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ARTICLE INFO ABSTRACT

Keywords: Long non-coding RNAs are in general described as transcripts > 200 nt and lacking potential to code for pro-
IncRNAs teins. In the present study, 7613 putative IncRNAs were identified in Brassica juncea genome using in silico
BT‘{-?SiCﬂfuncea approaches. Of these, 1614 IncRNAs were found to be differentially expressed in response to heat and drought
i?;‘;\tli:tresses stress conditions. Further, we characterized these IncRNAs and performed functional annotation based on co-

expression analysis strategy and pathways enrichment analysis. On these bases, the identified abiotic stress-
responsive IncRNAs were found to be associated with important pathways including both enzymatic and non-
enzymatic antioxidants such as glutathione metabolism, phenylpropanoid biosynthesis, cysteine metabolism,
etc. Moreover, IncRNAs were also found to co-express with transcription factors associated with abiotic stress
response. Finally, those IncRNAs were identified that could act as putative targets and endogenous target mimics
of miRNAs involved in response to heat and drought. Further investigation could be carried out for select IncRNA
candidates like those for which quantitative polymerase chain reaction analysis was performed in this study or
for those which were estimated as promising modulators of stress response based on miRNA-IncRNA interaction
studies. Overall, our study highlights the potential role of IncRNAs in B. juncea in response to both heat and
drought stress and can help elucidate the mechanism of tolerance to these abiotic stress conditions in the oil seed
crop.

Target mimicry
Gene regulation

1. Introduction

Brassica juncea (Indian mustard) is an allopolyploid (AABB,
2n = 36) member Brassicaceae and is an outcome of natural hy-
bridization between Brassica rapa (AA, 2n = 20) and Brassica nigra (BB,
2n = 16) followed by spontaneous chromosome doubling (Yang et al.,
2016). An economically and nutritionally important annual to biennial
oilseed crop, B. juncea is primarily cultivated in nations such as India,
China, and Canada. However, like majority of crops being grown
worldwide, its survival, growth, and productivity are affected by biotic
and abiotic stress conditions. Particularly, heat/high temperature and
drought stresses are emerging as the most potent constraints to crop
production owing to shrinking precipitation and drastically changing
rainfall patterns (Fahad et al., 2017). Heat stress disturbs plant’s cel-
lular homeostasis and affects protein denaturation/synthesis, mem-
brane integrity, etc. often leading to cell injury and even death (Bita
and Gerats, 2013; Liu et al., 2014). Drought leads to both oxidative

stress-induced cell damage due to overproduction of reactive oxygen
species (ROS) and reduced photosynthesis (Hussain et al., 2019). The
plant response mechanisms for these stress conditions include dynamic
transcriptional reprogramming of genes involved in protection, detox-
ification, transport, secondary metabolism, etc. (Pandey et al., 2015). In
B. juncea, till date, different studies have been conducted to understand
how enzymatic (such as superoxide dismutase - SOD, glutathione re-
ductase - GR, ascorbate peroxidise - APX, etc.) and non-enzymatic an-
tioxidant systems (such as flavonoids, anthocyanins, ascorbic acid,
etc.), transcription factors, and miRNAs modulate the plant response to
heat and drought (Bhardwaj et al., 2015, 2014; Sahay et al., 2019;
Verma et al., 2019); however, to our knowledge, the role of long non-
coding RNAs (IncRNAs) had not yet been explored.

IncRNAs are transcripts with length more than 200 nt but without
known coding potential. These transcripts along with other regulatory
RNAs help in coordinating biological processes across prokaryotes and
eukaryotes. In plants, IncRNAs have been identified in specific tissues,
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at distinct developmental stages, or in response to particular stress
conditions (Bhatia et al., 2017; Nejat and Mantri, 2018; Sun et al.,
2018).0f the identified IncRNAs expressing under abiotic stress condi-
tions in plants, INDUCED BY PHOSPHATE STARVATION 1 (IPS1) is a
classic example of a functionally characterized cytoplasmic IncRNA that
acts via target mimicry to sequester miR-399, which originally targets
PHOSPHATE2(PHO2) mRNA (Franco-Zorrilla et al., 2007). Another
interesting example is DROUGHT INDUCED IncRNA (DRIR), which en-
hances drought and salt stress tolerance in Arabidopsis thaliana by
regulating the expression of genes involved in abscisic acid (ABA) sig-
naling, water transport, and stress relief processes (Qin et al., 2017).
However, via in situ hybridization, it has been demonstrated to be nu-
cleus-localized, which suggests the possibility of underlying mechan-
isms other than target mimicry. Besides, drought-responsive IncRNAs
have been identified in plants such as Setaria italica (foxtail millet), Zea
mays (maize), Populus trichocarpa (California poplar), Hordeum vulgare
L. ssp. Spontaneum (Tibetan wild barley) and Manihot esculenta Crantz
(cassava) (Qi et al., 2013; Qiu et al., 2019; Shuai et al., 2014; Xiao et al.,
2019; Zhang et al., 2014), while heat stress-responsive IncRNAs have
been reported in plants like B. rapa ssp. chinensis (non-heading Chinese
cabbage), Raphanus sativus (radish), and Cucumis sativus (cucumber)
(He et al., 2019; Song et al., 2016; Wang et al., 2019; Yang et al., 2019).
Interestingly, these independent drought and heat stress-responsive
IncRNA identification studies were based on RNA-seq data.

