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Abstract The dwarf coconut is widely used in the

coconut hybrids production (tall 9 dwarf) because it

presents higher precocity and higher productivity of

the number of fruits in relation to the other varieties.

However, these hybrids originated from Intervarietal

crossing, produce fruits with low market acceptance

for water quality. Intravarietal crosses (dwarf 9 d-

warf) could act as an alternative, but little is known

about the diversity within and between the dwarf sub-

varieties, which can lead to a misdirection to breeding

programs. In this study, we report the level of genetic

variability between dwarf coconut accessions belong-

ing to three sub-varieties (green, yellow and red), as

well as the analysis of population structure. We used

the RAD-sequencing methodology for analyzing 39

genotypes belonging to dwarf coconut populations

collected in different producing regions of Brazil. Our

results show that the SNPmarkers increased the power

of detection of genetic variability, facilitating the

decision making regarding future crosses in order to

explore the heterosis in dwarf coconut breeding

programs. Inter-sub-varietal crosses of dwarf coconut

are highly promising to reduce the time and optimize

the process of obtaining new cultivars for water

production requiring field assessments to confirm its

agronomic potential.
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Introduction

The coconut palm (Cocos nucifera L.) is commonly

grown in tropical regions around the world, being

known and appreciated for its wide potential of use in

natural consumption or industrialization of fruits and

other organs, such as root, inflorescence, strain, leaves

and palm heart, originating more than 100 products

and by-products with significant economic value,

being an important option in the generation of income

and local development for producing countries
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(Marina et al. 2009). Among all these products and by-

products, the commercialization of coconut water is

the activity most explored by producers, comprising

most of the revenues generated by coconut crop

(Monteiro et al. 2013).

The global coconut water market was valued at

USD 961.9 million in 2017 and is expected to expand

around 25.0% from 2017 to 2025 (HexaResearch

2019). Due to the growing world demand and the

expansion of the market, it is also important offer to

the farmers, hybrids more productive which produce

water with good acceptance by consumers.

The plant, which is not native to Brazil, had its

introduction and adaptation in the coastal sandy soils

of Brazil, allowing the beginning of coconut produc-

tion in the country, even with a lack of resources

(Siqueira et al. 2002). The first citations of coconut

plantations in Brazil date from 1587 and were

exclusive of the tall variety (Bondar 1955). The first

dwarf variety plants arrived in Brazil in 1925 and the

plantations started in lands of the Brazilian northeast-

ern coastal regions (Siqueira et al. 2002).

Currently, there are three sub-varieties of dwarf

coconut: Red, Green, and Yellow. Green Dwarf

coconut is the commercial variety most widely used

for this purpose since it shows a higher acceptance by

consumers and producers due to characteristics such as

good palatability (Kwiatkowski et al. 2008), high

productivity and precocity (Monteiro et al. 2013). This

variety begins to produce early, between three and

four years, while the tall variety takes about seven

years to start the production. In addition, it produces a

greater number of fruits/plant/year and presents a

small plant height, facilitating harvest (Castro et al.

2009).

The growing demand of coconut water in large

urban centers and the financial profitability of coconut

crop make it extremely necessary to obtain new

cultivars with a focus on water production, giving

producers the power to choose highly productive

cultivars more adapted to specific regions. Studies

aiming at developing varieties adapted to specific

climate conditions remain scarce, focuses only on

Intervarietal levels (tall 9 dwarf) to obtain hybrids

(Ninan and Satyabalan 1964; Azevedo et al. 2018).

However, these hybrids produce fruits with low

market acceptance for water quality.

An alternative for this could be the use of Intrava-

rietal crosses in Dwarf coconut as reported by

Azevedo et al. (2018). Some breeding programs

aiming at coconut water quality have focused on

Intra-sub-varietal selections in Green Dwarf Brazilian

populations. Still now, little is known about the

diversity in sub-varieties, since the results reported

by Azevedo et al. (2018) only detect at the intra-

varietal level, requiring more robust techniques,

generating a gap in the best direction to take (Inter-

sub or Intra-sub crosses?).

That gap could be more effectively covered by a

combination of classical breeding with molecular

biology techniques, genomics and bioinformatics.

This will not only help generate more productive

cultivars in a short-term but will also fuel the

development of a molecular database to support future

studies worldwide.

Molecular markers, such as microsatellite or simple

sequence repeats (SSRs), have been widely applied in

studies on coconut genetic diversity (Ribeiro et al.

