Online ISSN 1863-5474
Print ISSN 1863-5466

Plant Biotechnology Reports (2024) 18:33-44
https://doi.org/10.1007/511816-023-00884-z

ORIGINAL ARTICLE q

Check for
updates

Regulation of coconut somatic embryogenesis: decoding the role
of long non-coding RNAs

A.A.Sabana' - Ginny Antony’ - K. P. Gangaraj? - Tony Grace' - M. K. Rajesh?

Received: 29 June 2023 / Revised: 16 November 2023 / Accepted: 30 November 2023 / Published online: 19 January 2024
© Korean Society for Plant Biotechnology 2024

Abstract

Long non-coding RNAs (IncRNAs) are transcripts longer than 200 nucleotides that lack significant protein coding potential
and have been shown to regulate various biological processes. This study was designed to identify IncRNAs in coconut and
their role in the process of somatic embryogenesis in coconut, a crop with high recalcitrance to in vitro culture. RNA-Seq
data of coconut embryogenic calli of the West Coast Tall cultivar was exploited for in silico prediction of IncRNA. From a
total of 6328 transcripts, which were annotated as uncharacterised or with no homology hits with the existing database, 5110
putative IncRNAs are identified. We also studied the relationship between IncRNAs, microRNAs (miRNAs) and mRNAs and
found that some of the IncRNAs act as miRNA precursors, some as potential miRNA targets and some function as endogenous
target mimics (€TMs) for miRNAs. Real-time quantitative PCR confirmed that 10 selected IncRNAs showed significant
differences in the expression pattern in different stages of coconut somatic embryogenesis. Our results suggest the existence
of diverse IncRNAs in coconut embryogenic calli, some of which are differentially expressed. The information generated in
this study could be of great value in understanding the molecular mechanisms governing somatic embryogenesis in coconut.
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Introduction

Coconut (Cocos nucifera L.; Arecaceae) is a ubiquitous palm
in the tropics and sub-tropics and, importantly, provides live-
lihood sustenance for people of these regions (Arunachalam
and Rajesh 2008; 2017). The mode of propagation in coco-
nut is through nuts, and the resulting progenies are highly
heterogeneous as the palms are mainly cross-pollinating.
In vitro propagation via somatic embryogenesis (SE) can
enable extensive production of uniform planting materials,
but this propagation mode has limited success in this palm
(Rajesh et al. 2016; Sabana et al. 2020).

Multiple studies implicate the role of various regulatory
genes like transcription factors, microRNAs (miRNAs) and
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long non-coding RNAs (IncRNAs) and the interplay between
these players in the conversion of somatic cells into embryo-
genic cells (Wdjcik 2020). For instance, miR156 is known
to regulate the transcriptional factor squamosal promoter
binding protein-like (SPL) at various stages of SE in longan
(Lin and Lai 2013), citrus (Long et al. 2018), larch (Zhang
et al. 2021) and coffee (Herndndez-Castellano et al. 2022).
While miR160 controls embryonic development in Arabi-
dopsis by regulating ARF16 and ARF17 (Liu et al. 2010), it
is implicated in regulating the development of cotyledonary
embryos in larch (Zhang et al. 2021). Scarecrow-like protein
(SCL), a putative transcription factor targeted by miR171,
plays a key role in asymmetric cell division, giving rise to
diverse tissues in aerial parts of Arabidopsis thaliana (Di
Laurenzio et al. 1996).

