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Abstract
Main conclusion Comparative analysis of genome-wide miRNAs and their gene targets between cytoplasmic male 
sterile (CMS) and fertile lines of pigeonpea suggests a possible role of miRNA-regulated pathways in reproductive 
development.

Abstract Exploitation of hybrid vigor using CMS technology has delivered nearly 50% yield gain in pigeonpea. Among vari-
ous sterility-inducing cytoplasms  (A1–A9) reported so far in pigeonpea,  A2 and  A4 are the two major sources that facilitate 
hybrid seed production. Recent evidence suggests involvement of micro RNA in vast array of biological processes including 
plant reproductive development. In pigeonpea, information about the miRNAs is insufficient. In view of this, we sequenced 
six small RNA libraries of CMS line UPAS 120A and isogenic fertile line UPAS 120B using Illumina technology. Results 
revealed 316 miRNAs including 248 known and 68 novel types. A total of 637 gene targets were predicted for known 
miRNAs, while 324 genes were associated with novel miRNAs. Degradome analysis revealed 77 gene targets of predicted 
miRNAs, which included a variety of transcription factors playing key roles in plant reproduction such as F-box family pro-
teins, apetala 2, auxin response factors, ethylene-responsive factors, homeodomain-leucine zipper proteins etc. Differential 
expression of both known and novel miRNAs implied roles for both conserved as well as species-specific players. We also 
obtained several miRNA families such as miR156, miR159, miR167 that are known to influence crucial aspects of plant 
fertility. Gene ontology and pathway level analyses of the target genes showed their possible implications for crucial events 
during male reproductive development such as tapetal degeneration, pollen wall formation, retrograde signaling etc. To the 
best of our knowledge, present study is first to combine deep sequencing of small RNA and degradome for elucidating the 
role of miRNAs in flower and male reproductive development in pigeonpea.
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TCP  Teosinte branched 1 cycloidea and PCF
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Introduction

Cytoplasmic male sterility (CMS) is a maternally inherited 
inability to produce viable pollen grains and/or male repro-
ductive organs (Chen et al. 2017). Reported across more 
than 150 plant species, CMS has been proven to be a great 
tool not only for heterosis utilization but also to elucidate 
cytoplasmic-nuclear communication (Bohra et al. 2016). 
Research has shown that CMS results from impaired har-
mony between the nuclear and mitochondrial genomes 
(Horn et al. 2014). The CMS phenotypes are rescued fol-
lowing action of fertility-restoring (Rf) elements located in 
the nucleus. Several mitochondrial genes and Rf loci respon-
sible for CMS-induction and restoration respectively have 
been identified in different crops (Bohra et al. 2016; Chen 
et al. 2017).

Pigeonpea (Cajanus cajan L. Millspaugh) is an important 
grain legume crop widely cultivated in semi-arid tropics due 
to its higher protein and nutrient content, less input require-
ment and hardy nature (Bohra et al. 2020). Since the first 
case of CMS was observed in pigeonpea (Reddy and Faris 
1981), a variety of CMS sources have been discovered based 
on different wild relatives (Bohra et al. 2010; Saxena et al. 
2010). Of these, two CMS sources i.e.  A2 and  A4 derived 
from Cajanus scarabaeoides and Cajanus cajanifolius, 
respectively have been widely implicated for efficient hybrid 
seed production (Bohra et al. 2020). Sequence analysis of 
mitochondrial genomes in pigeonpea has delineated a set 
of open reading frames (ORFs) in mitochondria that could 
influence CMS occurrence (Tuteja et al. 2013). Sinha et al. 
(2015) have shown association of a 10-bp deletion in the 
mitochondrial nad7 gene with male sterility conferred by 
 A4 cytoplasm. Notwithstanding the discovery of the CMS-
related mitochondrial components, the regulatory mecha-
nisms underlying CMS trait still remains poorly understood 
in pigeonpea. At the same time, preliminary results point 

to a possibility that male sterility in  A2-CMS may involve 
mechanisms different than that of  A4-CMS (Sinha et al. 
2015; Bohra et al. 2017).

