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Abstract
Main conclusion  Genome-wide analysis of small RNAs identifies somatic embryogenesis- specific miRNAs and their 
targets and provides novel insights into the mechanisms governing somatic embryogenesis in coconut, a highly in vitro 
recalcitrant species.

Abstract  Coconut, a major plantation crop of the tropics is recalcitrant to in vitro culture with a very low rate of somatic 
embryo turnover. Clonal propagation to enhance the production of high yielding, disease-free planting material in coconut 
has remained a distant reality. To better understand the molecular basis of this recalcitrance and to throw light on the complex 
regulatory network involved in the transition of coconut somatic cells to embryogenic calli, genome-wide profiling of small 
RNAs from embryogenic (EC) and non-embryogenic calli (NEC) was undertaken using Illumina Hiseq 2000 platform. We 
have identified a total of 110 conserved miRNAs (representing 46 known miRNA families) in both types of calli. In addi-
tion, 97 novel miRNAs (48 specific to EC, 21 specific to NEC and 28 common to both the libraries) were also identified. 
Among the conserved miRNAs, 10 were found to be differentially expressed between NEC and EC libraries with a log2 
fold change > 2 following RPM-based normalization. miR156f, miR167c, miR169a, miR319a, miR535a, and miR5179 are 
upregulated and miR160a, miR166a, miR171a, and miR319b are down-regulated in NEC. To confirm the differential expres-
sion pattern and their regulatory role in SE, the expression patterns of miRNAs and their putative targets were analyzed using 
qRT- PCR and most of the analyzed miRNA-target pairs showed inverse correlation during somatic embryogenesis. Selected 
targets were further validated by RNA ligase mediated rapid amplification of 5′ cDNA ends (5′RLM-RACE). Our data suggest 
that a few conserved miRNAs and species-specific miRNAs act in concert to regulate the process of somatic embryogenesis 
in coconut. The results of this study provide the first overview into the regulatory landscape of somatic embryogenesis in 
coconut and possible strategies for fine-tuning or reprogramming to enhance somatic embryo turn over in coconut.
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Abbreviations
5′ RLM–RACE	� 5′ RNA ligase-mediated rapid amplifica-

tion of cDNA ends
EC	� Embryogenic calli

NEC	� Non-embryogenic calli
SE	� Somatic embryo
SEG	� Somatic embryogenesis

Introduction

Coconut (Cocos nucifera L.), the only known species of the 
genus Cocos, supports the livelihood of millions of people 
in the coastal regions of the tropics. This perennial palm is 
popularly called the ‘tree of life’ and provides a wide array 
of products ranging from coir, oil, coconut milk, inflores-
cence sap, and sugar. One of the major constraints in coco-
nut cropping is the short supply of elite planting materials. 
Breeding in coconut for high yielding, disease-resistant, 
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genetically uniform palm is a cumbersome, long and expen-
sive process due to the lack of suitable vegetative propa-
gation method (Arunachalam and Rajesh 2008). Coconut 
palms are mainly propagated through nuts and nuts from 
selected mother palms do not meet the requirements for 
large scale planting. Moreover, nut to nut variation results 
in many poor-performing palms which are identified only at 
the fruit-bearing stage. Improved disease resistant and high 
yielding planting materials are rare and therefore in vitro 
propagation or micro-propagation via somatic embryogen-
esis (hereafter referred to as SEG) is considered as a suitable 
alternative method for mass propagation of elite planting 
materials (Fernando et al. 2010). Though many labs around 
the world had initiated research on coconut in vitro propaga-
tion, limited success has been reported (Pérez-Núñez et al. 
2006; Nguyen et al. 2015). The absence of reliable SEG and 
regeneration protocol for coconut is an impediment to crop 
improvement and functional analysis of its recently decoded 
genome (Xiao et al. 2017). Some of the major bottlenecks in 
clonal propagation of coconut via SEG include the hetero-
geneous response of different explants, low rate of forma-
tion of somatic embryos and poor establishment of in vitro 
generated plants (Nguyen et al. 2015).

Somatic embryos (hereafter referred to as SE) are formed 
when somatic cells first dedifferentiate and then re-differ-
entiate to produce viable embryos that develop into plants. 
The embryos may be formed directly from somatic cells, a 
process called direct SEG or indirectly through an intermedi-
ate callus phase (Horstman et al. 2017). A variety of tissues 
namely immature embryos, immature inflorescence, shoot 
tip, tender leaf, plumule, and unfertilized ovaries have been 
used as explants in the clonal propagation research of coco-
nut (Nguyen et al. 2015). SE are induced either by stress or 
hormones or both and depend on the plant genotype and the 
type of explant used (Dantu and Tomar 2010). SE is used for 
clonal propagation for industrial and academic applications 
like scaling up of plant materials for testing and for reducing 
the breeding span of plants with a long life cycle. The initia-
tion of SE involves the stimulation of a complex signaling 
network and reprogramming of cell’s transcriptome and a 
number of transcription factors are believed to play a crucial 
role in this process (Méndez-Hernández et al. 2019). Global 
analytical profiling like microarray and RNA- Seq of SE 
induced cells in a number of studies suggest the involve-
ment of multiple transcription factors in SE induction (Che 
et al. 2006; Rajesh et al. 2016). In Arabidopsis, transcrip-
tion factors like LEC genes (LEC1, LEC2, FUSCA3, FUS3), 
AGAMOUS-LIKE 15 (AGL15), BABYBOOM (BBM) and 
WUSCHEL RELATED HOMEOBOX (WOX) have been 
found to promote SE induction (Guan et al. 2016). Transcrip-
tion factors, the key regulators of plant growth and develop-
ment, are in turn regulated by micro RNAs (Samad et al. 
2017). Till date, detailed studies of only four genes with 

potential roles in coconut SEG have been reported: somatic 
embryogenesis receptor kinase (SERK) (Pérez-Núñez et al. 
2009; Rajesh et al. 2016), cyclin-dependent kinase (CDKA) 
(Montero-Cortés et al. 2010a) and KNOTTED-like home-
obox (KNOX) (Montero-Cortés et al. 2010b) and AINTEG-
UMENTA-like (ANT) (Bandupriya et al. 2013). In a recent 
study, Rajesh et al. (2016) identified 14 genes that could 
be potentially involved in the regulation of coconut SEG, 
based on RNA-Seq data of coconut embryogenic calli, and 
experimentally validated their expression pattern in different 
stages of SE through quantitative real-time PCR (qRT-PCR).

