Functional & Integrative Genomics (2022) 22:1243-1251
https://doi.org/10.1007/s10142-022-00911-2

RESEARCH q

Check for
updates

Development and characterization of non-coding RNA-derived simple
sequence repeat markers in coconut (Cocos nucifera L.)

A.A.Sabana' - Ginny Antony’ - M. K. Rajesh? - K. P. Gangaraj? - V. Niral? - R. Sudha? - B. A. Jerard?®

Received: 17 August 2022 / Revised: 17 October 2022 / Accepted: 18 October 2022 / Published online: 1 November 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Non-coding RNA (ncRNA)-based SSR markers are highly useful in molecular breeding as ncRNAs play a significant role
in gene regulation. In the present study, for the first time in coconut, we have identified 597 ncRNA-derived SSR markers,
including 509 long non-coding RNASSRs (IncRNASSRs) and 88 micro RNASSRs (miRNASSRs). Of these, 20 primers (10
each from IncRNA-SSR and miRNA-SSR) were selected, screened on 6 coconut accessions, and 50% produced polymorphic
fragments. These 10 polymorphic primers were used for genotyping 96 palms of 16 coconut accessions, comprising eight
tall and dwarf accessions each. The number of alleles ranged from 2 to 9 per SSR marker, with an average of 4.6 alleles per
locus. The average heterozygosity and Shannon index were 0.5 and 1.1, respectively, suggesting that ncRNA-SSRs show
high polymorphism level. Distance-based cluster analyses revealed that all the tall and dwarf accessions were differentiated
and grouped in different clusters. The study demonstrates the usefulness of ncRNA-based SSR markers for assessing genetic

diversity and genetic improvement in coconut.
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Introduction

Molecular markers have been extensively used for vari-
ous studies, such as plant molecular breeding, population
genetics, and QTL mapping (Nadeem et al. 2018). They
have become useful tools for detecting polymorphisms
among individuals of populations or species. Various types
of molecular markers have been used depending on the
characteristics of the marker and the needs of the research
objectives (Arunachalam and Rajesh 2017; Rajesh et al.
2019; Ramesh et al. 2022). These include random ampli-
fied polymorphic DNA (RAPD), restriction fragment length
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polymorphism (RFLP), amplified fragment length polymor-
phism (AFLP), simple sequence repeats (SSR), start codon
targeted polymorphism (SCoT), and single nucleotide poly-
morphism (SNP) (Upadhyay et al. 2004; Lebrun et al. 1998;
Teulat et al. 2000; Geethanjali et al. 2018; Rajesh et al. 2015,
2021). Among these markers, SSR markers are widely used
in many plant species, such as coconut, for diversity studies
and fingerprinting owing to their co-dominant nature, high
polymorphism and reproducibility, and more information
content.

The development and characterization of novel molecu-
lar markers are a constant interest in the field of molecu-
lar breeding. Two novel non-coding RNA (ncRNA)-based
SSR markers have been recently reported, viz., microRNA-
based SSRs (miRNA-SSRs) and long non-coding RNA-
based SSRs (IncRNA-SSRs). These markers are consid-
ered rare and have not been characterized in many plant
species (Jaiswal et al. 2020). Non coding RNAs in plants
have important roles in the regulation of many biological
processes through transcript modification and translational
regulation. The ncRNA-based SSR markers are gaining
prominence in the molecular breeding of crops such as cap-
sicum (Jaiswal et al. 2020), Brassica napus (Summanwar
et al. 2020), Cleistogenes songorica (Kanzana et al. 2020),
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Triticum aestivum (Bhandawat et al. 2020), Medicago trun-
catula (Min et al. 2017), Oryza sativa (Mondal and Ganie
2014; Tabkhkar et al. 2020), Nelumbo nucifera (Wang et al.
2016), and Punica granatum (Patil et al. 2020). Since these
markers are based on the sequence variations in the regula-
tory RNAs, they are useful in functional diversity analysis in
cell differentiation and stress tolerance. Many SSR markers
responsive to drought, heat, salt stress has been developed
in a variety of plants (Mondal and Ganie 2014; Singh et al.
2018; Mehta et al. 2021; Brake et al. 2022).