Recent studies have established regulatory roles of non-
coding (nc) RNA molecules in a variety of biological pro-
cesses including plant reproductive development (Mishra 
and Bohra 2018). Among nc RNAs, microRNAs (miRNA) 
are the second most important class of endogenous riboregu-
lators (20 to 24-nt) that modulate gene expression through 
translational repression or RNA degradation. Association of 
miRNAs with fertility defects/male sterility in plants is evi-
dent from overexpression studies of miRNAs such miR167 
(Ru et al. 2006) and miR159 (Anthony 2005) in Arabidopsis 
and rice (Tsuji et al. 2006).

As reviewed by Voinnet (2009), plant miRNA biogenesis 
involves formation of precursor miRNA (pre-miRNAs) from 
the action of Dicer-like protein DCL 1 on primary miRNAs 
(pri-miRNAs) in the nucleus. Pri-miRNAs are transcribed 
from intergenic regions by RNA polymerase II. Pre-miRNA 
processing yields an RNA duplex (miRNA/miRNA*), which 
is transported to cytoplasm by HASTY (the plant homolog 
of exportin 5). In cytoplasm, one of the duplex strands 
(mature miRNA/guide strand) is incorporated into RNA-
induced silencing complex (RISC) to facilitate repression 
of the target transcripts.

High-throughput assays based on next generation 
sequencing (NGS) have allowed deep investigations on small 
RNA expression. Further, perfect or near perfect comple-
mentary base pairing of miRNAs with the target sequence 
forms the basis of discovery and validation of genes tar-
geted by the identified miRNAs. Experimental validation of 
the mRNA target is performed through various procedures 
like AGO protein co-immunoprecipitation and RNA ligase-
mediated rapid amplification of cDNA ends (RLM-RACE) 
(Chen et al. 2016). To this end, degradome sequencing 
allows discovery of global gene targets based on large-scale 
analysis of the mRNA cleavage events directed by miRNAs. 
Small RNA sequencing in combination with degradome and 
bioinformatics analyses has greatly enhanced our capacity 
to elucidate miRNAs and their gene targets.

Deep miRNA profiling of male fertile and sterile plants 
has been reported recently in different plant species. To date, 
limited information is available on miRNAs in pigeonpea, 
which is based on computational analysis of pigeonpea 
genome (Kompelli et al. 2015; Nithin et al. 2017). A more 
recent study examined expression change of miRNAs in 
seedlings of two  A4-based CMS hybrids to demonstrate 
role of miRNAs towards heterosis in pigeonpea (Sinha 
et al. 2020). We constructed six small RNA libraries from 
floral buds of  A2-CMS line (UPAS 120A) and fertile main-
tainer (UPAS 120B). We identified genome-wide miRNAs 
from the deep-sequenced small RNA dataset. We further 
predicted the genes targeted by the identified miRNAs and 
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carried out their comprehensive functional annotation. We 
also constructed three degradome libraries to verify the 
computationally-predicted mRNA targets. To the best of our 
knowledge, this study is the first to report deep sequencing 
of small RNA from floral buds of isogenic pigeonpea lines 
to elucidate genome-wide miRNAs and corresponding bio-
logical functions.

Materials and methods

Plant materials, sample collection and total RNA 
extraction

The CMS line UPAS 120A and maintainer line UPAS 120B 
were grown at main farm of ICAR-Indian Institute of Pulses 
Research (IIPR), Kanpur, India (26°27′N latitude, 80°14′E 
longitude and 152.4 above msl) under normal conditions. 
The CMS line was developed through standard backcross 
procedure using  A2-CMS line GT 288A as the donor parent 
and UPAS 120 (designated as UPAS 120B afterwards), a 
popular pigeonpea variety, as the recurrent parent (Singh 
et al. 2009). The pollen fertility assay of the CMS and fertile 
lines included visual inspection, 1% acetocarmine and 1% 
iodide potassium iodide (IKI) solution. In the last week of 
February 2017, the unopened floral buds (9–11 mm size) 
were collected from the male sterile (UPAS 120A) and fer-
tile (UPAS 120B) lines grown in the field [Temperature: 
31.5°/15 °C; relative humidity (%): 82–56; sunshine hours: 
10.5; rainfall: 0 mm]. Three biological replicates were col-
lected from each line and used for RNA extraction. Total 
RNA was isolated from snap-frozen buds with TRIzol rea-
gent (Invitrogen, USA) according to the manufacturer’s pro-
tocols, and treated with RQ1 RNase-free DNase (Promega, 
USA). The quality of the total RNA was checked on 1% 
denaturing gel to check the presence of 28S and 18S riboso-
mal RNA. Total RNA was quantified using Qubit fluorom-
eter (Invitrogen, USA).

