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ARTICLE INFO ABSTRACT

Keywords: Brassica juncea L. is an important oilseed crop that yields edible oil and biofuel. Improving B. juncea seed traits is
Brassica a primary breeding target, but these traits are genetically complex. MicroRNAs (miRNAs) regulate seed devel-
MicroRNA

opment by modulating gene expression at the post-transcriptional or translational level and are excellent can-
didates for improving seed traits. However, the roles of miRNAs in B. juncea seed development are yet to be
investigated. Here, we report small RNA profiling and miRNA identification from developing seeds of two
contrasting varieties of B. juncea, Early Heera2 (EH2) and Pusa Jaikisan (PJK). We identified 326 miRNAs,
including 127 known and 199 novel miRNAs, of which 103 exhibited inter-varietal differential expression.
Integrating miRNAome and our previous transcriptome data identified 13,683 putative miRNA-target modules.
Segregation of differentially expressed miRNAs into different groups based on variety-wise upregulation, fol-
lowed by comprehensive functional analysis of targets using pathway mapping, gene ontology, transcription
factor mapping, and candidate gene analysis, revealed at least 11, 6, and 7 miRNAs as robust candidates for the
regulation of seed size, seed coat color, and oil content, respectively. Further, co-localization with previously
reported quantitative trait loci (QTL) proffered 29 and 15 miRNAs overlapping with seed weight and oil content
QTLs, respectively. Our study is the first comprehensive report of miRNAome expression dynamics from
developing seeds and provides candidate miRNAs and target genes for engineering seed traits in B. juncea.
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1. Introduction

Brassica juncea (Indian mustard) is a vital oilseed crop of the Indian
subcontinent and various other regions of the world [20]. It is an allo-
tetraploid (AABB, 2n = 36) species that evolved after multiple hybrid-
ization events between B. rapa (AA) and B. nigra (BB). Since it is an
important source of edible oil and biofuels, boosting the productivity
and quality of seed oil is a major breeding goal. Therefore, seed traits
like seed weight, oil content, seed coat color, etc., are principal
improvement targets. These traits are governed by many genes,
signaling molecules, phytohormones, and noncoding RNAs that form
intricate networks [14].

MicroRNAs (miRNAs) are a class of noncoding RNAs with a length of
20-24 nucleotides (nt). They are transcribed from MIR genes as primary
miRNAs (pri-miRNAs) by DNA-dependent RNA polymerase II (Pol II)
activity [71]. These pri-miRNAs are single-stranded and poly-
adenylated. They are folded into stem-loop hairpin-like structures and
undergo processing within the Dicing bodies (D-bodies). Thereafter,
several proteins such as HYPONASTIC LEAVES 1 (HYL1), zinc-finger
protein SERRATE (SE), and TOUGH (TGH) recognize pri-miRNAs
which are then cleaved by DICER-LIKE1 (DCL1) enzyme to release
mature miRNA/miRNA* duplexes with 2-nt overhangs at 3’ ends. Sub-
sequently, the miRNA duplex is methylated by HUA ENHANCER 1
(HEN1) on its 2-O-methylation at 3'end [73]. The miRNA/miRNA*
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duplexes are then exported to the cytoplasm, where miRNA is loaded on
an Argonaute 1 (AGO1) protein to form an miRNA-inducing slicing
complex (miRISC), while miRNA* is usually degraded [9].

More than 20 miRNAs have been experimentally validated in regu-
lating seed development, and high throughput studies indicate the
involvement of many more in modulating seed traits [14]. For instance,
miR167, miR396, and miR408 regulate seed size and/or seed weight in
several species. MiRNA biogenesis machinery genes like DCL1, AGO1,
HENT1, etc., are also critical for embryogenesis during seed development,
and their mutants exhibit severe abnormalities related to embryo
development. Further, miRNAs like miR156, miR166, and miR167 are
components of the LEC1, ABI3, FUS3, LEC2 (LAFL) network, which is at
the core of a typical dicot seed development program. These together
regulate seed maturation as well as the accumulation of storage
products.

Among the oilseed Brassicas, various studies have utilized small RNA
profiling to dissect seed traits using developing seeds of B. napus [19,24,
58,64,66,67,78]. However, miRNA dynamics during seed development
have not been analyzed yet from Indian mustard, B. juncea.

Indian mustard has previously been genetically characterized to
possess two distinct gene pools offering genetically unique resources for
heterotic breeding [57]. B. juncea varieties Early Heera2 (EH2) and Pusa
Jaikisan (PJK) belong to East-European and Indian origin, respectively,
and exhibit marked differences in seed size, oil content, and seed coat
color [10,50]. EH2 is a yellow and small-seeded variety with an oil
content of ~36.9% and a thousand-seed weight of 2.0 g. On the other
hand, PJK is a brown and bold-seeded variety with an oil content of
~41.1% and a thousand seed weight of 6.9 g [10,50]. The genetic
distinctness of these varieties has also been leveraged to develop a
double haploid mapping population called EPJ (EH2 x Pusa Jaikisan)
[13]. Genetic analyses of this population have resulted in the identifi-
cation of QTLs regulating seed weight and oil content [13,50]. Besides,
transcriptome analysis of developing seeds from EH2 and PJK has pre-
viously uncovered vital genes and pathways responsible for varietal
differences in seed size [10,36]. In our earlier transcriptome analysis, we
ascertained that developing seeds at 15 and 45 days after pollination
were most informative in discovering key genes associated with
inter-varietal differences [10]. Here, we report the identification and
analysis of miRNAs from seeds collected at these two stages from EH2
and PJK varieties. Further, we integrated small RNA findings with
transcriptome data to shortlist candidates responsible for determining
seed size, seed coat color and oil content.

2. Materials and methods
2.1. Growing of plants and harvesting the developing seeds

B. juncea varieties EH2 and PJK were grown from October to March
2021 under open field conditions at Jawaharlal Nehru University, New
Delhi, India, and developing seeds were harvested at two different
stages, 15 and 45 days after pollination (D), corresponding to early and
late stages of seed development as demarcated in our previous study
[10]. The seeds were immediately frozen in liquid nitrogen and stored at
—80°C.

2.2. RNA isolation and small RNA sequencing

Total RNA was isolated using TRIzol™ (Ambion) reagent, described
in Dhaka et al., [11], with minor modifications. To eliminate genomic
DNA from RNA samples, total RNA was treated with DNase-I using
TURBO DNA-free™ Kit (AM1907, Invitrogen) as per the manufacturer’s
instructions. The quantity and quality of RNA were checked using the
Nanodrop Spectrophotometer, agarose gel electrophoresis, and Agilent
2200 Tape Station. RNA samples with RIN values > 6 were used for
small RNA library preparation using QIAseq® miRNA Library Kit (Qia-
gen, Maryland, U.S.A.). Single-end sequencing was performed using
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[llumina NovaSeq 6000 sequencing machine with an average read
length of 50 bp.

2.3. Analysis of small RNA sequencing data

The sequencing raw data was obtained in FASTQ files, and the data
quality was assessed by FASTQC (https://www.bioinformatics.babraha
m.ac.uk/projects/fastqc/). Adapter sequences were trimmed, and
reads ranging from 16 to 40 nucleotides (nt) in length were retained
using Cutadapt v.4.1 [35] with parameters -a AACTGTAGGCACCAT-
CAAT -m 16 -M 40. High-quality reads with a Phred score < of 30 for a
minimum of 70% of bases were retained using the FASTX-toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/commandline.html). From
the reads thus filtered, unique reads and their counts were extracted
from each sample by collapsing the reads using fastx_collapser from
FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/commandline.
html). Redundant reads were removed for further processing, and the
FASTQ format of unique reads was converted to FASTA format. Subse-
quently, unique reads were used to identify miRNAs in each sample.