With this background, we harnessed the RNA-seq data available for
B. juncea under heat and drought stress and identified 1614 IncRNAs
responsive to these abiotic stress conditions. It is important to analyze
huge volumes of data being submitted in the public domain to add
meaning and new dimensions to our pre-existing knowledge. This study
was an attempt in this direction and we observed the potential of
IncRNAs in regulation of B. juncea response to drought and heat via
interaction with transcription factors (TFs) and miRNAs. Together,
these transcripts and their putative interactions can further be explored
to enhance the abiotic-stress tolerance levels in this oilseed crop.

2. Materials and methods
2.1. RNA-seq data collection

To obtain the transcriptomic data corresponding to heat and
drought stress, National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) database was screened thoroughly
(https://www.ncbi.nlm.nih.gov/sra). Details of the selected SRA data
for this study in B. juncea are summarized in the Supplementary
Table 1. The downloaded transcriptomic data were filtered to remove
low quality reads and adaptor sequences using NGS-QC toolkit (Patel
and Jain, 2012). The cut-off value for PHRED quality score was 20
(default).

2.2. Computational prediction of B. juncea IncRNAs using the collected
transcriptomic data

The computational pipeline used to identify IncRNAs is as shown in
Fig. 1. Prior to assembly, reads were aligned to an indexed genomic file
using STAR aligner (v2.4.0.1) (Dobin et al., 2013). Next, genome-
guided transcriptome assembly was carried out using Cufflinks (v2.2.1)
(Trapnell et al., 2010). The reference genome for B. juncea was down-
loaded from BRAD database (Cheng et al., 2011). The independent
assemblies were merged using Cuffmerge. The finally assembled tran-
scripts were filtered on the basis of their length and sequences < 200 nt
long were discarded. Next, Coding Potential Calculator (CPC) (Kong
et al., 2007) was used to eliminate the transcripts with coding poten-
tial > 0. For the resulting potentially non-coding transcripts, BLASTX
analysis (Altschul et al., 1997) was conducted against NCBI non-re-
dundant (NR) protein database with an e-value of le-5 to eliminate
sequences with significant homology to the known protein sequences.
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For the verification of our approach, a standalone BLASTN analysis was
performed to compare our results with the previously reported B. rapa
IncRNAs in CANTATAdD (Szczesniak et al., 2016).

2.3. In silico characterization and classification

The chromosome sequences of B. juncea were downloaded from
BRAD and standalone BLASTN analysis was performed to investigate
the chromosomal distribution of IncRNAs with the following para-
meters: percent identity > 90 and e-value < 1le-5. Similar analysis was
performed for the coding sequences (CDS) or mature mRNAs of the
plant to draw comparisons between the two transcript classes. In order
to classify the IncRNAs based on different genomic positions with re-
spect to protein-coding transcripts, Cuffcompare was used and classi-
fication was done according to the “class codes”.

2.4. Differential expression analysis

The collected SRA data (as mentioned above) corresponding to
control, heat and drought stress conditions were used to determine the
expression levels of both the identified IncRNAs and mRNAs.
Differential expression analysis was performed for the transcripts using
Cuffdiff and the expression values were quantified as FPKM (Fragments
per kilobase of transcript per million mapped reads). Two-fold change
values were calculated as: log2 (FPKM stress/FPKM control).
Transcripts with FPKM < 1 were not considered. Heat maps were de-
veloped to study the trends of expression for both IncRNAs and mRNAs
using Hierarchical Clustering Explorer v3.5 (http://www.cs.umd.edu/
hcil/hce/).

2.5. Functional annotation of the identified IncRNAs

Functional annotation of the identified IncRNAs was carried out
based on co-expression analysis with respect to mRNAs. The co-ex-
pressing IncRNA and mRNA pairs were identified using CoExpress v1.5
tool (Nazarov et al., 2013) based on FPKM values and Pearson-corre-
lation coefficient = 0.9. Next, gene ontology (GO) enrichment analysis
was conducted for the mRNAs co-expressing with IncRNAs using Blas-
t2GOsoftware (Conesa and Gotz, 2008). Additionally, pathway en-
richment analysis was conducted using Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathways database (Kanehisa et al., 2017).

2.6. Association of the identified IncRNAs with transcription factors (TFs)

In order to investigate the association of TFs with the identified
abiotic stress-responsive IncRNAs, CDS of the known TFs for B. rapa
available in the Plant TF database v4.0 (PlantTFDB) (Jin et al., 2017)
were downloaded, and co-expression analysis (as described above) was
conducted to identify the co-expressing TF-IncRNA pairs with similar
parameters.

