Computational and Structural Biotechnology Journal 21 (2023) 3032-3044

=
Contents lists available at ScienceDirect p—
- ANDSTRUCTURAL
i l I BIOTECHNOLOGY

"N JOURNAL

Computational and Structural Biotechnology Journal

journal homepage: www.elsevier.com/locate/csbj

Research article

Long non-coding RNA and microRNA landscape of two major N
domesticated cotton species e

Ajeet Singh ™', Vivek AT !, Kanika Gupta *?, Shruti Sharma *?, Shailesh Kumar **

@ Bioinformatics Lab, National Institute of Plant Genome Research, New Delhi 110067, India
b postdoctoral Associate, Ophthalmology, Baylor College of Medicine, Houston, TX, USA

ARTICLE INFO ABSTRACT

Article history:

Received 23 December 2022

Received in revised form 11 May 2023
Accepted 11 May 2023

Available online 12 May 2023

Allotetraploid cotton plants Gossypium hirsutum and Gossypium barbadense have been widely cultivated for
their natural, renewable textile fibres. Even though ncRNAs in domesticated cotton species have been ex-
tensively studied, systematic identification and annotation of IncRNAs and miRNAs expressed in various
tissues and developmental stages under various biological contexts are limited. This influences the com-
prehension of their functions and future research on these cotton species. Here, we report high confidence
IncRNAs and miRNA collection from G. hirsutum accession and G. barbadense accession using large-scale

ﬁ?’: sgﬁ?;lg RNAS RNA-seq and small RNA-seq datasets incorporated into a user-friendly database, CONCRAtlas. This database
MiRNA provides a wide range and depth of IncRNA and miRNA annotation based on the systematic integration of
LncRNA extensive annotations such as expression patterns derived from transcriptome data analysis in thousands of
Cotton samples, as well as multi-omics annotations. We assume this comprehensive resource will accelerate

Gossypium hirsutum evolutionary and functional studies in ncRNAs and inform future breeding programs for cotton improve-

Gossypium barbadense

ment. CONCRAtlas is accessible at http://www.nipgr.ac.in/CoNCRAtlas/.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Non-coding RNAs (ncRNAs) constitute a broad class of transcripts
that are endogenously produced and play a crucial role in regulating
cell function [1]. In addition to introducing new levels of regulation
of gene expression, ncRNAs play a significant role in major cellular
processes [2]. Although initially considered as "junk" RNA, they are
now known to be involved in nearly every developmental process
[3]. MicroRNAs have been identified as regulators of plant mRNAs,
akin to their role in animals [4]. Furthermore, research on long
noncoding RNAs (IncRNAs) has expanded our understanding of gene
regulation. It is now apparent that the distinct processes of IncRNA
transcription, processing, export, and turnover are directly linked to
their diverse functions in a cell [5]. Together, knowledge of miRNAs
and IncRNAs has significantly increased with high-throughput

* Correspondence to: National Institute of Plant Genome Research (NIPGR), Aruna
Asaf Ali Marg, New Delhi 110067, India.
E-mail address: shailesh@nipgr.ac.in (S. Kumar).
1 Equal first authors.
2 Equal second authors.
3 ORCID ID: https://orcid.org/0000-0002-1872-9903

https://doi.org/10.1016/j.csbj.2023.05.011

sequencing, facilitating genome-wide discovery in several plant
processes in recent years [4,6-8].

Studies on cotton ncRNAs have grown over time, but more is
needed about the quantity, nature, and expression patterns of
IncRNAs compared to miRNAs in cultivated cotton species. Despite
the discovery of several IncRNA sequences, extensive functional re-
search on cotton IncRNAs is still in its infancy [9-13]. Over the years,
several comprehensive plant ncRNA databases have been developed,
but the composition of cotton-associated ncRNAs is limited [14-18].
Existing IncRNA and miRNA databases for cotton have several
drawbacks, including a small sample size and lack of comprehen-
siveness. Many well-known IncRNA databases do not contain cotton
IncRNAs, and some databases have few IncRNA annotations due to
various factors, including the emphasis on including only experi-
mentally confirmed IncRNAs. Although PLncDB has numerous
IncRNAs for both G. hirsutum and G. barbadense, the number of
samples applied to annotate IncRNAs is still limited. Even high
quality databases such as miRBase [19], PmiREN [17], sRNAanno [20],
and plant small RNA genes [21] have insufficient coverage of miRNA
and IncRNA in domesticated cotton species. It is essential to note
that G. barbadense has no miRNA records in miRBase, widely re-
garded as the gold standard for miRNA information. Thus, the scope
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and coverage of these cotton ncRNAs in these databases are limited.
The non-uniform ncRNA data may hinder progress in cotton science
and confuse researchers, given the complexities of ncRNA nomen-
clature and the distribution of ncRNA annotation across various re-
sources, each with its own quality metrics and definitions of each
ncRNA type [2,22]. Solving this problem requires large-scale curation
and annotation, leading to a collection of reference ncRNA genes of
higher quality [10,23]. Given the growing significance of ncRNAs as
major regulators, a comprehensive reference atlas of IncRNA and
miRNA would be an invaluable tool for both fundamental and cotton
improvement research. Studies on noncoding RNAs in cotton have
been largely limited to small RNAs until now, and RNA sequencing
has helped to identify hundreds of small noncoding RNAs. To that
end, we created CoNCRAtlas, a specialised database of two major
ncRNAs, IncRNA, and miRNA that serves as a centralised access point
to data from many publicly available samples of two major domes-
ticated cotton species, G. hirsutum, and G. barbadense. Using tran-
scriptomic datasets from multiple biotypes of both cotton genomes,
we mapped miRNAs and IncRNAs that were specific to different
tissues as well as those that were broadly transcribed, covering a
wide range of expression levels. Our findings shed light on the
tissue-dependent distribution of ncRNAs and other key annotations
required to understand their regulation in domesticated cotton
species.