Construction and sequencing of small RNA libraries

Six small RNA libraries were constructed with the Illumina 
TruSeq small RNA preparation kit from 1 µg of RNA. Ini-
tially 3′ and 5′ adaptors were ligated to each end of the RNA 
molecule and cDNA was created following reverse transcrip-
tion. cDNA was then PCR amplified using a common primer 
and an index primer to create cDNA construct. The cDNA 
construct was then purified using 6% Novex TBE gel. After 
gel purification, cDNA was extracted and concentrated by 
ethanol precipitation. Final library was validated by Bio-
Analyzer 2100 using high-sensitivity DNA chip (Agilent 
Technologies, USA). Following the manufacturer’s protocol, 

the small RNA libraries were subjected to deep sequencing 
using Illumina technology (Xcelris Labs Limited, India).

Computational analysis of sequencing data 
and identification of miRNAs

Sequencing reads in the fastq format were quality checked 
using FastQC v. 0.11.8 tool (Andrews 2010). Then Illu-
mina Truseq small RNA were trimmed and low quality 
reads (> 20% of the bases having phred quality score < 10) 
were discarded using Trimmomatic v. 0.36 by specifying 
parameters SLIDINGWINDOW:4:20 and minimum read 
length cutoff of 16 nt (Bolger et al. 2014). The trimmed 
reads were again quality checked and aligned by allowing 
two mismatches to the pigeonpea genome using Bowtie v. 
2.3.5.1 (Langmead and Salzberg 2012), and unaligned reads 
were discarded. Reads corresponding to the coding sequence 
(CDS), ncRNA sequences downloaded from Plant Non-
coding RNA Database (http://struc tural biolo gy.cau.edu.cn/
PNRD/) like tRNA, rRNA, small nuclear RNA (snRNA) and 
small nucleolar RNA (snoRNA) were also excluded from 
the downstream analysis. Remaining reads were trimmed 
to the maximum length of 30 nt by using Cutadapt v. 2.4 
(Martin 2011).

Identification of known and putative novel miRNAs was 
performed using mirPRo v. 1.1.4 (Shi et al. 2015) pipeline by 
enabling read quality filter with 95% of bases for each read 
with sequencing score higher than 20 (fastq_quality_filter -q 
20 and -p 95) and miRBase v. 22.1 (Kozomara and Griffiths-
Jones 2014) was given as the reference database. Hairpin 
loop structures of miRNAs were predicted from their pre-
miRNA sequences using Mfold v. 3.6 (Zuker 2003). GO 
analysis was performed to establish their functional roles 
using WEGO (Ye et al. 2006) and BiNGO (Maere et al. 
2005).

Degradome library construction, data analysis 
and target identification

Three degradome libraries were constructed following 
manufacturer’s protocol and deep sequenced on the Illumina 
platform (Sandor Life Sciences Private Limited, India). The 
degradome raw reads were processed using Trimmomatic 
v. 0.36 to trim adaptors and to remove low-quality reads. 
The reads aligning to non-coding RNAs were removed 
and remaining reads were aligned to pigeonpea CDS using 
Bowtie v. 2.3.5. The reads mapping to the sense strand of 
transcriptome were given as input to CleaveLand v. 4.5 
(Addo-Quaye et al. 2009) to predict miRNA cleavage sites 
(p value ≤ 0.05). The putative cleavage sites identified were 
categorized into 0–4 categories based on the read abundance 
at that position. The categories 0–3 have more than one read 
mapped at the cleavage site with higher confidence level 

http://structuralbiology.cau.edu.cn/PNRD/
http://structuralbiology.cau.edu.cn/PNRD/
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prediction, whereas the category 4 has only one read, indicat-
ing the minimum confidence. All of the small RNA sequence 
and degradome sequence data were submitted to the NCBI. 
The sequencing dataset used in the study is available in the 
NCBI repository with BioProject: PRJNA625390, BioSam-
ples: SAMN14599215, SAMN14599216, SAMN14599217, 
SAMN14599218, SAMN14599219, SAMN14599220, 
SAMN14599221, SAMN14599222, SAMN14599223.