2.4. Identification of known and novel miRNAs

To identify miRNAs, we selected sequences ranging from 20 to 24 nt
and used the miRDeep-P2 program, which identifies miRNAs based on
its plant-specific scoring system [26]. We first screened the unique reads
against the Rfam database (v.14.9) [22] for removal of housekeeping
non-coding RNAs, including ribosomal RNAs (rRNAs), transfer RNAs
(tRNA), small nuclear RNAs (snRNA), and small nucleolar RNAs
(snoRNAs). Next, the small RNA reads were mapped to the reference
genome of the B. juncea variety Varuna [46] and potential miRNA pre-
cursors of the optimal size were extracted. Subsequently, the RNA sec-
ondary structures of these possible miRNA precursors were predicted,
and the minimum free energy (MFE) was calculated. The criteria used
for miRNA identification were as follows: a read per million (RPM)
threshold of 1, zero mismatch, a maximum precursor length of 300 nt,
allowing one thread for RNAfold, and a maximum of 15 different loca-
tions for read mapping related to miRNAs [26]. The predicted miRNAs
from each sample were aligned against the miRBase database v.22.1
(http://www.mirbase.org/) [25] using Bowtie (v.1.3.2) [27], allowing
one mismatch. The miRNAs that mapped to miRBase were identified as
known miRNAs, while the remaining were novel miRNAs. The proper-
ties of miRNA precursors were assessed using the minimum free energy
(MFE), and the values were normalized by the minimum free energy
index (MFEI). The MFEI was calculated using the formula: MFEI =
(MFE/(length of miRNA precursor sequence)* 100/(G+C) %), where
MFE represents the negative folding free energy of miRNA secondary
structures [72]. Further, the genomic location of miRNA precursor se-
quences was determined using bedtools (https://bedtools.readthedocs.
io/en/latest/) and the sequence coordinates were illustrated on the
B. juncea chromosomes using Mapchart v.2.32 [63].

2.5. Expression analysis of miRNAs

The number of reads representing unique miRNAs was obtained from
the sequencing data for each sample. The miRNA expression levels were
normalized in terms of reads per million (RPM) using the formula:
normalized expression = (miRNA read count/total count of clean reads)
* 10°. Pairwise differential expression analysis of miRNAs was per-
formed using DESeq2 v.1.38.2 [33]. The miRNAs showing absolute log2
fold change > 1 or < —1 and Benjamini Hochberg correction with FDR
(false discovery rate) < 0.05 were considered as differentially expressed.
Heatmaps for expression visualization were prepared using Multi-
Experiment Viewer (MeV) [18].
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2.6. Identification and functional analysis of miRNA targets

For the prediction of miRNA targets, the in-house generated tran-
scriptomic dataset from EH2 and PJK seeds at different stages of
development (15D, 30D, and 45D), comprising a total of 112,550
transcripts, was used (https://www.ncbi.nlm.nih.gov/bioproject/PR
JNA824648) [10]. Putative targets were predicted using the psRNA-
Target web server [8] with an expectation value cut-off of 3 and a
maximum unpair energy (UPE) of 25. The miRNA-target network was
analyzed using Cytoscape software v.3.10.1 [53].

The Arabidopsis orthologs of target genes were retrieved using
BLASTx with TAIR 10 proteins (https://www.arabidopsis.org/dow
nload/index-auto.jsp?dir=%2Fdownload_files%2FProteins). ~Pathway
mapping for the target genes was done using MapMan (https://mapman.
gabipd.org/mapman). Transcription factor mapping was done using
Plant Transcription Factor Database (PTFDB v5.0) (http://planttfdb.gao
-lab.org/). Enrichment analyses for pathway and transcription factor
(TF) enrichment in each category were carried out using a hypergeo-
metric test by Benjamini Hochberg correction with an FDR of < 0.05. GO
enrichment analysis of differentially expressed miRNA-target genes was
performed by AgriGO (http://systemsbiology.cau.edu.cn/agriGOv2/
c_SEA.php) using a p-value cut-off of < 0.05 followed by a hypergeo-
metric test with FDR of < 0.05. Candidate gene search was carried out
using a comprehensive literature survey as well as different databases
like ARALIP (http://aralip.plantbiology.msu.edu/pathways/pathways),
BRAD (http://brassicadb.cn/#/), TAIR (https://www.arabidopsis.
org/), and SEEDGENES (https://seedgenes.org/).

2.7. Identification of miRNAs and targets co-localizing with the QTLs
associated with seed weight and oil content

Seed weight and oil content QTL information for the EPJ population
was downloaded from previous studies of B. juncea [13,50]. The infor-
mation on the EPJ map was downloaded from Dhaka et al., [12]. The
primer sequence information from [12] was used to determine the
physical coordinates of the flanking markers of each QTL using BLASTn
[1] against the B. juncea genome [46]. The QTLs for which physical
coordinates could not be determined unambiguously were removed
from further analysis. The QTLs were depicted on respective chromo-
somes using Mapchart v.2.32 [63].

2.8 miRNA-target expression analysis by quantitative real-time
PCR (qRT-PCR).

miRNAs were reverse transcribed using Mir-X™ miRNA First-Strand
Synthesis Kit (Takara). qRT-PCR reactions were performed using cDNA
and miRNA-specific forward and universal reverse primers using TB
Green Advantage® qPCR Premix (Takara), following the manufacturer’s
instructions. The reaction was performed using the following PCR cycle:
initial denaturation step at 95 °C for 10 s, followed by 40 cycles of
denaturation at 95 °C for 5 s, and annealing/extension at 55 °C for 20 s.
First-strand cDNA synthesis of target genes was performed using
iScriptTM cDNA Synthesis Kit (BioRad), and qPCR was carried out using
SYBR™ Green PCR Master Mix (Applied Biosystems). The reaction
conditions were as follows: initial denaturation at 95 °C for 10 min,
followed by 40 cycles of denaturation for 15 s at 95 °C, annealing for 30 s
at 55-60 °C and extension for 30 s at 72 °C. All qRT-PCR analyses were
performed in Stratagene™ Mx3005P (Agilent Technologies) according
to the manufacturer’s instructions. Three technical replicates for each of
the three biological replicates were analyzed. The U6 snRNA (as pro-
vided in the kit) and TIPS41 [5] were used as internal controls for
miRNAs and targets, respectively. The relative expression levels of
miRNAs and their respective target genes were evaluated following the
delta-delta Ct method [32]. The primers used for the analyses are listed
in Supplementary Table 17.
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3. Results
3.1. Small RNA sequencing from early and late seed development stages

We performed small RNA sequencing of twelve libraries that
comprise three biological replicates of early (15D) and late (45D) stages
of developing seeds from B. juncea varieties, EH2 and PJK. More than
123 million raw reads were generated after SRNA profiling, with ~ 57
million and ~66 million reads obtained from EH2 and PJK, respectively.
After adapter trimming, length filtering (16-40 nt), and removing the
low-quality reads, ~32 and ~46 million high-quality reads were
retained, corresponding to ~7 and ~13 million unique reads in EH2 and
PJK, respectively (Fig. 1a, Supplementary Table 1). The size distribution
analysis showed that the maximum number of reads were 24 nt in length
in all the samples (Fig. S1). Pearson’s correlation coefficient among the
biological replicates of seed samples ranged from 0.96 to 1, except for
two samples (E15-C and E45-B) exhibiting low correlation, which were
removed from further analysis (Supplementary Table 2).

3.2. Identification and characterization of seed miRNAome of B. juncea

After removing the reads mapping to housekeeping noncoding RNAs
such as rRNAs, tRNAs, snRNAs, and snoRNAs, miRNAs were identified
using a conventional pipeline (Fig. 1a). A total of 326 miRNAs were
identified. Subsequently, based on the mapping against the Vir-
idiplantae mature miRNA sequences from the miRBase (Release 22.1),
127 miRNAs were classified as known and199 as novel (Fig. 1a, Sup-
plementary Table 3). These 326 miRNAs mapped to 744 precursors,
with 461 and 283 precursors for known and novel miRNAs, respectively
(Supplementary Table 3).

The known miRNAs had precursor lengths ranging from 49 to 219 nt,
with an average length of 99 nt, while the precursor lengths of the novel
miRNAs varied from 42 to 227 nt, with an average size of 114 nt
(Supplementary Table 4). Variety-wise analysis showed that 115 (35%)
of the 326 miRNAs were detected in both EH2 and PJK and among these,
84 were known, and 31 were novel. On the other hand, 95 (29%) (12
known and 83 novel) were explicitly detected in EH2, while 116 (36%)
(31 known and 85 novel) were PJK-specific (Fig. 1b). Furthermore, the
stage-wise analysis for each variety showed that 66 (20%) miRNAs were
detected in all the stages of both varieties (Fig. 1c), including 55 (17%)
known and 11 (3%) novel miRNAs.