2.7. Interaction of IncRNAs with miRNAs

We explored the interaction between miRNAs and the identified
abiotic stress-responsive IncRNAs in B. juncea using the following: B.
rapa-specific 157 mature miRNAs available at miRNA database
(miRBase) (Kozomara et al., 2019) and 51 conserved and 37 true novel
B. juncea miRNAs reported by Bhardwaj et al., 2014. Target sites for
these miRNAs in IncRNAs were predicted using plant small RNA target
analysis server (psRNATarget) (Dai et al., 2018) with default para-
meters. Further, endogenous target mimics (eTMs) were predicted
using TAPIR (http://bioinformatics.psb.ugent.be/webtools/tapir/)
(Bonnet et al., 2010) with mfe_ratio > = 0.7 for B. rapa-specific and
conserved B. juncea miRNAs and mfe ratio > = 0.6 for true novel B.
juncea miRNAs.

LncRNA secondary structure was determined using Vienna RNAfold
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Raw sequence reads (~45 Gb)

SRX814013 (Control)

SRX814015 (High
temperature)

SRX814017 (Drought)

Filtering and assembly

Assembled raw reads using Cufflinks toolkit (160696 contigs obtained)

Length filter

Transcripts <200 bp were eliminated (159538 transcripts obtained)

Coding potential filter

Transcripts with >0 coding potential score were removed (72108 non-coding transcripts
obtained)

Homology filter

Eliminated transcripts post BLASTX analysis agamst NCBI nr database (No hits found for
7613 transcripts)

Fig. 1. Computational pipeline followed for genome assembly and IncRNA identification. With each step, the transcripts were narrowed down to putative IncRNAs in

Brassica juncea.

web server (http://rna.tbi.univie.ac.at/) (Hofacker, 2003) based on
minimum free energy.

Finally, interaction network analysis of the miRNAs and IncRNAs
was conducted using Gephi (https://gephi.org/) (Bastian et al., 2009).

2.8. qRT-PCR based expression analysis of IncRNAs

2.8.1. Plant materials and RNA extraction

The expression of selected abiotic-stress responsive IncRNAs was
studied in B. juncea plants, which were grown under following condi-
tions: soil:soil rite = 2:1, temperature 20-24°C, and 16/8h (light/
dark) in the plant growth chamber at the Department of Biotechnology,
Panjab University, Chandigarh. These plants (20 days old) were ex-
posed to stress conditions in triplicates as follows: for drought stress,
20% (w/v) PEG 8000 solution for 4 and 8 h; for heat stress, exposure to
40 °C for 4 and 8 h. The leaves of the plants under respective stress and
control conditions were harvested in liquid nitrogen. Total RNA was
isolated using the protocol by Ghawana et al. (2011). Further, the
quantity and integrity of RNA samples were analyzed by measuring
260/280 nm ratios using Nanodrop spectrophotometer and by 1.2%
agarose gel electrophoresis, respectively.

2.8.2. qRT-PCR analysis

c¢DNA was prepared using Superscript III first strand cDNA synthesis
kit (Invitrogen USA) and 4 and 8 h samples were pooled for each of the
two stress conditions independently. The primers for qRT-PCR were
designed using Primer3 Input software (Supplementary Table 2). PCR
amplifications were conducted using Bio-Rad CFX96™ Real-Time PCR
system. Tonoplastic Intrinsic Proteins-41 (TIPS-41) was used as internal

control gene for normalization of gene expression. The experimental
conditions were as follows: 95 °C for 7 min, 40 cycles of 95 °C for 20s,
Tm for 20s and 72 °C for 20's. 27**“T method was used to estimate the
relative gene expression (Livak and Schmittgen, 2001). All the experi-
ments were conducted in triplicates.

3. Results
3.1. Genome-wide identification of B. juncea IncRNAs

After careful scrutiny of NCBI SRA database, around 45 Gb of raw
RNA-seq data for control, heat, and drought stress conditions in B.
juncea were downloaded. Post the quality check and filtering using
NGS-QC toolkit, low-quality reads were eliminated. The high-quality
filtered raw reads were mapped to B. juncea genome and assembled
using Cufflinks. Next, independent assemblies were merged using
Cuffmerge and 160696 contigs were obtained. Out of these, transcripts
longer than 200 nucleotides, that is, 159538 were chosen. Coding po-
tential of these sequences was calculated, and transcripts with
score > 1 were eliminated. For the resulting 72108 potentially non-
coding transcripts, BLASTX analysis against NCBI non-redundant da-
tabase was conducted, and 7613 transcripts were obtained for which no
hits were found. These were designated as putative IncRNAs in B.
juncea. For verifying the results of our pipeline, a standalone BLASTN
analysis was performed for the identified IncRNAs with respect to the
previously reported IncRNAs in B. rapa available in the CANTATA da-
tabase. We observed 1198 hits that confirmed correctness of our pre-
diction pipeline.
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Fig. 2. Features of the identified B. juncea IncRNAs (A) Chromosome-wise distribution of IncRNAs and mRNAs. The results are depicted as abundance (percentage) of
IncRNAs and mRNAs per chromosome (B) Chromosomal density distribution of IncRNAs and mRNAs. (C) Length distribution of IncRNAs. (D) Classification of
IncRNAs on the basis of their genomic locations with respect to adjacent protein coding genes. The pie chart depicts the percentage of IncRNAs falling into different
categories (that is, class codes as per Cuffcompare-based analysis). The class codes correspond to the following: "=", complete match with intron chain; "c",
contained; "j", potentially novel isoform; "e", single exon transcript overlapping a reference exon that could be a pre-mRNA fragment; "i", IncRNA falling entirely
within a reference intron; "o", generic exonic overlapping with the reference transcript; "p", possible polymerase run-on fragment; "u", unknown intergenic transcript;