2. Methods
2.1. Data collection and pre-processing

RNA-seq and small RNA-seq datasets of allopolyploids domes-
ticated cotton species, G. hirsutum, and G. barbadense were exploited
in this work as transcriptome data by mining literature and using
NCBI, with the goal of constructing the IncRNA and miRNA landscape
in two major cotton species (Fig. S1). The RNA-seq datasets that
lacked tissue, development stage/age, or treatment information
were removed. Whole genome references were downloaded from
https://github.com/Genome-data-of-Gossypium-hirsutum (G. hir-
sutum) and https://ncbi.nlm.nih.gov/data-hub/genome/
GCA_008761655.1 (G. barbadense). SRA toolkit (v3.0.0) (https://gi-
thub.com/ncbi/sra-tools) was used to download RNA-seq and small
RNA-seq data from NCBI SRA. Table S1 and Fig. S1 contain in-
formation on the RNA-seq samples that were analysed. TrimGalore
(v0.6.5)( https://github.com/FelixKrueger/TrimGalore) and fastp
(v0.23.2) [24] were used to trim adapter sequences before identi-
fying and annotating miRNAs and IncRNAs using the procedures
listed below (Fig. 1).

2.2. IncRNA identification and classification

A total of 266 and 1398 RNA-seq datasets for G. barbadense and G.
hirsutum were used for IncRNA identification. To obtain high-con-
fidence IncRNAs, a strict set of criteria was used, considering the
redundancy, background noise, mapping error percentage, length,
and coding potential. The analytical procedures were performed
from raw RNA-seq data to produce high-confidence IncRNAs as de-
scribed in Fig. 1. At first, low-quality reads were filtered, and adapter
sequences were trimmed. Then, clean reads were mapped to the
reference genome for each sample using HISAT2 (v2.2.1) [25]. Only
libraries with more than 50% of reads mapping to the reference
genome were used for further analysis. Further, the reference-based
transcript assembly with StringTie (v2.2.0) [26] was performed
based on the read-mapping results for each sample to the corre-
sponding reference genome annotations. Transcriptome assemblies
derived from the preceding stages were combined with StringTie-
merge function to produce complete non-redundant transcripts for
further analysis. To further narrow down the genes possibly
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Fig. 1. Workflow diagram of IncRNA and miRNA identification using large-scale da-
tasets. (A) Numbers of bulk RNA-seq datasets and small RNA-seq datasets used in this
study. (B) Overview of IncRNA and miRNA annotation pipeline. The IncRNAs and
miRNAs are identified using distinct pipelines that enabled expression profiles of
cotton miRNAs and IncRNAs, respectively, across diverse biological contexts/condi-
tions based on comprehensive integration of tools, extensive filtering steps, and
specialized analysis. (C) Numbers of distinct IncRNA and miRNA in both cotton spe-
cies. The numbers in brackets indicate the number of isoforms of IncRNAs genes in
each cotton species.

encoding IncRNAs (Fig. 1), filtering criteria used for this purpose are
as follows, (i) Candidate IncRNA transcripts with 1 TPM expression in
at least one sample were included for further analysis [27]; (ii)
candidate transcripts with less than 200nt; (iii) Three major tools,
CPC2 (v1.0.1) [28], CNCI (v2.0) [29], and PIncPRO[30] were used to
estimate coding potential, and only transcripts identified as non-
coding by all three methods were retained and the Pfam 2021 [31]
protein family database was put to use to remove domain containing
sequences; (iv) FEELnc (v.0.2) [32] was used to evaluate the coding
capacity of all unannotated transcripts using the options to "-m
shuffle," and the shuffled protein-coding transcripts were used as a
non-coding training set. If a gene was found to produce mRNA
transcripts, it was excluded from the downstream analysis. LncRNAs
were further classified relative to the protein-coding genes, and
those that failed the FEELnc standards were excluded. Fig. 1 and Fig.
S2 depict a comprehensive overview of the IncRNA identification
pipeline used in this study, freely available at https://github.com/
skbinfo/CoNCRAtlas. Finally, the entire set of annotated IncRNAs for
each species is saved in GTF format.
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2.3. Conservation analysis of IncRNAs

G. hirsutum and G. barbadense IncRNAs were aligned to the G.
barbadense genome and reciprocally to the Gossypium hirsutum
genome to assess conservation using HISAT2 (v2.2.1) [25]. Genomic
coordinates of mapped IncRNAs and overlapping regions were ex-
tracted using bedtools (v2.30.0) [33]. Conservation scores were cal-
culated as the ratio of overlapping region length to IncRNA sequence
length. In addition to that, the overlap of IncRNAs to the genome and
transcriptome within and across related species, G. arboreum and G.
raimondii, were examined.

2.4. miRNA identification

A total of 121 and 28 samples were considered for miRNA iden-
tification in G. barbadense and G. hirsutum, respectively
(Supplementary Table 1). ShortStack (v3.8.5) [34] was used to
identify small RNAs from clean sRNA reads. We filtered predicted
SRNA clusters to include only those with > = 80% of readings within
20-24 nts in length and miRNAs with at least 2 RPM. The miRNA
families were assigned based on homology-based annotation. The
annotated miRNAs for each species, including mature miRNA, star
miRNA, and precursor miRNA information, were stored in a GTF file.
Raw counts and normalised counts were used for further re-
presentation and analysis.