For nomenclature, each unique mature miRNA sequence was named
using the prefix ‘Bju’, followed by the miRNA family name and number.
Different mature miRNA sequences belonging to the same miRNA family
were named by adding a numeric suffix after the family name (such as
Bju-miR156.1, Bju-miR156.2, and so on) (Supplementary Table 3).
Similarly, the novel miRNAs were named from Bju-novel-miR1 to Bju-
novel-miR214 (Supplementary Table 3). The precursors of known
miRNAs were named Bju-MIR156.1-1, Bju-MIR156.1-2, Bju-MIR156.2,
and so on, while novel miRNA precursors were named Bju-novel-MIR1
to Bju-novel-MIR214.

We first characterized the length and nucleotide distribution to
assess the sequence features of the B. juncea seed miRNAome. The length
distribution showed that 96 (76%) of the known miRNAs were 21 nt in
length, whereas the remaining belonged to 20 nt and 22 nt categories
(16 (13%) and 15 (12%), respectively) (Fig. 1d). The novel miRNAs also
depicted a peak at 21 nt with the maximum number of 125 (63%)
miRNAs, while 20 (10%), 49 (25%), 3 (1%), and 2 (1%) novel miRNAs
belonged to 20, 22, 23, and 24 nt categories, respectively (Fig. 1e). The
nucleotide distribution at their 5 end showed that 67 (53%) of the
known miRNAs contained uracil at the first position, followed by 33
(26%) with guanine, 15 (12%) with adenine, and 12 (9%) with cytosine
(Fig. 1d). Similarly, among the novel miRNAs, 119 (60%) had uracil at
their 5’ end, 29 (15%) had guanine, 26 (13%) had adenine, and 25 (12%)
had cytosine (Fig. 1e).

The assignment of miRNA families placed 127 known miRNAs in 42
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Fig. 1. Small RNA sequencing and identification of seed miRNAome from early and late seed development stages in B. juncea. (a) Workflow for identifi-
cation of known and novel miRNAs from small RNA sequencing data obtained from developing seeds of Early Heera2 (EH2) and Pusa Jaikisan (PJK). M represents a
million. (b) Size and 5-end base distribution for known miRNAs. (c) Size and 5-end base distribution for novel miRNAs. (d) Number of total known and novel
miRNAs identified in EH2 and PJK. (e) Number of miRNAs identified at early (E15 and P15) and late stages (E45 and P45) in EH2 and PJK in stage-wise and variety-
wise comparisons. (f) Number of mature miRNA family members identified from all the known miRNA families.

miRNA families (Fig. 1f). Among these, miR156 was the most abundant
family with 19 members, followed by miR169 with ten members. Both
miR172 and miR399 families comprised nine members each, while
miR395 had eight members, the miR2111 family showed six members,
and miR171 had five members. Two miRNA families (miR166 and
miR398) comprised four members each, and four families (miR164,
miR167, miR319, and miR393) comprised three members each. More-
over, 12 families (miR157, miR158, miR168, miR390, miR396, miR845,
miR858, miR860, miR5654, miR6030, miR9408, and miR9557) had
two members each, whereas 17 families (miR159, miR160, miR161,
miR162, miR165, miR384, miR391, miR394, miR397, miR400,
miR403, miR408, miR827, miR828, miR5711, miR6029, and miR9556)
were represented by only a single member each (Fig. 1f).

The genomic localization showed that the 744 miRNA precursors
were located on all 18 B. juncea chromosomes (Fig. S2). The chromo-
some B08 exhibited the highest number of miRNA precursors (60), while
the chromosome A10 harbored 26 miRNA precursors. Further, A and B
subgenomes harbored 366 and 378 miRNA precursors, respectively. We
also observed clustering of miRNA precursors of the same family
members in the genome (Fig. S2). Further, more than one cluster of the
same miRNA family precursors was often located on the same or
different B. juncea chromosomes. For instance, miR156 family members
were on almost all chromosomes except for AO5, B05, and BO6. Members
of miR169 and miR399 were distributed on 13 different chromosomes,
while miR166, miR172, and miR319 were located on 12 different
chromosomes.

The genomic coordinates showed that the majority, 564 (76%) of the
miRNA precursors were located within the intergenic regions. In com-
parison, 80 (11%) were in exonic-intronic regions, 75 (10%) were
derived from the exonic areas, and 25 (3%) from the intronic regions
(Fig. S3a). The minimum free energy (MFE) calculation of the predicted
secondary structures for miRNA precursors showed that most precursors

had MFE values of — 60 to — 90 kcal/mol (Fig. S3b). The minimal
folding energy index (MFEI) for all miRNA precursors was approxi-
mately 2 (Supplementary Table 4).

3.3. Expression dynamics of EH2 and PJK seed miRNAomes

The expression analysis was done using the reads per million data for
all the miRNAs Supplementary Table 5). We observed that of the total
156 miRNAs expressed at the early stage in EH2, 8 (5%) exhibited low
expression with RPM values < 10, 57 (37%) showed expression levels
ranging from 10 and 100 RPM, 44 (28%) had RPM values between 100
and 500, 11 (7%) exhibited expression levels between 500 and 1000,
while 36 miRNAs (23%) showed RPM values > 1000 (Fig. 2a). We
detected a similar trend in the early stage of PJK, with 5 out of 147 total
miRNAs (3%) exhibiting low expression with RPM values < 10, 37
miRNAs (25%) with expression levels between 10 and 100 RPM, 42
miRNAs (29%) showed RPM values between 100 and 500, 19 miRNAs
(13%) had expression values between 500 and 1000, while 44 miRNAs
(30%) exhibited RPM values > 1000 (Fig. 2a).

In the late stage, the expression patterns of miRNAs in EH2 revealed
that of the total 174 miRNAs expressed in this stage, 16 (9%) showed
expression with RPM values < 10, 68 (39%) had expression levels
ranging from 10 to 100 RPM, 37 (21%) showed expression levels be-
tween 100 and 500 RPM, 17 (10%) exhibited between 500 and 1000
RPM, and 36 (21%) showed RPM values > 1000 (Fig. 2a). Similarly, of
the 180 miRNAs expressed in the late stage of PJK, 12 (7%) exhibited
expression with RPM values < 10, 67 (37%) showed expression levels
between 10 and 100 RPM, 36 (20%) exhibited RPM values between 100
and 500, 21 (12%) exhibited RPM values between 500 and 1000, and 44
(24%) showed RPM values > 1000 (Fig. 2a).

Thus, at the early stage, the number of miRNAs expressed was
slightly higher in EH2 than in PJK. However, the late stage showed more
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Fig. 2. Results of expression dynamics analysis of seed miRNAome. (a) Number of miRNAs expressed in EH2 (E) and PJK (P) at the early (15D) and late (45D)
stages, according to ranges of RPM levels. (b) Expression levels of the top 15 known miRNAs transformed with log, (RPM+1) at each stage, 15D and 45D. (c)
Heatmap showing the expression of all the known miRNAs. (d) Heatmap showing expression of all the novel miRNAs.

miRNAs in PJK than EH2. Further, identification of highly expressed
miRNAs in each of the stages in both the varieties showed that the top 15
miRNAs belonged to miR156, miR158, miR159, miR160, miR162,
miR165, miR166, miR167, miR168, miR171, miR319, miR400,
miR403, and miR5654 families (Fig. 2b). Interestingly, most of these
miRNAs exhibited similar expression levels in all four categories, except
miR156.8 and miR319.2, which showed low expression in P15
compared to the other stages.