"x", exonic overlap with the reference transcript on the opposite strand; "s", intronic overlap with the reference transcripts possibly due to mapping errors. Chr-

(R0

chromosome.

3.2. Insilico characterization of the identified IncRNAs

The predicted IncRNAs were characterized in silico to understand
how they occur in the B. juncea genome. These characteristics were also
analyzed for the mature mRNAs in order to gain insight into the two
different transcript categories (Fig. 2).

3.2.1. Chromosomal distribution

The entire genome of B. juncea is divided into 18 chromosomes from
A01 to A10 and BO1 to B08. The distribution of 6639 IncRNAs across
the 18 chromosomes could be studied based on BLASTN analysis
(Fig. 2A). The IncRNAs were distributed unevenly with the highest and
lowest percentage of abundance observed on chromosomes BO5 (8.9 %)
and A10 (2.5 %), respectively. However, distribution pattern of mature
mRNAs revealed the highest and lowest percentage of abundance with
respect to chromosomes B02 (8.1 %) and A10 (3.4 %), respectively.
Further, it was observed that more than half of the IncRNAs (that is,
3605) belonged to the B subset of B. juncea genome despite having
lesser number of chromosomes. An opposite trend was observed for the
mature mRNAs, where more transcripts (that is, 36203) were derived
from A subset of the genome.

3.2.2. Chromosomal density

Almost an even density distribution was observed for the predicted
IncRNAs in B. juncea with very little differences as shown in Fig. 2B.
IncRNAs were more densely present on chromosome A02 (10.14
IncRNAs per Mbp of nucleotides) and least densely present on chro-
mosome AO1 (7.57 IncRNAs per Mbp of nucleotides). The chromosomal
density trend of mature mRNAs revealed that they are more densely
present on the chromosomes than the IncRNAs. The highest density was
reported on chromosome A03 (123.8 mRNAs per Mbp of nucleotides)
and least was reported on chromosome B08 (67.77 mRNAs per Mbp of
nucleotides).

3.2.3. Length distribution

The length of the identified IncRNAs ranged from 200 to 7617 bp;
however, length of around 45% of IncRNAs ranged between 250 and
500 nucleotides (Fig. 2C).

3.2.4. Classification

The IncRNAs were classified according to their genomic locations
with respect to those of the neighbouring protein coding genes. Nearly
half of the IncRNAs (47 %) showed a complete match with an intron
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Fig. 3. Expression profile of IncRNAs (A) Differential expression analysis for heat and drought responsive IncRNAs (FPKM > 1). (B) Fold change expression analysis
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chain (class code “="). Of the total IncRNAs, 37% were potentially
novel transcripts (at least one splice junction is shared with a reference
transcript, class code “j”). The remaining IncRNAs were contained in
different categories such as unknown, intergenic (class code “u”) and
generic exonic overlap with a reference transcript (class code “0”),
besides others as shown in Fig. 2D.

3.3. Expression profile of the identified B. juncea IncRNAs

In order to identify heat- and drought-responsive coding sequences
and long non-coding RNAs, FPKM values were calculated using Cuffdiff
and those with FPKM > 1 were considered. We found 1614 IncRNAs
that were differentially expressed in response to heat and drought stress
in B. juncea (Fig. 3A). Likewise, 25,665 differentially expressed mature
mRNAs were observed (Supplementary Fig. 1A). Furthermore, log 2
fold change was estimated for the abiotic stress conditions compared to
the control and 195 IncRNAs (Fig. 3B) and 3828 mature mRNAs were
observed (Supplementary Fig. 1B). Next, based on the expression levels
or FPKM values, the abiotic stress responsive IncRNAs were divided into
3 categories, that is, low (> =1 and < 10), moderate (> =10
and < 50) and high (> 50) expressing. It was observed that majority of
the differentially expressed IncRNAs fell into low and moderate ex-
pression categories (Fig. 3C).