2013; Geethanjali et al. 2018) According to Perera

et al. (2000), molecular markers could also be used in

the analysis of the structure of coconut populations,

being suitable for assessing and characterizing coco-

nut germplasm. The growing development of new

technologies in molecular biology, especially those

involving DNA sequencing, has dramatically changed

the scenario for detecting and monitoring genome-

wide polymorphism (Schuster 2008; Craig et al.

2008). Currently, single nucleotide polymorphisms

(SNPs) are rapidly replacing SSRs in plant breeding

and genetics applications, in particular, because they

are more abundant, stable, efficient, and increasingly

cost-effective (Duran et al. 2009; Edwards and Batley

2010; Desalegne et al. 2017).

Genotyping by sequencing (GBS) techniques, par-

ticularly the restriction-site associated DNA-sequenc-

ing (RAD-seq) (Davey et al. 2011), allow the genome

analysis at a reduced complexity level. RAD-seq can

be applied in any species, without prior knowledge of

SNPs, whose quantitative value depends on the

enzyme chosen for cleavage and on the size and

complexity of the genome. This methodology has been

proven very efficient in the discovery of thousands of

single nucleotide polymorphisms (Rowe et al. 2011).

Rowe et al. (2011) emphasize that this technology

can be used for different purposes, such as genetic

maps, genome assembly, QTL identification and

structural population studies, aiming to understand
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interspecific organizations such as migration and

speciation patterns.

In this sense, we raise the hypothesis that the GBS

technique can understand deeper relationships from

sub-varietal dwarf coconut plants could direct ideal

crosses for the generation of new hybrids. In this

perspective, our study aims to investigate and describe

the variability and genetic structure of dwarf coconut

populations available in Brazil via SNPs identified by

the RAD-seq methodology in order to select divergent

populations and obtain, in the future, dwarf coconut

hybrids, reducing the time and optimizing the process

of obtaining new cultivars for water production.

Materials and methods

Plant material

Thirteen dwarf coconut populations from different

producing regions of Brazil were analyzed, being

potential parents for the development of hybrids in

these regions. Population choice was based on the

results obtained by Azevedo et al. (2018). Leaf

samples were collected in the states of Pará, Pernam-

buco, Ceará, Sergipe, Paraı́ba, and Bahia (Table 1).

DNA extraction

The genomic DNA of three individuals from each of

the 13 populations previously described in Table 1

was extracted by the DNeasy Plant Mini kit from

QIAGEN. DNA concentrations were estimated

through the use of the NanoDrop 2000C spectropho-

tometry (Thermo Scientific).

Preparation of libraries

Genomic DNA samples were digested by the restric-

tion enzyme AseI. The resulting fragments of the

digestion were subjected to analysis in Bioanalyzer

2100 from Agilent Technologies� and fragments of

approximately 500 bp were selected for the prepara-

tion of the RAD libraries with the IlluminaTM TruSeq�

DNA Sample Prepare kit, following manufacturer’s

instructions. In order to identify and sequence all

individuals in a single sequencing lane, each sample

received a dual index barcode. Library quality was

assessed using a Bioanalyzer instrument and

sequencing was performed using a Hiseq 2500 plat-

form (paired-end mode, 2 9 100 bp) at LaCTAD/

UNICAMP.

Data analyses

RAD-Seq reads were processed using Stacks (Catchen

et al. 2011), an efficient package to analyze RAD-Seq

data. Stacks processes RAD-tags generated by restric-

tion enzymes and uses a statistical maximum likeli-

hood model to identify SNPs and remove sequencing

errors. Process_Radtags was used to de-multiplex and

filter sequencing reads. The criterion for the presence

of three or more identical sequences to constitute a

RAD-tag was chosen. Tags were recognized by

sequences present at the beginning of each fragment.

Subsequently, we used Ustacks, which constructs the

loci, inferring SNPs, alleles, and tags present in each

sample. Cstacks assembled the catalog of loci from

SNPs and Sstacks compared each sample against the

catalog. Finally, the function populations were used,

providing the genotype matrices and population

parameters for diversity analysis.

The observed heterozygosities (estimated by the

proportion of heterozygotes observed at a given

locus), observed homozygosities (estimated by the

proportion of homozygotes observed at a given locus),

the number of private alleles in each population, the

number of individuals sharing the same allele within

each population, the number and percentage of

polymorphic sites, and the average frequency of the

most frequent allele at each locus (P) were obtained by

the package populations. In addition, at least 8 of the

13 populations were required to share the same locus

to be considered in the analysis.