2.5. Extraction of cotton ncRNAs from other sources

Information on experimentally confirmed miRNAs and IncRNAs
was collected from published literature, and additional support was
obtained by manually curating published research articles. The cu-
rated information included the name and biotype of the IncRNAs/
miRNAs, their sequence and positional information, experimental
techniques (such as microarray, Northern blot, and qRT-PCR), ex-
perimental samples (such as tissue), InCcRNA expression patterns
(whether upregulated or downregulated), and PubMed database
hyperlinks (PubMed ID, year of publication, and title of the paper).

2.6. Assessment of tissue specificity of ncRNAs

To assess the tissue specificity of IncRNA and mRNA across G.
hirsutum and G. barbadense, we profiled gene expression across all
tissues and removed under expressed genes (<0.1 RPKM). The nor-
malised RPM and TPM expression values of miRNA and IncRNA, re-
spectively, across tissues were used to calculate two tissue
specificity metrics, tau [35] and tissue specificity index (TSI) [36], in
addition to quantifying gene expression. Hierarchical clustering
heatmap was generated by using the R package ComplexHeatmap
(v3.1) [37] to examine the relationship between tissue-wise sample
grouping with ncRNA expression profiles. Supplementary Table 1
have the name of all libraries categorised under tissues. Rtsne (v0.16)
(https://github.com/jkrijthe/Rtsne) was used to perform a t-Dis-
tributed Stochastic Neighbor Embedding (t-SNE) analysis. The log
(TPM) transformed normalised TPM expression values were applied
to all IncRNAs and tissues (Gh-28; Gb-14).

2.7. ncRNA-ncRNA interactions and transposon associations

With the default parameters, psRNATarget (2017 release) [38]
was used to predict the mRNA and IncRNA target of microRNAs, as
this method enabled the identify potential IncRNA/mRNA-miRNA
interactions. An online tool Mercator [39], was used to functionally
annotate the corresponding mRNAs of both cotton species to un-
derstand the functional aspect of the miRNA targets. Further, IncRNA
overlapping miRNA precursors were identified by comparing IncRNA
sequences to miRNA hairpin sequences using bedtools (v 2.30.0)
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[33]. As TE information was unavailable for both the cotton genomes,
EDTA (v2.0.0) [40] was used with default parameters to re-identify
TEs for both cotton species. Like identifying IncRNA overlapping
miRNA precursors, the genomic coordinates of the identified TE
were compared to cotton ncRNAs to find TE-IncRNA/miRNA asso-
ciations.

2.8. Database implementation

CoNCRAtlas is currently hosted on a Linux, Apache, MySQL, and
PHP stack. The web interface is built using HTML, CSS, and JavaScript,
and is supported by a MySQL relational database that handles ncRNA
and relevant annotations. The web interface provides search cap-
abilities, data retrieval, and visualization, utilizing JavaScript and
PHP. Interactive diagrams are added using data visualization func-
tions from the Plotly libraries (https://plotly.com). CoNCRAtlas is
integrated with standalone BLAST (v2.11.0) [41] for online similarity
searches, ViennaRNA (v2.4.16) [42] for secondary structure visuali-
zation, and ORFfinder (v0.4.3) [43] for detecting sORFs within
ncRNA-producing loci. CONCRAtlas has been thoroughly tested with
various browsers, including Firefox, Google Chrome, Edge, Safari, and
Opera. Researchers can access CONCRAtlas for free by visiting http://
www.nipgr.ac.in/CoNCRAtlas/, which requires no registration or
login.

2.9. Decoding fibre development associated ncRNAs

R programming language’s WGCNA package (v1.71) [44] was
utilised to investigate co-expression networks significantly related
to fibre development. The hclust function performed hierarchical
cluster analysis on the G. hirsutum and G. barbadense miRNA and
IncRNA expression datasets. The normalized gene expression values
in the CoNCRAtlas for fibre development stages were used in this
study. Hub genes for the relevant modules (PCC cutoff 0.8) were
identified using> =0.8 and > =0.8 MM and GS thresholds, respec-
tively. Further, we selected miRNAs common to significant modules
found in co-expression of G. hirsutum and G. barbadense IncRNAs.
Annotations for these miRNAs were then searched in the CONCRAtlas
database to present a miRNA-IncRNA-mRNA network model in
connection to fibre development. Cytoscape (v3.7.0) [45] was used to
visualize the network.

3. Results
3.1. Composition of IncRNA in two major cotton species

The analysis conducted on the samples to obtain comprehensive
annotation for IncRNAs in the genomes of G. barbadense (Gb) and G.
hirsutum (Gh) is shown in Fig. 1. To systematically integrate data
from multiple RNA-seq strategies and accurately identify IncRNAs,
we created the IncRNA pipeline depicted in Fig. S2. A total of 39,639
cotton IncRNA genes were identified (Gh -25,734; Gb -13,905) based
on a large-scale analysis of bulk RNA-seq libraries from various
biotypes (Fig. SIC-E). Each species had about twice as many IncRNA
transcripts as actual genes due to isoforms. In terms of length, G.
hirsutum had a greater number of IncRNA transcripts than its
counterpart, but this could be attributed to the limited RNA-seq li-
braries used for identification in the case of G. barbadense (Fig. 2A).
However, it is worth noting that the proportion of IncRNAs found in
each chromosome relative to each species is strikingly similar
(Fig. 2B). Most of the genes had 1-5 isoforms, with only 55 and 35
IncRNA genes found to have more than 20 isoforms in G. hirsutum
and G. barbadense, respectively (Fig. 2C). These genes may be useful
candidates for understanding the complexities of alternative splicing
in both cotton species. It is clear from the combined annotation that
IncRNA transcripts often have two or more exons and/or fewer than
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Fig. 2. Basic features of identified IncRNAs in domesticated cotton species. (A) Length-wise distribution of IncRNAs; (B) chromosome-wise distribution of IncRNAs; (C) dis-
tribution of the number of transcripts per IncRNA gene/locus; (D) overall distribution of the number of exons per transcript; and (E) proportion of identified IncRNAs based on
their genomic locations relative to protein-coding genes. (F) Conservation scores of identified IncRNAs (Gh- G. hirsutum; Gb- G. barbadense).