Many factors like various diseases, low productivity
of coconut populations, and the unstable market price of
coconut oil and other coconut-based products have resulted
in a gradual decline in coconut cultivation in the tropical
regions. It is imperative to develop high-yielding hybrids
and new coconut varieties using accessions with diverse
traits to address these challenges. Molecular markers are
best suited for assessing genetic diversity and varietal
identification. Multiple studies reported the development
of molecular markers in coconut palms and diversity stud-
ies using various molecular markers (Lebrun et al. 1998;
Teulat et al. 2000; Manimekalai et al. 2007; Rajesh et al.
2008, 2015; Riangwong et al. 2020; Preethi et al. 2020;
Caro et al. 2022). Whole-genome sequence of coconut has
also been deciphered recently by three independent groups
(Xiao et al. 2017; Lantican et al. 2019; Rajesh et al. 2020).
Since ncRNA-based molecular markers in coconut have not

yet been reported, in the present study, we have developed
ncRNA-based, highly reproducible co-dominant SSR mark-
ers from IncRNAs and miRNAs. The markers developed
were utilized to assess the genetic diversity of a panel of
world-wide coconut collections, comprising of tall and
dwarf accessions.

Methods

SSR mining from IncRNAs and miRNAs and primer
designing

The pipeline used in this study to identify IncRNA and
miRNA-derived SSR markers has been provided in Fig. 1.
Briefly, a total of 110 mature miRNAs generated earlier
by small RNA sequencing in coconut (Sabana et al. 2020)
were used for SSR mining. Pre-miRNA sequences were
identified from the coconut genome sequence using a pre-
miRNA prediction tool in a small RNA workbench (http://
srna-workbench.cmp.uea.ac.uk/). Then, their correspond-
ing sequences, along with 500 bp from the upstream and
downstream flanking regions, were used. These 1000 bp
sequences and corresponding pre-miRNA sequences were
considered primary miRNAs (pri-miRNA). Further, these
long pri-miRNA sequences were scanned for mining of SSR
motifs using the MIcroSAtellite identification tool (MISA,
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Fig. 1 Schematic diagram shows the bioinformatics pipeline used for the study
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http://pgrc.ipk-gatersleben.de/misa/). A total of 5110 coco-
nut IncRNA sequences were used for mining miRNA-SSR
using the MISA search tool. The minimum repeat length was
set at 20 for mono-nucleotides and 6 for di-, 5 for tri- and
tetra- and 3 for penta- and hexa-nucleotides. The maximum
number of bases interrupting between two SSRs in a com-
pound microsatellite type was 100.

Further, markers with AT/AT and TA/TA repeat motifs
were excluded in the selection of markers manually, accord-
ing to the procedure given by Caro et al. (2022). SSR
primer pairs from flanking sequences were designed using
BatchPrimer3 software (https://wheat.pw.usda.gov/demos/
BatchPrimer3/). The default parameters were set as follows:
primer size ranged from 18 to 23 bp with 21 as optimum; GC
content 40-60% with 50% as optimum; melting temperature
(Tm) ranged from 57 to 60 °C with 50 °C as optimum tem-
perature and product size ranged from 100 to 300 bp.

For the prediction of chromosome linkage groups,
ncRNA-SSR containing sequences were aligned with the
reference genome (PRINA374600) (Yang et al. 2021) using
BLASTn (e value:1 x e™>). The alignment locations were
manually curated (Supplementary Table 1).

Plant materials and extraction of DNA

Coconut leaf samples were collected from National Coco-
nut Genebank, ICAR-CPCRI, Kasaragod, Kerala State and
International Genebank for South East Asia and the Middle
East (ICG-SAME), Kidu, Karnataka State, India. A total
of 96 palms belonging to 16 coconut accessions (eight tall
and dwarf accessions each; six palms per accession) were
used for the diversity study (Table 1). Genomic DNA was
extracted from spindle leaves using the modified SDS
method (Rajesh et al. 2013). In brief, one gram of spin-
dle leaf portion was cut into small pieces, frozen in a pre-
chilled mortar with liquid nitrogen, and ground to a fine
powder. About 0.25 g polyvinylpolypyrrolidone (PVPP,
MW 400,000) was added to the ground leaf samples, mixed
thoroughly, and transferred to a centrifuge tube containing
4.5 ml preheated extraction buffer. Then, 0.5 ml of 10% SDS
and 50 pl of B-mercaptoethanol were added to the mix, and
the mixture was incubated at 65 °C for 1 h with intermittent
mixing. After incubation, 3 ml of a 24:1 V/V combination
of chloroform and isoamyl alcohol was added and homog-
enized by gentle inversion for 15 min before centrifugation
at 12x g for 10 min at 4 °C. The clear aqueous phase was
transferred to a new centrifuge tube, 2/3 of the volume of
ice-cold ethanol was added, and the DNA spool was col-
lected in a 1.5-ml microtube after 30 min at 4 °C. DNA
was washed three times with 70% ethanol. After discarding
the alcohol, the DNA pellet was air-dried and dissolved in
0.5 ml TE buffer. The quality and quantity of DNA were
checked on 0.8% agarose gel stained with ethidium bromide.

