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Abstract

In higher plants, flower development is a result of crosstalk between many factors like photoperiod, vernalization, hormone
concentration, epigenetic modification etc. and is also regulated by non-coding RNAs (ncRNAs). In the present study, we are
reporting the involvement of long non-coding RNAs (IncRNAs) and miRNAs during the process of flower development in
Cajanus scarabaeoides, an important wild relative of pigeonpea. The transcriptome of floral and leaf tissues revealed a total
of 1672 IncRNAs and 57 miRNAs being expressed during flower development. Prediction analysis of identified IncRNAs
showed that 1593 IncRNAs were targeting 3420 mRNAs and among these, 98 were transcription factors (TFs) belonging to
48 groups. All the identified 57 miRNAs were novel, suggesting their genera specificity. Prediction of the secondary structure
of IncRNAs and miRNAs followed by interaction analysis revealed that 199 IncRNAs could interact with 47 miRNAs where
miRNAs were acting in the root of interaction. Gene Ontology of the ncRNAs and their targets showed the potential role
of IncRNAs and miRNAs in the flower development of C. scarabaeoides. Among the identified interactions, 17 IncRNAs
were endogenous target mimics (eTMs) for miRNAs that target flowering-related transcription factors. Expression analysis
of identified transcripts revealed that higher expression of Csa-IncRNA_1231 in the bud sequesters Csa-miRNA-156b by
indirectly mimicking the miRNA and leading to increased expression of flower-specific SQUAMOSA promoter-binding
protein-like (SPL-12) TF indicating their potential role in flower development. The present study will help in understanding

the molecular regulatory mechanism governing the induction of flowering in C. scarabaeoides.
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siRNAs Small interfering RNAs

snoRNAs Small nucleolar RNAs

snRNAs Small Nuclear RNAs

SPL SQUAMOSA promoter-binding protein
like

tasi-RNAs Trans-acting small interfering RNAs

TF’s Transcription factors

t-RNAs Transfer RNAs

UTRs Untranslated regions

Introduction

Cajanus scarabaeoides (2n=22) belongs to family
Fabaceae and is a wild relative of pigeonpea (Cajanus cajan
L.). It belongs to the secondary gene pool and is cross-com-
patible with the cultivated pigeonpea [1]. C. scarabaeoides
possesses useful traits such as higher seed protein content,
early flowering, tolerant to various biotic and abiotic stresses
and used in the development of cytoplasmic male-sterile
(CMS) systems [2]. Cultivated pigeonpea has a narrow
genetic base and among them, only 3—4% is exploited for
crop improvement [3]. On the other hand, CMS lines origi-
nated from C. scarabaeoides (A, cytoplasm) has been suc-
cessfully demonstrated potential for developing commercial
hybrids [4]. Hence, C. scarabaeoides can serve as a potential
donor for harnessing all desirable traits for the long-term
sustainability of the pigeonpea crop.

Flower development is one of the essential events in the
plant’s life cycle and is directly related to seed set and yield
[5]. It is a complex trait involving many genes and sign-
aling pathways for the proper transition of the shoot api-
cal meristem to flowering bud. The molecular mechanism
behind flowering in plants has been explored in many crops
including Arabidopsis [6] revealing the intricate interplay of
genes. It is now known that only 2-3% of the genome codes
for the protein-coding transcript which leads to functional
proteins, while the rest of the transcripts are non-coding
in nature, some of which gives rise to non-coding RNAs
(ncRNAs). These ncRNAs play a major role in gene regula-
tion [7]. Based on their length, they are classified into short
non-coding RNAs (<200 nucleotides) and long non-coding
RNASs (>200 nucleotides). Small nuclear RNAs (snRNAs),
microRNAs (miRNAs), small interfering RNAs (siRNAs),
small nucleolarRNASs (snoRNAs), transfer RNAs (t-RNAs),
ribosomal RNAs (rRNAs), piwi-interacting RNAs (pi-
RNAs) and trans-acting small interfering RNAs (tasi-RNAs)
are the members of short non-coding RNAs family. On the
other hand, long non-coding RNAs (IncRNAs) have 5’ cap
and 3'poly A tail similar to coding mRNAs and are reported
to be very large, running into hundreds of kb [8].
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Based on the genomic position IncRNAs are mainly clas-
sified into four groups, long intergenic non-coding RNA
(IlincRNA), long intronic non-coding RNA, sense IncRNAs
and antisense IncRNAs [9].These are not conserved among
species and sometimes display a stage and tissue-specific
expression pattern [9]. Long non-coding RNAs (IncR-
NAs) are one of the most diverse regulatory elements in
the biological system, regulating at different levels during
protein-coding gene expression. These IncRNAs can act as
cis-acting elements (regulating a gene in its proximity) or
trans-acting elements (regulating a distant gene). In most of
the cases, it is trans-acting, inhibiting the transcription factor
activity or preventing the binding of RNA polymerase II to
the promoter (HOTAIR IncRNA silencing HOTAIR gene)
[10]. Another IncRNA, Xist acted as a cis-acting element
that was responsible for whole chromosome inactivation by
epigenetic modifications [11].