12 exons (Fig. 2D). Moreover, the existence of IncRNA transcripts
with two exons is more prevalent in both species, following a similar
pattern observed in many other species. Based on the combined
IncRNA annotations, most IncRNAs were exonic in G. barbadense,
whereas intergenic in G. hirsutum (Fig. 2E and Table S2). The number
of exonic IncRNAs in both species was nearly identical, but the
composition of intergenic IncRNAs differed significantly, with G.
hirsutum containing three times the number of G. barbadense.

3.2. Comparative analysis of LncRNA sequence conservation in cotton
species

LncRNA sequence conservation in G. barbadense and G. hirsutum
revealed that these IncRNAs possess a greater degree of similarity
with their respective genomes, but they still exhibit some level of
conservation with related species G. raimondii and G. arboreum. In
terms of transcriptomes, both species were observed to have a high
level of similarity with all genomes, with the exception of the G.
hirsutum genome, which may exhibit some divergence (Fig S4A).

Compared to coding genes, IncRNAs generally exhibit lower se-
quence conservation rates [4G]. Our analysis revealed exceptionally
low conservation among IncRNAs when comparing G. hirsutum and
G. barbadense. The genomes and IncRNAs of both species were
analysed to find the degree of overlap (Fig. 2F). Moreover, we com-
puted conservation scores among cotton species transcripts using
identified IncRNA transcripts and found that the majority of IncRNAs
had low sequence conservation scores, with only a few demon-
strating higher scores (Fig. S4B-C).

3.3. Expression-based annotation of cotton miRNAs

The annotation of miRNAs was performed by utilizing 124 sSRNA-
seq datasets from two domesticated cotton species (Gh-100 and Gb-
24), with each RNA-seq library producing 1-10 million reads that
mapped to G. hirsutum and G. barbadense, respectively. Our analysis
revealed that the present miRBase annotation of cotton miRNAs is
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incomplete and can be expanded using new sRNA-seq data. With the
aid of our built-in workflow, we successfully identified and anno-
tated 357 cotton miRNAs (Gh-117; Gb-240) with full-length deep
sequencing datasets, providing greater coverage (Fig. 1C). Of these,
280 miRNAs (Gh-198; Gb-28) were members of 78 families, while
the remaining 77 miRNAs (Gh-42; Gb-35) were novel. Consistent
with other plant species, we observed that the cultivated Gossypium
sp. has the highest frequency of miRNAs with lengths of 21 nt, while
miRNAs with lengths of 23 nt are the least abundant (Fig.S5B).

Due to the allotetraploid nature of the genomes, distinct miRNA
gene families were identified, with many members in each family.
We discovered 106 families in G. hirsutum and 53 families in G.
barbadense, for a total of 116 distinct families in the two cotton
species (Fig. 3A). The identified miRNAs belong to 78 different
miRNA families, with miR166 being the most prominent. The most
prevalent miRNA families across both species are MIR156, MIR166,
MIR167, MIR171, MIR172, and MIR396. G. hirsutum has more unique
miRNAs than G. barbadense, but this could change with more li-
braries for identification and annotation. Furthermore, we identified
38 common miRNA families in the two cotton species, of which 27
were unique to G. hirsutum and 10 to G. barbadense. For example,
MiR396 is found in G. hirsutum but not in G. barbadense. We ob-
served seven miRNA families with at least ten members in G. hir-
sutum, G. barbadense, or both (miR166, miR156, miR172, miR482,
miR171, miR167, and miR396). According to our data, each species
contains at least five members of the miR156, miR172, and miR482
families. The findings revealed that the members of miR156 and
miR166 are widely distributed across both cotton species. The con-
trasting composition of members can be seen in miR396, which is
low in G. barbadense. However, we anticipate that the discrepancies
will become clearer as additional sSRNA-seq samples become avail-
able. As a result of the workflow, all miRNA precursors were iden-
tified as high-confidence transcripts with broad coverage for mature
and star sequences. Using the output of the ShortStack pipeline, we
were also able to find accurate information on the star sequence for
all miRNAs.
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Fig. 3. miRNAs identified and annotated in domesticated cotton. (A) Venn diagram showing the number of miRNA families conserved between G. hirsutum and G. barbadense.
Conservation analysis indicates that miRNA families are conserved between the two cotton species, and their distribution of miRNA members across both cotton species is shown
in a bar chart; (B) A pie chart depicts the proportion of miRNAs found in the literature, with grey wedges indicating the number of validated miRNAs in each species.

