SSR loci

Sl.no.  Population H, H, Fgr

1 Fiji Tall 080 0.54 0.36
2 San Ramon Tall 0.60 047 0.24
3 Java Tall 0.83 0.65 0.24
4 British Solomon Island Tall 0.82  0.65 0.24
5 Guam Tall 0.77 057 0.29
6 Cochin China Tall 0.76  0.60 0.24
7 Borneo Tall 0.74  0.66 0.12
8 Philippines Ordinary Tall 0.65 0.58 0.13
9 Federated Malay Straits Tall 0.64 0.58 0.12
10 Andaman Giant Tall 0.76  0.63 0.20
11 Andaman Ordinary Tall 0.64 0.55 0.14
12 Philippines Lono Tall 0.79 0.63 0.23
13 West Coast Tall 0.69 0.63 0.11
14 West Coast Tall Spicata 0.63 0.63 0.13
15 East Coast Tall 0.76  0.70 0.88
16 Kulashekharam Green Tall 0.60  0.60 0.00
17 Laccadive Micro Tall 0.69  0.60 0.15
18 Laccadive Ordinary Tall 0.70  0.60 0.16
19 Ratnagiri Tall 0.65 0.58 0.13
20 Benaulim Tall 0.82 0.59 0.36
21 Ayiramkachi Tall 0.75  0.70 0.68
22 Tiptur Tall 0.73  0.63 0.17
23 Zanzibar Tall 0.81 0.75 0.09
24 Straight Settlement Green Tall 0.81  0.65 0.23
25 West African Tall 0.81 0.73 0.11
26 Kenthali Orange Dwarf 0.00  0.00 0.00
27 Gangabondam Green Dwarf 0.00  0.00 0.00
28 Chowghat Orange Dwarf 0.12  0.03 0.78
29 Chowghat Green Dwarf 0.00  0.00 0.00
30 Gudanjali Green Dwarf 00.53 043 0.22
31 Andaman Yellow Dwarf 0.00  0.00 0.00
32 Andaman Green Dwarf 0.00  0.00 0.00
33 Katchal Green Dwarf 0.16 022 —-0.54
34 Andaman Orange Dwarf 0.09 010 -0.20
35 Kulasekharam Yellow Dwarf 0.65 045 0.35
36 Sri Lankan Green Dwarf 0.50 0.50 0.00
37 Sri Lankan Yellow Dwarf 0.53 055 -0.06
38 Sri Lankan Orange Dwarf 0.55 0.50 0.11
39 Laccadive Orange Dwarf 051 0.48 0.08
40 Laccadive Green Dwarf 046 043 0.10
41 Laccadive Yellow Dwarf 0.60 0.50 0.19
42 Nikkore Orange Dwarf 0.51  0.50 0.03
43 Cameroon Red Dwarf 0.61 048 0.25
44 Niu Leka Dwarf 0.58 048 0.20
45 Hari Papua Orange Dwarf 0.03  0.03 0.00
46 Coco Bleu Dwarf 0.00  0.00 0.00
47 Pemba Green Dwarf 0.10  0.10 0.00
48 Malayan Orange Dwarf 0.63 053 0.18

Table 6 (continued)

Sl.no.  Population H, H, Fqr

49 Malayan Yellow Dwarf 054 048 0.12
50 Malayan Green Dwarf 0.59 0.49 0.19
Mean 0.53 045 0.17

African region (Zanzibar Tall) and Andaman Islands (Anda-
man Ordinary Tall) (Fig. 1).

The dendrogram constructed for dwarf accessions in the
study revealed the unique nature of Niu Leka Green Dwarf
which has formed a single accession in Cluster 1. In contrast,
the rest of the dwarfs (24 accessions) grouped together into
Cluster 2 (Fig. 2). Within Cluster 2, Malayan Orange Dwarf
and Andaman Yellow Dwarf formed a separate sub-cluster.
The two Green Dwarfs from Andaman and Nicobar Islands,
India, viz. Andaman Green Dwarf and Katchal Green Dwarf
clustered together. A few relatively similar (morphologi-
cally) dwarfs clustered together, viz. the Kenthali Orange
Dwarf with Chowghat Orange Dwarf, while the Chowghat
Green Dwarf clustered with Laccadive Green Dwarf. The
Kulasekharam Yellow Dwarf was grouped with Malayan
Yellow Dwarf. Also, the dwarf accessions from the Pacific
Region, namely, Hari Papua and Nikkore, both having
orange-coloured fruits, are seen closely related. Among
the remaining accessions, the clustering pattern does not
show any definite geographical affinity or any specific trait,
although there are some exceptions (Fig. 2).