Earlier, few studies have characterized the role of IncR-
NAs in plants and reported that COLDAIR (cold-assisted
intronic non-coding RNA) and COOLAIR (cold-induced
long antisense intragenic RNA) in Arabidopsis are involved
in chromatin modification and silencing of the flowering
locus C which leads to flower induction during the vernali-
zation, showing their importance in plant growth and devel-
opment [12, 13]. The IncRNAs are reported to play many
important biological roles in the development and response
to various environmental stresses [14]. Recently, numerous
studies focusing on the role of IncRNAs in plants and their
importance in various developmental processes and their
response to various biotic and abiotic stresses have been
studied in crops like Chinese cabbage, trifoliate orange,
tobacco, tomato, rice, etc.[15-19].

LncRNA is known to act as endogenous target mimics
(eTMs) of miRNAs as they contain competing miRNA-
binding sites [20]. In this mechanism, IncRNAs mimics as
the miRNA target and binds to it finally sequestering the
miRNA and resulting in inhibition of the miRNA activity.
The first IncRNA acting as eTM of miRNA was IPS/ in
Arabidopsis thaliana [14]. Several studies on identification
of IncRNAs acting as eTMs have been reported in crops like
Arabidopsis, rice, soybean, tomato, cluster bean, black tea
etc. [20-24].

MicroRNAs (miRNAs) are the members of small non-
coding RNAs whose length varies from 20-24 nucleotides
and regulate gene expression at the post-transcriptional
level. These are transcribed into primary miRNAs (pri-
miRNAs) by RNA polymerase II. The pri-miRNAs con-
tain a stem-loop structure which is further processed by
DICER-LIKE1 (DCL1) RNaselll enzymes into a miRMA/
miRNA* duplex. These miRNA/miRNA* duplexis exported
to the cytoplasm with the help of exportin, where it asso-
ciates with Argonaute (AGO) proteins and forms RNA-
induced silencing complex (RISC) [25]. During the time
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of RISC loading, only one strand of the miRNA duplex is
selected while the other strand is digested and removed by
the exosome. This complex is guided by mature miRNA
to search for complementary mRNA targets which leads to
transcriptional and post-transcriptional gene silencing [26].
Various studies carried out on plants report that miRNAs
are actively involved in most of the biological processes like
growth and development, homeostasis response to abiotic
and biotic stresses [27]. Identification and characterization
of miRNAs in many crops like cotton, P. vulgaris, C. cajan,
switch grass and potato have been reported [28-32]. Various
studies on miRNAs have reported their role in vegetative to
the reproductive phase transition, floral induction and flower
development. In Arabidopsis thaliana it was reported that
miR156 and miR172 were involved in regulating the timing
of juvenile to adult transition; miR164 is involved in axillary
bud formation and miR 166 regulates shoot apical meristem
and floral bud initiation [33-35].

However, to date IncRNAs and miRNAs have not been
reported in C. scarabaeoides. Keeping this in view, the
present study was undertaken to identify and characterize
potential IncRNAs and miRNAs involved in the regulation of
flower development in C. scarabaeoides. Furthermore, these
findings will help to understand the regulatory role of IncR-
NAs and miRNAs during flowering in C. scarabaeoides.

Materials and methods
Genome-wide identification of IncRNAs

RNA sequence datasets from the leaf and bud tissues of C.
scarabaeoides (SRX2661106, SRX2661107) were used for
the present analysis [36]. The data were processed through
Trimmomatic version 0.36 with default parameters [37].
Clean reads of each dataset were mapped on the reference
pigeonpea genome (https://www.ncbi.nlm.nih.gov/assembly/
GCF_000340665.1) separately with the help of Bowtie and
Tophat 2.0 [38, 39]. All the mapped reads were assembled
via the Cufflinks 2.0 [39] program separately for each data-
set. All the predicted transcripts were merged to produce
a consensus assembly using Cuffmerge software. Cuffdiff
analysis was performed to calculate the transcript abun-
dance and differential gene expression (log2 fold change >2
and <-2, p-value > 0.05 and g-value > 0.01) in different tis-
sues. Differential expression pattern of IncRNAs was rep-
resented using the MeV.4.8.1 software. Cuffcompare was
also performed to obtain the class code of these transcripts.
All transcripts with strand information were chosen for the
downstream analysis whereas transcripts without strand
information were discarded. The transcripts having FPKM
value <0.5 were discarded while remaining sequences hav-
ing length > 200 bp and containing minimum one exon were