We also identified the stage-specific and/or variety-specific miRNAs
based on the expression levels. Of the total 326 miRNAs, 95 miRNAs
(29%) were explicitly expressed in EH2 while 116 miRNAs (36%) were
identified as PJK-specific (Supplementary Table 6). Within the EH2-
specific miRNAs, 27 (28%) were expressed exclusively at the early
stage, while 32 (34%) were late stage specific. Among the PJK-specific
miRNAs, 45 (39%) were detected only in the early stage, while 51
(44%) were identified as late stage specific. Furthermore, we observed
that 12 known miRNAs and one miRNA family, miR9556, were exclu-
sively expressed in an EH2-specific manner, whereas 31 known miRNAs
and four families, including miR397, miR828, miR860, and miR2111,
were exclusively expressed in PJK-specific manner (Fig. 2c¢). Addition-
ally, 83 novel miRNAs were exclusively expressed in an EH2-specific
manner, while 85 other novel miRNAs were exclusive to PJK. In the
stage-specific comparison, the miR398 family was exclusively expressed
in the late stage (Fig. 2¢, Supplementary Table 6). Bju-novel-miR8 and
Bju-novel-miR84 were exclusively expressed in the early stage, while
Bju-novel-miR60, Bju-novel-miR118, Bju-novel-miR178, Bju-novel-
miR179, and Bju-novel-miR187 explicitly expressed in the late stage
(Fig. 2d).

3.4. Differentially expressed miRNAs

The pairwise differential expression analysis between EH2 and PJK
in both stages of seed development resulted in a total of 103 unique
miRNAs, including 62 known and 41 novel miRNAs (Supplementary
Table 7).

3.4.1. Early-stage dynamics

In the early stage, 51 known miRNAs were differentially expressed
(DE), of which 25 and 26 were upregulated in EH2 and PJK, respectively
(Fig. 3a). The 25 known miRNAs upregulated in EH2 belonged to 12
different families, including miR156, miR158, miR161, miR165,
miR166, miR319, miR403, miR408, miR827, miR845, miR858, and
miR6030. In PJK, the 26 known miRNAs belonged to 14 different fam-
ilies, such as miR156, miR157, miR158, miR164, miR166, miR167,
miR169, miR172, miR384, miR393, miR394, miR395, miR396, and
miR399 were upregulated. Also, different miRNA family members of
miR156, miR158, and miR166 were upregulated in both varieties, while
several miRNAs showed variety-specific upregulation. Some of these
known miRNAs, like Bju-miR156.9, showed the highest differential
accumulation in EH2 (14-fold), while Bju-miR172.4 had maximum
upregulation in PJK (11-fold) (Supplementary Table 7).

In addition, 37 novel miRNAs were differentially expressed, of which
18 and 19 were upregulated in EH2 and PJK, respectively (Fig. 3b).
Among them, Bju-novel-137 showed maximum upregulation (14-fold)
in EH2, whereas Bju-novel-119 exhibited the maximum differential
accumulation (13-fold) in PJK (Supplementary Table 7). The novel
miRNAs like Bju-novel-16, Bju-novel-32, Bju-novel-39, Bju-novel-47,
Bju-novel-54, Bju-novel-58, Bju-novel-69, Bju-novel-74, Bju-novel-77,
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Fig. 3. Differentially expressed miRNAs. (a) Differentially expressed known miRNAs between varieties EH2 and PJK at early (15D) and late (45D) stages of seed
development. (b) Differentially expressed known miRNAs between varieties EH2 and PJK at early (15D) and late (45D) stages of seed development. (c) Heatmap
showing differentially expressed known miRNAs. Grouping was done based on variety-wise upregulation. Groups E1, E2, and E3 showed upregulation in EH2, while
P1, P2, and P3 exhibited upregulation in PJK. (d) Heatmap showing differentially expressed novel miRNAs.

Bju-novel-miR92, Bju-novel-miR100, Bju-novel-miR108, Bju-novel-
miR116, Bju-novel-miR119 and Bju-novel-186 were exclusively detec-
ted in PJK, while Bju-novel-miR1, Bju-novel-miR22, Bju-novel-miR63,
Bju-novel-miR99, Bju-novel-miR103, Bju-novel-miR106, Bju-novel-
miR134, Bju-novel-miR137, Bju-novel-miR140, Bju-novel-miR141,
Bju-novel-miR174, and Bju-novel-miR177 were exclusive to EH2.

3.4.2. Late-stage dynamics

In the late stage, 32 known miRNAs were differentially expressed, of
which 10 and 22 were upregulated in EH2 and PJK, respectively
(Fig. 3a). In EH2, the known miRNAs belonged to families miR156,
miR158, miR161, miR165, miR166, miR390, and miR845, whereas the
known miRNAs upregulated in PJK belonged to families miR156,
miR164, miR166, miR167, miR169, miR171, miR172, miR393,
miR395, miR396, and miR399. This shows that various members of
miRNA families of miR156 and miR166 were upregulated in both EH2
and PJK. Among the known miRNAs, Bju-miR156.11 showed the
maximum differential accumulation in EH2 (9-fold), while Bju-
miR172.4 exhibited maximum upregulation in PJK (31-fold) (Supple-
mentary Table 7). Additionally, 24 novel miRNAs were differentially
expressed in the late stage, of which 14 and 10 were upregulated in EH2
and PJK, respectively (Fig. 3b). Bju-novel-miR137 exhibited the highest
differential accumulation in EH2 (16-fold), while Bju-novel-miR119 had
maximum upregulation in PJK (8-fold) (Supplementary Table 7).

3.4.3. Grouping of differentially expressed miRNAs based on variety-
specific dynamics

To further dissect the expression dynamics, we categorized the
differentially expressed (DE) miRNAs into six groups based on the
variety-specific differential accumulation (Supplementary Table 7).
Groups E1, E2, and E3 exhibited EH2-preferential patterns while P1, P2,
and P3 showed PJK-preferential expression patterns. Group E1
comprised miRNAs upregulated at both early and late stages in EH2 with
22 DE miRNAs (8 known and 14 novel) placed in this group (Fig. 3c &
d). The known miRNAs in E1 belonged to families miR156, miR158,
miR161, miR165, miR166, and miR845. Of these families, miR161 and
miR165 were exclusive to this group. Group E2 contained 21 miRNAs
(17 known and four novel) upregulated only in the early stage of EH2.
The known miRNAs in this group belonged to families miR156, miR319,
miR403, miR408, miR827, miR845, miR858, and miR6030. Interest-
ingly, six of these families (miR319, miR403, miR408, miR827, miR858,
and miR6030) were exclusive to this group (Fig. 3¢ & d). Similarly,
group E3 consisted of miRNAs upregulated only in the late stage of EH2.
This category harbored only two known miRNAs, Bju-miR156.12 and
Bju-miR390.1, with miR390 exclusive to this group (Fig. 3c). Thus,
overall, nine miRNA families miR161, miR165, miR319, miR390,
miR403, miR408, miR827, miR858, and miR6030 were upregulated in
EH2 only.

On the other hand, group P1 harbored miRNAs upregulated in PJK at
both early and late stages (Fig. 3c & d). It included a total of 19 miRNAs
(13 known and six novel miRNAs) belonging to miR156, miR164,
miR167, miR169, miR172, miR393, miR395, miR396, and miR399
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families. MiR172 was exclusive to this group. Group P2 comprised
miRNAs upregulated in PJK in the early stage only and contained 26 DE
miRNAs, with 13 known and 13 novel miRNAs. The known miRNAs
belonged to families miR156, miR157, miR158, miR166, miR167,
miR169, miR384, miR393, miR394, miR395, and miR396. MiR157 and
miR394 were exclusive to this group. MiR167, miR169, and miR393,
were exclusively present in groups P1 and P2 (Fig. 3¢ & d). Group P3
with miRNAs upregulated in PJK at a late stage only consisted of 13
miRNAs, including nine known and four novel miRNAs. The known
miRNAs families were miR156, miR164, miR166, miR171, miR395, and
miR399. MiR164 and miR399 were exclusive to groups P1 and P3, while
miR395 was present in groups P1, P2, and P3. Thus, miRNAs from 9
families i.e., miR157, miR164, miR167, miR169, miR172, miR393,
miR394, miR395, and miR399, were exclusively upregulated in PJK
(Fig. 3¢ & d).