3.4. Known miRNAs and few IncRNAs by literature mining

To conduct a literature search in the PubMed and Google Scholar
search engine, we used the following keyword strategy: (Incrna or
long noncoding or long non-coding RNA or noncoding or miRNA or
microRNA or Gossypium hirsutum or Gossypium barbadense or
cotton). The results were sorted by cotton species and limited to
publications up to December 2020 and ranked based on meeting our
criteria. We carefully assessed each publication’s title, abstract,
keywords, and entire text to identify studies that presented ncRNA
annotations, databases, and functions. Only high-quality associations
with multiple lines of strong experimental evidence, confirmed by
RNAI, in vitro knockdown, Western blot, qRT-PCR, or luciferase re-
porter assays, were considered. We re-checked all selected studies
for the miRNA/IncRNA names and replaced some with official or
recommended names. We also collected other names, including
aliases and synonyms, for both miRNAs/IncRNAs in this step.

Compared to protein-coding genes, IncRNAs remain poorly un-
derstood as most lack functional annotation. Nonetheless, the
number of publications, including the keyword "long non-coding
RNA" has increased in recent years, although the literature is skewed
towards a few well-studied IncRNAs. Despite this, at least 25
IncRNAs have been functionally investigated (Fig. S6). Unfortunately,
sequencing and annotating IncRNAs is challenging due to the lack of
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official names, reliable identities, or independent identifiers.
Through manual curation of IncRNA papers in various species, sev-
eral annotation groups have accumulated valuable functional re-
sources (Bai et al., 2019; Gallart et al., 2016b; Zhou et al., 2021). In
contrast to model plants like Arabidopsis thaliana and Oryza sativa,
cotton IncRNAs have not been successfully annotated for sequence
research or included in IncRNA-specific databases. Literature mining
has yielded more validated cotton IncRNAs than database searches.
However, for miRNAs, literature mining found 89 (Gh-72 and Gb-17)
research associated with cotton miRNAs, 24 of which reported ex-
perimentally validated miRNAs (Fig. 3B). In contrast, only one pub-
lication exists for 124 IncRNAs (Gh-110; Gb-14), indicating a dearth
of such studies for IncRNAs so far (Fig. S6). Literature mining
methods annotated over 50% of G. hirsutum with previously pub-
lished literature, while only 12% of G. barbadense miRNAs were as-
sociated with known literature (Fig. 3B). Finally, data mining-based
ncRNA information is collated and added to the CoNCRAtlas da-
tabase.

3.5. Tissue-specific expression of miRNAs and IncRNAs

In different sample groups of tissues from G. hirsutum and G.
barbadense, we examined the expression of ncRNAs. Due to the lack
of availability, samples from some tissue groups in one of the species
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tissue, it was considered transcribed if it was found at > 1 TPM, and for miRNAs, > 1 RPM; (B) Average Tau score of identified IncRNAs and miRNAs in G. hirsutum and G. barbadense
across tissue sample groups. The density function in R was used to generate the kernel density estimates shown in this graph.

might not be represented. In most tissues in both species, approxi-
mately 18,000-30,000 IncRNAs are normally observed to be ex-
pressed with a cumulative expression> 10,000,00 TPM (Fig. 4A).
Although cotyledon and flower buds have low expression levels, the
number of IncRNAs expressed is higher than in other tissue types.
The anther, fibre, and root tissues of G. hirsutum and G. barbadense
differ in the IncRNAs responsible for overall expression. This differ-
ence can also be seen in the proportion of miRNA numbers in ex-
pression. Notably, the number and expression of miRNAs are higher
in roots and shoots in G. barbadense, whereas hypocotyl miRNAs
show their maximum representation in G. hirsutum (Fig. 4B). Ad-
ditionally, we observed that miRNAs and IncRNAs are the main
contributors to tissue specificity, with Tau> 0.8 in both species
(Fig. 4C). According to our findings, less than 20% of all ncRNAs were
found in only one tissue (Tau = 1). The remaining ncRNAs were either
widely expressed or only found in certain tissues. Thus, ncRNAs
appear to be expressed in a more context-specific manner than
protein-coding RNAs.

We performed a hierarchical clustering of the gene expression
data for IncRNA and miRNA independently to validate the annotation
and expression profile analyses. The log transformed TPM and RPM
expression data from all tissues of the two species were used for this
investigation. Visualization of expression patterns shows that each
sample group has a distinct ncRNA profile that distinguishes it from
the others and has uncovered the presence of distinct transcriptional
signatures to tissue types (Figs. 4A and 5). As it is evident from
several other studies [9,11,12,47] and from Fig. 5, the majority of the

IncRNAs are expressed at low in comparison to protein-coding
genes. This approach provides an atlas of the ncRNA expression in
domesticated cotton.

3.6. ncRNA transcriptomes are broadly rewired by transposable
elements

A number of IncRNAs have been found to be derived from
transposons in plants, and it has been discovered that TE-related
IncRNAs exhibit tissue-specific transcription and play important
roles in plant abiotic stress responses [48-50]. In the case of cotton,
at least one study shows that LINEs derived from TEs play an im-
portant role in the origin of IncRNAs [51]. In this study, we set out to
discover the overlapping regions of ncRNAs and transposable ele-
ments. The distribution of IncRNAs was found to be similar to that of
TE, which was found all over the genome (Fig. 6). In G. hirsutum and
G. barbadense, we found 213171 and 103969 TEs overlapping
IncRNAs, respectively, indicating a twofold increase in the number of
IncRNAs overlapping different classes of TEs (Table S3). We observed
that the presence of TEs near the ends is unusually abundant, and we
observed an increase in the expression of IncRNAs overlapping those
regions (Fig. 6). Some miRNAs are thought to have originated natu-
rally from TEs in cotton [52]. However, the number of precursor
miRNAs overlapping TEs in G. hirsutum (18) was significantly lower
than in G. barbadense (3). Following that, we discovered many
IncRNAs (588 in G. hirsutum and 230 in G. barbadense) overlapping
128 and 56 precursor miRNAs in G. hirsutum and G. barbadense,
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Fig. 5. Cluster heatmaps of identified IncRNAs and miRNAs in G. hirsutum and G. barbadense across diverse tissue sample groups. The first two heatmaps from the left show
heatmaps generated based on the expression of IncRNAs, followed by two heatmaps of miRNAs.

respectively. Interestingly, we discovered that two of the precursor
miRNAs, two transposons, and nine IncRNA transcripts of G. hirsutum
overlapped, whereas such a combination of overlap was not ob-
served in G. barbadense. Further research into these overlapping
molecules may reveal novel molecular mechanisms that regulate
ncRNAs and transposable elements.