Table 1 List of dwarf and tall coconut accessions used for the study
and their country of origin

Dwarf accessions

Name of the accession Country of origin No. of palms

Gangabondam Green Dwarf India 6
(GBGD)
Malayan Green Dwarf (MGD) Malaysia 6
Chowghat Orange Dwarf (COD) India 6
Malayan Orange Dwarf (MOD)  Malaysia 6
Malayan Yellow Dwarf (MYD)  Malaysia 6
Chowghat Green Dwarf (CGD)  India 6
Cameroon Red Dwarf (CRD) Cameroon 6
Gudanjali Green Dwarf (GUGD) India 6

Tall accessions

Name of the accession Country of origin No. of palms

Lakshadweep Ordinary Tall India 6
(LCT)

Philippines Ordinary Tall The Philippines 6
(PHOT)

Fiji Tall (FJT) Fiji 6

Jamaican San Blas Tall (JSBT) Jamaica 6

Andaman Ordinary Tall (ADOT) India 6

San Ramon Tall (SNRT) The Philippines 6

Laccadive Micro Tall (LMT) India 6

West Coast Tall (WCT) India 6

Marker analysis

Ten (10) primer pairs flanking miRNA-SSR and IncRNA-
SSR loci were randomly selected for screening. A germ-
plasm panel comprising a single palm of three tall and
three dwarf accessions was used for the initial screening of
selected SSR primers using PCR. The PCR reactions were
conducted in volumes of 20 pl containing 30 ng genomic
DNA, 0.2 uM of each primer, 0.1 pl of 10 mM of each
dNTPs (MBI Fermentas), 2 ul of 10 X buffer [10 Mm
Tris—HCI (pH 8.3), 50 Mm KClI, 1.5 mM MgCl,], and
0.5 pl of Tag DNA polymerase [3 units/ul] (Bangalore
Genei). The PCR conditions were set to an initial dena-
turation step at 94 °C for 2 min, followed by 36 cycles at
94 °C for 1 min, annealing (different temperature for each
primer pair) for 1 min, and 72 °C for 30 s, terminating with
a final extension at 72 °C for 10 min. Based on the band-
ing pattern, the polymorphic primers were selected and
used for the diversity study. PCR products were analyzed
using a MultiNA microchip electrophoresis system with
DNA 500 kit (MCE-202 MultiNA, Shimadzu). Automated
detection of peak size on electropherograms was done by
the MultiNA software (MultiNA Control software and
Data Analysis software MulltiNA Viewer, Shimadzu).
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Data analysis

The GDA (Genetic Data Analysis; Lewis 2001) programme
was used to calculate genetic diversity values and create
the unweighted pair group method with arithmetic mean
(UPGMA) was used to generate a dendrogram using Nei's
genetic distance (Nei et al. 1983).

Results

Frequency of miRNA-SSRs in the coconut genome

Based on the results of the previous work (Sabana et al.
2020), 46 miRNA families were selected comprising 110
miRNA members in coconut to develop the miRNA-SSR
markers. Using the pre-miRNA prediction tool, 95 precur-
sor sequences of these mature miRNAs were extracted from
the CGD genome sequence (Rajesh et al. 2020). The length
of the pre-miRNA sequences ranged from 65 to 216 bp and
belonged to 29 coconut miRNA families. A total of 95 coco-
nut pre-miRNA sequences were used for mining miRNA-
SSRs using the MISA search tool. A total of 88 potential
SSRs were identified from 50 pre-miRNA sequences, out
of which 23 pre-miRNA genes contained more than one
SSR (Table 2). Of these 88 SSRs, 58 (65.90%) comprised
simple repeat motifs, whereas 30 (34.10%) were compound
motifs. The range of SSR repeats varied from a minimum
of mono-nucleotide to a maximum of hexanucleotide. The
di-nucleotide repeats were most abundant (62: 70.45%) fol-
lowed by the tri-nucleotide (8: 9.09%), tetra-nucleotide (6:
6.82%), penta-nucleotide (5: 5.68%), mono-nucleotide (4:
4.55%), and hexa—nucleotide (3: 3.41%) repeats (Table 2).
The frequencies of various SSR motifs are summarized
in Fig. 2A. Among the di-nucleotide repeats, AG/CT was

the most abundant motif (72.58%), followed by the AT/
AT (19.35%) and AC/GT (8.06%). AAG/CTT (37.5%), and
ACAT/ATGT (66.67%) were the most abundant repeats in
tri-nucleotide and tetra-nucleotide repeats, respectively.