3.4. Functional annotation of the abiotic stress-responsive IncRNAs in B.
Jjuncea

In order to understand the possible functions of the identified stress-
responsive IncRNAs, co-expression analysis was conducted. The ratio-
nale behind this approach was that IncRNAs expressing along with
coding sequences or mature mRNAs, are likely to be involved in similar
functions. Co-expression correlation was estimated using Pearson cor-
relation coefficient with R? = 0.9 for 1614 IncRNAs and 25665 mature
mRNAs. The highly correlated pairs were identified and it was found
that 842 IncRNAs co-expressed with 469 mature mRNAs
(Supplementary File 1). Further, GO enrichment analysis was con-
ducted for these 469 mature mRNAs using Blast2GO. About 83% of
these could be annotated functionally and were divided into three ca-
tegories as per the assigned GO terms (Fig. 4A—C). The top 20 terms in
each category included GO terms that indicate the involvement of
IncRNAs in response to abiotic stress conditions (heat and drought)
(Supplementary File 2); for instance, (i) the biological processes cate-
gory included terms such as GO:0006950 ‘response to stress’ and
GO0:0009628 ‘response to abiotic stimulus’. (ii)The molecular functions
category included terms such as GO:0043167 ‘ion binding majority’ and
GO0:0016491 ‘oxidoreductase activity’. (iii) The cellular components
category included terms like GO:0005622 ‘intracellular’ and
‘GO:0043229 intracellular organelle’. Interestingly, 29, 18, 18, 14, and
12 coding sequences co-expressing with IncRNAs were found to be in-
volved in biological processes: ‘response to abscisic acid’, ‘response to
oxidative stress’, ‘response to water deprivation’, ‘response to heat’, and
‘cellular oxidant detoxification’, respectively (Supplementary File 2).

To further deepen the annotation of the co-expressing sequences,
domain analysis using InterProScan was conducted, which helped re-
fine the results with respect to domain architecture, families, and re-
peats (Supplementary Fig. 2). Fig. 4D shows the different domains
along with their InterPro IDs. Domains such as thioredoxin domain
(IPRO13766), glutathione S-transferase C-terminal (IPR004046), pro-
tein kinase domain(IPR000719), histidine kinase/HSP90-like ATPase
(IPR003594), heme peroxidise (IPR002016), DnaJ domain
(IPR001623), heat shock protein Hsp90 N-terminal (IPR020575) and
manganese/iron superoxide dismutase N-terminal (IPR019831) in-
dicate the plausible involvement of co-expressing-IncRNAs in reg-
ulating the plant response to heat and drought stress.

Further enzyme codes (EC) based classification was conducted for
the annotated sequences (Fig. 4E). Based on EC distribution pattern, it
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was observed that out of the six major EC classes, the maximum co-
expressing IncRNA-mRNA pairs belonged to oxidoreductases, trans-
ferases, and hydrolases classes. Next, pathways enrichment analysis was
conducted based on KEGG pathways database, which showed that the
heat- and drought-responsive B. juncea IncRNAs could possibly be in-
volved in representatives of 68 pathways (Supplementary File 3).
Among these, based on the number of highly enriched enzymes,
IncRNAs are likely to be involved in regulation of the following path-
ways: ‘glycolysis/gluconeogenesis’, ‘carbon fixation in photosynthetic
organisms’, ‘cysteine and methionine metabolism’, ‘glyoxylate and di-
carboxylate metabolism’, ‘glutathione metabolism’, ‘phenylpropanoid
biosynthesis’, ‘arginine and proline metabolism’, ‘ascorbate and alda-
rate metabolism’, etc.

3.5. Association of heat- and drought- responsive IncRNAs with
transcription factors in B. juncea

We identified transcription factor (TF) families co-expressing with
heat- and drought-responsive B. juncea IncRNAs based on the sequence
information available for B. rapa in the Plant TF database (PlantTFDB)
v4.0. It was observed that 21 IncRNAs co-expressed with 10 TF families
indicating their potential involvement in response to heat and drought
(Fig. 5). The highest percentage of co-expressing IncRNA-TF pairs was
observed for MIKC-MADS, which is a regulator of stress-related re-
sponses including developmental plasticity (Castelan-Munoz et al.,
2019) and NAC families (a plant-specific TF family) followed by MYB
family, which are positive regulators of plant stress tolerance (Hoang
et al., 2017).