Even though understanding the precise molecular functions of
IncRNAs is still limited, only a little about their evolution is known.
However, much remains to learn about how IncRNAs emerge from
TE sequences in plants. A catalogue of the overlapping non-coding

D13

DO6

goa

Gh

RNAs to the TEs is necessary to uncover the origins of IncRNAs as-
sociated with TEs. It can assume that transposable elements are
responsible for a sizable fraction of the cotton ncRNA sequences. The
considerable differences in transposable-element load among cotton
genomes, at least 60% of the G. hirsutum genome to 70% of the G.
barbadense genome, made it possible to determine the association of
these elements to the emergence of ncRNAs (Table S2). This com-
prehensive study revealed overlaps that suggest these TE regions
were a part of miRNA and IncRNA genes during cotton evolution.
Furthermore, ncRNAs linked to TE sequences perform a variety of

0V

Fig. 6. Genomic map of ncRNA expression and overlapping transposons in cotton. The outermost track represents cotton genome ideograms for all chromosomes. The presence of
miRNAs and IncRNAs can be seen in the innermost and next-to-innermost tracks, respectively. The bars show the log-transformed normalised expression count of ncRNAs (G.
hirsutum = Blue, G. barbadense = Orange). The green tiles in the outer track represent transposable elements widespread across the chromosomes.
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regulatory functions. For example, these TEs have the potential to act
as regulatory signals for IncRNA genes and could act as "sponges" for
miRNAs. Thus, cotton-related ncRNAs and TEs may present more
interesting biology in the future.

Despite limited knowledge regarding the precise molecular
functions of IncRNAs, their evolution remains poorly understood. To
investigate the origins of IncRNAs associated with TEs in plants, a
comprehensive catalog of overlapping non-coding RNAs to the TEs is
required. It is believed that transposable elements constitute a sig-
nificant proportion of cotton ncRNA sequences, with at least 60% of
the G. hirsutum genome and 70% of the G. barbadense genome
comprising these elements (Table S2). The identified overlaps sug-
gest these TE regions were part of miRNA and IncRNA genes during
cotton evolution. Furthermore, TEs can act as regulatory signals for
IncRNA genes and "sponges” for miRNAs, providing insight into the
regulatory functions of ncRNAs linked to TE sequences in
cotton [50,53].

3.7. Dynamics of miRNA targeting mRNAs and IncRNAs

Plant miRNAs direct post-transcriptional regulation by binding to
their targets with perfect or nearly perfect complementarity, leading
to mRNA cleavage or translation suppression. Besides controlling
mRNAs, studies have shown that miRNA interactions with IncRNAs
further regulate the transcriptome. Additionally, IncRNAs can also
carry out their roles by being targeted by the miRNAs [54-56]. Thus,
miRNA targeting IncRNAs can be predicted in the same way as
miRNA targeting mRNAs, using the miRNA-target complementarity
[57]. Our analysis using the scoring schema v2 (2017 release) sug-
gested by Axtell (2013) identified 156,211 mRNA targets (Gh-
122485; Gb-33726) and 264,966 IncRNA targets (Gh-201369; Gb-
63597). A miRNA typically targeted 10 mRNAs, and a IncRNA was
targeted by at least 2 miRNAs, demonstrating extensive regulation
networks. In total, 5558 and 5606 mRNAs were predicted as miRNA
targets in G. hirsutum and G. barbadense, respectively, accounting for
7.6% and 7.5% of the PCGs (Table S4). The functional annotation of
mRNA targets revealed that most belonged to functional categories
(Mapman bins) associated with large enzyme families and solute
transport proteins. Therefore, these results will contribute to un-
derstanding key interactions induced by miRNAs, competition be-
tween miRNAs and IncRNAs for the same mRNA target, miRNA
biogenesis from IncRNAs, and IncRNAs functioning as miRNA decoys
in cotton.

3.8. Database content and features

CoNCRAtlas offers a user-friendly web interface for reliable da-
tabase searches, even for users with minimal bioinformatics
knowledge. Users can easily explore the database through the
Browse, Search, and BLAST modules (Fig. 7).

3.8.1. Search

The CoNCRAtlas database offers users distinct search engines for
miRNAs and IncRNAs in each of the cotton species (Fig. 7A). The
miRNA search module includes four filtering fields: organism (G.
hirsutum|G. barbadense), CoNCRAtlas ID (e.g., CoMIRGB0O01), and
locus (e.g., AO1:1000-9000). The locus filtering field allows users to
search for all IncRNAs within specified coordinates by specifying
chromosome, start, and end positions. Once the filtering options are
selected, the "Search module" generates a table that lists the set of
IncRNAs/miRNAs with essential information.