Frequency of Inc-SSRs in the coconut genome

Five hundred nine potential SSRs were identified from 389
IncRNA sequences, out of which 81 IncRNA sequences con-
tained more than one SSR (Table 2). Out of 509 total SSRs,
440 (86.44%) comprised simple repeat motifs, whereas 69
(13.56%) were compound motifs. The range of SSR repeats
varied from a minimum of mono-nucleotide to a maximum
of hexa-nucleotide. Of these, di-nucleotide repeats were
most abundant (318: 62.48%) followed by the tri-nucleo-
tide (136: 26.72%), mono-nucleotide (36: 7.07%), and tetra-
nucleotide (16: 3.14%). Similarly, for penta-nucleotide and
hexa—nucleotide, one (0.20%) and two (0.39%) repeats were
identified, respectively (Table 2).

Similarly, the frequencies of various SSR motifs are sum-
marized in Fig. 2B. Among the di-nucleotide repeats, AG/
CT was the most abundant motif (63.21%), followed by the
AT/AT (20.13%) and AC/GT (16.35%). AAG/CTT (44.12%)
and AAAT/ATTT (31.25%) were the most abundant repeats
in trinucleotide and tetra nucleotide repeats, respectively.

Validation of ncRNA-based SSR markers
and diversity study

To study the diversity among coconut accessions, 20 SSR
primers (10 each from miRNA-SSR and Inc-SSR) were
randomly selected and used for genotyping the 96 coconut
palms of the 16 accessions (Supplementary Table 1). Out
of 20 primers, 10 primers were found to be polymorphic
(50%). Of the polymorphic primers, seven were Inc-SSR

Table 2 Details of different

3 Item Inc-SSRs miRNA-SSRs

SSR motifs of coconut IncRNA-

SSR and miRNA-SSR Total number of sequences examined 5110 95
Total size of examined sequences (bp) 3,202,509 105,503
Total number of identified SSRs 509 88
Number of SSR containing sequences 389 50
Number of sequences containing more than 1 SSR 81 23
Number of SSRs present in compound formation 69 1830
Repeat type
Mono-nucleotide 36 4
Di-nucleotide 318 62
Tri-nucleotide 136 8
Tetra-nucleotide 16 6
Penta-nucleotide 1 5
Hexa-nucleotide 2 3
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Fig.2 Frequency of different non-coding RNA-based simple sequence repeat (ncRNA-SSR) markers. (A) miRNA-SSR. (B) IncRNA-SSR

(IncSSR_53976.1, IncSSR_673, IncSSR_20713.23.1,
IncSSR_36364.1, IncSSR_11432.2, IncSSR_37974.1
and IncSSR_38477.1) and three were miRNA-SSR (Cn-
miR159¢-SSR, Cn-miR393-SSR and Cn-miR394-SSR).
The representative digital gel profile of miRNA-SSR and
IncRNA-SSR generated by MultiNA Viewer Software is
shown in Supplementary Figs. 1 and 2.

The 10 polymorphic SSRs produced 46 alleles ranging
from 2 (IncSSR_11432.2) to 9 (Cn-miR393-SSR) alleles per
SSR marker, with an average of 4.6 alleles per locus. The
effective number of alleles varied from 1.80 to 3.91, with an
average of 2.7. Another parameter, Shannon index ranged
from 0.64 (IncSSR_11432.2) to 1.41 (IncSSR_53976.1) with
a mean value of 1.1. The average observed and expected
heterozygosity were 0.5 and 0.62, respectively. The PIC

Table 3 The details of genetic diversity parameters observed in non-coding RNA-based simple sequence repeats (ncRNA-SSRs)