Statistical analysis

To determine differentially expressed miRNAs, count data 
obtained from mirPRo was provided as an input to DESeq2 
Bioconductor package (Love et al. 2014). Three biological 
replicates each of CMS line (UPAS 120A) and fertile line 
(UPAS 120B) were used for miRNA identification and tar-
get prediction. For each miRNA, DESeq2 fitted negative 
binomial generalized linear models and Wald test was con-
ducted for significance testing. Count outliers in DESeq2 
were detected using Cook’s distance and removed from 
the analysis. The miRNAs showing log2 fold change of ≥ 1 
or ≤ 1 and adjusted p value of ≤ 0.01 were considered sta-
tistically significant. Respective target genes for known and 
novel miRNAs were predicted using plant small RNA tar-
get analysis server (psRNATarget 2017 release) (Dai et al. 
2018) using default parameters. The miRNA target genes 
were later subjected to GO enrichment analysis with Fisher’s 
exact test from R topGO package (Alexa et al. 2006). The 
GO terms (from degradome dataset) with p value ≤ 0.01 

were considered significantly enriched and represented as 
word cloud image (Oesper et al. 2011).

Results

Analysis of small RNA libraries from unopened floral 
buds of UPAS 120A and UPAS 120B

We constructed six independent small RNA libraries 
from the unopened flower buds of UPAS 120A and UPAS 
120B. Sequencing these libraries with Illumina Sol-
exa system yielded a total of raw reads 108701534 and 
129714176 for the three samples each of UPAS 120A and 
UPAS120B, respectively. We obtained a total of 78586006 
and 106931476 clean reads for three samples each of UPAS 
120A and UPAS 120B, respectively following filtering of 
low quality reads, adapter/insert contaminants, and tags 
smaller than 18-nt. Concerning the length distribution of 
the small RNAs, 24-nt was the most abundant class followed 
by 21-nt and 22-nt in all six libraries (Fig. 1). Size distribu-
tion of all six small RNA libraries is consistent with several 
reports in other plant species that demonstrated dominance 
of 24 nt class followed by 21 nt in small RNA transcriptome 
(Wei et al. 2011; Jiang et al. 2014; Omidvar et al. 2015; 
Ding et al. 2016; Li et al. 2017). This is a typical range of 
products (18–24-nt) yielded by the action of Dicer like pro-
teins i. e. DCL1-4 (Voinnet 2009). Sequences correspond-
ing to nc sRNAs including rRNAs, snoRNAs, snRNAs, and 
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Fig. 1  Size distribution of small RNAs in all six libraries of CMS line (UPAS 120A) and fertile line (UPAS 120B)



Planta (2021) 253:59 

1 3

Page 5 of 15 59

tRNAs downloaded from plant non-coding RNA database 
(http://struc tural biolo gy.cau.edu.cn/PNRD/) were discarded 
(Table 1).

Identification of known and potential novel miRNAs 
during anther development

A total of 16,216 known plant miRNAs were used as ref-
erence to mirPro, of which 9877 were unique miRNAs. 
The unique small RNA sequences were aligned to known 
miRNA precursors/mature miRNA sequences of soybean in 
mirBase v. 22.1. On the other hand, novel miRNAs involved 
any sRNAs that found a match in genome sequence, but did 
not map with the known miRNAs. This approach led to the 
identification of 316 miRNAs, of which 248 were known and 
remaining 68 were of novel type (Supplementary Tables 1, 
2).

Examples of predicted secondary structures of miRNAs 
are shown in Fig. 2. Concerning distribution of miRNAs 
among different families, known miRNAs could be assigned 
to 46 miRNA families. We noted a highly heterogeneous dis-
tribution of miRNAs across different families, with 47.8% of 
the families having only one or two members (Table 2). The 
miR166 family (25) had the highest representation followed 
by miR171 (20) and miR169 (17) families (Fig. 3). Follow-
ing miRNA categorization of Zhang et al. (2006), we found 
nine highly conserved families (miR156, miR172, miR171, 
miR166, miR159, miR396, miR168, miR160 and miR390) 
and seven moderately conserved families (miR394, miR164, 
miR169, miR167, miR162, miR398, miR393) in our dataset. 
Also, four miRNA families obtained here (miR395, miR399, 
miR403, miR408) were considered as lowly conserved miR-
NAs. Overall, the length of 21-nt was dominant (64.11%) 
among the known miRNAs, whereas 24-nt was the most 
abundant (42.64%) in case of novel miRNAs. Of the 34 
families having more than one member, 21 had members 
with varying length while remaining 13 families contained 
members with same length. For instance, miRNA166 fam-
ily had 18 members of 21-nt and seven with 20-nt length. 
On the other hand, all 20 members of miR171 family had a 
length of 20-nt (Fig. 3).