Long non-coding RNAs (IncRNAs) comprise transcripts
exceeding 200 nucleotides in length that lack the potential
to code for proteins, which regulate the expression of genes
and genome imprinting (Kornienko et al. 2013; Bohmdorfer
and Wierzbicki 2015). They can be transcribed from vari-
ous regions, viz., regions around promoters, intra-genic and
inter-genic regions, exonic, intronic, untranslated regions
(UTRs), and sense and antisense strands (Ma et al. 2013).
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IncRNAs include natural antisense RNA (NATs) of protein-
coding genes, precursors of small RNAs [miRNAs, and
small nucleolar RNAs (snoRNAs)] and structural RNAs
(tRNAs and rRNASs). IncRNAs are similar to mRNAs with
several shared aspects in synthesis like RNA polymerases
responsible for IncRNA transcription, post-transcriptional
modifications such as the addition of 5 caps, poly A tail
and alternative splicing (Bhatia et al. 2017) and are involved
in diverse cellular processes. In addition to their transcrip-
tional, post-transcriptional, translational, and epigenetic
functions, IncRNAs are also known to regulate variable
cleavage, transcriptional interference, DNA methylation, and
protein modification (Tripathi et al. 2010; Pruneski et al.
2011; Magistri et al. 2012; Hadjiargyrou and Delihas 2013;
Johnsson et al. 2014). A few IncRNAs are transcribed by
RNA polymerase IV and V (Wierzbicki et al. 2008). IncR-
NAs act as decoys for regulatory proteins or endogenous
target mimics of miRNAs, the precursor for miRNAs and
siRNAs (Wang and Chang 2011). There are evidences that
these RNAs may play an important role in regulating plant
growth and development, including reproductive devel-
opment and stress response (Franco-Zorrilla et al. 2007,
Yamaguchi and Abe 20122; Zhang et al. 2014; Muthusamy
et al. 2015). The functional roles of a few IncRNAs have
been identified in plants, such as the ‘Cold Assisted Intronic
Non-coding RNA’ (COLDAIR) and the ‘Cold Induced
Long Antisense Intergenic RNA’ (COOLAIR) that regu-
late vernalization in Arabidopsis (Swiezewski et al. 2009;
Heo and Sung 2011). Photoperiod-sensitive male sterility
in hybrid rice is regulated by the IncRNA LDMAR (Ding
et al. 2012), while Arabidopsis IncRNA DRIR modulates
drought and salt stress responses (Qin et al. 2017). IncRNA
Early Nodulin 40 (ENODA40) is essential for the root nodule
organogenesis in legumes and non-legume species like Ara-
chis hypogaea, Medicago truncatula, Zea mays and Oryza
sativa (Yang et al. 1993; Crespi et al. 1994; Nakamoto et al.
2010; Miao-Chih et al. 2010; Ganguly et al. 2021). In plants,
IncRNAs with differential expression patterns during SE
have been reported in only Dimocarpus longan Lour (Chen
et al. 2018). A total of 7643 IncRNAs could be detected
during early SE in longan; among these, the expression of
160 IncRNAs was specific to embryogenic calli, and 376
were expressed only in globular embryos. In addition, dur-
ing early longan SE, most differentially expressed mRNAs
(target genes) of IncRNAs were also associated with plant-
pathogen interactions and plant hormone signaling. A
regulatory network may be formed between miRNAs and
mRNAs involving differentially expressed IncRNAs at dif-
ferent stages of SE (Chen et al. 2018).

The molecular intricacies underlying IncRNA-mediated
regulation of genes in the process of SE are largely unknown
in other plant systems, including coconut. Using computa-
tional tools in the present study, we have identified a set of
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IncRNAs from coconut embryogenic calli. We have explored
the target genes of identified IncRNAs and the cross-talk
between mRNA, miRNA and IncRNAs. The expression
profiling of a subset of IncRNAs, in different stages of SE
revealed their differential expression pattern during SE.