The data were submitted to four sequential filters by

PLINK software (Purcell et al. 2007). The SNP with

more than 50% of missing data, and SNP with

minimum allele frequency (MAF) less than 0.05 have

also been removed. Finally, highly correlated (r2 * 1)

markers were eliminated, that is, redundant markers to

explain the genetic distance between individuals. The

distance matrix was obtained using the identity by

state complement (i.e. 1-IBS) for further analysis.

Phylogenetic reconstruction was performed using

Bayesian Inference (BI) through the Monte Carlo

Markov chain (MCMC) method and Maximum Like-

lihood (ML) estimation. The software MrMODELT-

EST (Posada and Buckley 2004) and Modeltest 3.7
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(Posada and Crandall 1998) were used to select the

nucleotide substitution models of BI andML analyses,

respectively. Likelihood values were calculated and

the model selected according to the Akaike Informa-

tion Criterion (AIC). The evolution model selected for

each analysis was HKY? G for both analyses.

The reconstruction of Bayesian inference was

completed with MrBayes v.3.1.1 (Ronquist and

Huelsenbeck 2003). The four MCMC chains were

conducted simultaneously, randomly starting trees up

to 107 generations. Trees were sampled every 1000

generations, resulting in 10,000 trees. The first 2500

trees were discarded from the analysis. The posterior

probability (PP) values (Rannala and Yang 1996) were

determined from the consensus tree through the

remaining 7500 trees. The convergence of the log-

likelihood was analyzed with the software TRACER

v.1.7 (Rambaut et al. 2018).

The maximum likelihood estimation was per-

formed in the software PAUP v. 4.0 (Swofford 2001)

and the heuristic search was carried out using the TBR

algorithm. The bootstrap calculation was performed

with 1000 replications. Heat map analysis was

conducted in R (R Development Core Team 2015),

using the heatmap2 function.

The software Structure v. 2.3.4 (Pritchard 2010)

was used to investigate the genetic structure of the

population. The admixture model and correlated allele

frequencies were used with a Burnin Period = 5000,

followed by the extension of 50,000 repetitions during

the analysis, in addition to the identification of the

optimal K following the method of Evanno et al.

(2005).

Results and discussion

Genetic parameters of diversity

Thirteen populations containing three individuals

from different coconut producing regions were ana-

lyzed, totaling 39 individuals. We detected, on aver-

age, 164,013 variant sites (SNPs), i.e. sites in which

the reference genome differed from individuals

regardless of the variation between them. From this

total of SNPs, on average 27,873 polymorphic sites

were found, allowing differentiating the populations

and individuals belonging to them (Table 2).

The average frequency of the most frequent allele at

each locus (P) was 0.93, ranging from 0.89 (BYDG) to

0.95 (BGD-TR and MRD). Because this estimate

represents the degree of fixation based on allelic

frequencies found in each population, we can infer that

the alleles of these populations are fixed. When

considering the average of sub-varieties for this

estimate, we noticed that green dwarfs, red dwarfs,

and yellow dwarfs presented values of 0.94, 0.94, and

0.91, respectively. These data corroborate the high

estimates of homozygosity observed for each popula-

tion ([ 0.90), confirming the fixation of alleles.

The high homozygosity of populations is perfectly

expected, as well as the high value of the most frequent

allele because it is an autogamous plant with a self-

Table 1 Description of the

coconut populations for the

study of variability through

sequencing

Dwarf types Population Sampling site

BGDJ Brazilian Green Dwarf-Jiqui COHIBRA-CE

BGD-PRPB Brazilian Green Dwarf-Paraipaba COHIBRA-CE

BGD-BA Brazilian Green Dwarf-Bahia Ribeira do Pombal-BA

BGD-SZ 1 Brazilian Green Dwarf-Souza 1 Figueiredo’s Farm Souza-PB

BGD-SZ 2 Brazilian Green Dwarf-Souza 2 Carlos Dantas’s Farm Souza-PB

BGD-PA 1 Brazilian Green Dwarf-Pará 1 Moju-PA

BGD-PA 2 Brazilian Green Dwarf-Pará 2 Moju-PA

BGD-TR Brazilian Green Dwarf-Trairi COHIBRA-CE

MRD Malayan Red Dwarf EMBRAPA -SE

MYD Malayan Yellow Dwarf EMBRAPA -SE

BRDG Brazilian Red Dwarf-Gramame COHIBRA-CE

CRD Cameroon Red Dwarf COHIBRA-CE

BYDG Brazilian Yellow Dwarf-Gramame COHIBRA-CE
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pollination rate of 94.3% (Bourdeix 1988). This

indicates that these populations can be used as lines

in the production of simple hybrids of dwarf coconut,

increasing the heterotic effect in crossings directed

based on molecular descriptors, such as the crossing

between genetically distant unrelated individuals, and

morpho-agronomic descriptors, such as populations

with a high production of coconut water.