selected for further analysis. All the selected transcripts
were further processed through CPC (https://cpc.cbi.pku.
edu.cn/) [40] and CNCI (https://www.bioinfo.org/software/
cnci/) [41] programs to calculate their coding potential and
the transcripts having coding potential > 0.5 were selected.
The selected transcripts were further processed to identify
whether they contain potential ORFs (open reading frame)
via ORF Finder (https://www.ncbi.nlm.nih.gov/gorf/orfig
.cgi) and Transdecoder (https://github.com/TransDecoder/
TransDecoder.wiki.git). The transcripts having the poten-
tial to code for more than 100 amino acids were eliminated
from our analysis. BLASTX (E-value cut-off of le-10,
coverage > 80% and identity >90%) against NCBI non-
redundant (NR) protein database, KEGG database, COGs
database, Swiss-Prot protein database and P-fam database
were performed to rule out the transcripts having consid-
erable homology to protein-coding gene. Finally, after the
series of filtration, the remaining transcripts were expected
to be IncRNAs. The IncRNAs prediction pipeline is given
in (Supplementary Fig. 1).

Genomic conservation of C. scarabaeoides IncRNAs

To investigate the IncRNA conservation pattern, all IncRNA
sequences were aligned against the genome sequences of
T. aestivum, A. thaliana, Z. mays, G. max, C. arietinum,
G. soja, V. unguiculata and V. radiata genomes with
E-value < 1e-10. The similarity (> 20%) was set as the
threshold for the identification of genome conservation.

Prediction of IncRNA targeted mRNAs

Both cis-acting and frans-acting targets were identified for
IncRNAs. Gene present in 10 kb window of IncRNAs flank-
ing region were considered as potential cis-target genes [42].
For trans-acting targets, the C. cajan mRNA database was
used and the complementary mRNA sequence was predicted
as a trans-acting target. We performed a BLAST search
against the selected mRNAs sequences that were comple-
mentary to the IncRNA, setting E-value < 1e-5 and iden-
tity >95%. The RNAplex software was used to calculate the
complementary energy between IncRNAs and their targets
with a cut-off value dNG -60 [43].

Genome-wide identification of miRNAs

To identify potential miRNAs, flowering stage leaf and bud
transcriptome data of C. scarabaeoides was used. All known
Viridiplantae miRNAs and pre-miRNAs were downloaded
from miRBase22 (https://mirbase.org/). The pooled tran-
scripts were BLASTN searched against the miRNAs and
pre-miRNAs with an E-value cut-off < le-3 and maximum
of 3 nt mismatches. Both upstream (100 bp) and downstream
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(200 bp) regions along with the matched sequence were
pooled out for further analysis. These sequences were then
BLASTX search against C. cajan protein database with
the similarity cut-off >80%; all the sequences retained in
this cut-off were treated as potential protein-coding and
were removed from the analysis. CPC and CNCI analysis
were repeated with the remaining sequences to remove the
potential-coding sequences. Leftover sequences were further
filtered following the criteria described previously [29] to
get predicted precursor pre-miRs sequences. The predicted
sequences were selected and mature miRNAs were detected
using mature-Bayes software. The pipeline followed for
miRNAs prediction is represented in Supplementary Fig. 2.

Prediction of miRNA targeted mRNA/CDS

PsRNATarget (https://plantgrn.noble.org/psRNATarget/)
was used to identify the prospective mRNAs/CDS as targets
of miRNA [44]. To identify the probable mRNAs targeted
by miRNAs, C. cajan CDS/mRNA sequences were used.

Prediction of IncRNA acting as miRNA target

The IncRNAs which can act as a probable target of miRNAs
were identified by psRNA Target (https://plantgrn.noble
.org/psRNATarget/) [44], with expectation value <3.5. The
interaction network of IncRNAs and their prospective target
genes were modeled with Cytoscape 3.2 [45].

Prediction of candidate IncRNAs for endogenous
target mimics (eTMs)

The identification of IncRNAs acting as target mimics for
miRNAs was performed by the method described previously
[20]. The psRobot software (https://omicslab.genetics.ac.cn/
psRobot/) was used to identify the putative eTMs. The sec-
ondary structures of IncRNAs and miRNAs were predicted
with the Vienna RNA package RNA fold web (https://rna.
tbi.univie.ac.at/).

Conservation analysis of IncRNAs

Conservation analysis of IncRNAs was performed by the
BLASTN search with an E-value cut-off < le-10 against
the known IncRNAs from the CANTATA database (https
://cantata.amu.edu.pl/) and NONCODE database (https://
www.noncode.org/) of ncRNAs.

Gene ontology (GO) enrichment analysis
The possible functions of the identified targets of IncR-

NAs and targets of predicted miRNAs were determined
using Gene Ontology (GO) program by setting significant
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enrichment (P <0.05) in the Blast2Go tool (https://www.
blast2go.com/).

RNA isolation, quantification and cDNA synthesis

Spectrum plant total RNA kit (SIGMA) was used for total
RNA isolation from the leaf and bud tissues of C. scara-
baeoides followed by DNase (Ambion) treatment to remove
DNA contamination. The quality and integrity of isolated
RNA were tested on 1.2% denaturing agarose gel. RNA
quantification was done using a spectrophotometer (Thermo
Scientific). A good quality mRNA (~200 ng) was used for
the first-strand cDNA synthesis using the Fermentas cDNA
synthesis kit following the manufacturer’s protocol.