S1 No SSR No. of alleles Effective number Shannon's Observed Expected PIC value
of alleles Information Index  heterozygosity (H,) heterozygosity (H,)
1 Cn-miR159¢-SSR 6 291 1.38 0.05 0.66 0.66
2 Cn-miR393-SSR 9 2.77 1.27 0.76 0.64 0.64
3 Cn-miR394-SSR 6 3.46 1.40 1.00 0.71 0.71
4 IncSSR_53976.1 5 3.57 1.41 0.23 0.72 0.72
5 IncSSR_6733.1 3 292 1.08 0.51 0.66 0.66
6 IncSSR_36364.1 4 391 1.38 0.53 0.75 0.74
7 IncSSR_114322 2 1.80 0.64 0.20 0.45 0.44
8 IncSSR_37974.1 3 223 0.90 0.80 0.55 0.55
9 IncSSR_38477.1 3 2.06 0.80 0.81 0.52 0.51
10 IncSSR_20713.2 5 2.16 0.91 0.17 0.54 0.54
Mean 4.6 2.78 1.12 0.51 0.62 0.62
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values ranged from 0.44 (IncSSR_11432.2) to 0.74 (Inc-
SSR_36364.1), with a mean value of 0.62 (Table 3).

Cluster-based dendrogram and diversity analysis

Genetic variation at 10 ncRNAs loci was assessed in 96
palms of the 16 coconut accessions comprising eight tall
and dwarf accessions. The expected heterozygosity (H,),
observed heterozygosity (H,), Shannon’s Information index
(I), and fixation index (Fgr) in the 16 accessions at 10 active
loci are given in Table 4.

The 46 allelic data scored from 10 polymorphic ncRNA-
based SSR markers on the 16 coconut accessions were used
to generate the dendrogram. The cluster analysis was done
using the distance-based cluster analysis (UPGMA), and the
16 accessions were clustered into two main clusters (Fig. 3).
All the dwarf and tall accessions formed two different clus-
ters, i.e., I and II, respectively. Within cluster I, Cameroon
Red Dwarf formed a separate sub-cluster. In the case of clus-
ter II, San Ramon Tall formed a separate sub-cluster.

Discussion

Molecular markers based on non-coding RNAs are consid-
ered informative in the study of complex developmental pro-
cess and in the adaptation to various physiological stresses.
In this study, 597 ncRNA-based SSRs, including 88 miRNA-
SSRs and 509 IncRNA-SSRs in coconut, were developed.
The frequency of miRNA-SSR is 52.63%, while IncRNA-
SSR is 7.61%. Less frequency of IncRNA-SSRs was also

reported in capsicum (Jaiswal et al. 2020), whereas in wheat
(Bhandawat et al. 2020), it was much higher (44.4%) in
comparison to our study. The frequency of miRNA-SSRs
is much higher in several plants like rice, wheat, and capsi-
cum (Ganie et al. 2015; Bhandawat et al. 2020; Jaiswal et al.
2020). Di-nucleotide SSRs were more abundant in coconut,
followed by tri and tetra-nucleotide SSR motifs, in line with
previous reports in capsicum and rice (Ganie et al. 2015;
Jaiswal et al. 2020).

We have designed 20 ncRNA-based SSR primers, and
50% of the markers were polymorphic among the 96 coco-
nut palms studied. The level of polymorphism was found
to be lower as compared to genomic SSR (74%) but higher
compared to EST-SSR (41.7%) in coconut (Riangwon et al.
2020; Preethi et al. 2020). Among these, IncRNA-SSR
shows higher polymorphism (70%), which was comparable
with the previous report on wheat (Bhandawat et al. 2020),
while among miRNA-SSR, 30% (3 markers out of 10) were
found to be polymorphic, which was lower. The mean PIC
value of 0.62 indicates the ability of ncRNA-SSR markers
to detect the high level of polymorphism, and the Nm value
(0.81) indicates a high gene flow.

The ncRNA-based SSR markers are being used for
genetic diversity studies (Patil et al. 2020; Jaiswal et al.
2020). Among the 16 coconut accessions studied, two dis-
tant clusters were obtained in which all eight tall and dwarf
accessions are differentiated. Among the tall accessions, San
Ramon Tall clustered furthest from all the tall accession
and was completely distinct from all the rest. It is worth
mentioning that San Ramon Tall, although from the Philip-
pines coconut population, is known for its large fruit size and

Table 4 Expected

heterozygosity (H,), observed Population Expected ' Observed ' Shapnop‘s Infor-  Fixation index (Fgr)