Extensive filtering options, such as an identifier (e.g.,
CoLNCGB00001), location (upstream, downstream, intronic, or
exonic), IncRNA type (intergenic or genic), orientation (sense, anti-
sense, or unknown), exon numbers, locus coordinates, and IncRNA
length, are available in the IncRNA search module. Users can filter
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the results based on the chosen species. Additionally, the webpage
header has a search engine for keywords or IncRNA identifiers to
explore the complete database fields. The outcome will be a com-
prehensive list of all relevant ncRNAs.

CoNCRAtlas also offers a sequence-based search engine that uses
an online BLAST interface. Relevant search engines are provided to
look up ncRNA-related information, such as genomic coordinates
and expression values. Dedicated buttons simplify downloading the
results for each module. Additionally, users can find publications,
biological sources, miRNA interactions with IncRNA/mRNA, asso-
ciated transposons, predictions of miRNA targets, and related func-
tional data. These details make it easy to interpret the biological
significance of the results.

3.8.2. Browse

The Browse module facilitates exploration of miRNAs and
IncRNAs in various biotypes, presenting a set of expressed ncRNAs
categorized by samples. Users can browse all ncRNAs by selecting
the organism, ncRNA type, and sample type, directing them to in-
dividual IncRNA and miRNA species lists. The Browse page’s hier-
archical structure enables convenient search of ncRNA sets from
species to sample biotype (Fig. 7B). The output table displays the
precise number of ncRNA types expressed in the sample biotype, and
users can customize the number of records shown per page (Fig. 7C).
LncRNAs and miRNAs are categorized based on tissue (e.g., leaf,
fiber), developmental stage (e.g., 0 DPA, 3 DPA), and treatment (e.g.,
Fusarium oxysporum infected) for each cotton species. The Table of
Entries presents brief information on each IncRNA/miRNA, including
their genomic coordinates. The CoONCRAtlas ID can be used to access
individual IncRNA detailed annotations (as shown in Fig. 7C&D).

3.8.3. Annotation details page of IncRNA

CoNCRAtlas assigns a unique accession number to each tran-
script, which corresponds to a specific webpage containing basic
information such as symbol, genomic context, length, exon number,
GC content (as a percentage), classification, sequence, coding po-
tential, and multi-omics data including expression and IncRNA/
mRNA-miRNA interaction (as shown in Fig. 7D-L). The transcriptome
datasets expression levels are displayed categorically based on var-
ious samples such as tissues, developmental stages, and treatments.
CoNCRAtlas profiles expression levels of IncRNAs across collected
tissues and visualizes them in a bar chart, enabling users to explore
their functional significance.

Furthermore, the additional information section allows users to
investigate IncRNAs overlapping with TE, miRNA targets, and sORFs
within IncRNA loci (as shown in Fig. 7E & H). Like the IncRNAs,
miRNA targets are also linked to extensive annotations, enabling
users to decode the functional mechanisms displayed in the figures.
Although only a small fraction of identified miRNAs and IncRNAs in
cotton have experimental evidence with supported publications,
CoNCRAtlas provides comprehensive function annotations based on
manual curation for all the featured ncRNAs. CoONCRAtlas describes
each miRNA-target association using Mapman vocabularies [39] that
outline the functions and biological processes in which they might
be involved. Also, it is important to note that, at present, not all
known validated IncRNAs can be linked back to their chromosomal
locations and are therefore excluded from the analysis in CoN-
CRAtlas.

3.8.4. Annotation details page of miRNA

Each identified miRNA is assigned a unique accession number
and has a dedicated webpage displaying detailed molecular features,
including miRNA ID, miRNA family, location, miRNA sequence,
length, stem-loop sequence, miRNA star sequence, and miRNA pre-
cursors. The webpage also provides information on targets, asso-
ciated transposon elements, and expression profiles across
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Fig. 7. Snapshots depicting the CONCRAtlas interface. Users can explore various database functionalities and interactive visualisations through a dedicated menu bar; (A) IncRNAs/
miRNAs can be refined using various filtering options for each species by querying with miRNA and/or IncRNA names, genomic location, and/or other multiple filtering com-
binations; (B) Hierarchical structure of browse page option section for each cotton species under diverse tissues, developmental stages, and treatment samples; (C) The user’s
browse and search results in a list of miRNAs and IncRNAs that can be arranged in ascending or descending order. These IncRNA/miRNA are supplemented with active links to the
annotation details page (D-L). IncRNA and miRNA transcripts are annotated with basic characteristics (D & G) and with an abundance of multi-omics data, including expression
profile and tissue specificity (E & F), overlap with IncRNAs, miRNAs (H & I), and transposons, along with miRNA targets, SORFs, and small peptides (J & K), and published literature

on Ghi-miR177a and Gba-miR177a (L).

categorized RNA-seq samples, as shown in Fig. 7G-K. Dynamic bar
charts are available to view or download tissue specificity scores and
their average expression across different tissue types.

To provide details on annotated interaction partners of mRNAs/
IncRNAs and miRNAs, extensive literature curation has been con-
ducted. The webpage provides the miRNA target, its regulation
mode, and an associated PubMed reference (Fig. 7L). Users can
quickly reference this information when searching through pub-
lished literature resources for experimentally verified miRNA-mRNA
targets and other essential information related to cotton.

3.8.5. Help page

To encourage users to become familiar with the database,
CoNCRAtlas offers help throughout the website, providing explana-
tions on how to access the database, tabular results, data statistics,
and complete documentation on the usage of each database module.