Validation of IncRNAs and their target genes using
quantitative real-time PCR (qRT-PCR)

Expression analysis of prospective pigeon pea IncRNAs and
their targets was performed using the leaf and bud tissues.
Three technical replicates were taken for each sample in the
gRT-PCR. The reaction was performed with a 1:10 ratio
diluted cDNA to confirm the real-time amplification. All the
primer sequence information is provided in Supplementary
Table 1). The reaction mixture for gPCR analysis consisted
of 12 pl Brilliant IIT Ultra-Fast SYBR Green QPCR Mas-
ter Mix (ROX added) (Agilent Technologies, USA), 2 ul of
diluted cDNA, 0.5 pul of each primer, and DEPC water. The
reaction was carried out in a Light Cycler I gPCR system
(Roche) and the reaction conditions were, 94 °C for 3 min,
followed by 40 cycles of 94 °C for 30 s, 60 °C for 15 s and
72 °C for 20 s. This cycle was followed by a melting curve
study ranging from 56 to 95 °C, with temperature increasing
steps of 0.5 °C every 10 s. For each gene, a-tubulin was used
as an internal control and the ‘comparative Ct method” was
used to calculate the gene expression [46].

miRNA isolation, cDNA synthesis and quantitative
real-time PCR

miRNA was isolated from the leaf and bud tissues using
RNASure Fusion miRNA Minikit (Genetix) according to
the manufacturer’s protocol. The isolated small RNA was
quantified using the Nanodrop spectrophotometer (Thermo
Scientific). The cDNA synthesis was carried out with 1 ug
of small RNA using the MirX miRNA First-Strand Synthe-
sis kit (Clontech). The qRT-PCR analysis was performed
using SYBR Advantage Premix (with ROX dye) in the Light
Cycler II gPCR system (Roche) by protocol adopted by [47].
The relative expression pattern of each sample was ana-
lyzed by the ‘comparative Ct method’ [46]. Three technical
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replicates were used for each sample and U6 snRNA was
used as an internal control.

Results and Discussion
Genome-wide identification of IncRNAs

C. scarabaeoides bud and leaf transcriptome data gen-
erated earlier by our lab (available as SRX2661106,
SRX2661107) (https://www.ncbi.nlm.nih.gov/) were
used for identification of IncRNAs and miRNAs. Total
of 15,266,694 raw reads were processed using the Trim-
momatic software. After processing and trimming,
14,423,287 (94.48%) high quality, clean reads were
obtained. All the high-quality reads were mapped on to
the C. cajan reference genome using TopHat2 and Bowtie.
A total of 7,419,346 (51.44%) reads were mapped on C.
cajan reference genome and were further used to estimate
the abundance of the transcripts in terms of FPKM value
using Cufflinks software. Cuffdiff analysis revealed that a
total of 21,361 transcripts were expressed differentially in
the bud and leaf tissues during flower development. The
transcripts having length > 200 bases, FPKM > 0.5 and
containing atleast one exon were filtered. Coding poten-
tial analysis of the remaining sequences was done via CPC
and CNCI program resulting in 2246 sequences with CPC
score < 0. Further screening of the filtered sequences using
Transdecoder and HMMER was done to remove the tran-
scripts containing potential ORFs (sequence length more
than 100 amino acid) and protein domain, followed by

BLASTX analysis against Swissprot database resulting
in the removal of 489 transcripts. Remaining 1757 tran-
script sequences were screened to identify sequence simi-
larity with other groups of non-coding RNAs like tRNA,
snRNA, snoRNA, r-RNA, etc. via BLASTN analysis.
Finally, 1672 potential IncRNAs were identified and were
carried forward for further analysis.

Characteristic features of the identified IncRNAs

The length of IncRNAs discovered in our study was found to
be in the range of 200-10,000 bp having an average length
of 2395 bp. Up to 31.57%, IncRNAs from our analysis were
in the range of 200-1000 bp. Among the analyzed IncR-
NAs, 19.79% and 17.52% were found to be mono-exonic
and di-exonic, respectively. The range of the exon number
was found between 1 and 36. Surprisingly, only one IncR-
NAs was having 36 exons and rest fall between 1 and 20
exons category. Predicted IncRNAs were found to be AU
rich when compared to the mRNAs. The mean GC content
was 37.99%, lower than that of coding sequences (42.33%)
of C. cajan. The result is in accordance with the IncRNAs
discovered in other crops like Arabidopsis, maize and rice
[15, 48, 49]. The chromosome-wise distribution illustrates
that the highest numbers of IncRNAs (264) were present on
chromosome 11 while 280 IncRNAs remained unmapped on
the chromosomes but still belonged to unassigned scaffolds.
The detailed physical information like length, GC/AU per-
centage, exon number, and genomic location of the predicted
IncRNAs is provided in Fig. 1 and Supplementary Table 2.
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Conservation analysis of IncRNAs with other species