We also mapped these miRNAs to the pigeonpea genome 
using Map2chromosome (Fig. 4a, b). Majority (131) of the 
miRNAs identified in the present study were located on scaf-
folds, while 38 and 37 miRNAs were mapped onto CcLG02 
and CcLG11, respectively. Two LGs i.e. CcLG05 and 
CcLG09 did not contain any identified miRNAs (Fig. 4c).

MiRNA target prediction and functional analysis

Unique feature of miRNAs to match perfectly or near-
perfectly with the mRNA target sequences is exploited for 
computational identification of target genes. A variety of Ta
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Fig. 2  Predicted secondary 
structures of novel miRNAs

Cca-novel-miR-4 Cca-novel-miR-16Cca-novel-miR-1

Table 2  Distribution of miRNAs across various miRNA families in small RNA dataset

Number of mem-
bers

miRNA families Number 
of miRNA 
families

1 miR1511, miR1514, miR1527, miR2119, miR4371, miR4376, miR4412, miR4414, miR5225, miR5368, 
miR5786, miR6300

12

2 miR168, miR403, miR828, miR1507, miR1510, miR1513, miR1515, miR2118, miR4416, miR5770 10
3 miR162, miR482, miR4415, miR5037 4
4 miR159, miR398, miR408 3
5 miR530 1
6 miR172, miR2111 2
7 miR160, miR394, miR395 3
8 miR167, miR390 2
9 miR399 1
10 miR393 1
11 miR164 1
14 miR396 1
16 miR156, miR319 2
17 miR169 1
20 miR171 1
25 miR166 1
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tools such as psRNATarget, TAPIR, miRU, miRNAassist, 
PatScan, Targetfinder have been development in recent years 
for miRNA target prediction in plants (Ding et al. 2012). 
We identified the candidate genes to elucidate biological 
functions of identified miRNAs. To find the transcripts tar-
geted by these miRNAs, a plant miRNA target prediction 
web tool psRNAtarget (https ://plant grn.noble .org/psRNA 
Targe t/home), was run against the pigeonpea transcripts pre-
loaded in the online tool. A total of 637 gene targets were 
predicted for known miRNAs, while novel miRNAs targeted 
324 genes (Supplementary Tables 3, 4). Figure 4c shows 
distribution of these genes on pigeonpea chromosomes, with 
96 and 70 gene targets located on chromosomes 11 and 3, 
respectively. A total of 463 gene targets were mapped onto 
scaffolds.

Results indicate that a single miRNA family can regulate 
multiple targets. For instance, members of miR171 regulate 
Scarecrow-like proteins 6, 15, receptor protein kinase-like 
protein, ribonuclease H, nodulation-signaling pathway 2 
protein, Gag/pol polyprotein. On the other hand, most of 
the members of the same family were found to act on the 
same target gene.

Target genes of both known and novel miRNAs were 
assigned to biological processes, molecular functions and 
cell components based on the GO annotations (Fig. 5). In 
case of known miRNAs, “Binding” represented the most 
abundant group in the “molecular function” category fol-
lowed by “catalytic activity”. The most frequent terms in 
“Biological process” were “Cellular process” and “meta-
bolic process”. Likewise, “Cell” and “Cell part” were over-
represented in the “Cellular component” category. GO term 

classification of genes targeted by novel miRNAs also fol-
lowed the same pattern.

Similarly, BiNGO analysis revealed “DNA integration”, 
“signalling” and “signal transduction” as the most enriched 
biological processes (Supplementary Fig. 1). Signalling 
pathways activated by abscisic acid, auxin etc. were also 
overrepresented. Importantly, the analysis also demonstrated 
representation of genes involved in pollen development, pol-
len tube growth and development, pollen germination, pol-
lination etc. “ATP binding” was found to be the most domi-
nant molecular function, while most of the target genes were 
found to be associated with “nucleus” followed by “integral 
component of membrane” and “cytoplasm” among cellular 
component.