Methods
Identification of coconut embryogenic calli IncRNAs

RNA-Seq data of embryogenic calli derived from plu-
mular explants of West Coast Tall cultivar (WCT) palms
(SRX 472157) (Rajesh et al. 2016) was utilized for in sil-
ico prediction of IncRNAs. Raw reads obtained from the
Hiseq2000 platform were subjected to quality check and
adaptor contamination removal using TrimGalore (http://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/).
Further, the high-quality reads were aligned against the
Cocos nucifera Chowghat Green Dwarf reference genome
(NCBI sequence read archive database: BioProject no.
PRINA413280; Accession n0.SRS2696501; Rajesh et al.
2020) using Hisat2 (https://github.com/DaehwanKimLab/
hisat2). After mapping, Cufflinks (http://cole-trapnell-lab.
github.io/cufflinks/) were utilized to assemble the uniquely
mapped reads. Transcripts shorter than 200 bp were filtered
out, and the remaining transcripts were analyzed further.
The resultant sequences were subjected to a BLAST search
against the oil palm and date palm databases and non-redun-
dant protein database to remove any transcript matching the
protein-coding genes. Subsequently, the obtained sequences
were subjected to Transdecoder (https://github.com/Trans
Decoder/TransDecoder) to remove the transcripts with > 100
amino acids, and final transcripts were subjected to the Cod-
ing Potential Calculator (CPC) tool (Kong et al. 2007) to
differentiate non-coding/coding RNAs. A transcript with a
CPC score> 0 was considered a potential long non-coding
RNA. The IncRNAs were analyzed by aligning them to the
Rfam database (http://rfam.xfam.org/).

Relationships among IncRNAs, miRNAs, and mRNAs

To identify the IncRNAs that act as miRNA precursors,
we aligned the predicted IncRNAs with coconut miRNAs
(Sabana et al. 2020). “psRNATarget” (Dai and Zhao 2011),
with an expectation < 3, was used to examine the possibility
of the predicted IncRNAs being miRNAs targets. IncRNAs
predicted as eTMs for miRNAs were identified using TAPIR
(Bonnet et al. 2010). Using Cytoscape 3.2 (Saito et al. 2012),
we plotted the interaction network of IncRNAs and miRNAs
and mRNAs related to them.
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Comparative analysis of coconut IncRNA with other
plant species

A BLAST search was performed to predict the homology of
coconut IncRNA with other plant species, ncRNA extracted
from PNRD (plant non-coding RNA database) (Yi et al.
2015).

Quantitative real-time PCR

gRT-PCR was used to validate the expression profiles of 10
IncRNA of different length intervals, followed by verifica-
tion of their expression patterns in different tissues, viz., leaf,
plumule, zygotic embryo, embryogenic calli, endosperm
calli and mature endosperm. RNA was isolated from these
tissues using the Nucleospin Plant RNA kit (Cat#740949.50,
Macherey—Nagel). The RT reactions were performed using
a Primescript reagent kit (Cat# RR037B, Takara). A mix of
4.0 pl of 5 X PrimeScript buffer, 1 pl of 1 X PrimeScript
RT enzyme mix, 1 pl of 1 X random hexamer primer, and
100 ng of RNA was used for the RT reaction. After incu-
bation at 37 °C for 15 min, the reactions were heated to
85 °C for five seconds, then cooled to 4 °C. After cDNA
synthesis, real-time PCR was carried out on an Applied Bio-
systems Real-Time PCR System using SYBR Green master
mix (Applied Biosystems). Assays contained 2 pl of diluted
cDNA, 1 p of forward and reverse primers (2 pM), and 5 pl
of SYBR Green master mix (2 X). The reaction conditions
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. B-tubulin gene was
employed as the endogenous control (Rajesh et al. 2014).
There were three biological replicates and three technical
replicates per biological replicate. The relative expression
was computed using the comparative CT method (AACT)
using the formula 2724€T Supplementary Table 1 lists the
sequences of primers used for the validations. Statistical dif-
ferences in the relative expression of samples were deter-
mined using the ANOVA test.

Results

Identification of coconut IncRNAs and their
characteristics

The transcriptome data of coconut embryogenic calli pub-
lished by Rajesh et al. (2016) was used for the analysis,
and 508,399,94 raw reads were obtained from this data.
After quality check analysis, 311,224,33 high-quality reads
remained, of which 285,806,57 (91.38%) were uniquely
mapped with the coconut CGD reference genome and gen-
erated 50,308 transcripts by Cufflink. Fasta formats of these
transcripts were extracted and used for further analysis.