Conservation analysis of the IncRNAs confirmed that all the
IncRNAs except two (Csa-IncRNA_425, Csa-IncRNA_1189)
identified in this study were novel and specific to C. scara-
baeoides. For genome conservation, IncRNAs showing a
> 20% sequence similarity with other genomes were con-
sidered conserved. The results revealed that the 91.74% and
91.38% IncRNAs were conserved with G. soja and G. max,
respectively. Followed by 81.86% 80.86%, 57.83% IncRNAs
were conserved with V. unguiculata, V. radiate and C. ari-
etinum. Only a few IncRNAs showed conservation with A.
thaliana (5.26%), T. aestivum (4.72%) and Z. mays (3.76%).
It was observed that the IncRNAs identified in this study
were highly conserved amongst the legumes and were less
conserved with distant genera. The finding was supported by
[50], stating that legumes IncRNAs showed low conserva-
tion with the distant genera.

Differential expression profiling of IncRNAs
between leaf and bud tissues

A total of 1672 IncRNAs were found to be expressed in
the leaf and bud tissues of C. scarabaeoides during flower

development. Only 368 IncRNAs were differentially
expressed between the leaf and bud tissues. Among 368
differentially expressed IncRNAs, 143 were down-regu-
lated and 225 were up-regulated in the buds as compared
to leaves. The IncRNAs expression in each tissue varied
from log2 fold 8.48 to —6.99 (Fig. 2a, b and Supplementary
Table 3). Among the differentially expressed IncRNAs, only
1 IncRNA was bud specific while 10 were leaf specific. The
differentially expressed IncRNAs have a high tissue-speci-
ficity index, which supports their tissue-specific expression
pattern.

Identification of IncRNAs targeted mRNA

LncRNAs control the gene expression by positively regulat-
ing the target gene by sequestering gene-specific miRNA,
or accommodating other regulatory elements in 5'UTRs or
the genes and regulate gene expression both positively and
negatively. The super-secondary structure of the IncRNAs
provides binding sites for miRNA, mRNA, TFs and other
regulatory elements. A total of 1593 IncRNAs have potential
binding sites for 3420 mRNAs and among these 98 were
TFs belonging to 48 TFs groups (Fig. 2¢ and Supplementary
Table 4).
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Fig.2 a Differentially expressed IncRNAs in Cajanus scarabaeoides,
X-axis represent IncRNAs and Y-axis represent log2 fold change
expression in the bud in comparison to leaf, b number of up and
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transcription factors (TFs) targeted by IncRNAs



Molecular Biology Reports (2020) 47:3305-3317

3311

GO annotation of IncRNAs targeted mRNAs

Gene ontology (GO) annotation of the IncRNAs and
IncRNA targeted mRNAs were performed and the ones with
P-value <0.05 were considered significant GO terms. The
results were further classified into three categories: biologi-
cal processes, molecular functions and cellular components
(Supplementary Table 5).Under the Biological processes,
the majority of the IncRNAs (47.47%) were involved in the
metabolic and cellular process. Around 29.15% of the IncR-
NAs were involved in the single-organism processes and bio-
logical regulations, and 18.96% of the IncRNAs were asso-
ciated with localization, response to a stimulus, signaling
and cellular component organization or biogenesis. The rest
(4.39%) were involved in the developmental process, multi-
cellular organismal process, detoxification, and reproductive
process, positive and negative regulation of the biological
process, multi-organism process, growth, and apoptosis.

In molecular functions, the majority of the IncRNAs per-
formed functions in catalytic activity (44.21%) and bind-
ing (40.18%). Around 13.82% were involved in structural
molecule activity, transporter activity, nucleic acid binding
transcription factor activity, antioxidant activity, transcrip-
tion factor activity, protein binding. Rest 1.78% were associ-
ated with electron carrier activity, signal transducer activity,
molecular transducer activity, nutrient reservoir activity and
protein tag. The IncRNAs were localized in different cellu-
lar components, the majority were involved in cell and cell
part (40.31%), membrane and membrane parts (28.39%).
Around 30.47% were associated with organelle, macromo-
lecular complex, organelle part, and membrane-enclosed
lumen. The rest were localized in the extracellular region,
supra-molecular complex, cell junction, symplast, extracel-
lular region part, virion, virion part and nucleoid (Supple-
mentary Table 5).