Confirmation of miRNA‑guided cleavage of target 
mRNAs by degradome sequencing

Three independent degradome libraries were constructed 
from UPAS 120A and UPAS 120B and sequenced. 
Removal of adaptor sequences and low quality sequences 
resulted in generation of 18373198, 18161086 and 
42490279 clean reads from three degradome libraries. 
The clean reads thus obtained were mapped to pigeon-
pea genome. Degradome analysis revealed 77 gene tar-
gets (p = 0.01), of which 20 were common to psRNATar-
get (Supplementary Tables 5, 6). Representative target 
plots of identified miRNA targets are shown in Fig. 6a 
(miR393k) and 6b (miR172-h-3p). Analysis of the degra-
dome data elucidated a set of gene targets shared between 
psRNAtarget and degradome analysis, which included 
MYB, Apetala, F-box family proteins, auxin response 
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factor, TCP 3 transcription factor, ethylene-responsive 
transcription factor, L-ascorbate oxidase, homeobox-leu-
cine zipper protein, protein transport inhibitor response 

1 etc. (Supplementary Table 6). GO analysis of the all 
degradome target genes led to the identification of 51 GO 
terms (Supplementary Table 5). Figure 7 shows the most 

Fig. 5  WEGO plots showing GO terms of target genes predicted for known and novel miRNAs

Fig. 6  Representative target plots (t-plots) of identified gene targets. Cleavage sites and abundance of raw tags are plotted on X-axis and Y-axis, 
respectively. a C.cajan_10582 targeted by miR393k. b C.cajan_13611 targeted by miR172h-3p
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significant GO terms for genes inferred from the degra-
dome dataset.

Differential expression of miRNAs

Comparison of expression abundance of miRNAs between 
the CMS line and fertile line provided a set of 28 differ-
entially expressing miRNAs (Table 3, Fig. 8). Interest-
ingly, all members of mir166 family showed upregulation 
in the fertile line, whereas members of mir171 family were 
downregulated in the fertile line. Higher expression was 
also noted for miR 403 in fertile line, while expression 
levels of six of the novel miRNAs (Cca-novel-miR-4, Cca-
novel-miR-31, Cca-novel-miR-32, Cca-novel-miR-43, 
Cca-novel-miR-49, Cca-novel-miR-52) were supressed in 
the fertile line.

Discussion

MiRNAs are reported to play crucial roles in a variety of 
biological processes including floral organ development, 
hormonal pathways and response to biotic and abiotic 
stresses (Li et al. 2017). MiRNAs negatively control tar-
get genes at post-transcription level through mRNA cleav-
age and translational repression (Mishra and Bohra 2018), 
however, researchers have also found cases where miRNAs 
act as activators (Ding et al. 2012). Methods for miRNA 
identification and establishment of their function roles have 

evolved constantly in both animals and plants since the 
miRNAs were first discovered in nematode Caenorhabditis 
elegans (Wightman et al. 1993) and Arabidopsis (Reinhart 
et al. 2002). In recent years, high-throughput sequencing 
methods based on NGS have enabled genome-wide charac-
terization of miRNAs in various plant species.

A growing body of literature indicates that miRNAs 
orchestrate gene expression and pathways that are involved 
in CMS induction in plants (Mishra and Bohra 2018). How-
ever, only limited reports are currently available in pigeon-
pea on discovery of miRNAs and their functional roles 
(Kompelli et al. 2015; Nithin et al. 2017; Sinha et al. 2020). 
The numbers of miRNA families (46) in the present dataset 
and members within each family (1–25) were consistent with 
a previous study in pigeonpea (Kompelli et al. 2015). Higher 
representation of families like miR166, miR171 and miR159 
is evident in pigeonpea genome (Nithin et al. 2017). MiR 
169, miR166, miR 156 had the higher number of members in 
small RNA dataset in rice, Arabidopsis (Zhang et al. 2006) 
and soybean (Ding et al. 2016).

The gene targets predicted in our study concur with the 
published reports. For instance, miR166, miR171, miR156, 
miR159, miR160/miR167 are reported to regulate a variety 
of transcription factors like HD-Zip, scarecrow-like, squa-
mosa promoter binding protein (SBP)-like (SPL), MYB, 
ARF, respectively. Consistent with the present study, mem-
bers of the same miRNA family were found to target dif-
ferent genes like miR166 members targeted AtHB-14 and 
MLO3 (Sinha et al. 2020).