The average value obtained for the number of

private alleles was 8390, ranging from 2773 (BGDJ) to

36,237 (BYDG). Private alleles are those that refer to

the counting of alleles present in only one of the sub-

varieties (Marshall and Brown 1975), being their

presence directly related to the sample size.

Phylogenetic analyses

From the analysis of 164,013 SNPs in the 39 analyzed

individuals, we observed a high number of redundant

markers that would not be useful to explain the genetic

distance among the assessed populations. Thus, the

markers that showed a high correlation were elimi-

nated, leading to a final analysis of 538 SNPs,

corresponding to 37 individuals. We excluded two

individuals from the BGDJ population due to filter

applied to lost data per individual. With the exception

of Table 2, the remainder of the analyzes were

performed using the filtered dataset, containing 538

SNPs.

The sequence alignment resulted in 1614 charac-

ters, of which 163 were parsimony informative, 372

variable, and 766 conserved, and the combined

phylogenetic reconstruction of Bayesian inference

and Maximum-likelihood estimation was performed

with 13 populations. We identified two well supported

and very distinct clades. The first one was formed

exclusively by populations of green dwarf and the

second one was formed by populations of red and

yellow dwarf (Fig. 1).

Our results, as well as those reported by Gunn et al.

(2011), suggest that an evolutionary divergence

occurred in the long-term among populations and no

within. We also observed that populations tended to

group not by their locality but by their sub-variety.

This fact associated with the characteristics of dwarf

coconut trees, such as slow growth, self-pollination,

and production of the niu vai form of fruits, is

consistent with domestication bottlenecks during the

evolution period of these sub-varieties (Gunn et al.

2011).

The group of green dwarfs was divided into two

sub-clades, being the first one formed only by the

BGD-BA population and the second group by the

other seven populations. One of the main challenges to

be overcome in the search for superior green dwarf

cultivars is the high evidence of inbreeding that

probably result from the domestication of this sub-

variety (Gunn et al. 2011). Our results show that the

BGD-BA population came from an older ancestor in

relation to the others and could be a starting point for

crosses of more distinct populations (Fig. 1).

Table 2 Estimates of

genetic parameters of

diversity in 13 dwarf

coconut populations

*Average frequency of the

most frequent allele at each

locus

Access Polymorphic sites Polymorphic sites (%) P* Observed homozygosity

BGDJ 12,689 0.06 0.94 0.94

BGD-PRPB 26,342 0.08 0.94 0.93

BGD-SZ 2 29,122 0.10 0.93 0.92

BGD-SZ 1 25,155 0.09 0.93 0.92

BGD-BA 32,193 0.13 0.92 0.90

BGD-PA 1 26,449 0.08 0.94 0.93

BGD-PA 2 25,229 0.08 0.94 0.93

BGD-TR 24,859 0.07 0.95 0.94

MRD 22,990 0.07 0.95 0.94

MYD 25,547 0.09 0.94 0.93

BRDG 29,160 0.09 0.94 0.93

CRD 25,137 0.08 0.94 0.93

BYDG 57,483 0.19 0.89 0.87

Mean 27,873.46 0.093 0.93 0.93
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The two populations of yellow dwarf, MYD, and

BYDG, which presented a high degree of genetic

similarity, were already evidenced in the literature

(Ribeiro et al. 2013).

The red dwarf population group was grouped in a

clade containing MRD and BRDG populations and

shared the same ancestor that gave origin to the red

and yellow clades, making it possible for us to infer

that yellow dwarf populations were originated from

red dwarf ancestors. Azevedo et al. (2018) identified

specific alleles in red dwarf populations capable to

differentiate from other red dwarf populations. There-

fore, the CRD population has alleles that can be

differentiated from other dwarf populations, not only

by color but also by their origin, evidencing that this

population may have been subjected to a founding

effect process in which the phenomenon of evolution

is the result of the establishment of a new population

by few original founders (Mayr 1940; Futuyma 2006).