Discussion

A large set of clean reads of high quality, obtained from
RNA-sequencing of coconut leaf in an Illumina platform
were assembled. A total of 130,942 non-redundant unigenes
were obtained, providing a substantial basis for EST-SSR
identification and characterization. Our study helped to iden-
tify a total of 3,18,528 potential SSRs which is testimony
to the high frequency of SSRs in transcribed regions of the
coconut genome (one SSR per 2.7 kb). A comparative study
of the SSR densities between different species showed that
Glycine max (one SSR per 1.77 kb) has a higher SSR density
when compared to coconut (one SSR per 7.4 kb), whereas
Zea mays (one SSR per 8.1 kb), Arabidopsis thaliana (one
SSR per 13.83 kb), Solanum lycopersicum (one SSR per
11.1 kb), Populus spp. (one SSR per 14 kb) and Gossypium
spp- (one SSR per 20 kb) demonstrated lower SSR densi-
ties in their EST sequences [28]. This difference in densities
could be attributed to the number/length of EST sequences,
the criteria used for identification, size of the database as
well as the various bioinformatics tools used for the research
[28].
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Fig.1 UPGMA cluster phe-
nogram showing the genetic
relationships among the 25 tall
coconut accessions, based upon
Nei’s genetic distance [26]

— Fiji Tall
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Mono-nucleotide repeats were not considered in our
study. Di-nucleotide SSRs were determined to be more
abundant (69.03%) when compared to tri-nucleotide repeats
(22.2%) which are in line with a previous study conducted
in coconut [18]. Among di-nucleotide repeat motifs, the
dominant repeat was found to be AG/CT (35.87%) followed
by AT/AT (18.59%) and AC/GT (13.19%) which corrobo-
rated findings from previous studies in many species includ-
ing Hevea brasiliensis and Elaeis guineensis [29, 30]. In
E. guineensis (oil palm), di-nucleotide repeats formed the
largest group (45.6%), consisting of AG/CT (66.9%), AT/AT
(21.9%), AC/GT (10.9%) and CG/CG (0.3%) motifs followed
by tri-nucleotide repeats (34.5%) [30], which was similar to
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the result obtained in this study. The repeat CCG/CGG was
reported as the abundant tri-nucleotide repeats in monocots,
which might be due to the high G+C content and conse-
quent codon usage in monocot ESTs [31, 32]. In this study,
the dominant tri-nucleotide repeat was AAG/CTT (4.59%),
which was different from the previous report [18]. The fre-
quent occurrence of tri-nucleotide repeats in coding regions
is likely because changes in these repeats are unlikely to
cause frameshift mutations [33, 34]. Among di-nucleotide
repeats, GA/TC repeat motifs were more abundant than AG/
CT in plants like Hordeum vulgare, Zea mays, Oryza sativa,
Sorghum bicolor and Triticum spp. [35]. The higher num-
ber of AG/CT or GA/TC repeats may be correlated with
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Fig.2 UPGMA cluster phenogram showing the genetic relationships among the 25 dwarf coconut accessions, based upon Nei’s genetic distance

[26]

the frequent occurrence of four types of amino acid prod-
ucts in translated proteins: GAG (Glu), AGA (Arg), CUC
(Leu) and CUC (Ser) [5]. Tri-nucleotide repeats were found
to be the most dominant SSRs in legume crops like Vicia
faba, Glycine max and Glycine soja [36, 37]. The di, tetra
or penta-nucleotide variations produce a shift in the reading
frame which results in negative selection and a lower degree
of polymorphism [34]. The sequence annotation was done
using the BLASTx program against oil palm and date palm
sequences. The results showed coconut unigenes shared high
homology with oil palm.

We designed 523 primers through Primer3 software;
all these primers were found to be novel compared to the
earlier study [18]. A total of 60 primer pairs (50%) pro-
duced monomorphic bands in the six accessions used in
the screening process. A possible reason could be that
since these SSRs are present in expressed regions of the
genome, they could be highly conserved among members
of a species causing a lower level of polymorphism [38].
Ten primers did not give amplification, which might be
due to the presence of large introns within the primer
binding regions, preventing primer annealing [39]. Also,
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amplicons could be sometimes smaller or larger than the
expected sizes, which could be attributed to mutations,
like large insertions or deletions, occurring within the
region bounded by the primers [39]. A total of 50 primers
(41.7%) produced reproducible polymorphic fragments,
from which 10 primers were selected at random for diver-
sity studies. The 10 primer pairs could detect a total of
137 alleles, with an average of 13.7 alleles per SSR locus.
The number of alleles observed at each locus in the data
set was high, ranging from seven (loci CnKGDEST100) to
22 (CnKGDEST136), indicating the capacity of the EST-
SSRs to detect high polymorphism. Also, all the 10 loci
showed 100% polymorphism with respect to the samples
screened. The average fixation index detected was 0.47,
while the average observed heterozygosity was 0.46. Ear-
lier studies using SSR markers also detected higher het-
erozygosity values for tall populations of coconut [12-14,
16, 17, 40]. The PIC values ranged from 0.79 to 0.91 with
a mean value of 0.85, indicating the capacity of the EST-
SSR markers to detect high levels of polymorphism.