MiRNA-mediated regulation of several TFs supports their 
key roles in gene regulatory networks underlying reproduc-
tive development in plants. For instance, scarecrow-like 
and MYB TFs are involved in gibberellic acid signaling, 
(SBP)-like genes are pivotal to anther development (Lin 
et al. 2020), whereas ARFs contribute toward anther dehis-
cence and pollen maturation (Cecchetti et al. 2008) in plants. 
A recent study in turnip based on small RNA sequencing 
of floral buds from CMS and maintainer line also revealed 
HD-Zip, SBP-like genes, MYB, ARFs, AP2, GRF as the 
potential targets of identified miRNAs (Lin et al. 2020).

Validation of the identified miRNA targets was conven-
tionally performed using target-specific methods such as 
5′-RACE, which are less efficient in terms of large-scale 
target identification (Thomson et al. 2011). Massively paral-
lel sequencing methods like parallel analysis of RNA ends 
(PARE) or degradome sequencing or genome-wide mapping 
of uncapped transcripts (GMUCT) are now increasingly 
employed to allow large-scale identification of miRNA-
directed mRNA cleavage events (Addo-Quaye et al. 2008; 
German et al. 2008). Degradome sequencing has been suc-
cessfully applied for this purpose across a wide range of 
plant species (Ding et al. 2012). Degradome analysis con-
firmed miRNA-mediated regulation of various genes/TFs 

Fig. 7  Word cloud of the enriched GO terms of the target genes from 
degradome dataset. The font sizes in the word cloud are proportional 
to the significance of the corresponding GO terms
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like F-box family proteins, ARFs, TCP 3 transcription fac-
tor, ethylene-responsive transcription factor, L-ascorbate 
oxidase, HD-Zip, TRANSPORT INHIBITOR RESPONSE 
1 etc. that are known to participate in floral and reproductive 
development (Fang et al. 2016). Yang et al. (2013) made 
similar observations in Brassica juncea following analysis of 
small RNA and degradome datasets of CMS and fertile lines. 
As demonstrated in Arabidopsis, TCP transcription factors 
regulated cytoplasmic-nuclear communication responsible 
for another-specific expression of several genes (Welchen 
and Gonzalez 2005).

Differential expression of miRNAs has been associated 
with occurrence of male sterility in different plant species 
including rice (Yan et al. 2015), maize (Shen et al. 2011; Yu 
et al. 2013), soybean (Ding et al. 2016), pepper (Asha et al. 
2016; Zhang et al. 2020), cotton (Wei et al. 2013; Zhang 
et al. 2018; Yu et al. 2020), tomato (Omidvar et al. 2015), 
radish (Zhang et al. 2016a), Brassica (Yang et al. 2013; Jiang 
et al. 2014; Lin et al. 2020), pummelo (Fang et al. 2016). 
In our study, a comparative analysis of miRNA expression 
between CMS and fertile line revealed a significant change 

Table 3  List of differentially 
expressed miRNAs between 
CMS line UPAS 120A and 
UPAS 120B