Increasing studies are attributing key roles to micro RNAs 
(miRNAs) in the control of meristem development, cell 
proliferation and embryogenesis in plants (Lin et al. 2015; 
Long et al. 2018). miRNAs are one class of endogenous 
non-coding RNAs of size 19–24 nt which act as critical 
post-transcriptional regulators of gene expression through 
target mRNA degradation or translation inhibition. Several 
miRNA families have been identified to have a role in SEG 
in different plants (Siddiqui et al. 2019). Key understand-
ing into miRNAs regulation of different stages of SEG have 
been obtained in rice (Luo et al. 2006), poplar (Tingting 
et al. 2011), larch (Zhang et al. 2012), longan (Lin and Lai 
2013), radish (Zhai et al. 2014), maize (Chávez-Hernández 
et al. 2015), wheat (Chu et al. 2016), Lilium (Zhang et al. 
2017), and Tuxpeno maize (Alejandri-Ramírez et al. 2018). 
The conserved miRNA family miR156, which targets the 
squamosa promoter-binding-like protein (SPL) gene, has 
been reported to regulate embryogenic callus differentia-
tion, cotyledon embryo development and globular embryo 
development in rice, maize, longan and cotton, respectively 
(Luo et al. 2006; Lin and Lai 2013; Shen et al. 2013; Yang 
et al. 2013). Also, miR166 has been reported to participate 
in the transcriptional and post-transcriptional regulation 
of SEG in Lilium and Dimocarpus longan, by binding to 
LMBR1, IDD1 (INDETERMINATE DOMAIN 1) and PHB 
(PHABULOSA) in the former (Yang et al. 2020), and HD-
ZIP III in the latter (Zhang et al. 2020).

Additionally, miR159, miR167, and miR171 families 
have been identified to play a major role in reproductive 
development in citrus (Wu et al. 2011). Comparison of 
expression levels of miRNA between embryogenic cal-
lus (EC) and non-embryogenic callus (NEC) have been 
undertaken in cotton (Yang et al. 2013), citrus (Wu et al. 
2015) and Larix leptolepis (Zhang et al. 2010). In Arabi-
dopsis SEG, a set of candidate miRNAs regulates the 
transition from vegetative to embryogenic state (Szyrajew 
et al. 2017). Knowledge of miRNAs and other small RNAs 
of coconut is very limited. According to miRBase 22.1 
(Griffiths-Jones et al. 2007; accessed on 01 January 2020), 
a total of 2422 mature miRNAs from 14 monocotyledons 
have been registered. Of these, only six miRNAs have been 
reported from the Arecaceae family (Mehrpooyan et al. 
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2012). In our earlier study, we had predicted a total of 27 
mature miRNA sequences, belonging to 15 miRNA fami-
lies along with their target genes, from the RNA-Seq data 
of coconut embryogenic callus utilizing computational 
approaches (Sabana et al. 2018). To gain deeper insights 
into the regulatory roles of miRNA in SEG, small RNA 
libraries derived from embryogenic and non-embryogenic 
calli obtained from plumular explants were sequenced and 
analyzed. In this study, we report the identification of con-
served and novel coconut miRNAs and their expression 
patterns during SEG. We also identified miRNA targets 
and analyzed their expression during SEG. The miRNAs 
identified in this study, and their targets, provide the basic 
framework for deeper analysis of miRNA mediated regula-
tory network of SEG induction in coconut.

Materials and methods

Plant material and in vitro culture

The procedure of Bhavyashree et  al. (2016) was fol-
lowed for in vitro plumule culture. In brief, the mature 
nuts of West Coast Tall (WCT) cultivar were harvested 
from 30 year old palms maintained in the plantation at 
ICAR-CPCRI (Kasaragod, Kerala, India), dehusked, cut 
open and embryos with endosperm were excised using a 
cork borer and thoroughly washed with distilled water. In 
a laminar air-flow chamber, the endosperm plugs contain-
ing the embryos were washed with 0.01% mercuric chlo-
ride (HgCl2) for 5 min and rinsed 3–4 times with sterile 
distilled water to remove the traces of mercuric chloride. 
Embryos were then excised from endosperm plug, and 
surface sterilized with 20% sodium hypochlorite NaClO 
solution for 20 min and subsequently washed 5–6 times 
with sterile distilled water. Plumular tissues were then 
excised from the sterilized embryos by using sterile blade 
and scalpel and inoculated into full strength Y3 basal 
medium (Eeuwens 1976), supplemented with 2,4-dicholo-
rophenoxyacetic acid (2,4-D, 74.6 µM), thidiazuron (TDZ, 
4.5 µM), sucrose (87.6 mM) and charcoal (1 g l−1) with 
pH 5.8, for callus induction. The cultures were incubated 
in dark at 27 ± 2 °C. The initial calli obtained were sub-
cultured into media supplemented with gradually reducing 
concentrations of 2,4-D (45.24 µM and then to 22.6 µM) 
in the later stages. A polyamine (spermine, 50 µM) and a 
cytokinin (TDZ, 4.5 µM) were also incorporated in this 
medium for better multiplication of callus in the embryo-
genic stage (Rajesh et al. 2014a). Embryogenic (EC) and 
non-embryogenic calli (NEC) were selected visually and 
immediately frozen in liquid nitrogen.

Small RNA library construction, sequencing 
and data analysis

Small RNAs were extracted from five each of EC and NEC 
samples using the mirPremier microRNA isolation kit 
(Cat# SNC50, Sigma Aldrich) following the manufacturer’s 
instructions. The quantity and quality of the isolated miR-
NAs were analyzed in 4% agarose gel and using Bioana-
lyser 2100 using specialized small RNA analysis kit (Cat# 
5067–1548, Agilent). Equal quantities (500 ng) of small 
RNA from five samples were pooled together to constitute 
the EC and NEC bulks. Small RNA libraries for the EC and 
NEC samples were constructed using TruSeq Small RNA 
Library Prep Kit (Cat# RS-200-0024, Illumina) and deep 
sequencing of each sample was carried out on an Illumina 
HiSeq 2000 platform (Bionivid, Bengaluru, India). In brief, 
the small RNAs were ligated first to 5′ RNA adaptor and 
then to 3′ RNA adapter. Adapter-ligated fragments were then 
reverse transcribed, amplified with PCR, gel purified and 
finally subjected to Illumina high-throughput sequencing.

Raw reads generated by the Illumina sequencer were 
subjected to quality statistics using NGSQC toolkit (v2.3.3) 
(Patel and Jain 2012) without adapter trimming. High-qual-
ity reads were then subjected to adapter trimming using 
Cutadapt (v1.10) and filtering of reads smaller than 18 nt. 
Adapter trimmed files were subjected to trimming based on 
the quality score using NGSQC toolkit (v2.3.3). The number 
of unique tags and their read count, fasta sequences and tag 
length distribution were fetched using Perl and awk scripts. 
The final filtered reads were subjected to BLASTn (Altschul 
et al. 1990) against Rfam database (https​://rfam.xfam.org/) 
to identify and eliminate other small RNAs like ribosomal 
RNA (rRNA), transfer RNA (tRNA), small nucleolar RNA 
(snoRNA) and small nuclear RNA (snRNA), with filtering 
criteria 100% query coverage, 2 mismatches and 0 gaps best 
hits.