3.6. Interactions of B. juncea heat- and drought-responsive IncRNAs with
miRNAs

In order to gain a comprehensive view of the possible B. juncea
IncRNA-miRNA interaction, we downloaded the available B. rapa-spe-
cific 157 mature miRNAs from mirBase (miRNA database) and B.
juncea-specific conserved (51) and true novel (37) miRNAs as reported
by Bhardwaj et al., 2014. Next, using plant small RNA target analysis
server, psRNATarget, we identified those heat- and drought-responsive
B. juncea IncRNAs that could act as putative targets of miRNAs. Based
on our analyses, 795, 379, and 287IncRNAs were predicted to be tar-
geted by 152 B. rapa-specific, 50 B. juncea conserved and 36B. juncea
novel miRNAs, respectively (Supplementary File 4).Further, 7, 6, and
18IncRNAswere predicted to be endogenous target mimics (eTMs) for 8
B. rapa-specific, 6B. juncea conserved and 10 B. juncea novel miRNAs.
Fig. 6A and B show the common and exclusive B. juncea IncRNAs as
targets and eTMs with respect to B. juncea and B. rapa miRNAs. Inter-
estingly, we identified IncRNAs that potentially interact with miRNAs,
which have been studied in response to abiotic stress conditions, par-
ticularly, drought and heat stress; for instance, miR156, miR159,
miR172, miR319, and miR399. Fig. 6C and D represent the examples of
secondary structure prediction of IncRNAs as putative targets and eTMs
of miRNAs, respectively. Lastly, the interactions between miRNAs and
IncRNAs were visualized, which revealed the intricacy of their re-
lationships (Fig. 7, Supplementary File 5).

3.7. Expression analysis of select IncRNA candidates using qRT-PCR

Of the highly expressing (FPKM > 100) abiotic stress-responsive
IncRNAs, we randomly selected candidates to validate their expression
profile using quantitative real time polymerase chain reaction (qQRT-
PCR). Based on the analysis, similar trends of expression were observed
as those observed using the RNA-seq data (Fig. 8). Especially for
IncRNAs TCONS_00051908 and TCONS_00088973, higher expressions
were observed under heat and drought stress conditions, respectively,
compared to the control in both qRT-PCR and RNA-seq data based
analysis.
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Fig. 4. Top gene ontology (GO) Terms showing enrichment for IncRNAs co-expressing with mRNAs: The enrichment is represented in three categories: (A) BP,
biological process; (B) MF, molecular function; and(C) CC, cellular component. (D) Domain distribution of co-expressing mature mRNAs with IncRNAs into different
categories as per GO terms. (E)Enzyme code classification of mature mRNAs with IncRNAs.

4. Discussion

Over the last couple of years, several studies have been conducted to
identify and characterize IncRNAs in different members of Brassicaceae.
In fact, a majority of the earliest studies to understand IncRNAs in
plants were centred on Arabidopsis (Ben Amor et al., 2009; Franco-
Zorrilla et al., 2007; Liu et al., 2012; Wang et al., 2014; Zhu et al.,

MIKC MADS

NAC

MYB

M-type MADS

bHLH

HD-ZIP

CO-like

ERF

NF-YC

2014). Amongst subsequent studies based on abiotic stress response in
Brassica species, IncRNAs have been reported in B. rapa ssp. chinensis in
response to cold and heat stress (Song et al., 2016; Wang et al., 2019)
and in B. napus in response to cadmium toxicity (Feng et al., 2016). To
our knowledge, this is the first study where we have examined the role
of IncRNAs in B. juncea in response to heat and drought. These abiotic
stress conditions impede plant growth and development while imposing

4 6 8

10 12 14 16 18 20

Percentage (%)

Fig. 5. Transcription factor (TF) families co-expressing with heat- and drought-responsive B. juncea IncRNAs. The highest percentage of co-expressing IncRNA-TF
pairs was observed for MIKC-MADS and NAC families.
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Fig. 6. LncRNAsas putative targets and endogenous target mimics (eTMs) of miRNAs. (A) A Venn diagram showing IncRNAs that can act as targets of Bju-miRNAs
and bra-miRNAs. (B) A Venn diagram showing IncRNAs that can act as endogenous target mimics of Bju-miRNAs and bra-miRNAs. (C) Secondary structure of an
IncRNA (TCONS_00081575) shown in blue, which acts as a putative eTM for miRNA (Bju-miR172_1) shown in red. The characteristic 3-nt bulge is shown in green.
(D) Secondary structure of an IncRNA (TCONS_00088622) shown in blue, which acts as a putative target of miRNA (Bju-miR156_4) shown in red. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

deleterious effects on crop production and yield (Fahad et al., 2017).
Therefore, it is important to understand how plant response to such
conditions is regulated in order to provide novel candidates for
breeding to enhance stress tolerance.

In the present study, we identified 7613 IncRNAs using a compu-
tational pipeline based on RNA-seq data assembly and by applying
length, coding potential, and homology-based filters. Foremost, in silico
characterization of these IncRNAs was conducted, which revealed that
nearly 87% of these could be attributed to the 18 chromosomes of the
plant. Of these, 54 % were found to be distributed on the B subset of
chromosomes despite being less in number compared to the A subset,
whereas this trend was opposite in case of mRNAs. It would be

interesting to further delve into this observation in the future studies
because B. nigra (as the B sub-genome contributor) is known for its
weed populations (Westman and Kresovich, 1999) and is yet to be ex-
amined for its long non-coding RNA landscape. The length distribution
of the identified B. juncea IncRNAs was in sync with that reported for B.
rapa ssp. chinensis and B. napus IncRNAs, that is, the majority were >
200 and < 1000 nt in length (Feng et al., 2016; Wang et al., 2019). The
Cuffcompare program mediated categorization of IncRNAs performed
on the basis of genomic locations with respect to the protein coding
genes revealed a greater proportion of transcripts in “=" category as
compared to negligible representation in “c” category. While the “=