Distribution of the mRNAs based on biological pro-
cesses revealed that the majority of IncRNAs were involved
in metabolic and cellular processes (47.47%) followed by
biological regulation (29.15%) which are the basic activi-
ties and are required for survival of the plants. The third
and most important class i.e. biological regulation is rep-
resented by around 19% of total IncRNAs which directly
deal with flower development by sensing different stimuli,
regulates signaling and is involved in the biogenesis of dif-
ferent organs. Under molecular functions, around 14% of
IncRNAs targeted mRNAs were found to be involved in
structural molecule activity, transporter activity, nucleic
acid binding transcription factor activity, antioxidant activ-
ity and transcription factor activity which are involved in the
development of new structures like flowers and buds (Sup-
plementary Fig. 3, Supplementary Table 5). Through GO
analysis we can conclude that 10 to 20% of total IncRNAs
may have a putative role in flower development processes.

Genome-wide identification of miRNAs in C.
scarabaeoides

A total of 57 miRNAs were identified from the leaf and bud
transcriptome data of C. scarabaeoides. All the predicted
miRNAs in this study were found to be novel with a length
of 22 nucleotides. The physical properties of these predicted
miRNAs are provided in Supplementary Table 6. The identi-
fied miRNAs represent 35 different miRNA families with 12
diverse SSR signatures. The predominant miRNA families
were miR156, miR166, miR168, miR390, miR408, miR171,
and miR495 (Supplementary Table 7).

Identification of mRNA targeted bymiRNAs

miRNAs control the gene expression at both transcriptional
and post-transcriptional level and further many non-coding
RNAs are also involved in miRNA mediated transcriptional
gene silencing. Keeping this in the background we searched
for the targets of the identified miRNAs using the psRNA
Target server. To identify mRNA as a target, the mRNA/
CDS sequence of C. cajan was used as a subject with 3.5
mismatches threshold value. It was found that 57 miRNAs
targeted 1874 mRNAs including 69 transcription factors
(TFs) belonging to 22 families (Supplementary Table 8 and
Supplementary Fig. 4). The identified TFs were MYB, Eth-
ylene responsive factors, GTE, bHLH, MADS-box, TCP,
NAC, WRKY, LHW, PIF etc. which are majorly involved in
flowering. Further, we identified the interaction patterns of
the mRNAs, transcription factors and miRNAs through the
cytoscape (Fig. 3a).

The interaction analysis revealed that Cc-miR168b was
interacting with many mRNAs like XM_020379752.1
(RDM-16 like), XM_020355987.1 (uncharacterized),
XM_020373785.1 (pentatricopeptide repeat-containing
protein), XM_020375660.1 (GATA transcription factor
26-like) and XM_020361814.1 (GATA transcription factor
26-like). In Arabidopsis, two paralogs of GATA transcrip-
tion factors GNC and GNC-LIKE (GNL)/CGA1 which acts
downstream to Auxin responsive factor (ARF2) controlling
greening, flowering time and senescence were reported [51].
This suggests that Cc-miR168b may have a putative role in
flower development pathways mediated through hormones
in C. scarabaeoides.

Another miRNA i.e. Cc-miR821 was found to be inter-
acting with many mRNAs among them XM_020384773.1
(MADS-box transcription factor 23 like), XM_020384775.1
(MADS-box transcription factor 23 like), XM_020384776.1
(MADS-box transcription factor 23 like), XR_002241500.1
(MADS-box transcription factor 23 like) and
XR_002241501.1(MADS-box transcription factor 23 like)
belongs to MADS-box TF family (Fig. 3b) which have sig-
nificant role in controlling development of flower, embryo,
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fruits, seed and root [52]. The results revealed that Cc-
miR4383a interacted with bHLH TFs as well as a GTES
transcription factor (Fig. 3c). It was seen that miR482
interacted with MYB transcription factors along with other
mRNAs (Fig. 3d). MYB family of transcription factors
plays important roles in the regulation of plant develop-
ment, hormone signaling, defense response and secondary
metabolism. The role of MYB305 and MYB340 in regu-
lating the expression of flavonoid biosynthetic genes and
flower development in antirrhinum flowers was reported by
[53]. Similarly, Gh-MYBS8 TF was found to be interacting
with bHLH TF GMYC1 and helping in the activation of a
late anthocyanin biosynthetic gene promoter PGDFR2 [54].
Thus, from our results, we can conclude that these TFs play
a significant role in flower development and are regulated
by respective miRNAs.

GO annotation of miRNAs targeted mRNAs

GO annotation results were classified into biological pro-
cesses, molecular functions and cellular components cat-
egories (Supplementary Fig. 5). Under the Biological pro-
cesses, the majority of the targets (55.53%) were involved
in the metabolic and cellular processes. Around 42.24% of
the targets were involved in biological regulation, regulation
of the biological process, single-organism process, response
to a stimulus, localization, signaling and cellular compo-
nent organization or biogenesis. In molecular functions,
the majority of the targets performed functions in binding
(46.77%) and catalytic activity (40.33%). Around 12.88%
were involved in transporter activity, nucleic acid bind-
ing transcription factor activity, signal transducer activity,
molecular transducer activity, molecular function regulator,
protein binding and transcription factor activity. The tar-
get mRNAs were found to be localized in different cellular
components, among them a large number of proteins local-
ize in cell and cell part (64.79%) and organelle (21.16%).
Distribution revealed that the majority of the miRNA tar-
geted mRNAs were involved in common cellular functions.
But among the biological functions (42.24%) and molecular
functions (12.88%), the mRNAs were involved in pathways
that may be putatively acting in flower development (Sup-
plementary Table 9).