Information on coconut miRNAs is not available in miR-
Base. To identify conserved miRNAs in coconut, clean reads 
of length 18–22 bases from each sample, were analyzed 
against plant mature miRNA sequences in miRBase Data-
base (22.1 release) (https​://www.mirba​se.org) using srna-
workbench (v 3.2) (https​://srna-workb​ench.cmp.uea.ac.uk/), 
miRProf is the tool used for known miRNA analysis (https​
://srna-workb​ench.cmp.uea.ac.uk/mirpr​of/). Only the per-
fectly matched sequences were considered to be conserved 
miRNAs. Novel miRNA candidates were identified by using 
miRcat (https​://srna-workb​ench.cmp.uea.ac.uk/tools​/mirca​
t/), with the following parameters: minimum free energy: 
− 25 kcal/mol; minimum number of paired bases in miRNA 
region is 17; the number of mismatches between miRNA 
and miRNA* not more than 3 nt; minimum GC content: 
30%; length of a miRNA is 18–22 nt; maximum percent-
age of unpaired bases in hairpin region is 40; minimum 

https://rfam.xfam.org/
https://www.mirbase.org
https://srna-workbench.cmp.uea.ac.uk/
https://srna-workbench.cmp.uea.ac.uk/mirprof/
https://srna-workbench.cmp.uea.ac.uk/mirprof/
https://srna-workbench.cmp.uea.ac.uk/tools/mircat/
https://srna-workbench.cmp.uea.ac.uk/tools/mircat/
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hairpin length is 55 nt and P-value: 0.1. Novel miRNAs with 
P-value ≤ 0.05 were taken as significant miRNAs. Secondary 
structure prediction for novel miRNAs was done using the 
mfold web server (https​://unafo​ld.rna.alban​y.edu/).

Differential expression analysis of miRNAs 
in the two coconut libraries

Reads with abundance ≥ 10 in both the libraries were taken 
for differential analysis, RPM (Reads Per Million) based 
normalization was followed. RPM normalization was cal-
culated as the actual number of miRNA reads/total num-
ber of clean reads × 1,000,000. The differential expression 
of miRNAs between EC and NEC libraries was calcu-
lated as fold change = log2 (miRNA normalized reads in 
NEC vs miRNA normalized reads in EC). Reads with fold 
changes ≥ 2 and P-values ≤ 0.05 were taken as differentially 
regulated miRNAs.

miRNA target prediction and annotation

Target prediction of the identified conserved and novel 
miRNAs was carried out using Plant Small RNA Target 
Analysis online Server (psRNATarget) tool (https​://plant​
grn.noble​.org/psRNA​Targe​t/) with default settings as maxi-
mum expectation (ME) at 3, length for complementarity 
scoring (hsp size) at 19, target accessibility allowed maxi-
mum energy to unpair the target site (UPE) at 25, flanking 
length around the target site for target accessibility analysis 
at 17 bp in upstream and 13 bp in downstream and the range 
of central mismatch that leads to translational inhibition 
between 10 and 11 nt. It was done by searching the miRNA 
against preloaded coconut embryogenic calli transcriptome 
data (SRX 472157). Annotation of the target was done using 
BLASTn (https​://blast​.ncbi.nlm.nih.gov/Blast​.cgi). miRNA 
targeted scaffolds from each sample (fasta format input) 
were subjected to BLASTn against NRDB (https​://pubml​
st.org/analy​sis/nrdb.shtml​) and GO annotation was carried 
out using BLAST2GO (v3.3.5) program (https​://www.blast​
2go.com/).

Validation of miRNAs and their target mRNAs using 
qRT‑PCR

Expression profiling of selected conserved and novel miR-
NAs was verified using stem-loop qRT-PCR (Kramer 2011). 
Small RNA was extracted from plumular explants, EC and 
NEC using a mirVana miRNA isolation kit (Cat# AM1560, 
Ambion). The forward primers were designed based on the 
mature miRNA sequences and the reverse primers were 
universal, complementary to the regions of stem-loop RT 
primer (details of primers are provided in Suppl. Table S1a). 
Isolated miRNA was first reverse transcribed with the 

stem-loop RT primer using the TaqMan microRNA reverse 
transcription kit (Cat#4366596, Applied Biosystems) and 
qRT-PCR was performed using miScript SYBR Green PCR 
Kit (Cat# 218073, Qiagen). Each qRT-PCR reaction was 
conducted in a volume of 10 µl containing 5 µl of SYBR 
green, 5 pmol each of forward and reverse primers and 1 µl 
of cDNA (50 ng). The reactions were first incubated at 95 °C 
for 10 min followed by 40 cycles at 95 °C for 15 s, 64 °C 
for 30 s and 70 °C for 34 s. All the PCR reactions were per-
formed using the Step One Real-Time PCR System (Applied 
Biosystems). All reactions were carried out using three bio-
logical replicates each with three technical replicates. Primer 
pair specificity was verified by automated gel electrophore-
sis (MultiNA, Shimadzu) and melt curve analysis. For the 
selection of the reference gene, the expression pattern of 
three non-coding small nuclear RNA viz., U1, U2 and U6 
genes present in coconut transcriptome data were evaluated. 
Primers were designed based on the stem-loop RT procedure 
(Suppl. Table S1b). Expression stability of all these primers 
was checked in plumule, EC and NEC tissues by qRT-PCR. 
Among these primers, U6 snRNA had the lowest Ct value 
and constant expression in all the tissues and therefore was 
selected as an endogenous control. The relative changes 
in expression was calculated by a comparative CT method 
(ΔΔCT) using the formula 2−ΔΔCT (Livak and Schmittgen 
2001). The initial plumular explant sample CT value was 
selected as the reference, with the expression level set as 1.0.

The expression profile of the selected target genes was 
validated by qRT-PCR. RNA was isolated from plumule, 
EC and NEC by using the Nucleospin plant RNA kit 
(Cat#740949.50, Macherey–Nagel). Primescript RT reagent 
kit (Cat# RR037B, Takara) was used for the RT reactions 
and the qRT-PCR was conducted on One-step Real-Time 
PCR System (Applied Biosystems) with Power SYBR™ 
Green PCR Master Mix (Cat# 4367659, Applied Biosys-
tems). Each reaction included 1 μl of product from the 
diluted cDNA (50 ng), 1 μl of forward and reverse primer 
(2 μM) and 5 μl of SYBR Green (2X). The reactions condi-
tions were 95 °C for 30 s, followed by 40 cycles at 95 °C for 
5 s, 60 °C for 30 s and 72 °C for 30 s. The β-tubulin gene was 
used as the endogenous control (Rajesh et al. 2014b) and all 
reactions were performed in triplicate. The relative expres-
sion was calculated by a comparative CT method (ΔΔCT) 
using the formula 2−ΔΔCT. The primers used for the target 
validation are listed in Suppl. Table S1c. The one-tailed 
Student’s t test (P0.05) was used to determine the significant 
difference of relative expression of miRNA and their targets 
between EC and NEC.

Cleavage site validation of miRNA targets

The cleavage site of two selected miRNA targets, 
auxin responsive factor (ARF) targeted by miR160 and 

https://unafold.rna.albany.edu/
https://plantgrn.noble.org/psRNATarget/
https://plantgrn.noble.org/psRNATarget/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://pubmlst.org/analysis/nrdb.shtml
https://pubmlst.org/analysis/nrdb.shtml
https://www.blast2go.com/
https://www.blast2go.com/
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Scarecrow-like (SCL) targeted by miR171, were validated 
by 5′ RNA Ligase-Mediated Rapid Amplification of cDNA 
Ends (5′RLM–RACE) using Gene Racer kit (Cat# L1502-
01, Invitrogen Life Technologies). Total RNA was isolated 
from coconut calli tissue and then ligated with an RNA 
adaptor using T4 RNA ligase. This product was reverse 
transcribed to cDNA using M-MLV reverse transcriptase 
and PCR amplification was carried out by using GeneRacer 
5′ primers and gene-specific primers (Suppl. Table S1d). 
The PCR products were then cloned into TA cloning vector 
pTZ57R/T (Cat# K1214, Thermo Scientific) and sequenced 
(AgriGenome, Kochi).