3.5. Identification of miRNA targets

To further elucidate the role of miRNAs during seed development in
B. juncea, we used an in-house generated transcriptome dataset con-
sisting of 112,550 transcripts expressed during B. juncea seed develop-
ment [10] for target identification. Of these, 9796 unique transcripts
were identified as putative targets of 326 miRNAs, resulting in 13683
miRNA-target modules (Supplementary Table 8). Of these, 12984 (94%)
miRNA-target modules were predicted by psRNATarget to function
through miRNA-directed target cleavage, while the remaining 870 (6%)
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modules likely function through translational inhibition.

Further, 7552 (55%) miRNA-target pairs showed an inverse corre-
lation in their expression patterns in both varieties (Supplementary
Table 8). The differentially expressed miRNAs and their targets formed
4804 miRNA-target modules (Supplementary Table 8). Further, a com-
parison of differentially expressed target transcripts using the previous
transcriptome data of the corresponding stages [10] showed that a total
of 457 miRNA-target transcripts pairs comprising 381 unique differen-
tially expressed target transcripts and 93 unique differentially expressed
miRNAs were inversely correlated.

3.6. Functional analysis of miRNA-target modules from each group

To further identify the miRNA candidates for roles in determining
seed traits, we analyzed the potential functions of the miRNAs and their
target transcripts. Ortholog identification showed 9796 unique target
transcripts mapped to 4664 Arabidopsis genes (Supplementary Table 8).
Moreover, 9234 unique target transcripts were assigned to 34 different
MapMan pathways and 198 pathway sub-categories using the MapMan
pathway mapping tool [62]. Additionally, 1012 unique target tran-
scripts mapped to 47 different TF categories using the PTFDB [60]
(Supplementary Table 8). Next, we analyzed the subset of 4804 pairs
comprising differentially expressed miRNAs and respective targets and
performed functional enrichment for pathways, GO, and TFs. We iden-
tified candidate miRNAs and target genes in each group (Supplementary
Table 9).
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Fig. 4. Group-wise functional analysis of differentially expressed miRNAs and their target transcripts. (a) Heatmap showing differentially expressed miRNAs
and respective differentially expressed target transcripts exhibiting an inverse correlation in each group. Due to multiple targets, only transcripts with the highest fold
change are shown. (b) Results of pathway enrichment of target transcripts for each group. MapMan pathway sub-categories are shown on the left. The scale depicts
the q value and the number of genes in each enriched category. (c) Results of transcription factor (TF) enrichment of target transcripts for each group. The bars show

the number of enriched TFs in each group.
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3.6.1. Group E1: miRNAs upregulated in both early and late stages of EH2

The target analysis showed 944 putative unique targets mapped to
22 DE miRNAs, comprising 990 miRNA-target modules (Supplementary
Table 9). Of these, 752 miRNA-target transcript pairs showed an inverse
correlation. Among these, 114 miRNA-target modules showed an in-
verse differential expression pattern with 14 miRNAs upregulated in
both the early and late stages in EH2 while their corresponding 32 target
transcripts were downregulated. The pairs with the highest fold change
have been highlighted in Fig. 4a.

Pathway mapping revealed enrichment of ‘development’ and ‘regu-
lation of transcription’ categories and TFs belonging to EIL, HD-ZIP, and
SBP families (Fig. 4b & ¢, Supplementary Table 10 & 12). Further,
candidate gene analysis based on the literature survey showed that the
prominent known miRNAs of this group, miR156, miR165, and miR166,
are involved in the regulation of cell division patterns and apical spec-
ifications during the seed development [37,42]. Further, mapping of the
target transcripts with our previous transcriptome candidates [10]
proffered several important miRNA-target modules like Bju-m
iR156.6-A07_VARUNA g4239.t1, Bju-novel-miR1-A10_VARUNA_g839.
tl, Bju-novel-miR63-A02_VARUNA_g4152.t1, Bju-novel-miR174-A06_V
ARUNA g1175.t1/B05_VARUNA _g2542.t1, and Bju-novel-miR177 -BO
5_VARUNA g4738.t1 as these correspond to transcripts which are
important candidates for regulation of cell cycle and cell division, em-
bryo development, and seed coat mucilage based on our previous
transcriptome analysis [10].

3.6.2. Group E2: miRNAs upregulated only in the early stage of EH2

The target analysis showed 959 unique target transcripts for 21
miRNAs comprising 1162 miRNA-target modules (Supplementary
Table 9). Of these, 782 miRNA-target transcript pairs showed an inverse
correlation, and 145 pairs showed transcripts with inverse differential
expression patterns. A total of 20 miRNAs were upregulated exclusively
in the early stage, while corresponding 90 target transcripts were
downregulated in the same stage.

Pathway mapping revealed enrichment of development, secondary
metabolism, regulation of transcription, receptor kinases, and other
categories (Fig. 4b, Supplementary Table 10). GO categories like cell
differentiation, response to hormones like jasmonic acid, metabolic
process, and response to lipids were enriched in this dataset (Supple-
mentary Table 11). Further, TF enrichment showed that ARFs, MYBs,
SBPs, and TCPs were overrepresented in this group (Fig. 4c, Supple-
mentary Table 12).

Literature analysis revealed that miR156 and miR408 are crucial for
cell division and seed size in the early stage of the EH2 [42,45]. Some of
the crucial miRNA-target modules are Bju-miR156.1-A09_
VARUNA g2999.t1 and Bju-miR156.10-B0O1_VARUNA g561.t1, Bju--
miR156.14 -A09_VARUNA g2999.t1/B04_VARUNA g4817.t1, Bju-miR
319.2/Bju-miR319.3 -MSTRG.35655.1, Bju-miR858.2-B01_VARUN
A_g4359.t1 and Bju-novel-miR173-A06_VARUNA_g238.t1/B04_VARUN
A _g5283.t1/A05_VARUNA _g4026.t1 were predicted as key regulators
of cell cycle and cell division, embryo development, triacylglycerol
(TAG) synthesis, seed coat color, and seed size [10].

3.6.3. Group E3: miRNAs upregulated only in the late stage of EH2

A total of 144 unique target transcripts were mapped to miRNAs Bju-
miR156.12 and Bju-miR390.1 (Supplementary Table 9) and comprised
144 miRNA-target modules. Among these, 121 miRNA-target transcript
pairs showed an inverse correlation, and 16 pairs showed DE transcripts.

The TF enrichment showed enrichment of GRF TFs (Fig. 4c, Sup-
plementary Table 12), and one of the target transcripts (A07_VARU-
NA_g4239.t1) of Bju-miR156.12 was identified as an important
candidate as it is a putative regulator of cell cycle and cell division [10].

3.6.4. Group P1: miRNAs upregulated in PJK at both early and late stages
The target analysis showed 1079 unique target transcripts mapped to
these miRNAs comprising 1082 miRNA-target modules, with 590
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showing inverse correlation and 87 modules showing inverse differen-
tial expression pattern (Supplementary Table 9).

Pathway mapping revealed development, hormone metabolism,
secondary metabolism, signaling, regulation of transcription, and DNA
synthesis, etc. as enriched categories in this group (Fig. 4b, Supple-
mentary Table 10). GO categories like cell cycle, cell division, embryo/
post-embryonic development, seed development, etc. were also
enriched in this dataset (Supplementary Table 11) and TFs like AP2,
ARF, BBR-BPC, GRF, NAC, NF-YA, and SBP were overrepresented
(Fig. 4c, Supplementary Table 12).

Some of the crucial targets like AO9_VARUNA g467.t1, AO5_VARU-
NA_g2899.t1, AO5_VARUNA g1616.t1, and A10_VARUNA g3003.t1,
were mapped to embryo development, seed coat mucilage, cell cycle and
cell division related genes [10]. Moreover, several miRNAs of this group,
like miR156, miR164, miR167, miR169, miR172, and miR396 are
important for regulating seed size and oil content during seed devel-
opment [29,38,42,59,75,79,80].