For all the accessions, the observed heterozygosity was
less than expected heterozygosity indicating a tendency
towards inbreeding within a population, with the mean fixa-
tion index across the 50 accessions being 0.17. This could be
due to the fact that the conserved accessions are developed
from a few selected palms of the original population. While
a higher level of population differentiation (Fgp=0.36) was
observed in Mexican coconut populations analyzed using
15 enzymatic systems [41], a moderate level of population
differentiation (Fg;=0.054) was observed in Sri Lankan
coconut populations analyzed using eight SSR primer pairs
[14]. Three accessions viz., Katchal Green Dwarf, Andaman
Orange Dwarf and Sri Lankan Yellow Dwarf displayed a
negative fixation index, indicating an excess of heterozy-
gotes. The highest fixation index was recorded for East Coast
Tall (0.88) which is a highly selected cultivar predominantly
grown in the eastern coast of the Indian mainland. The fixa-
tion index value was zero for 10 dwarf accessions (Kulashek-
haram Green Tall, Kenthali Orange Dwarf, Gangabondam
Green Dwarf, Chowghat Green Dwarf, Andaman Yellow
Dwarf, Andaman Green Dwarf, Sri Lankan Green Dwarf,
Hari Papua Orange Dwarf, Coco Bleu Dwarf and Pemba
Green Dwarf) which indicated that these sub-populations
were identical in allele frequencies. These accessions are
selected and collected or from original populations, con-
served, multiplied with other selection and maintained for
at least two generations and hence could have attained the
identical allele frequencies in the studied palms. The initial
outcome of autogamy in dwarfs was the random fixation of
one allele to each locus and the subsequent conservation of
a major part of its genetic structure. The ensuing evolution
of dwarfs might have encompassed extended periods of rela-
tive stability, interspersed with sporadic gene exchanges with
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local tall populations or other dwarfs, which would have
helped to differentiate between these cultivars [4].

With respect to clustering of tall accessions, the posi-
tion of Andaman Giant Tall and Andaman Ordinary Tall,
both from coconut populations of the Andaman Islands in
India, in two different clusters highlights the effectiveness
of the selection based on fruit component traits (such as
size, shape, copra content and husk proportion) and palm
morphology for successful varietal improvement. Two
high yielding selections, made from Andaman Giant Tall
and Andaman Ordinary Tall, have been released as distinct
varieties for commercial exploitation, namely ‘Kalpa Dhenu’
and ‘VPM3’, respectively [3]. While Andaman Ordinary
Tall showed a greater affinity with Zanzibar Tall in the pre-
sent study, an earlier study by Devakumar et al. [42] using
SSR markers had indicated a close association of Zanzibar
Tall with Andaman Ranguchan Tall, implying a possible
gene flow between coconut populations of Andamans and
Africa and also highlighting the diversity present in coco-
nut populations of the Andaman & Nicobar region. The
Kulasekharam Green Tall, a tall selection from naturally
introgressed progenies of Kulasekharam Green Dwarf, a
secondary collection of Malayan Green Dwarf, introduced
from Sri Lanka to Kulashekaram in the Tamil Nadu State
of India, grouped with other tall accessions indicating the
fixation of tall traits in this selection. This selection, with
high yield and showing a lesser incidence of eriophyid mite
damage, has been released as a variety (Kalpa Haritha) and
is observed to produce vigorous and more uniform progenies
[43]. The small-fruited accessions such as Ayiramkachi Tall
and Laccadive Micro Tall clustered with West Coast Tall
indicating their close relation with medium fruited types.
This is in conformation with the report on the production
of medium-sized fruits in alternate years in some palms of
the micro-fruited (small fruited) populations [44]. The two
coconut populations from Konkan region in the West Coast
of India, Ratnagiri Tall and Benaulim Tall, shared greater
similarity with East Coast Tall than coconut populations
from the West Coast of India, indicating that the accessions
neither grouped as per geographical affinity nor clustered as
per few morphological traits. Both main clusters and most
sub-clusters have the parental populations of improved varie-
ties which have been released for different purposes having
distinct morphological features, level of tolerance/resistance
to biotic and abiotic stress. Hence, further observations on
the accessions based on clustering through EST-SSR marker
analysis will be useful in fine-tuning the selection process
and utilization of truly diverse genotypes. The clustering of
these genotypes could be useful in selecting diverse types
for use in coconut improvement where the selection could be
based on desirable morphological and yield features.