Population structure and differentiation

The first group was formed by accessions of Brazilian

green dwarf and the second group by populations of

red and yellow dwarf (Fig. 2). The group of green

dwarfs is in accordance with the genetic diversity

classification proposed by the Generation Challenge

Program of the French Agricultural Research Centre

for International Development (GCP/CIRAD), which

states that there is no variability between the Brazilian

dwarf coconut (BGD).

Heat map plot

The data were submitted to the heat map analysis

(Fig. 3) in the software R by using the heat map

package. This analysis was also concordant with the

dendrogram, as a high genetic similarity was observed

between the dwarf coconut populations green 9

green, yellow 9 yellow, and red 9 red.

This analysis allows identifying crosses based on

the genetic distance between populations, and the

clearer the color in the matrix, the higher the distance

between populations and, consequently, the higher the

probability of exploring the heterosis in crossing, as is

the case of crosses (CRD 9 BGD-PA 1, CRD 9

BGD-PA 2, and BRDG 9 BGD-PA 2).

In a study based on morpho-agronomic data in

order to study the genetic variability in dwarf coconut

populations, Cambuı́ (2007) verified the division of six

Fig. 1 Bayesian and maximum-likelihood topology depicting

the evolutionary relationships of the 13 studied dwarf coconut

populations. Support values at nodes represent Bayesian

posterior probabilities (PP) and bootstrap percentages (ML)

(on the right), respectively. The tree was rooted in CRD
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cultivars in three groups. The first group was formed

by the accessions BRDG, MYG, and BYDG, the

second group by the accessions MRD and BGDJ, and

the third group by the accession CRD, which is in

accordance with the results reported here, in particular

in relation to CRD, which remained isolated in the

grouping.

Azevedo et al. (2018) conducted a study that aimed

at characterizing cultivars by the fingerprint technique

using microsatellite markers. The results were

consonant with those found in our study. Regarding

the genetic variability, GBS was more effective in

detecting tags that contributed to better discriminate

populations.

Noël et al. (2011), in a study usingmicrosatellites to

assess the genetic diversity of green dwarf coconut

accessions in Côte d’Ivoire, also found a low genetic

diversity among Philippine green dwarfs. Meerow

et al. (2003) reported similar results obtained with

microsatellite markers to show that the Malaysian red

Fig. 2 Result of the analysis of the Structure of 13 populations of dwarf coconut. Assignments for each population are shown for k = 2

(primary K)

Fig. 3 Heat map considering the 13 coconut populations

123

Euphytica (2020) 216:45 Page 7 of 9 45



dwarf is distinguished from the Malaysian green and

yellow dwarfs. The latter two are believed to be very

similar genetically.

Perera et al. (2000) hypothesize that dwarf coconut

palms might have evolved over a long domestication

period, from a small population of tall coconut palms,

indicating that this event may be the reason for the

observed low genetic diversity levels in dwarfs. This

indicates a smaller genetic distance between dwarf

coconut accessions of Brazil and, consequently, a

higher level of genetic relationship.

Other studies using SSR markers have revealed the

existence of a much higher genetic diversity in tall

accessions compared to dwarfs (Rivera et al. 1999;

Perera et al. 2000, 2003) which is a reflection of their

breeding habits: talls being allogamous, while dwarfs

generally autogamus.

Due to the magnitude of the observed results from

phylogenetic and heat map analysis, the production of

intra-sub-varietal hybrids is not recommended when

heterosis and gains in coconut water production are

envisaged. Phenotypic differences among these pop-

ulations found in the field are mainly due to environ-

mental factors, such as management, age of plants,

among others.

This study shows that even with the use of SNP

markers, the detected variability and genetic distance

were not enough to ensure the recommendation of

intra-sub-varietal crosses between green dwarf popu-

lations to obtain hybrids. In contrast, in correspon-

dence to the reproductive system of the green dwarf

coconut as a plant framed as preferential autogamous,

plants with a high proportion of fixed loci are

observed. We can say that nature made available

inbred lines that can be used directly in crossings with

other populations from other dwarf sub-varieties in

order to explore heterosis. Thus, based on our results,

we recommend for coconut water production cross-

ings between green dwarf 9 red dwarf and green

dwarf 9 yellow dwarf or even inter-sub-varietal

crossings of red dwarf and yellow dwarf. Therefore,

Inter-sub-varietal crosses of dwarf coconut are highly

promising to reduce the time and optimize the process

of obtaining new cultivars for water production,

requiring field assessments to confirm its agronomic

potential.
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