[7pel)

category can be treated as complete transcripts, “c” category represents
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partial assemblies (Sun et al., 2012). The “j” category could be Further, we explored the expression profile of mature mRNAs and
exploited to identify the long non-coding isoforms of the known genes IncRNAs to mine out the differentially expressed transcripts in response
since these transcripts share at least one spliced site with reference to heat and drought stress. We found1614 abiotic-stress responsive
transcripts. IncRNAs and our subsequent analysis was focused on understanding the
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Fig. 8. Relative expression analysis of select IncRNAs using quantitative real time polymerase reaction. Tonoplastic Intrinsic Proteins-41 (TIPS-41) was used for

normalization of gene expression.

putative functions these transcripts could be associated with in the
plant. Firstly, co-expression analysis was conducted for B. juncea
IncRNAs and mature mRNAs, and the former were predicted to be as-
sociated with important biological processes in response to drought and
heat stress. The domain analysis results for these co-expressing mature
mRNAs further highlighted the potentially important roles of these
IncRNAs. For instance, domains of key ROS scavengers in plants such as
manganese/iron superoxide dismutase (Verma et al., 2019), heme-
containing peroxidases such as catalase and ascorbate peroxidase
(Anjum et al., 2016), and glutathione S-transferase (Kumar and Trivedi,
2018) were observed. This suggests the involvement of co-expressing
IncRNAs in restoring the cellular redox homeostasis disturbed during
stress conditions like drought. Likewise, protein kinases (protein kinase
domain)were prominently observed, which have been reported to be
responsive to heat, drought, and cold stress during transcriptomic
profiling studies in B. juncea (Bhardwaj et al., 2015; Sinha et al., 2015),
and the co-expressing IncRNAs could potentially be involved in reg-
ulation of the stress signaling pathways. In fact, our results also in-
cluded the highly conserved histidine kinase domain, which is sugges-
tive of the role of respective co-expressing IncRNAs in regulating
response to abiotic stress conditions such as enhancing drought toler-
ance (Tran et al., 2007). Moreover, domain results for heat shock
protein (HSP) 90 indicate the involvement of co-expressing IncRNAs in
protection of proteins during heat stress.

In addition to the aforementioned enzymatic ROS scavengers, non-
enzymatic systems are available in plants to balance the oxidized and
reduced states of the cells, thereby avoiding adverse conditions/plant
cell death. These comprise the antioxidants such as glutathione, proline,
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cysteine, ascorbic acid, flavonoids, phenolic acids, etc. (Foyer and
Noctor, 2011; Sharma et al., 2019a). Based on pathways enrichment
analysis, we found IncRNAs co-expressing with different enzymes in-
volved in key pathways associated with the metabolism of these anti-
oxidants. For instance, IncRNAs were found to be associated with me-
tabolic pathways of glutathione and ascorbate, particularly co-
expressing with gluthathione S-transferase (EC 2.5.1.18), phospholipid-
hydroperoxide glutathione peroxidase (EC 1.11.1.12) and L-ascorbate
peroxidase (EC 1.11.1.11) (Supplementary Fig. 3). Furthermore,
IncRNAs were also associated with cysteine metabolism pathway. Cy-
steine acts as a sulphur donor for glutathione, which eventually plays a
key role in quenching ROS through glutathione-ascorbate cycle and as
an electron donor to glutathione peroxidase (Zagorchev et al., 2013).
Another stress modulator, proline, acts as an osmolyte, signaling mo-
lecule, and is known to accumulate as an antioxidant in response to
water deficit (Hayat et al., 2012) and we found IncRNAs co-expressing
with enzymes involved in its metabolism. Similarly, IncRNAs were
found to be associated with biosynthetic pathways of phenolic acids
and flavonoids, which have been shown to accumulate in response to
drought stress in plants. In B. napus, an increase in phenylalanine am-
monia-lyase activity along with its increased expression under drought
stress has already been reported (Rezayian et al., 2018). Clearly, based
on this analysis, the identified B. juncea IncRNAs potentially aid in
regulation of pathways activated to tolerate the abiotic stress conditions
in the plant.

In earlier transcriptomic studies in response to abiotic stress in B.
juncea, in addition to protein kinases, transcription factors (TFs) have
been found to be majorly differentially regulated (Bhardwaj et al.,
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2015; Sinha et al., 2015). Since IncRNAs are primarily involved in
regulation of gene expression, we explored their possible association
with TFs to understand whether the two regulatory moieties act in sync
in response to abiotic stress. We identified B. juncea IncRNAs co-ex-
pressing with B. rapa TFs (since comprehensive information about B.
juncea TFs was not available in the Plant TF database (PlantTFDB)
v4.0). The identified co-expressing IncRNA-TF pairs can be further
studied for detailed RNA-protein interactions to better understand the
underlying mechanisms of stress tolerance in the plant.