3.6.5. Group P2: miRNAs upregulated in PJK at early stage only

There were 849 unique target transcripts for 26 miRNAs with a total
of 1001 miRNA-target modules in this group, and 74 miRNA-target
modules showed an inverse differential expression (Supplementary
Table 9). Pathway mapping revealed cell division, development, lipid
metabolism, synthesis, signaling, regulation of transcription, synthesis,
processing, and transport (Fig. 4b, Supplementary Table 10), while GO
enrichment delineated cytokinin hormone, post-embryonic develop-
ment, and phase transition, as important categories (Supplementary
Table 11). AP2, ARF, BBR-BPC, GRF, NAC, NF-YA, and SBP were over-
represented TFs in this group (Fig. 4c, Supplementary Table 12).

Some of the important targets, such as A0O5_VARUNA g1616.t1,
A06_VARUNA g3049.t1, MSTRG.38655.2 BO5_VARUNA g6233.t1 and
B04_VARUNA _g2725.t1 were putatively involved in regulating embryo
development, cell cycle, and cell division, seed size and glucosinolate
content [10].

3.6.6. Group P3: miRNAs upregulated in PJK at late stage only

The target analysis showed 404 unique target transcripts for 13
miRNAs, 425 miRNA-target modules with 22 pairs differentially
expressed and inversely correlated (Supplementary Table 9). Pathway
mapping revealed development, secondary metabolism, protein syn-
thesis, sulphate transport, etc. as important categories (Fig. 4b, Sup-
plementary Table 10). Moreover, GRAS, SBP, and VOZ TF families were
overrepresented in this group (Fig. 4c, Supplementary Table 12). Some
crucial modules like Bju-miR395.4-MSTRG.11621.2/A05_VARUNA
_82653.t1 were identified as regulators of the seed development [10].

We further shortlisted 36 differentially expressed miRNAs that were
candidates for seed development roles and used all their target tran-
scripts (2048) to identify the miRNA-target networks involved in regu-
lating seed traits. Among these miRNA-target pairs, 40 unique targets
were regulated by more than one miRNA family (Fig. S4). Several hub
genes were identified in the network. For example, many transcripts of
genes PHABULOSA (PHB), PHAVOLUTA (PHV), and REVOLUTA (REV)
were common to miR165 and miR166. Another hub gene, Nuclear Factor
YA9 (NF-YA9, B01_VARUNA g2960.t1), an important candidate for seed
size, was targeted by both miR164 and miR169. The networks thus
identified shall be helpful to investigate further the complexities in
miRNA-mediated regulation of seed development in Brassica.

3.7. Discovery of candidates for regulation of seed traits

3.7.1. Seed size

Seed size is under complex regulatory control exerted through
transcription factors, hormones, HAIKU (IKU) pathway, ubiquitin-
proteasome pathway, various signaling pathways, and noncoding
RNAs [10,14]. These players act in concert to regulate cell proliferation
and cell enlargement in the seed coat, endosperm, and embryo [28]
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(Fig. 5). We detected 15 known miRNAs in our data with characterized
roles in the regulation of seed size/weight (Supplementary Table 13). Of
these, 7 exhibited differential expression among both varieties. Further,
a candidate gene search from the literature showed that 29 unique
targets mapped to 13 seed-size candidate genes (Fig. 5, Supplementary
Table 13). These were targeted by 22 miRNAs, of which seven were
differentially expressed. Some of these; for example, Bju-miR172.2 and
Bju-novel-miR189 that showed upregulation in PJK and targeted nega-
tive regulators, Apetala 2 (AP2) and Arabidopsis Histidine Kinase 2
(AHK?2), are excellent candidates.

3.7.2. Seed coat color

Seed coat color is regulated by complex gene regulatory networks of
flavonoid metabolic pathways that determine the content of flavanols,
anthocyanins, and pro-anthocyanidins [55]. These networks are well
characterized in Arabidopsis and this information helps pick candidates
for seed coat color in Brassicas as well [7]. The early biosynthetic genes
like Chalcone Synthase (CHS), Chalcone Isomerase (CHI), Flavanone 3-Hy-
droxylase (F3H), and Flavanone 3-Hydroxylase (F3'H) are involved in the
production of precursors that are finally converted into proanthocya-
nidins through a series of steps (Fig. 6) [7]. Based on target mapping to
genes that function in the flavonoid biosynthetic pathway, we found 19
unique target transcripts in our data corresponding to 12 flavonoid
biosynthetic genes (Supplementary Table 14). These were targeted by
15 unique miRNAs, comprising 25 miRNA-target modules. Of these,
seven were differentially expressed (Fig. 6, Supplementary Table 14).
Notably, miR156, which putatively targeted flavonoid pathway gene
TRANSPARENT TESTA 1 (TT1), was upregulated in EH2, while miR395,
which targeted gene FLAVONOL SYNTHASE 1 (FLS1), was upregulated
in PJK [7].

3.7.3. Oil content

We detected various miRNAs involved in oil biosynthesis (Supple-
mentary Table 15). For instance, miR156 has been shown to exhibit peak
expression during the middle phase of seed development in B. napus. It
has been predicted as a critical candidate for regulating fatty acid
biosynthesis [64]. The expression pattern of miR159 strongly correlates
with oil content in various varieties of B. napus. It has been associated
with fatty acid biosynthesis in B. napus [64]. Zhao et al., [78] also
deduced miR156 and miR167 as possible regulators of oil biosynthesis
in B. napus.

Next, we carried out triacylglycerol (TAG) biosynthesis pathway
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reconstruction using available literature. TAG biosynthesis primarily
occurs through the highly conserved Kennedy pathway, which converts
glycerol-3-phosphate into triacylglycerols [15]. We collated the
knowledge of metabolites and enzymes involved in fatty acid synthesis
in the plastids and accumulation of TAG in the endoplasmic reticulum
(Fig. 7) as reported previously [41,64]. We observed that 18 of the
transcripts expressed in B. juncea seeds are putatively targeted by seven
miRNAs detected in our data (Fig. 7, Supplementary Table 15). We
determined that 18 miRNA-target modules are candidates for regulating
TAG biosynthesis in B. juncea. Of these, two miRNAs, Bju-miR169.9 and
Bju-miR858.2, were differentially expressed. miR169, which targeted
gene beta-ketoacyl-ACP- synthase II (KASII), was upregulated in PJK,
while miR858, which targeted phospholipase D (PLD), was upregulated
in EH2. KAS II carries out elongation of 16:0 acyl carrier protein (ACP) to
18:0 ACP, and mutation in the KASII gene modulates the oil composition
of Arabidopsis seeds [48]. Phospholipase D (PLD) carries out hydrolysis of
phosphatidylcholine (PC) into phosphatidic acid (PA), which is next
converted into diacylglycerol (DAG), and is therefore an important
determinant of TAG flux [69].

3.8. Co-localization of seed weight and oil content miRNA candidates
with QTLs

We used previously available information on seed weight (Tsw) and
oil content (Oil) QTL from a bi-parental population EPJ derived from
EH2 and PJK varieties [12,50] and identified differentially expressed
miRNAs or their targets co-localizing with the genomic intervals
harboring these QTLs (Fig. 8).

For seed weight, we identified 29 unique miRNAs colocalized with
11 QTLs. Among these miRNAs, 16 were differentially expressed. MiR-
NAs like Bju-miR156.12, Bju-miR156.13, Bju-miR319.3, Bju-miR390.1,
Bju-novel-miR154, and Bju-novel-miR174 were upregulated in EH2,
while Bju-miR156.16, Bju-miR156.18, Bju-miR157.2, Bju-miR395.2,
Bju-miR395.3, Bju-miR395.4, Bju-miR399.4, Bju-novel-miR87, and Bju-
novel-miR163 were upregulated in PJK (Supplementary Table 16).
Further, QTL information showed that in the study by Dhaka et al., [13],
all positive alleles for seed weight were contributed by the parent PJK.
Therefore, the identification of miRNAs that act as positive alleles for
seed weight regulation showed that miRNAs Bju-miR167.3 and
Bju-miR319.3, which fall within EPJ-Tsw-B1-1 and EPJ-Tsw-A3-1,
respectively, are good candidates. Bju-miR167.3 is upregulated, while
Bju-miR319.3 is downregulated in PJK. MiR167 positively regulates the
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Fig. 5. MiRNA candidates for seed size determination in B. juncea. Genes are orthologous to target transcripts with experimentally proven roles in regulating cell
proliferation or cell expansion in the seed coat, endosperm, or embryo. Positive regulators are shown in teal, and negative regulators are shown in red. MiRNAs
respectively targeting such characterized genes are also shown (blue- not differentially expressed, green — upregulated in EH2, purple — upregulated in PJK, *
represents inversely correlated targets). Heatmaps showing expression levels of the transcripts orthologous to target genes represented as log, (TPM+1) are

also shown.
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Fig. 6. MiRNA candidates involved in seed coat color determination in B. juncea. The flavonoid biosynthetic pathway information was retrieved from the
literature [7,17,41,47,55,77]. The genes orthologous to predicted targets are shown in bold, and respective miRNAs (blue- not differentially expressed, green —
upregulated in EH2, purple — upregulated in PJK, * represents inversely correlated targets) detected in B. juncea are also shown. Heatmaps showing expression levels
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seed size [38], while miR319 negatively regulates the cell proliferation
[52]. Another interesting observation was mapping the same miRNAs to
different seed-weight QTL regions; for example, Bju-miR390.1 was
present within the QTL regions on both A03 and BO3 chromosomes.