. ’ heterozygosity  heterozygosity — mation index (I)

heter.ozy.gosny (H,), and (H,) (H,)

fixation index (Fgr) across 16

coconut accessions based on the  Gangabondam Green Dwarf — 0.246970 0.383333 0.3222 —0.642857

rlr?aflfelry;norphlc ncRNA-SSR Malayan Green Dwarf 0.543939 0.500000 0.8406 0.088146
Chowghat Orange Dwarf 0.384848 0.450000 0.5736 —0.189427
Malayan Orange Dwarf 0.333333 0.533333 0.4525 —0.702128
Malayan Yellow Dwarf 0.327273 0.516667 0.4524 —0.675676
Chowghat Green Dwarf 0.319697 0.516667 0.4368 —0.722222
Cameroon Red Dwarf 0.451515 0.516667 0.6752 —0.161049
Gudanjali Green Dwarf 0.404545 0.550000 0.5650 —0.410256
Lakshadweep Ordinary Tall ~ 0.465051 0.440000 0.6730 0.045509
Philippines Ordinary Tall 0.598485 0.583333 0.9114 0.027778
Fiji Tall 0.583333 0.600000 0.8668 —0.031519
Jamaican San Blas Tall 0.601515 0.500000 0.9032 0.182561
Andaman Ordinary Tall 0.570000 0.583333 0.8281 —0.027719
San Ramon Tall 0.377273 0.483333 0.5608 —0.318182
Laccadive Micro Tall 0.431818 0.400000 0.6877 0.080460
West Coast Tall 0.529675 0.543333 0.7994 —0.028263
Mean 0.448079 0.506250 0.5608 0.146598
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Fig.3 UPGMA dendrogram showing the genetic relationship among the 16 coconut accessions based on Nei’s (1983) genetic distance

morphologically distinct from all other coconut accessions.
A selection from San Ramon tall was released as a variety
of “Kalpa Shatabdi” from India for commercial cultivation
with large fruits, stout stems, and closely arranged leaf scars
over the stem. The accession from India, Laccadive Micro
Tall, was grouped along with West Coast Tall, whereas
Andaman Ordinary Tall was closely related to Lakshadweep
Ordinary Tall. Since sailors frequented these two places in
the past, it is possible the Lakshadweep coconut population
could have developed from the coconut populations of the
Andaman and Nicobar Islands. Similarly, the movement of
coconut from the West Coast of India, particularly Kerala
State, to the Lakshadweep Islands was owing to the close
ties between the two regions and human movement, which
could account for the grouping of Laccadive Micro Tall with
West Coast Tall. Jamaican San Blas Tall, the lone Caribbean
coconut accession used in the study, was closely clustered
with Fiji Tall and Philippines Ordinary Tall. Among the
tall accessions used in the study, improved selections have
been released for commercial cultivation from all accessions
except Laccadive Micro Tall, a germplasm registered for its
unique traits of smaller fruit size, cluster bearing and high
kernel oil content (Niral et al. 2014a).

All the dwarf accessions were clustered together except
Cameroon Red Dwarf, which formed a single accession
sub-cluster. Cameroon Red Dwarf has been registered as
a unique dwarf material having higher copra content (Niral
et al. 2014b). The clustering pattern revealed that accessions

with different colored fruits are clustered together, and the
Malayan dwarfs are scattered among the population. Among
the indigenous dwarfs, Gangabondam Green Dwarf and
Gudanjali Green Dwarf clustered far from the accessions in
their sub-cluster, indicating their uniqueness. Gangabondam
Green Dwarf has been identified as the best general com-
biner (Nampoothiri et al. 1999) and has been used to develop
several hybrids, whereas Gudanjali Green Dwarf has been
known for its early flowering. Although Chowghat Green
Dwarf and Gudanjali Green Dwarf were morphologically
similar as per observations, the molecular studies indicate
that they were different, wherein Chowghat Green Dwarf
was closer to Malayan Dwarfs, viz., the Malayan Orange
and Yellow Dwarfs. The Malayan Dwarfs clustered with
other dwarfs in previous studies (Preethi et al. 2020), as they
were the most commonly used dwarf coconut populations
worldwide. This suggested that there was a possibility of
introgression with many indigenous coconut populations.
Selections from all four Malayan dwarfs, Chowghat Orange
Dwarf, Chowghat Green Dwarf and Gangabondam Green
Dwarf, have been released for commercial cultivation in
India, besides their use in hybrid development (Niral et al.
2016).

The SSR markers reported here showed high polymor-
phism among coconut accessions and the results of the
UPGMA analysis revealed that the developed ncRNA-SSR
markers are highly suitable for genetic diversity studies
across coconut accessions. These ncRNA-SSR markers
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can serve as an important resource for functional markers
in coconut breeding programs for QTL/gene mapping and
association studies for trait dissection.
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tary material available at https://doi.org/10.1007/s10142-022-00911-2.
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