Finally, the identified IncRNAs were examined for their possible
interaction with miRNAs, which revealed that the former can act as
both the targets and endogenous target mimics (eTMs) for the latter.
The mechanism of target mimicry has been studied in plants such as
Arabidopsis (Franco-Zorrilla et al., 2007), where IncRNAs sequester
miRNAs to rescue the original target mRNAs. In fact, in our previous
study on IncRNAs in Vitis vinifera, eTMs which could regulate TFs via
sequestration/sponging of miRNAs were identified. For instance,
IncRNA ‘TR123921’ was predicted to sequester ‘vvi-miR156h’, thereby
sparing its originally targeted TF ‘Squamosa Promoter Binding Protein’
(SBP) mRNA important for inflorescence development (Bhatia et al.,
2019). In the present study, based on in silico analysis, we observed
IncRNA ‘TCONS_00081575’ as an eTM of ‘Bju-miR172_1’. Under normal
conditions, miR172 have been known to target APETELA2-LIKE (AP2-
like) TFs such as TARGET OF EAT1 (TOE1), TOE2, etc., hence, pro-
moting adult epidermal identity or shoot maturation (Wu et al., 2009).
However, under heat stress, miR172 has been found to be down-regu-
lated in plants and its targets TOE1, TOE2, etc. have been found to be
up-regulated, thereby delaying flowering (Li et al., 2014; May et al.,
2013). The putative role of IncRNA as an eTM in this case seems to be a
possible explanation to the above-mentioned observations. Another
interesting interaction observed in the present study includes an
IncRNA ‘TCONS_00047156’, which is a putative eTM for ‘Bju-miR159_1’
that originally targets MYB TF mRNAs. In rice, Wang et al. have shown
that overexpression of miR159 renders the plant more sensitive to heat
stress and have suggested down-regulation of the same to avoid miRNA-
mediated cleavage of MYB TF mRNA (Wang et al., 2012). We propose
that by over-expressing the eTM and the subsequent sequestering of the
miRNA by virtue of target mimicry, heat stress tolerance of the plant
could be enhanced. Furthermore, over expression of MYB TF has shown
to enhance drought tolerance in plants such as Boea crassifolia (Chen
et al.,, 2005). Also, TF-miRNA-gene network analysis for Arabidopsis
transcriptomic data under abiotic stress conditions has shown miR159
as one of the ‘strongly connected components’ in response to different
abiotic stress conditions including drought (Sharma et al., 2019b). In
view of this, target mimicry could also help enhance drought tolerance.
In future, it would be interesting to revisit the regulatory networks
associated with miRNAs, TFs, and IncRNAs to provide candidates for
breeding to enhance stress tolerance in important crop plants.

Along with the comprehensive in silico analysis, the QqRT-PCR based
expression analysis also suggested the differential expression profile of
the identified heat and drought stress-responsive B. juncea IncRNAs.
Particularly, TCONS_00051908 and TCONS_00088973, for which
higher expression was observed under heat and drought stress condi-
tions, respectively, could be further analyzed. Interestingly, both these
IncRNAs were classified into “j” category (Cuffcompare-based classifi-
cation) indicating these could be alternative long non-coding isoforms
of known genes (transcripts in this category share at least one spliced
site with the reference transcripts) (Sun et al., 2012). Based on this
study, subsequent experiments could be planned with focus on un-
raveling the molecular mechanisms of the selected IncRNA candidates
and understanding the regulation of corresponding gene expression in
response to these abiotic stress conditions. Moreover, the regulation of
specific pathways/processes mediated by interaction of IncRNAs with
other regulators such as TFs and miRNAs could be studied in B. juncea
by in vivo/in planta studies.
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5. Conclusion

We identified 1614 heat and drought responsive IncRNAs in B.
juncea using RNA-seq data based computational pipeline and digital
expression analysis. The predicted IncRNAs were thoroughly char-
acterized in silico, and their functional roles were explored based on co-
expressing mature mRNAs. The subsequent functional annotation ana-
lysis revealed their association with ROS scavenging enzymatic (such as
superoxide dismutases, peroxidises, glutathione S-transferases, etc.) and
non-enzymatic defence mechanisms mediated by biosynthesis of cy-
steine, proline, ascorbate, phenolics, flavonoids, etc. Moreover,
IncRNA- miRNA interaction network analysis was performed and the
possibility of target mimicry in regulation of the underlying mechan-
isms of heat and drought tolerance was explored. Since, transcription
factors are key modulators of gene expression, their association with
IncRNAs was examined to understand the putative TF-IncRNA and/or
TF-miRNA-IncRNA interactions. Overall, regulation of B. juncea re-
sponse to heat and drought can be further explored in view of the
identified IncRNAs and their predicted associations to enhance stress
tolerance in the plant.
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