The dendrogram constructed for dwarf accessions in
the study revealed the unique nature of Niu Leka Dwarf,
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which has formed a single accession cluster, whereas the
remaining grouped together (Fig. 2). The Niu Leka Dwarf
is well known to be distinct from all other dwarfs for many
morphological, reproductive and fruit component traits [45].
Earlier studies using molecular markers have also revealed
the uniqueness of this accession [12, 30]. Considering the
unique traits of dwarfness coupled with high copra content
observed in tall accessions, Niu Leka Dwarf has been reg-
istered as unique germplasm under the Indian germplasm
registry [46]. Among the remaining accessions, the cluster-
ing pattern has not shown any definite geographical affinity
or any specific trait-based clustering with some exceptions.
The clustering of differently colored dwarf accessions indi-
cates the importance of palm stature manifested by combina-
tions of many other morphological features such as earliness
for flowering, stem girth variation, leaf length, pollination
behavior etc. and in case of dwarf, the entire dwarf popula-
tions from different geographical origins, except Niu Leka
Dwarf (from Fiji), were grouped together into a single clus-
ter. Within Cluster 2 possessing 24 dwarf accessions, the
Indian Ocean collections viz., Pemba Green Dwarf and
Coco Bleu Dwarf (a dwarf selection from the original Coco
Bleu Tall collection) grouped together and were distinct in
comparison to the remaining accessions. The Cameroon
Red Dwarf, known for its relatively high copra content,
grouped with Sri Lankan Orange Dwarf, a similar type with
bold orange fruits. The Pacific accessions Hari Papua and
Nikkore, both bearing orange fruits, of medium to small
size, respectively, clustered together, indicating they could
be closely related. Chowghat Green Dwarf and Laccadive
Green Dwarf were grouped together; these two accessions
with a slender trunk and early flowering, possess many simi-
lar traits except for fruit shape at the time of maturity. While
Laccadive Green Dwarf produces round fruits, Chowghat
Green Dwarf produces elongated fruits with a characteristic
beak at the time of maturity.

Interestingly, two yellow dwarfs with dropping fronds, the
Malayan Yellow Dwarf and Kulashekaram Yellow Dwarf
clustered together indicating that they are more closely
related and distinct from the Andaman Yellow Dwarf.
Further, historical reports indicate that the Kulashekaram
Yellow Dwarf is evolved from the secondary collection
of Malayan Yellow Dwarf, introduced from Sri Lanka
to Kulashekaram in the Tamil Nadu State of India. The
Kenthali Orange Dwarf was seen grouped with Chowghat
Orange Dwarf, where the former is considered morphologi-
cally similar and possibly derived from the latter ecotype.
These two are orange dwarf accessions of mainland India;
the orange dwarf palms of the West Coast region of Kerala
State in India are referred to as Chowghat Orange Dwarf
whereas it is popularly termed as Kenthali Dwarf in the
adjoining Karnataka State. Nair et al. [3] also reported
Kenthali Orange Dwarf as a subpopulation of Chowghat

Orange Dwarf. Interesting relationships of Laccadive Yellow
Dwarf with Sri Lankan Yellow Dwarf and Gangabondam
Green Dwarf with Sri Lankan Green Dwarf also could be
seen from the clustering. The Malayan Green Dwarf grouped
with Laccadive Orange Dwarf, both exhibiting robust growth
characters and these two were closely related to Gudanjali
Dwarf, another green dwarf collected from Gujarat State in
India and known for early flowering at knee height of palms.

Based on the pattern of diversity indicated in the present
study and taking into consideration desirable morphological
traits, the different dwarf as well as tall accessions could be
selected and used in the breeding program for exploitation
of heterosis and development of inter varietal hybrids, not
only Dwarf X Tall and Tall x Dwarf hybrids, but also Dwarf
X Dwarf as well as Tall x Tall hybrids with desirable traits.

Conclusion

This study reports comprehensive characterization of spe-
cific co-dominant EST-SSR markers for coconut. As proof
of concept, we have also shown that these markers can be
used to genotype the accessions to assess the diversity in
germplasm collections and group coconut accessions based
on their similarity levels. Therefore, EST-SSRs offer great
potential for identification of functional markers and also
facilitating marker-assisted selection in coconut.
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