Results

Callus morphology of embryogenic 
and non‑embryogenic tissues

Excised shoot meristem showed initial callus induction 
after 25 days of incubation in dark. The initiated calli were 
chopped and subcultured to a medium incorporated with 
2,4-D (45.24 µM), TDZ (4.5 µM) and spermine (50 µM). 
Embryogenic calli were formed after 55–60 days of incuba-
tion in this media. Non-embryogenic calli were also formed 
in some of the cultures in this media. Morphologically, 
embryogenic calli are translucent and smooth structures that 
appeared after 50 days which later transforms into globular 
and elongated structures. The non-embryogenic calli are 
sponge-like structures and do not undergo much change in 
morphology.

Increased accumulation of miRNAs 
in non‑embryogenic calli

Sequencing of EC and NEC small RNA libraries on Illu-
mina Hiseq 2000 platform resulted in 30,791,710 raw reads, 
comprising 30,682,755 high-quality reads and 10,8955 low-
quality reads from EC, and 27,556,676 raw reads comprising 
27,481,895 high-quality reads and 74,781 low-quality reads 
from NEC. After removing adaptor contamination and low-
quality reads, a total of 27,990,086 high quality reads from 
EC and 27,137,845 from NEC were obtained (Table 1). The 
clean reads constituted 92,078,24 and 11,797,511 unique 
tags in EC and NEC respectively and were distributed 
between 11 to 41 nt in length. The length distributions of 
small RNA from unique reads are summarized in Fig. 1. The 
read length was not uniformly distributed in each library, 
but they showed a high abundance of 21–24 nt lengths. In 
both libraries, 24 nt length reads were most abundant with 
44.93% and 50.23% in EC and NEC, respectively. The next 
largest fraction was that of the 21 nt sequences, which rep-
resented 19.16% in EC and 9.25% in the NEC. The small 

RNA-sequence data of coconut was submitted at the NCBI 
with the SRA accession number PRJNA546491.

Further, by performing a BLASTN search against the 
Rfam database, we identified small RNA corresponding to 
rRNA, tRNA, snRNA and snoRNA from unique sequences 
in both EC and NEC small RNA libraries (Table 2). The 
total reads of length 18–22 bases were compared against all 
plant mature miRNAs listed in miRBase (miRBase 22.1). 
Only 10, 46, 997 (11.4%) and 6, 52, 157 (5.5%) of the unique 
sequences in NEC and EC, respectively, were found to be 
similar to known miRNAs with perfect matches to known 
miRNAs from Viridiplantae. The data suggests that there is 
a considerable increase in the miRNA population in non-
embryogenic tissues compared to embryogenic calli.

Conserved and novel miRNAs of coconut

To identify conserved miRNAs in coconut, unique 
small RNAs from coconut were compared against mature 
plant miRNAs listed in miRBase 22.1. A total of 110 con-
served miRNAs from 46 miRNA families, with perfect 
matches to known mature miRNAs, could be identified in 
both types of calli (Table 3 and Suppl. Table S2). Two miR-
NAs viz., cnu-miR4995 and cnu-miR5368 were present in 
only in EC library, while cnu-miR828 was present only in 
NEC library. These miRNAs varied in length from 18 to 22 
nt and the most abundant miRNAs were 21 nt long. Length 
distributions of miRNAs are summarized in Fig. 2. Some 
of the miRNA families were represented by multiple mem-
bers viz., miR166 (14 members); miR319 and miR159 (10 
members each); miR168 (four members); miR396, miR167 
and miR2118 (five members each); miR156 (seven mem-
bers); miR157, miR171, miR408 and miR169 (three mem-
bers each) and miR160, miR535, miR390 and miR399 (two 
members each). The rest of miRNAs were represented by 
only one member. miR166 family was found to have the 
highest read count in both libraries (852,935 in NEC library 
and 369,645 in EC library). The second abundant miRNA 
family was miR159, which had a read count of 101,830 in 
the NEC library and 136,954 in the EC library. Members 

Table 1   Summary of reads of the EC and NEC small RNA library 
from coconut

Type NEC EC

Total reads 27,556,676 30,791,710
Total HQ reads 27,481,895 (99.7%) 30,682,755 (99.6%)
Adapter contaminant 9058 9233
Smaller than 11 nt 3,20,133 2,668,058
Non ATGC​ 14,859 15,378
Clean reads 27,137,845 27,990,086
Total unique reads 92,07,824 11,797,511



	 Planta (2020) 251:79

1 3

79  Page 6 of 18

within a family showed considerable difference in read count 
in both libraries (Suppl. Table S2). 

In addition to conserved miRNAs, we also identified 
a total of 97 novel miRNAs using miRCat program, of 
which 48 were specific to EC, 21 were specific to NEC 
and 28 were common to both the libraries. These novel 
miRNAs were named as cnu-miRn_number and using a, 
b and c to differentiate miRNAs from the same precursor 
sequence and some of them are represented as 5p or 3p to 
distinguish miRNA from 5′ or 3′ arm of the same precursor 
(Suppl. Table S3). The length of the novel miRNAs varied 
from 18–21 nt with a majority of them being 21 nt length. 
These novel miRNAs exhibited a strong bias towards U at 
the 5′ terminal nucleotides (Fig. 3a), a property which was 
shown by conserved miRNAs too (Fig. 3b). Precursors of 
miRNAs were also identified and the length varied from 
55 to 100 nt with an average length of 79 nt. Secondary 
stem-loop structures were predicted by mfold with default 
parameters (Suppl. Fig. S1). The minimum folding free 

energy (MFE) for the hairpin precursors for novel miRNAs 
ranged from − 15.1 to − 76.3 kcal/mol and an average 
of − 34.08 kcal/mol. Four of the novel miRNAs contain 
star sequences (cnu-miRn8, cnu-miRn13, cnu-miRn15 and 
cnu-miRn17) (Fig. 4).

miRNAs are differentially regulated during SEG 
induction in coconut

To identify differentially expressed miRNAs between EC 
and NEC, RPM (Reads Per Million) based normalization 
was followed and fold changes were calculated. Out of 46 
miRNA families, 10 miRNA families were found to be dif-
ferentially expressed between NEC and EC libraries with a 
log2 fold change > 2. Six conserved miRNA family members 
viz., miR156f, miR167c, miR169a, miR535a, miR319a and 
miR5179 were upregulated, while four conserved miRNA 
family members viz., miR171a, miR319b, miR160a, and 
miR166a were down-regulated in NEC/EC comparative 
analysis (Fig. 5a). Interestingly, multiple members of the 
same family displayed differential expression patterns (e.g. 
miR319a is upregulated, while miR319b is downregulated 
in NEC) (Fig. 5a).