Involvement of IncRNAs and their potential target
genes in flower regulation

IncRNAs are directly involved in gene expression acting in
both cis and frans-manner, it recruits transcription factors,
epigenetic modifiers and/or inhibitors, RNA polymerase II
which up-regulate or down-regulate the expression of the
target gene [55]. In the present study, genes for the predicted
IncRNAs and their targets were identified and analyzed for

their expression pattern through real-time PCR. The gene
XM_020357923.1 codes for protein pollen-specific aller-
gen and is targeted by Csa-IncRNA_328, and showed high
expression in bud compared to leaf and expression pattern
of its corresponding IncRNA showed a positive correlation.
Similarly, the genes XM_020361200.1 (Esterase C25G4.2
like) targeted by Csa-IlncRNA_592, XM_020366137.1 (a
E3 ubiquitin-protein ligase) targeted by Csa-IncRNA_881
and XM_020371981.1 (a extracellular ribonuclease LE-
like protein) targeted by Csa-IncRNA_1221 showed higher
expression in bud as compared to the leaf and their cor-
responding IncRNAs also followed the similar pattern.
XM_020363582.1 (TIFY6B like protein expressed in
inflorescence meristem) targeted by Csa-IncRNA_836 and
XM_020373686.1 (a gibberellin-regulated protein 1) tar-
geted by Csa-IncRNA_1412, both the genes and their cor-
responding IncRNAs were highly expressed in the leaf and
repressed in the bud tissue. The results revealed that IncR-
NAs and their target mRNAs have similar expression pat-
tern in specific tissues, pointing towards their involvement
in positive regulation of their target genes (Fig. 4).

IncRNAs and miRNA interaction analysis

psRNATarget server was utilized for the prediction of IncR-
NAs and miRNAs interaction. A total of 199 IncRNAs
were targeted by 47 miRNAs (mismatches allowed up to
3.5) (Supplementary Table 10). The secondary structure of
IncRNAs and miRNAs were also predicted to identify inter-
action sites between them. The interaction pathway between
199 IncRNAs with 47 miRNAs was visualized by Cytoscape
(Supplementary Fig. 6). It was observed that the miRNAs
were always present in the root of the interaction pattern
which revealed that miRNAs were the main regulatory ele-
ments in this network that seems to be associated with flow-
ering in C. scarabaeoides. Similar kind of results were also
reported in chickpea [56].

The Cytoscape interaction studies between miRNAs and
IncRNAs revealed that the members of the miRNAs fami-
lies like miR-169, miR-172, miR-530, miR-495, miR-156,
miR396, miR-408, miR-166 and miR-319 were actively
interacting with IncRNAs. The members of Csa-miR156
family interacted with Csa-IncRNA_440, Csa-IncRNA_515,
Csa-IncRNA_607, Csa-IncRNA_651, Csa-IncRNA_1425
and Csa-IncRNA_1585. Similarly, the members of Csa-
miR166 family interacted with Csa-IncRNA_534, Csa-
IncRNA_892, Csa-IncRNA_1114 and Csa-IncRNA_1606.
The members of Csa-miR172 interacted with Csa-
IncRNA_664, Csa-IncRNA_784, Csa-IncRNA_970 and
Csa-IncRNA_1317. These miRNAs are already reported
to be associated with flower development, photoperiodism,
stress response, auxin activated signaling pathways [56].
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Prediction of endogenous target mimics (eTMs)

Endogenous target mimics (eTMs) are IncRNAs known for
target mimicry with the sequestered transcripts and results in
inhibition of the miRNA expression [57]. Endogenous target
mimics (€TMs) for the predicted miRNAs were identified
via psRobot software. The eTMs prediction results showed
that 17 IncRNAs were binding to miRNAs with minimum
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Fig.5 a Predicted base pairing interactions between endogenous tar-
get mimic (€TM) IncRNAs (green color) and miRNA (red color), b
Real-time expression analysis of eTMs (Csa-IncRNA_1231 and Csa-
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fold energy (Fig. 5, Supplementary Sheet 1). Interestingly,
all these 17 IncRNAs interacted with miRNAs whose tar-
gets are transcription factors mainly involved in flower
development (Supplementary Table 11). Hence it can be
hypothesized that these 17 IncRNAs indirectly regulate the
function of these transcription factors by the mechanism of
endogenous target mimic (€TMs) via miRNAs. For example,
Csa-IncRNA_1231 regulates the expression of SPL family