Homology analysis of 49,511 transcripts was performed
after removing shorter sequences (less than 200 bp). Anno-
tating these transcripts to Elaeis guineensis and Phoenix
dactylifera resulted in 6328 transcripts with no similarity
hit with known proteins; downstream analysis of these tran-
scripts was performed. To identify IncRNAs, transcripts
with ORF length > 100 amino acids were eliminated. The
5145 transcripts remaining were loaded into a coding poten-
tial calculator, and 5110 transcripts with CPC scores <0
were selected as IncRNAs (Supplementary Table 2). Further
analysis was not performed on transcripts with CPC scores
greater than 0, which were considered either protein-coding
or weak protein-coding sequences.

The length of the IncRNAs varied from 200 bp (Cnul-
ncRNA_22933.1) to 7095 bp (Cnu_IncRNA25122.3), the
average being 626 bp. Most of the IncRNAs were < 1000 bp
in length (88.3%) (Fig. 1; Supplementary Table 2).

Comparative analysis

To probe conservation between coconut IncRNAs and those
from other plant species, all the predicted coconut IncR-
NAs were further probed against plant IncRNAs extracted
from the plant non-coding RNA database (PNRD). This
exercise identified 38 coconut IncRNAs showing simi-
larity with seven Arabidopsis IncRNAs and one IncRNA
CnulncRNA_11432.2 with Populus tomentosa IncRNAT-
CONS_00039944. A BLAST search of coconut IncRNAs
with the PNRD database revealed most of the coconut IncR-
NAs (99.3%) did not have any sequence homology with
other plant IncRNAs and are therefore considered novel
coconut IncRNAs.

The Blast searches of coconut IncRNA against the PNRD
database showed that most of the coconut IncRNAs (99.3%)
possessed no sequence homology to any of the IncRNAs of
these plants and are hence considered novel IncRNAs of
coconut.

Relationships between IncRNAs, miRNAs
and mRNAs

To predict if the set of IncRNAs expressed in coconut
embryogenic calli is a potential precursor of small RNAs,
we aligned coconut novel and conserved miRNAs to the
5110 IncRNA sequences. This analysis identified 15 IncR-
NAs as potential precursors of 23 coconut miRNAs (12
conserved and 11 novel miRNAs) (Table 1). For example,
CnulncRNA_9419.1 was predicted as a precursor of coco-
nut conserved miRNA cnu-miR396e (Fig. 2A; Table 1).
Single IncRNA may act as a precursor of different mem-
bers in the same miRNA family. CnulncRNA_38259.1,
acts as a precursor of five miRNAs of the family miR319
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Fig. 1 Length distribution of

coconut IncRNAs

Table 1 List of coconut

IncRNAs which are predicted

miRNA precursors
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CnulncRNA_30665.1 cnu-miR 1661 GGAAUGUUGUCUGGCUCGAGG
CnulncRNA_38259.1 cnu-miR319b UUGGACUGAAGGGAGCUCC
cnu-miR319d UUGGACUGAAGGGAGCUCCC
cnu-miR31%h UUGGACUGAAGGGAGCUCCCU
cnu-miR319i CUUGGACUGAAGGGAGCUCC
cnu-miR319j CUUGGACUGAAGGGAGCUCCC
CnulncRNA_9419.1 cnu-miR396e GUUCAAUAAAGCUGUGGGAAA
CnulncRNA_22141.1 cnu-miR408a UGCACUGCCUCUUCCCUGGC
cnu-miR408b UGCACUGCCUCUUCCCUGGCU
cnu-miR408¢ AUGCACUGCCUCUUCCCUGGC
CnulncRNA_33180.1 cnu-miR535b UGACAACGAGAGAGAGCACGC
CnulncRNA_34042.1 cnu-miR4995 AGGCAGUGGCUUGGUUAAGGG
CnulncRNA_55394.1 cnu-miRn4 TCAAAGTTCTCTGATTGCT
CnulncRNA_23953.2 cnu-miRn9a TTCCCGATACCTCCCATGCC
CnulncRNA_36272.1 cnu-miRn10 TTCTGTTGGAATCTAAGTCAA
CnulncRNA_468.1 cnu-miRn14-5p TTGGGAGATGGGTTCTCGCC