Among the novel miRNAs, six were differentially 
expressed with more than two fold changes between EC and 
NEC libraries (Suppl. Table S4). Four miRNAs, that were 
present in both libraries (viz., cnu-miRn17, cnu-miRn7, cnu-
miRn11, and cnu-miRn6), were upregulated in NEC library. 
Two of the miRNAs viz., cnu-miRn15, and cnu-miRn8 were 
down-regulated in NEC (Fig. 5b).

Fig. 1   Length distributions of 
small RNAs in coconut

Table 2   Distribution of different categories of small RNAs

Category Read count in NEC Read count in EC

Total small RNAs 9,207,824 11,797,511
miRNA 1,046,997 (11.4%) 652,157 (5.5%)
rRNA 71,754 (0.78%) 71,754 (0.61%)
tRNA 30,238 (0.33%) 30,238 (0.26%)
SnRNA 13,355 (0.15%) 13,355 (0.11%)
SnoRNA 54,889 (0.61%) 54,889 (0.47%)
Unannotated 8,003,696 (87.2%) 10,982,203 (93.1%)
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Table 3   Number of miRNA 
families identified in coconut 
SE

Sl. no. miRNA family miRNA name Sequence (5′–3′)

1 MIR156 cnu-miR156a UUG​ACA​GAA​GAU​AGA​GAG​C
cnu-miR156b CUG​ACA​GAA​GAG​AGU​GAG​CAC​
cnu-miR156c UGA​CAG​AAG​AGA​GUG​AGC​AC
cnu-miR156d CUG​ACA​GAA​GAG​AGU​GAG​CA
cnu-miR156e UGA​CAG​AAG​AGA​GUG​AGC​ACU​
cnu-miR156f UGA​CAG​AAG​AGA​GUG​AGC​ACA​
cnu-miR156g UUG​ACA​GAA​GAG​AGU​GAG​CAC​

2 MIR157 cnu-miR157a UGA​CAG​AAG​AUA​GAG​AGC​AC
cnu-miR157b UUG​ACA​GAA​GAU​AGA​GAG​CAC​
cnu-miR157c GCU​CUC​UAU​GCU​UCU​GUC​AUC​

3 MIR159 cnu-miR159a UUU​GGA​UUG​AAG​GGA​GCU​CUA​
cnu-miR159b UUU​GGA​UUG​AAG​GGA​GCU​CUU​
cnu-miR159c CUU​GGA​UUG​AAG​GGA​GCU​CCU​
cnu-miR159d CUU​GGA​UUG​AAG​GGA​GCU​CC
cnu-miR159e UUU​GGU​UUG​AAG​GGA​GCU​CUA​
cnu-miR159f CUU​GGA​UUG​AAG​GGA​GCU​CU
cnu-miR159g UUU​GGA​UUG​AAG​GGA​GCU​CCU​
cnu-miR159h UUU​GGA​UUG​AAG​GGA​GCU​CUG​
cnu-miR159i UUU​GGA​UUG​AAG​GGA​GCU​CUC​
cnu-miR159j CUU​GGA​UUG​AAG​GGA​GCU​CUA​

4 MIR160 cnu-miR160a UGC​CUG​GCU​CCC​UGU​AUG​CCA​
cnu-miR160b GCG​UGC​AAG​GAG​CCA​AGC​AUG​

5 MIR162 cn-miR162 UCG​AUA​AAC​CUC​UGC​AUC​CGG​
6 MIR164 cn-miR164 UGG​AGA​AGC​AGG​GCA​CGU​GCA​
7 MIR165 cnu-miR165 UCG​GAC​CAG​GCU​UCA​UCC​CCC​
8 MIR166 cnu-miR166a UCG​GAC​CAG​GCU​UCA​UUC​CUC​

cnu-miR166b UCG​AAC​CAG​GCU​UCA​UUC​CCC​
cnu-miR166c UCG​GAC​CAG​GCU​UCA​UUC​CCC​
cnu-miR166d UCG​GAC​CAG​GCU​UCA​UUC​CCG​
cnu-miR166e GGA​CCA​GGC​UUC​AUU​CCC​C
cnu-miR166f UCU​CGG​ACC​AGG​CUU​CAU​UC
cnu-miR166g UCG​GAC​CAG​GCU​UCA​UUC​C
cnu-miR166h CUC​GGA​CCA​GGC​UUC​AUU​CCC​
cnu-miR166i UUG​GAC​CAG​GCU​UCA​UUC​CCC​
cnu-miR166j UCG​GAC​CAG​GCU​UCA​UUC​CC
cnu-miR166k UCU​CGG​ACC​AGG​CUU​CAU​UCC​
cnu-miR166l GGA​AUG​UUG​UCU​GGC​UCG​AGG​
cnu-miR166m CGG​ACC​AGG​CUU​CAU​UCC​CC
cnu-miR166n UCG​GAC​CAG​GCU​UCA​UUC​CCU​

9 MIR167 cnu-miR167a UGA​AGC​UGC​CAG​CAU​GAU​CU
cnu-miR167b UGA​AGC​UGC​CAG​CAU​GAU​CUA​
cnu-miR167c UGA​AGC​UGC​CAG​CAU​GAU​CUG​
cnu-miR167d UGA​AGC​UGC​CAG​CAU​GAU​CUC​
cnu-miR167e UGA​AGC​UGC​CAG​CAU​GAU​CUU​

10 MIR168 cnu-miR168a UCG​CUU​GGU​GCA​GGU​CGG​GA
cnu-miR168b CCC​GCC​UUG​CAU​CAA​CUG​AAU​
cnu-miR168c UCG​CUU​GGU​GCA​GGU​CGG​GAC​
cnu-miR168d UCG​CUU​GGU​GCA​GGU​CGG​GAA​

11 MIR169 cnu-miR169a CAG​CCA​AGG​AUG​ACU​UGC​CGA​
cnu-miR169b CAG​CCA​AGG​AUG​ACU​UGC​CGG​
cnu-miR169c CAG​CCA​AGG​AUG​ACU​UGC​C
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Table 3   (continued) Sl. no. miRNA family miRNA name Sequence (5′–3′)

12 MIR171 cnu-miR171a UGA​UUG​AGC​CGU​GCC​AAU​AUC​

cnu-miR171b UUG​AGC​CGC​GUC​AAU​AUC​UCC​

cnu-miR171c UUG​AGC​CGC​GCC​AAU​AUC​ACU​
13 MIR172 cnu-miR172 AGA​AUC​UUG​AUG​AUG​CUG​CAU​
14 MIR319 cnu-miR319a AGA​GCU​UCC​UUC​AGU​CCA​CUC​

cnu-miR319b UUG​GAC​UGA​AGG​GAG​CUC​C
cnu-miR319c AUU​GGA​CUG​AAG​GGA​GCU​CC
cnu-miR319d UUG​GAC​UGA​AGG​GAG​CUC​CC
cnu-miR319e UUU​GGA​CUG​AAG​GGA​GCU​CCU​
cnu-miR319f UUG​GAC​UGA​AGG​GAG​CUC​CU
cnu-miR319g UUG​GAC​UGA​AGG​GAG​CUC​CCA​
cnu-miR319h UUG​GAC​UGA​AGG​GAG​CUC​CCU​
cnu-miR319i CUU​GGA​CUG​AAG​GGA​GCU​CC
cnu-miR319j CUU​GGA​CUG​AAG​GGA​GCU​CCC​