We identified 15 unique miRNAs for oil content, including nine
differentially expressed miRNAs colocalizing with seven QTLs. Bju-
miR169.9 was a likely causal gene candidate as it targets TAG biosyn-
thesis gene KAS II. It was upregulated in PJK, and the positive alleles for
QTLs Oil-B7-2-EPJ and Oil-B7-2-EPJ are also contributed by PJK. Two
different members of miR319 coincided with oil QTLs on chromosomes
A01 and A03, while miR169 family members co-located with oil QTLs
on BO1 and BO7 (Supplementary Table 16).

3.9. Validation of differentially expressed miRNAs and their targets by
qPCR

To validate the findings of our small RNA sequencing experiment, we
randomly selected six candidate miRNAs and their respective predicted
target transcripts (miR172-A03_VARUNA g6127.t1, miR319-A01_VA
RUNA_g993.t1, miR390-A01_VARUNA _3145.t1, miR394-A08 VARUN
A_g3145.t1, miR408-B0O8_VARUNA g3369.t1, and miR858-B07_VAR
UNA_g5342.t1) for qRT-PCR analysis. All these six miRNAs exhibited
similar patterns as observed in the small RNA sequencing experiment. Of
these, miR172 and miR394 exhibited upregulation in PJK, while
miR319, miR390, miR408, and miR858 showed upregulation in EH2.
Further, target transcripts of three of these, miR172, miR394, and
miR408, showed inverse expression patterns, confirming the robustness
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of our sequencing data.
4. Discussion
4.1. Conserved characteristics of B. juncea seed miRNAome

Seed miRNAomes in oilseed Brassicas have been previously reported
in B. napus [19,24,49,58,64,66,67,78]. In the case of B. juncea, we
recently examined the seed transcriptome dynamics. We identified early
(15D) and late (45D) development stages of the seed as transcriptionally
distinct [10]. We also determined that the contrast in the expression of
cell division-related genes may be a significant regulator of seed size in
the varieties PJK and EH2. In this study, we have integrated our previous
findings with the miRNA profiles generated using the early and late
stages of seeds from EH2 and PJK to identify key miRNAs regulating
seed size and other seed traits in B. juncea. The B. juncea seed miRNAome
thus identified comprised 326 miRNAs, including 127 known and 199
novel miRNAs, respectively (Fig. 1a, Supplementary Table 3). Most of
the mature miRNAs (68%) in our findings belonged to the 21-nt class,
confirming the typical length distribution of miRNAs in most plant
species (Fig. 1d & e) [2]. Additionally, the prevalence of uracil at 5’
positions of miRNAs (57%) was consistent with the involvement of DCL1
in plant miRNA biogenesis [16]. The structural features of miRNA pre-
cursors with MFE ranging from — 36 to — 184 Kcal/mol further
confirmed the robustness of our miRNAome identification (Supple-
mentary Table 4). The genomic localization confirmed that most of the
miRNAs (76%) were intergenic, a finding consistent with previous
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Fig. 7. MiRNA candidates involved in oil content determination in B. juncea. The oil biosynthetic pathway was reconstructed using information from the
literature [41,51,64,65,76]. Formation of the fatty acid from the carbon source occurs in the plastid. TAG (Triacylglycerol) assembly/synthesis from the
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reports (Fig. S3a) [43]. Brassica species. Some of the other highest expressed known miRNAs in
our data, like miR160, miR165, miR166, miR167, and miR319, have
proven roles in regulating the embryogenesis [31,37,52,70]. Interest-
ingly, we found only two known miRNAs, miR400 and miR5654, among
the top expressed miRNAs, which have no proven roles in seed devel-
opment yet. These are new candidates to investigate their roles in seed
development. MiR400 is expressed highly in both stages in both vari-
eties. It has 45 putative targets, mostly Pentatricopeptide repeat (PPR)
superfamily proteins, known to participate in the abiotic stress response
[34]. MiR5654 had two members and 40 putative targets, most of which
were Tetratricopeptide repeat (TPR)-like superfamily proteins. Both
miR400 and miR5654 were also reported to express during silique
development in B. napus [6].

Interestingly, most of these miRNAs exhibited similar expression
levels in all four categories (E15, E45, P15, P45), except miR156.8 and
miR319.2, which showed low expression in P15 compared to the other
stages. While most of the top expressed miRNAs showed comparable
expression levels in both EH2 and PJK (Fig. 2b), Bju-miR156.8, the
miRNA with the highest average expression in our data, showed high
differential expression among EH2 and PJK. It showed > 8-fold upre-
gulation in EH2 at 15D compared to PJK. Similarly, Bju-miR319.2 also
showed > 5-fold upregulation in EH2. Thus, Bju-miR156.8 and Bju-
miR319.2 are important candidates for investigating inter-varietal dif-
ferences in B. juncea seed development.

4.2. Highly expressed miRNAs are crucial for seed development

We observed the miR156 family has the highest number of family
members in our data, and target analysis using our transcriptome data
confirmed a total of 397 miR156-SPL modules (Supplementary Table 3,
8). MiR156 was also the highest expressed miRNA in our data (Sup-
plementary Table 5). Interestingly, miR156 was also reported to be the
most prominent family with 115 members in the seed miRNAome of
B. napus [19]. They also confirmed miR156 as the topmost expressed
miRNA, contributing to more than 48% of the total miRNA reads. Other
Brassica seed miRNAome studies also reported miR156 as one of the
most critical candidates for regulating the seed development [24,58,64,
66,67]. Abundant expression of miR156 throughout the developing
embryos has been previously shown in Arabidopsis. MiR156-SPL module
regulates seed maturation [19]. Hence, miR156 is likely a central player
in B. juncea seed development.

Similarly, miR158 was among the most abundant miRNA families in
B. napus seed [19]. MiR159 was preferentially expressed in B. napus
embryos and is predicted to be involved in ABA-mediated seed matu-
ration [19]. There is also a high expression of miR160, miR166, and
miR167, etc. in the B. napus seed development [19]. These observations
imply that the seed miRNAomes appear relatively conserved across
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Fig. 9. Expression validation of differentially expressed miRNAs and their corresponding target genes by qRT-PCR. The top panel shows the qRT-PCR results
for six miRNAs with green bars for EH2 and purple bars for PJK. The blue line depicts the fold changes obtained from the RNA-sequencing data. The bottom panel

shows the qRT-PCR results for the corresponding target genes.

4.3. Comparative functional analysis of miRNA dynamics reveals
candidates for improving seed traits

The comparison of variety-wise miRNA expression showed that 211
miRNAs were expressed in a variety-specific manner, with 95 and 116
miRNAs expressing specifically in one of the varieties only. Of these, 36
miRNAs were expressed in both stages in EH2 but not in PJK, while 20
miRNAs were expressed in both stages of PJK but not in EH2. These
miRNAs are good candidates for investigating variety-specific differ-
ences in seed traits. Further analysis of this set of miRNAs showed that
12 and 32 were the EH2- and PJK-specific known miRNAs (Supple-
mentary Table 6).