CnulncRNA_28902.1

CnulncRNA_3825.1

CnulncRNA_42027.1
CnulncRNA_52918.1
CnulncRNA_37739.1

cnu-miRn14-3p
cnu-miRn20a
cnu-miRn20b
cnu-miRn24
cnu-miRn29
cnu-miRn50
cnu-miRn89

GAGGTCCCCTCTCCCAAACCT
GAGCTATGAGATCTGAGGGTC
AGCTATGAGATCTGAGGGTC
AGATCCGAAAGGAGTTCGGCT
TTGGATTAGAGAAGATTGTGC
CGGCCGAACTCCTTCGGACT
CGGCTGAAGGAGTTCGGC
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Fig.2 Coconut IncRNA pre-
dicted to be a miRNA precursor,
a target and a target mimic. A A
CnulncRNA_9419.1 predicted
as a precursor of cnu-miR396e.
B CnulncRNA_53172.1
predicted as a potential target
of cnu-miR160a. C Cnul-
ncRNA_34136.1 act’s as a
target mimic for miR477

B cnu-miR160a

C cnu-mir477

CnulncRNA 53172.1 408 UGGCAUACAGGGAGCCAGGCA 428

CnulncRNA 34136.1 5' GGGGAGCCCUUCCCGAGGGAGGGA

3' CUCUUCGGGAA---CUCCCUCUCA
lolol 1 IIIIL---111ITIIol.

[cnu-miR319b, cnu-miR319d, cnu-miR319h, cnu-miR319i1
and cnu-miR319j (Table 1)].

We analyzed all coconut IncRNA sequences using the
“psRNATarget” program (expectation <3) to find out
whether coconut miRNAs might target these IncRNAs. A
total of 73 (1.4%) IncRNAs were predicted to be targets of
72 conserved miRNAs from 29 miRNA families (Supple-
mentary Table 3), and 115 IncRNAs were targeted by 39
coconut novel miRNAs (Supplementary Table 4). Multiple
miRNAs are found to target one IncRNA. On the contrary,
one miRNA is found to target multiple IncRNAs. Cnul-
ncRNA_20708.1 is predicted to be targeted by multiple
members of the miRNA families’ miR156, miR157 and
miR529 and CnulncRNA_53172.1 is predicted as a poten-
tial target of cnu-miR160a and cnu-miR160b (Fig. 2B).
The novel miRNA miRn24 was found to target 32 differ-
ent IncRNAs. The regulatory network of IncRNAs and their
corresponding miRNAs were constructed using Cytoscape
(Fig. 3).

The endogenous target mimicry (¢TM) mechanism has
recently been discovered as a new regulatory mechanism for
the functioning of miRNAs. Twenty-two long non-coding
RNAs were predicted to function as eTMs for 21 conserved

and seven novel coconut miRNAs in this study (Supplemen-
tary Table 5). For example, we identified one target mimic,
CnulncRNA_34136.1, for miR477 (Fig. 2C) and three
target mimic’s (CnulncRNA_1763.1, CnulncRNA_490.1
and CnulncRNA_57832.1) for miR159 family members
(miR159d/e/t/j) (Supplementary Table 5).

Expression analysis of IncRNAs in coconut tissues

To validate the expression pattern of coconut IncRNAs, we
randomly selected 10 IncRNAs based on their length and
validated their expression pattern by qRT-PCR. Among the
10 IncRNAs, three IncRNAs (viz., CnulncRNA_23928.1,
CnulncRNA_55266.1 and CnulncRNA_9419.1) showed
the highest expression in the embryogenic calli. Four IncR-
NAs, viz., CnulncRNA_53172.1, CnulncRNA_6733.1,
CnulncRNA_4498.1 and CnulncRNA_29325.2 displayed
highest expression in the zygotic embryo and the expression
of CnulncRNA_33180.1, CnulncRNA_28901.1 and Cnul-
ncRNA_38259.1 were abundant in plumular tissues. Out of
10 IncRNAs, the expression of CnulncRNA_33180.1 was
high in all the tissues compared to other IncRNAs. All the
IncRNAs showed the lowest expression in endosperm calli
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and mature endosperm compared to the zygotic embryo,
embryogenic calli and plumule (Fig. 4).