15 MIR390 cnu-miR390a AAG​CUC​AGG​AGG​GAU​AGC​GCC​
cnu-miR390b AGC​UCA​GGA​GGG​AUA​GCG​CC

16 MIR393 cnu-miR393 UCC​AAA​GGG​AUC​GCA​UUG​AUC​
17 MIR394 cnu-miR394 UUG​GCA​UUC​UGU​CCA​CCU​CC
18 MIR395 cnu-miR395 CUG​AAG​UGU​UUG​GGG​GAA​CUC​
19 MIR396 cnu-miR396a UUC​CAC​AGC​UUU​CUU​GAA​CUG​

cnu-miR396b UUC​CAC​AGC​UUU​CUU​GAA​CU
cnu-miR396c UUC​CAC​AGC​UUU​CUU​GAA​CUU​
cnu-miR396d UCC​ACA​GGC​UUU​CUU​GAA​CUG​
cnu-miR396e GUU​CAA​UAA​AGC​UGU​GGG​AAA​

20 MIR397 cnu-miR397 UCA​UUG​AGU​GCA​GCG​UUG​AUG​
21 MIR398 cnu-miR398 UGU​GUU​CUC​AGG​UCG​CCC​CUG​
22 MIR399 cnu-miR399a UGC​CAA​AGG​AGA​AUU​GCC​CUG​

cnu-miR399b UGC​CAA​AGG​AGA​GUU​GCC​CUG​
23 MIR408 cnu-miR408a UGC​ACU​GCC​UCU​UCC​CUG​GC

cnu-miR408b UGC​ACU​GCC​UCU​UCC​CUG​GCU​
cnu-miR408c AUG​CAC​UGC​CUC​UUC​CCU​GGC​

24 MIR444 cnu-miR444 UGC​AGU​UGC​UGC​CUC​AAG​CUU​
25 MIR477 cnu-miR477 ACU​CUC​CCU​CAA​GGG​CUU​CUC​
26 MIR479 cnu-miR479 UGA​GCC​GAA​CCA​AUA​UCA​CUC​
27 MIR528 cnu-miR528 UGG​AAG​GGG​CAU​GCA​GAG​GAG​
28 MIR529 cnu-miR529 AGA​AGA​GAG​AGA​GUA​CAG​CCU​
29 MIR535 cnu-miR535a GUG​CUU​UCU​CCC​GUU​GUC​ACU​

cnu-miR535b UGA​CAA​CGA​GAG​AGA​GCA​CGC​
30 MIR536 cnu-miR536 UCG​UGC​CAC​GCU​GUG​UGC​GUC​
31 MIR827 cnu-miR827 UUA​GAU​GAC​CAU​CAG​CAA​AC
32 MIR828 cnu-miR828 UCU​UGC​UCA​AAU​GAG​UAU​UCCA​
33 MIR894 cnu-miR894 CGU​UUC​ACG​UCG​GGU​UCA​CC
34 MIR1432 cnu-miR1432 UCA​GGA​GAG​AUG​ACA​CCG​AC
35 MIR2118 cnu-miR2118a UUC​UCG​AUG​CCU​CCC​AUU​CCUA​

cnu-miR2118b UUC​CCG​AUG​CCU​CCC​AUU​CCUA​
cnu-miR2118c UUC​CCG​AUG​CCU​CCU​AUU​CCUA​
cnu-miR2118d UUC​CUG​AUG​CCU​CCC​AUU​CCUA​
cnu-miR2118e UUU​CCG​AUG​CCU​CCC​AUU​CCUA​

36 MIR4995 cnu-miR4995 AGG​CAG​UGG​CUU​GGU​UAA​GGG​
37 MIR5139 cnu-miR5139 AAA​CCU​GGC​UCU​GAU​ACC​A
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Expression dynamics of miRNAs and their targets 
during SEG

We have identified 520 putative targets for 110 conserved 
miRNA families and a total of 994 targets were identified 

for 97 novel miRNAs from the transcripts of coconut EC 
library (Suppl. Table S5 and Suppl. Table S6). BLASTx 
results of the identified targets revealed that most of the 
targets of conserved miRNAs are consistent with the 
miRNA targets of other plant species. The majority of the 
targets comprises transcription factors including squa-
mosa promoter-binding protein—SPL family (targeted 
by miR156 and miR157), auxin response factor—ARF 
family (controlled by miR 160 and miR159), homeobox-
leucine zipper protein (targeted by miR165 and miR166), 
APETALA 2 (targeted by miR172), laccase—LAC fam-
ily (regulated by miR397), nuclear transcription factor Y 
subunit A-7 (targeted by miR169), WRKY transcription 
factor (regulated by miR529 and miR390), MYB tran-
scription factor (targeted by miR156, miR157, miR529 
and miR408) etc. In addition, some of the targets were 
kinases and transporters. All the conserved miRNAs regu-
late multiple targets and also the same target is regulated 
by more than one miRNAs. Similarly, novel miRNAs also 
target a broad range of proteins including transcription fac-
tors, kinases, etc. Several genes with unknown functions 
were also identified as targets of both conserved and novel 
miRNAs (Suppl. Table S5 and Suppl. Table S6).

Table 3   (continued) Sl. no. miRNA family miRNA name Sequence (5′–3′)

38 MIR5141 cnu-miR5141 AGA​CCC​GAC​GCG​ACU​GAC​AGA​
39 MIR5179 cnu-miR5179 UUU​UGC​UCA​AGA​CCG​CGC​AAC​
40 MIR5368 cnu-miR5368 GGA​CAG​UCU​CAG​GUA​GAC​A
41 MIR5538 cnu-miR5538 ACU​GAA​CUC​AAU​CAC​UUG​CUGC​
42 MIR6173 cnu-miR6173 AGC​CGU​AAA​CGA​UGG​AUA​CU
43 MIR6300 cnu-miR6300 GUC​GUU​GUA​GUA​UAG​UGG​
44 MIR6478 cnu-miR6478 CCG​ACC​UUA​GCU​CAG​UUG​GU
45 MIR8175 cnu-miR8175 GAU​CCC​CGG​CAA​CGG​CGC​CA
46 MIR11602 cnu-miR11602 UCU​AAC​GGA​ACG​CUA​UUG​GAUC​

Fig. 2   The length distribution of conserved miRNAs

Fig. 3   First nucleotide bias of identified miRNAs in coconut. a Novel miRNAs. b Conserved miRNA candidates. Only a single miRNA, of 
length 18 nt was found among the conserved miRNAs
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To analyze the biological functions, the predicted 
targets of EC and NEC libraries were subjected to gene 
annotation and ontology (GO) analysis, based on which 
the targets could be classified into three GO categories 

viz., molecular function, cellular component and biologi-
cal process level (Fig. 6). More number of genes were 
involved in biological process such as primary metabolic 
process and organic substance metabolic process in the EC 

Fig. 4   Secondary stem loop 
structure of novel miRNAs 
(cnu-miRn8, cnu-miRn13, 
cnu-miRn15 and cnu-miRn17). 
Green and yellow color rep-
resents mature miRNA and 
miRNA* sequence, respectively
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library, whereas the NEC library was enriched with cel-
lular metabolic process. In the case of molecular function, 
a large number of genes were grouped into heterocyclic 
compound binding and organic cyclic compound binding 
activity in both EC and NEC libraries.