S. No miRNA Mature miRNA sequence log2FoldChange p-value

1 cca-novel-miR-4 GAU UGG UCA GUC AGA UCG GU − 4.358792496 0.000215147
2 cca-novel-miR-31 GCG GAU AUC UUU GAU AAG GUU GAU A − 2.56042133 0.003383255
3 cca-novel-miR-32 GCG GAU AUC UUU GAU AAG GUU GAU A − 2.56042133 0.003383255
4 cca-novel-miR-52 ACA UAG UUC UUU UAA CAC ACU − 3.033640052 0.005688009
5 miR171j-3p UGA UUG AGC CGU GCC AAU AUC − 1.672628904 0.008489387
6 cca-novel-miR-43 CCA UGG UUU GGG CAA AAG CU − 3.491700278 0.009272924
7 miR171e UGA UUG AGC CGU GCC AAU AUC − 1.734486281 0.013546884
8 miR403a UUA GAU UCA CGC ACA AAC UUG 1.896086681 0.01368899
9 miR403b UUA GAU UCA CGC ACA AAC UUG 1.896086681 0.01368899
10 miR171f UGA UUG AGC CGU GCC AAU AUC − 1.66489348 0.020112579
11 miR171g UGA UUG AGC CGU GCC AAU AUC − 1.66489348 0.020112579
12 miR166m CGG ACC AGG CUU CAU UCC CC 1.483757874 0.034401074
13 miR171u UGA UUG AGC CGU GCC AAU AUC − 1.455077979 0.041309794
14 miR166b UCG GAC CAG GCU UCA UUC CCC 1.45291916 0.042998928
15 miR166n UCG GAC CAG GCU UCA UUC CCC 1.452912553 0.043000073
16 miR166o UCG GAC CAG GCU UCA UUC CCC 1.452880911 0.043002943
17 miR166a-3p UCG GAC CAG GCU UCA UUC CCC 1.452405785 0.043050458
18 miR166c-3p UCG GAC CAG GCU UCA UUC CCC 1.452405785 0.043050458
19 miR166e UCG GAC CAG GCU UCA UUC CCC 1.45238017 0.04306657
20 miR166g UCG GAC CAG GCU UCA UUC CCC 1.452373564 0.043067717
21 miR166i-3p UCG GAC CAG GCU UCA UUC CCC 1.451850845 0.043119225
22 miR166q UCG GAC CAG GCU UCA UUC CC 1.450416344 0.043146756
23 miR166d UCG GAC CAG GCU UCA UUC CCC 1.451867371 0.043166479
24 miR166f UCG GAC CAG GCU UCA UUC CCC 1.451867371 0.043166479
25 miR166s UCG GAC CAG GCU UCA UUC CC 1.449758027 0.043227088
26 miR166t UCG GAC CAG GCU UCA UUC CC 1.449758027 0.043227088
27 miR166p UCG GAC CAG GCU UCA UUC CC 1.449345509 0.04328231
28 cca-novel-miR-49 AGA GGA UUC UUG CUC ACG UCG GGC 1.622453943 0.04991182

Fig. 8  Volcano plot showing differential miRNA expression between 
UPAS 120A and UPAS 120B. Upregulated miRNAs are shown on 
the right side of the plot, whereas left side contains downregulated 
miRNAs. Statistical significance of miRNA expression level follows 
the following order: red > blue > green
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in expression levels of 28 mRNAs. Of these, roles of miR166 
and miR171 families in anther and pollen development 
are well established. MiR166 is among highly conserved 
miRNA families in plants, and Wei et al. (2011) established 
MiR166 as one of the “integral regulators” of pollen and 
sporophyte development based on deep sequencing of small 
RNAs from sporophytic tissues and pollen in rice. Abundant 
expression of miR166 during pollen development in both 
diploid and autotetraploid rice suggested its “conserved” 
and “essential” contributions toward pollen development (Li 
et al. 2016). Gene expression modulation by miR166 could 
be related to anther development and male sterility in tomato 
(Omidvar et al. 2015). Similarly, influence of miRNA171 
silencing in anthers included delayed tapetum degeneration 
and reduced callose deposition leading to impaired pollen 
development in tomato (Kravchik et al. 2019). Differen-
tial expression of miR171 and corresponding target genes 
(Scarecrow-like gene and ankyrin repeat domain-containing 
protein) is reported to modulate fertility transitions of photo-
thermosensitive genic male sterile lines in wheat (Bai et al. 
2017) and rice (Zhang et al. 2016b). Another DE miRNA, 
miR403 is reported to participate in miRNA biogenesis via 
targeting AGO 2 protein (Fang et al. 2016). Similar to a 
previous study by Ujino-Ihara et al. (2018), we also obtained 
several miRNAs families that are key to plant fertility such 
as miR156, miR159, miR167, miR172, miR319, miR396, 
miR2118; however, their expression levels between CMS 
and fertile line did not differ significantly.

Conclusion

High-throughput sequencing of small RNA and degradome 
libraries from floral buds of isogenic lines was performed 
for the first time in pigeonpea. A total of 248 known and 
68 novel miRNAs were obtained. We predicted that these 
316 miRNAs regulate expression of 961 genes engaged in 
various aspects of flowering and reproductive development 
in plants. Differential expression between the CMS line 
and fertile line was obtained for 28 miRNAs. Members of 
miR166, miR171 and miR403 families and six novel miR-
NAs (Cca-novel-miR-4, Cca-novel-miR-31, Cca-novel-
miR-32, Cca-novel-miR-43, Cca-novel-miR-49, Cca-novel-
miR-52) responded differentially to CMS. In summary, the 
current study contributes new insights on the potential role 
of miRNA biogenesis in flower development and CMS 
occurrence in pigeonpea.
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