Discussion

Somatic embryogenesis is a highly regulated process, and
though much progress has been made in deciphering the
molecular process underlying SE, the information is still
sketchy. The current study is the first genome-wide analy-
sis of IncRNAs during in vitro regeneration in coconut- we
have identified 5110 IncRNAs related to SE. This result is
comparable with the study from SE-related IncRNAs of lon-
gan (Chen et al. 2018). The number of IncRNAs reported
in longan is much less than in tea (33,400) and Medicago
truncatula (23,324) (Varshney et al. 2019; Wang et al.
2015). Coconut IncRNAs have an average length of 626 bp,
similar to reports from banana (Muthusamy et al. 2015) and
chickpea (Khemka et al. 2016). This is larger than the aver-
age size of Arabidopsis (Liu et al. 2012) and jatropha (Yan
et al. 2020) IncRNAs. Plant IncRNAs may be evolutionarily
less conserved than miRNAs across plant species (Sunkar
and Jagadeeswaran 2008). In this study, a BLAST search of
coconut IncRNA against the PNRD database showed that
only a few IncRNAs (0.74%) were conserved with other
plant species. A similar observation was made in other plant
species such as longan, Populus, cucumber, Arabidopsis,
rice etc. (Maclntosh et al. 2001; Zhang et al. 2014; Tian et al.
2016; Chen et al. 2018).

As well documented in the literature, the processing of
long RNA precursors can result in the formation of small
regulatory RNAs (Wilusz et al. 2009). As a result, the set
of IncRNAs expressed in coconut EC could be short RNA
precursors. The first imprinted ncRNA H19 produced 23 nt
miRNA. In humans and mice, it may function as a miRNA
precursor to control target mRNA at the post-transcriptional
stage during vertebrate development (Cai and Cullen 2007;
Hung and Chang 2010; Keniry et al. 2012).

Fifteen IncRNAs were identified as coconut miRNA pre-
cursors in our study (12 conserved miRNAs belonging to six
miRNA families and 11 novel miRNAs). Earlier studies in
plants such as jatropha, tea, cabbage, tomato, and Populus
have revealed that IncRNAs act as a precursor of miRNA
molecules expressed in various developmental conditions
(Yan et al. 2020; Varshney et al. 2019; Wang et al. 2019;
Zhou et al. 2019; Chen et al. 2016). The role of IncRNAs
in SE in longan was studied by Chen et al. (2018), and the
results revealed that seven IncRNAs could function as pre-
cursors of miRNA family members of miR156, miR319 and
miR162. These miRNAs were also connected with differ-
ent developmental stages of SE in other plants (Zhang et al.
2017, 2012; Wang et al. 2012). Similar observations were
also made in this study; coconut IncRNAs act as precursors

of the miRNA family, including miR166, miR319, miR396,
miR408, miR535 and some of the novel miRNAs. These
miRNA family members are associated with the coconut SE
(Sabana et al. 2020). miR166 was highly expressed in early
longan SE (Xu et al. 2020), and accumulation of miR319b
was observed at the cotyledonary stage of SE in lily (Zhang
et al. 2017). Arabidopsis miR319b, on the other hand, is
highly expressed in the early and late SE (Szyrajew et al.
2017).

There is a possibility that miRNAs may regulate some of
the IncRNAs responding to coconut SE as targets and this
study predicted that a total of 73 IncRNAs are targeted by 72
conserved miRNAs belonging to 29 miRNA families, and
115 IncRNAs are targeted by 39 coconut novel miRNAs.
Thus, during coconut SE, miRNAs may regulate most of
the IncRNAs, while IncRNAs may indirectly affect mRNA
expression by regulating the number of miRNAs.