Csa-IncRNA1231 Csa-miR 156b SPL12
2 8
6 4
TUE! N 4l
) L
l; p 2
| - i 0ol - o Il
LEAF BUD LEAF BUD LEAF BUD

miRNA156b) along with target transcription factors SPL-12 (Squa-
mosa binding like protein) in the leaf and bud tissues. (Color figure
online)
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transcription factors via Csa-miR156. In the cell, more con-
centration of Csa-miR156 can suppress the expression of
SPL regulatory genes which leads to late flowering pheno-
type in Arabidopsis [33]. Simultaneously, more expression
of Csa-IncRNA_1231 in the cell having an alternate target/
binding site for Csa-miR156 results in a higher concentra-
tion of SPL family transcription factor resulting in early
flowering. Previously, eTMs were identified in the degra-
dome data of maize with 34 IncRNAs having a binding site
for 33 miRNAs involved in the regulation of various path-
ways. The study reported that the expression of IncRNAs
disrupted the miRNA-mRNA regulation [58].

It was also observed that in some of the cases two or
more than two Csa-IncRNAs were targeted by a single
Csa-miRNA. Csa-IncRNA_1231 and Csa-IncRNA_1543
were endogenously targeted by Csa-miR156b and Csa-
miR156¢ respectively. Similarly, Csa-IncRNA_122 and
Csa-IncRNA_866 were targeted by Csa-miR495b; Csa-
IncRNA_1416 and Csa-IncRNA_1499 targeted by Csa-
miR169; Csa-IncRNA_1375, Csa-IncRNA_711 and Csa-
IncRNA_1445 targeted by Csa-miR530a; Csa-IncRNA_704,
Csa-IncRNA_1662 and Csa-IncRNA_721 targeted by Csa-
miR818. Similar kind of interaction pattern of the eTMs has
been reported in Cyamopsis tetragonoloba [23].

Validation of IncRNAs, miRNAs and e-TMs targets
through qRT-PCR

The results obtained through a computational analysis were
validated through quantitative real-time PCR using leaf
and bud tissues of C. scarabaeoides. For validation, Csa-
IncRNA_1231, its interacting Csa-miR156b and target tran-
scription factor SPL12 were used. The results revealed that
in leaf, expression of Csa-IncRNA_1231 and SPL 12 was
low, and Csa-miR156b was highly expressed. In flower bud,
expression of Csa-IncRNA_1231 and SPL 12 were higher
and Csa-miR156b showed lower expression. In leaf, higher
expression of Csa-miR156b, degraded SPL12 specific tran-
script which decreases its concentration in the leaf. But in
the flower bud, presence of Csa-IncRNA_1231 sequester
maximum amount of Csa-miR156b, hence Csa-miR156b is
unavailable to degrade transcript of SPL12 and hence the
concentration of SPL 12 increases which leads to initia-
tion of flowering and flower development (Fig. 5). Previous
reports on IncRNAs have validated only the IncRNAs and
miRNAs but here in this study, we tried to validate the effect
of eTMs on the targeted genes. The results revealed that
in the presence of corresponding Csa-IncRNA, the miRNA
level in the tissues was reduced which results in the expres-
sion of miRNA targeted genes.

Conclusion

Cajanus scarabaeoides is an important wild relative of
pigeonpea acting as a good source for traits like early flow-
ering, male sterility, and resistance to biotic and abiotic
stresses. Non-coding RNAs (miRNAs and IncRNAs) play
an important role as a regulatory element in gene expression.
In this study, a total of 1,672 IncRNAs and 57 miRNAs were
identified utilizing transcriptome data of the bud and leaf tis-
sues. Majority of the IncRNA were differentially expressed
among the tissues but only one was bud specific and 10 were
leaf specific. Most of these ncRNAs affect gene regulation
by interacting with transcription factors, which is the key to
their involvement in various developmental processes. The
IncRNAs acting as both cis and trans-acting elements were
found to have an important role in flower development in
C. scarabaeoides. Interactome analysis reveals that miRNA
is the key player and stands in the roots of all interactions
between miRNA, mRNA and IncRNA. It was observed that
17 Csa-IncRNA were interfering with Csa-miRNA, therefore
acting as important eTMs. Although it has been reported that
IncRNAs can both up-regulate and down-regulate the gene
expression but we found only those IncRNAs which can
increase the gene expression in a tissue-specific manner e.g.
Csa-IncRNA_328, Csa-IncRNA_592, Csa-IncRNA_881 and
Csa-IncRNA_1221. These IncRNAs were found to be mim-
icking the targets of miRNA and our results were in accord-
ance with this. The Csa-IncRNA1231 indirectly regulates the
expression flower development-specific transcription factor
SPL12 by sequestering SPL12 specific Csa-miR156b. To
our knowledge, this is a detailed report on identification and
characterization of IncRNAs and miRNAs involved in flow-
ering in C. scarabaeoides. Therefore, the present study will
provide a basis to understand the regulatory network of non-
coding RNAs in flower development in C. scarabaeoides.
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