Among the 103 differentially expressed miRNAs, 43 and 24 were
upregulated in EH2 at the early and late stages, respectively, while 45
and 32 were upregulated in PJK at the early and late stages (Supple-
mentary Table 7). A more significant number of miRNAs were differ-
entially expressed at the early stage compared to the late stage. Further,
dividing miRNAs into different groups based on their stage-wise and
variety-wise differential expression patterns enabled in-depth analyses
of our data. We observed that different miRNA family members of
miR156, miR158, and miR166 were upregulated in both varieties,
suggesting that these miRNAs may perform the same function despite
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allelic differences. On the other hand, several miRNAs showed variety-
specific upregulation and were, therefore, suggestive of their roles in
regulating seed traits in a variety-specific manner. Integrating these
leads with the transcriptome analysis using target identification, inverse
expression correlation, and candidate gene information further
expanded our search for valuable candidates from both EH2 and PJK.

4.3.1. Beneficial miRNA candidates from small and yellow-seeded EH2

Expression analysis identified miR9556 as an EH2-specific family. Its
function is unknown, but a previous study in B. napus has suggested its
involvement in the phenylpropanoid metabolism pathway [40], indi-
cating that it may be important for regulating seed coat color. Further,
groupwise demarcation of differentially expressed miRNA families
highlighted miR161, miR165, miR319, miR390, miR403, miR408,
miR827, miR858, and miR6030 as specifically upregulated in EH2.
Some of these miRNAs have previously characterized roles in regulating
seed traits. For instance, miR319 is known to repress TCP4, a repressor
of cell proliferation [52]. In wheat, the miR319 GAMYB module regu-
lates cell proliferation, grain weight, and yield [21]. Hence, its upre-
gulation in EH2 implies low cell proliferation during seed development
in the small-seeded variety. In chickpea, miR319 levels were higher in
the small-seeded variety [23].
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Further, several members of the miR319 family exhibited colocali-
zation with a seed weight QTL on the AO3 chromosome and oil QTLs on
the AO1 and A03 chromosomes (Fig. 8, Supplementary Table 16).
miR827 is upregulated in the short silique line of B. napus [6], and due to
its role in phosphate starvation response, the authors suggested that it
may be upregulated to enable enhanced phosphate uptake in small si-
liques. Thus, it may serve the same function in B. juncea as well.

In the late stage, miR390 was upregulated exclusively in EH2.
MiR390 has been proposed to regulate early embryo development
through auxin-mediated signaling in B. napus [78]. Besides, the
Bju-miR390.1-A02_VARUNA g716.t1 module in group E1 exhibited an
inverse differential expression pattern. This target transcript is TRANS-
PARENT TESTA 19 (TT19) ortholog, a positive regulator of flavonoid
accumulation in seed coat [30]. BjuTT19 which encodes for glutathione
transferase is experimentally shown to be highly downregulated in
yellow-seed variety and highly expressed in brown seeded variety of
B. juncea [55]. Therefore, upregulation of miRNA targeting it in EH2
suggests involvement in regulating seed coat color. MiR390 also
exhibited colocalization with two seed-weight QTLs on different chro-
mosomes (Fig. 8, Supplementary Table 16).

Another critical candidate from EH2 was miR858, a negative regu-
lator of the flavonoid synthesis pathway, as shown in Arabidopsis [54].
Its overexpression leads to repression of MYB TFs involved in promoting
flavonoid biosynthesis. Moreover, Bju858.2 also targets an oil biosyn-
thetic gene PLD (BO4_VARUNA g4318.t1, MSTRG.36636.2, and
MSTRG.36636.3) and hence may be a target for modulating seed coat
color as well as oil content.

We also noted that not all characterized miRNAs followed the ex-
pected patterns. For example, miR403 has been shown to target Argo-
naute 2 (AGO2). It shows higher expression in the high seed weight
variety and is positively correlated with seed yield in B. napus [74],
while we observed its high expression in the low seed weight variety.
Similarly, miR408 positively impacts the seed size [45], while we
observed an opposite trend (Supplementary Table 9). These patterns
may reflect species-specific variations. However, miR408 was also
detected as putatively targeting (BO8_VARUNA _g3369.t1), an ortholog
of Phenylalanine ammonia-lyase (PAL) (Supplementary Table 14). PAL is
crucial in flavonoid metabolism pathway and it is downregulated in
yellow seeded line and upregulated in black seeded line in B. napus [39].

4.3.2. Beneficial miRNA candidates from bold and brown-seeded PJK

MiRNA expression showed that miR397, miR828, miR860, and
miR2111 were PJK-specific families and nine families, miR157, mir164,
miR167, miR169, miR172, miR393, miR394, miR395 and miR399
showed upregulation exclusively in PJK. Deeper insights into the func-
tions of these families revealed that miR828 is involved in anthocyanin
accumulation. In grape, miR828 has been experimentally shown to
repress the MYBs that act as anthocyanin accumulation repressors [61].
Therefore, our finding that miR828 is specific to the brown seed coat
color variety PJK and is absent in the yellow seeded variety EH2 is
highly promising. MiR2111 had six members, but none expressed in
EH2. A higher prevalence of miR2111 was observed in the high
oil-content variety of B. napus in two separate studies [64,66], indicating
that it might be an important candidate for regulating oil content.

Several of the PJK-upregulated miRNAs were positive regulators of
seed size. Overexpression of miR167 in Camelina enhances its seed size
and oil content, [38], and is therefore a good candidate for seed size
enhancement. Similarly, miR169 overexpression enhances seed size and
weight in maize [73]. In the case of miR172, overexpression reduced
seed weight in rice but increased seed size in jatropha seed [59,80].
MiR393 is also likely a positive regulator of seed size as overexpression
of its target gene reduces seed size in cucumber [68]. Still, the opposite
pattern is observed in rice [4]. MiR394 regulates seed size positively as
its overexpression enhances seed size [56].

Besides these candidates, Bju-miR172.2 and Bju-novel-miR189 were
also crucial as they were upregulated in PJK, and they putatively
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targeted negative regulators of seed size, AP2, and AHK2, respectively.
AP2 gene represses cell enlargement in seed coat and cell proliferation in
the endosperm [44]. AHK2 codes for cytokinin receptors, and their
mutation leads to an enhanced seed size [3]. MiR169 also targeted
BO5_VARUNA_g1925.t1, an ortholog of KAS II, a catalytic enzyme in the
fatty acid pathway.

5. Conclusions and future perspectives

We utilized genetically diverse and contrasting varieties EH2 and
PJK to characterize the seed miRNAome from two distinct stages of seed
development in B. juncea. Using a detailed investigation of the miRNA
expression patterns, target analyses, and previously generated tran-
scriptome and QTL data, we identified robust candidates for improving
economically important seed traits in B. juncea. Identification of variety-
specific miRNAs is highly beneficial as ubiquitous miRNAs expressed at
high levels likely regulate multiple functions in a conserved manner and
cannot be targets of engineering the seed traits. On the other hand,
variety-specific targets likely contribute to unique traits, and their
modulation is less likely to negatively impact overall growth and yield.
Hence, we propose miR167, miR169, and miR319 as the best candidates
for improvement of seed size and oil content, miR172 and miR394 for
improvement of seed size, miR390, miR408, miR828, and miR858 for
the improvement of seed coat color. Besides these conserved miRNAs,
we detected several other known and novel miRNAs regulating these
traits. These miRNAs and target genes are suitable for marker develop-
ment and future experimental validations toward enhancing the seed
size, oil yield, and quality in B. juncea.

Supplementary figure legends

Fig. S1: Size distribution of small RNAs.

Fig. S2: Genomic localization of miRNA precursors. Blue boxes
show different family members of the same miRNA family on the same
chromosome.

Fig. S3: Characteristics of miRNA precursors. (a) Distribution of
miRNAs shown in different genomic locations. (b) Distribution of min-
imum free energy per nucleotide length (MFE/nt) of miRNA precursors.

Fig. S4: Network analysis of differentially expressed miRNAs
involved in seed development and their target transcripts. Di-
amonds represent miRNAs, circles represent target transcripts, and
rectangles represent common target transcripts shared by multiple
miRNA families.
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