Endogenous target mimicry (eTM) is an important regu-
latory mechanism for IncRNAs in plants (Wu et al. 2013).
By binding to miRNAs, IncRNAs act as endogenous miRNA
traps, preventing the degradation of their true targets. Tar-
get mimicry was first observed in Arabidopsis thaliana in
2007 (Franco-Zorrilla et al. 2007); here, the IncRNA IPS1
(Induced by Phosphate Starvation 1) functions as an €TM of
miR399, and by binding to miR399, it creates a three-nucle-
otide bulge in between the 10th and 11th positions of the 5’
end. This prevents from being cleaved by miR399. Later,
from intergenic/non-coding gene regions, Wu et al. (2013)
identified eTMs for 20 conserved miRNAs in Arabidopsis
and rice. In longan, eTM regulates the expression level of
the miR160a* during SE (Lin et al. 2015) and identified 40
eTMs for 15 miRNAs during the early stages of SE, prov-
ing IncRNAs LTCONS-00042843 and LTCONS-00046326
act as eTMs of miR172a and miR529d, respectively (Chen
et al. 2018). In our study, we have identified 22 IncRNAs
which could function as eTMs for 21 conserved and seven
novel miRNAs. Interestingly, six miRNA families (miR159,
miR319, miR395, miR396, miR408, miR444 and miR477)
regulated IncRNAs as a target, but they were also targets
of eTMs. In the network of IncRNA, miRNA and mRNA,
CnulncRNA_12002.2 is predicted to target the miR167
family and act as an eTM for novel miRNA cnu-miRn33.
Surprisingly, the NGS result of miRNAs (Sabana et al.
2020) showed that the miRNA family viz., cnu-miR159,
cnu-miR396, cnu-miR395, cnu-miR319, cnu-miR408, cnu-
miR444 and cnu-miR477 (IncRNA act as eTM for these
miRNAs) are downregulated or have very low expression
in the EC stage of coconut SE This indicates the possibility
of an interplay between IncRNAs-miRNAs.

Expression patterns observed from the transcriptome
data were confirmed by real-time PCR of selected IncR-
NAs, including both IncRNA acting as a precursor of
miRNAs (CnulncRNA_33180.1, CnulncRNA_9419.1,
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Fig.4 gRT-PCR analysis of selected IncRNAs. The leaf represents the control sample, and the error bar indicates the mean+ SE among three
biological replicates. Significant differences were calculated using ANOVA with a corrected p value <0
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Fig.4 (continued)

CnulncRNA_38259.1) and acting as an eTM for miR-
NAs (CnulncRNA_23928.1, CnulncRNA_55266.1,
CnulncRNA_53172.1, CnulncRNA_6733.1, Cnul-
ncRNA_4498.1, CnulncRNA_28901.1 and Cnul-
ncRNA_29325.2) All the selected IncRNA displayed
high expression in the EC, plumular explant and zygotic
embryo, and low expression in the endosperm calli and its

explant, mature endosperm. This suggests that IncRNAs
might be regulating the embryogenic potential of coconut
tissue. Endosperm calli does not have embryogenic poten-
tial to regenerate into plantlets. We provide evidence that a
significant proportion of coconut IncRNAs act as miRNA
precursors, targets or target mimics, suggesting a major
functional role for IncRNAs as miRNA targets.
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Conclusions

In conclusion, in this study, we identified 5110 IncRNAs in
the EC stage of coconut SE. We also studied the relationship
between IncRNAs, microRNAs (miRNAs), and mRNAs.
Our findings indicate that IncRNAs, in addition to target
gene regulation, regulate miRNA function as its precursor,
target or endogenous target mimics. This IncRNA-miRNA-
mRNA interaction may hold the secret to the regulatory
mystery of coconut SE.
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