The expression pattern of 16 miRNAs (10 conserved 
and six novel miRNAs) and 30 of their putative corre-
sponding targets, which were randomly selected, were 
observed in three stages of SEG (initial plumular explant, 
EC and NEC) by stem-loop qRT-PCR. The expres-
sion level of each of the miRNAs and their targets was 
compared in EC and NEC tissues against the plumular 
explant, which was taken as the reference sample. Among 
10 conserved miRNAs, five miRNAs (cnu-miR164, cnu-
miR166a, cnu-miR167c, cnu-miR397, and cnu-miR535a) 
showed the highest expression in the NEC tissue. Two 
miRNAs viz., cnu-miR169a and cnu-miR171a displayed 
the highest expression in EC in comparison to plumule 
and NEC. Expression of cnu-miR156f, cnu-miR160a, 
and cnu-miR319b was abundant in the plumular explant. 
Among the miRNAs studied, cnu-miR397 showed the 
highest expression in NEC followed by EC. Out of the six 
novel miRNAs analyzed, four miRNAs (cnu-miRn7, cnu-
miRn28, cnu-miRn9-5p, and cnu-miRn9a) were expressed 
at high levels in NEC in comparison to EC and plumu-
lar tissue. Only one miRNA, cnu-miRn39b displayed the 
highest expression in EC, whereas cnu-miRn22 showed 
abundant expression in plumule.

The expression level of a total of 30 targets, correspond-
ing to both conserved and novel miRNAs, were also ana-
lyzed in three stages of SEG (initial plumular explant, EC 
and NEC) by qRT-PCR. We found that the expression levels 
of all the targets showed an expected inverse correlation with 
the expression level of their corresponding miRNA (Fig. 7).

Validation of miRNA directed target cleavage

The cleavage of mRNA takes place between the 10th and 
11th nucleotides from the 5′ end of the complimentary 
miRNA. This is one of the distinctive features of miRNA-
mediated mRNA cleavage as compared to other mRNA 
degradation method. So, this feature was used to predict 
the targets of miRNAs. In this study, two coconut miRNA 
target gene sequences were verified as targets of miRNAs 
through 5′RLM-RACE. Sequencing of the 5′ ends revealed 
that the unigene C536610 (ARF17) and C422012 (SCL22) 
was cleaved between 10 and 11th nucleotide complemen-
tary region to cnu-160a and cnu-171a, respectively (Fig. 8). 
The results confirmed the predicted cleavage sites of these 
miRNA targets.

Discussion

Deep sequencing of small RNAs has revealed that the 
miRNA expression is significantly modulated during SEG 
induction. Prior to this study, only 27 mature miRNAs 
from coconut had been reported (Sabana et al. 2018). In 
the current study, we identified 110 conserved miRNAs and 
97 novel miRNAs via small RNA sequencing of embryo-
genic and non-embryogenic calli derived from the plumular 
explant. A larger fraction of the conserved miRNAs (64.5%) 
and 41% of the novel miRNAs started with 5′ uridine, which 
is a significant feature of miRNAs (Yao et al. 2007; Yang 
et al. 2013). All the novel miRNAs were identified using 
universal rules for miRNA annotation (Meyers et al. 2008) 
and all of them are coconut specific with lower abundance 
than that of conserved miRNAs. These results are consist-
ent with the reports from other plants (Liu et al. 2014). In 

Fig. 5   Differentially expressed miRNAs obtained by high throughput sequencing. a Conserved miRNAs. b Novel miRNAs
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our study, we observed that the percentage of miRNA of the 
total small RNA was 11.4% in the NEC sample compared 
to the percentage count in the EC sample which was only 

5.5%. A lower count of miRNA was also reported in the 
embryogenic sample compared to control sample, (explant) 
in a similar study in cotton (Yang et al. 2013) and a similar 

Fig. 6   Gene ontology classification of predicted targets genes for miRNAs identified in coconut. BP, Biological Process; MF, Molecular Func-
tion; CC, Cellular Component
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Fig. 7   qRT-PCR expression profiling of conserved and novel miR-
NAs and their corresponding targets in plumular explants, EC 
and NEC tissues of coconut. a cnu-miR156f. b cnu-miR160a. c 
cnu-miR164. d cnu-miR166a. e cnu-miR167c. f cnu-miR169a. g 
cnu-miR171a. h cnu-miR319b. i cnu-miR397. j cnu-miR535a. k 

cnu-miRn28. l cnu-miRn9-5p. m cnu-miRn7. n cnu-miRn22. o cnu-
miRn9a. p cnu-miRn39b. Each bar represents the mean ± SE of trip-
licate experiment. Significant differences were calculated using one 
tailed student t-test with corrected P-value ≤ 0.05
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observation was also reported in the comparative analysis 
of miRNAs in NEC versus EC samples in citrus (Wu et al. 
2015). Increased accumulation of miRNA in NEC suggests 

greater repression of target genes and on the other hand in 
EC relatively low accumulation of miRNAs suggests more 
target genes are de-repressed or activated. The gene ontology 

Fig. 7   (continued)
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of predicted targets of miRNAs upregulated in NEC reveals 
a more regulatory role i.e., there is a greater number of target 
genes with transcription factor activity, protein binding, and 
catalytic activity compared to the predicted targets of EC 
(Fig. 6). In NEC, the targets involved in primary metabolic 
processes are over-represented suggesting general repres-
sion of these processes relative to EC. The most abundant 
class of miRNAs were 21 nucleotides long and this is again 
consistent with the observation reported in date palm (Xin 
et al. 2015; Yaish et al. 2015).

Several miRNA families showed a differential expres-
sion pattern in EC and NEC samples following RPM-based 
normalization and fold change calculation. miRNA mol-
ecules with differential accumulation in EC and NEC sam-
ples were further validated by qRT-PCR. We analyzed the 
qRT-PCR based expression pattern of both conserved and 
novel miRNAs and their corresponding targets in three tis-
sues including plumule (explant), EC and NEC and found 
the expected inverse relationship between the miRNA and 
its predicted targets barring two anomalies. miRNAs 166a 
and 169a showed inconsistent expression patterns between 
sequencing and qRT-PCR analysis. Such contradictions 
between the two analyses have been reported earlier in 
Arabidopsis, grapevine, and banana (Rajagopalan et al. 
2006; Pantaleo et al. 2010; Zhu et al. 2019). The expres-
sion pattern of most of the miRNAs is consistent with the 
other previous reports but few of them showed deviation 
from previous reports. SEG related miRNAs like miRNA 
156 and miRNA 167 were found to be up-regulated in 
NEC samples. miR156 is one of the largest miRNA fami-
lies in plants and plays pivotal regulatory roles in plant 
SEG and has significant regulatory roles during juvenile to 
adult phase transitions (Cardon et al. 1997; Xie et al. 2006) 
and flowering (Schwab et al. 2005) by targeting differ-
ent members of the SPL gene. Expressions of the miR156 
were significantly higher in embryogenic callus than in 
non-embryogenic callus in citrus (Wu et al. 2015) and also 
higher in differentiated callus than in the undifferentiated 
tissues (Luo et al. 2006). In the present study, miR156f 

showed higher accumulation in NEC and the putative tar-
gets SPL12 and SPL16 were down-regulated in NEC. By 
qRT-PCR analysis, we observed that miR156f was highest 
in the plumule stage and lowest in EC (Fig. 7a). SPL genes 
encode transcription factors that regulate plant growth and 
development and their down-regulation in NEC might sup-
press the process of SEG. On the contrary in EC, miR156f 
is repressed and its targets SPL12 and SPL16 showed rel-
atively higher expression levels (Fig. 7a). Another con-
served miRNA that is upregulated in NEC is miR167c and 
its predicted target, General Control Non de-repressible 
1 (GCN1), was down-regulated compared to EC (Suppl. 
Table S2; Fig. 7e). In eukaryotes, GCN1 regulates GCN2 
kinase activity resulting in phosphorylation of translation 
initiation factor eIF2α during a repertoire of stresses in 
Arabidopsis (Wang et al. 2017). During stress, the phos-
phorylation of eIF2α inhibits global protein synthesis. 
miR167 was previously reported to be highly expressed in 
later stages of SEG in larch (Zhang et al. 2012) and longan 
(Lin and Lai 2013). The increased accumulation of miR-
NAs, the upregulation of miR156f and miR167c in non-
embryogenic callus suggest that there is an active mecha-
nism in place to repress translation in general in NEC. 
Another miRNA with significantly high expression in NEC 
is miR535a validated by qRT-PCR. The target of miR535a, 
cadmium/zinc transporting ATPase HMA2 like is down-
regulated in NEC (Fig. 7j) with the highest expression in 
plumule followed by EC. This miRNA is not previously 
implicated in the process of SEG (Fig. 7j). In EC, con-
served miRNAs 160a, 171a and 319b are up-regulated. 
This is consistent with earlier reports in Larix leptolepis, 
Valencia sweet orange and Lilium (Zhang et  al. 2010, 
2017; Wu et al. 2011). The expression levels of cnu-miR-
NAs 160a and 319b are highest in the plumule and lowest 
in NEC. The targets of cnu-miRNA 160a, auxin responsive 
factors, ARF 17 and 18 showed lower expression levels 
in EC and NEC compared to plumule (Fig. 7b). In Arabi-
dopsis, miR160a is expressed highly in advanced stages 
of SEG induction and regulates embryonic development 

Fig. 8   Cleavage site mapping of coconut miRNA and its target gene. The arrows indicate the cleavage sites on miRNA aligned position on the 
corresponding mRNA in coconut. The numbers indicate the fraction of the cloned PCR product
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by targeting ARF16 and ARF17 (Liu et al. 2010) while in 
longan it is highly expressed during heart- and torpedo-
shaped embryonic stages (Lin and Lai 2013). The putative 
targets of cnu-miR171a, scarecrow-like proteins (SCL) 21 
and 27 are expressed at low levels in EC compared to NEC 
(Fig. 7g). A similar observation was made in citrus, where 
miR171c is highly expressed in EC and its cognate SCL 
targets are expressed at low levels in EC (Wu et al. 2015). 
SCLs are promoters of gibberellin signaling by regulating 
the GA signaling repressor DELLA in Arabidopsis (Zhang 
et al. 2011). It is hypothesized that the low levels of SCL 
in EC inhibit GA signaling and promote SEG. The nega-
tive regulation of GA metabolism through over-expression 
of the AGAMOUS-like15 (AGL-15) gene is found to pro-
mote SEG in Arabidopsis (Zheng et al. 2013). These find-
ings suggest that SEG capability at least in some plants 
is negatively related to GA metabolism. A recent study 
of Arabidopsis miRNA responses during a wide range of 
abiotic stress identified miR319b as a multi-stress respon-
sive miRNA with higher expression levels during metal 
stress and lower levels during drought, heat, and salinity 
(Barciszewska-Pacak et al. 2015). miR319b is expressed 
highest in plumule and lowest in NEC. The putative tar-
get of miR319b, diacylglycerol O-acyltransferase 1 like, is 
expressed at high levels in NEC relative to EC whereas the 
alternate target zinc finger CCCH domain-containing pro-
tein-like is undetectable in NEC and down-regulated in EC 
compared to plumule. Stress and hormones are regarded as 
major stimuli for SEG induction and relatively high levels 
of 319b in EC compared to NEC is suggestive of its role 
in SEG competence (Zavattieri et al. 2010). miR319b is 
also one of the miRNAs identified as highly expressed in 
early and advanced stages of Arabidopsis SEG (Szyrajew 
et al. 2017).

Of the 97 novel miRNAs identified, 10 showed a dif-
ferential expression pattern during SEG (Suppl. Table S4). 
Among these cnu-miRn7 present in both EC and NEC 
showed very high-level expression in NEC (more than 
1000 fold change), which was higher than that of all con-
served miRNAs. Zinc finger protein BRUTUS-like and 
laccase 24-like are the putative targets of cnu-miRn7 and 
their transcripts were barely detectable in both EC and NEC 
(Fig. 7m). In multiple cases, the sequence of mature miRNA 
derived from the same pre-miRNA differed in EC and NEC 
(Suppl. Table S4). Six novel miRNAs were up-regulated 
and four down-regulated in the NEC library. Of these cnu-
miRn28, cnu-miRn9-5p, cnu-miRn9a, cnu-miRn7 were vali-
dated as up-regulated and cnu-miRn22 and cnu-miRn39b as 
down-regulated in NEC by qRT-PCR. The putative targets 
of all these novel miRNAs tested also showed an inverse 
relationship in expression levels with that of the respective 
miRNA (Fig. 7k–p). cnu-miRn28 is expressed at low lev-
els in EC and high levels in NEC relative to plumule. The 

predicted target of cnu-miRn28 is auxin response factor 12 
(ARF12) and it is highly down-regulated in NEC indicating 
a possible role for ARF12 in SEG induction in coconut.

In summary, genetic reprogramming of the cells leading 
to the induction of SEG involves dynamic changes in the 
expression level of the regulatory molecules miRNAs and 
their targets mostly, transcription factors in coconut. Our 
data suggest that there is a higher accumulation of miRNA 
in NEC and therefore there may be general repression of 
translation. Lower miRNA levels in EC suggest, de-repres-
sion of transcription factors. As reported in similar studies 
earlier, a few conserved miRNAs like miR156f, miR167c, 
miR160a, miR171a, and miR319b likely play important role 
in determining SEG capability in coconut. Apart from this, 
our data indicate that some novel miRNAs also have key 
roles in this transition. The upregulation or downregulation 
of a few conserved miRNAs along with some species-spe-
cific miRNAs during the process of SEG enables the fine-
tuning of the expression of certain transcription factors and 
stress-responsive genes. It is important to note that, stud-
ies so far suggest that there is no universal pattern in the 
expression of miRNAs in plants during SEG and the pattern 
is highly species-specific. This study opens up the possi-
bility of enhancing the SEG competence of coconut calli 
by manipulating the expression level of the miRNAs or its 
targets. We hope that the data presented in this study would 
form the foundation for deeper insights into the recalcitrant 
nature of coconut to SEG.
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