3.8.6. Download

CoNCRAtlas allows users to download all basic information on
ncRNAs in each species. This can be done in bulk or for each cotton
species using the Download button in the toolbar. On the Download
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Fig. 8. t-SNE analysis of CONCRAtlas samples using IncRNA expression data of (a) G. hirsutum; and (b) G. barbadense.

page, users are presented with three different ports to download
data. Firstly, users can download all available information in bulk as
text files. Secondly, using the user-defined download port, users can
select the information they want by selecting species and data ca-
tegories. Finally, users can access the genomic coordinates of
ncRNAs, which can be easily downloaded. In addition, a backup copy
of all data in CoNCRAtlas with the ID 7057078 has been uploaded to
Zenodo (https://zenodo.org/).

4. Technical validation

To validate the annotation and expression profiling analysis, we
utilized t-SNE on the gene expression data for IncRNA in G. hirsutum
and G. barbadense separately. This allowed us to investigate the gene
expression similarity between tissues and across CONCRAtlas sam-
ples, as well as to summarize the IncRNA tissue-specific expression.
In this study, we used TPM-normalized IncRNA expression data from
all tissues of both species. Using t-SNE to reduce the dimensionality
of IncRNA resulted in a robust clustering of samples based on tissue
types (Fig. 8). The cluster heatmaps and t-SNE of IncRNA expressions
reveal that each tissue has its transcriptional signature, which can be
used to differentiate between tissues (Figs. 5 and 8).

The aim of this study was to investigate the roles of long non-
coding RNAs (IncRNAs) and microRNAs (miRNAs) in the develop-
ment of cotton fibres. We utilized the weighted gene co-expression
network analysis (WGCNA) approach to identify co-expression net-
works and hub IncRNAs significantly linked with fibre development.
The DPA-related samples included in the analysis are outlined in
Table S7. So, we performed co-expression analysis for G. hirsutum
IncRNAs, G. barbadense IncRNAs, and G. hirsutum miRNAs, resulting
in the partitioning of the WGCNA networks into 66, 58, and 5 co-
expression modules, respectively. We identified associations among
several IncRNA-IncRNA pairs in these co-expression networks, sug-
gesting their involvement in the same fibre developmental stages
and specific biological processes.

To investigate the potential role of IncRNAs and miRNAs in fibre
development, we used co-expressed IncRNAs from G. barbadense
5DPA (MEmagenta module) and G. hirsutum 6DPA (MECyan module)
based on significant module trait assessment. We also attempted to
determine the function of a specific set of miRNAs in both species
using CoNCRAtlas data (Fig. 9). Nine common members of the
miR1183, miR171, miR3476, miR477, miR482, and miR530 families
were identified as potential targets for co-expressed IncRNAs from
the WGCNA analysis using CONCRAtlas miRNA data. We further ex-
amined the associated data of the top IncRNAs and mRNAs con-
nected with it, as well as the transposons, to represent a biologically
relevant network model on fibre development for both species.
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Our analysis identified three IncRNAs, CoLNCGH20453,
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CoLNCGH252390, and CoLNCGH18853, which may partially explain
the development of fibres in G. hirsutum. Our analysis suggests that
cotton IncRNAs can act as miRNA sponges, reducing the regulatory
effect of miRNAs on mRNAs and adding another layer of complexity
to the miRNA-target interaction network. Using the CoNCRAtlas
database, we identified miRNAs preferentially expressed in fibres,
where the miRNA precursor is targeted by the same miRNA pro-
duced by the locus and overlaps with the corresponding antisense/
sense IncRNA. This approach identified a possible regulatory module
involving miR477b-COLNCGH39075 in fibre development in G. hir-
sutum. The expression data suggest that miR477b plays a crucial role
in regulating the GRAS type transcription factor, poly-lycopene iso-
merase enzyme, and cellulose-synthase like protein G3, indicating
an important function during fibre development. We also discovered
a similar miR477b-CoLNCGB10457 module of miRNA-mediated
mechanism coupled with sense IncRNA in G. barbadense, which
could explain the differences in fibre development between the two
species. It is worth noting that transcript expression alone may not
be sufficient, as transcription and splicing are not expected to be the
same in every tissue type, leading to differences in abundance and
splicing.

4.1. Summary and outlook

In this study, a comprehensive analysis of miRNAs and IncRNAs in
two important domesticated cotton species, G. hirsutum, and G.
barbadense is presented. We annotated numerous high-confidence
IncRNA genes, miRNAs and identified tissue-specific expression
patterns of ncRNAs, providing insights into IncRNA annotation and
isoform diversity. Additionally, we found that the current miRBase
annotations of cotton miRNAs are incomplete, and further sRNA-seq
samples are needed to expand the annotation.

To understand the potential functionality of IncRNAs, researchers
conducted transcript-level assessments of their conservation across
other cotton plant species. The findings are consistent with current
trends regarding the conservation of IncRNAs, indicating that con-
servation level may be associated with IncRNA function, which may
vary among different cotton species [11,58-60]|. However, we re-
cognize that conservation scores alone may not be conclusive in
identifying functional IncRNAs, and additional experimental valida-
tion is essential to confirm their roles in gene regulation. Further, the
analysis of non-coding RNA (ncRNA) expression in different tissue
samples of two cotton plant species, G. hirsutum, and G. barbadense,
revealed that ncRNAs are expressed in more context-specific manner
than protein-coding RNAs, and that IncRNAs are expressed at lower
levels compared to protein-coding genes. The tissue-wise data
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provides an overview of ncRNA expression in domesticated cotton,
highlighting the unique characteristics of ncRNAs, such as tissue-
specific expression and abundance, and their important regulatory
role in shaping distinct transcriptional profiles in different cell types.
Although IncRNAs are sparsely represented in bulk-tissue RNA se-
quencing datasets, their regulatory nature and low copy numbers
enable easy detection in specific cells [10]. The complexity of IncRNA
function is further increased by environmental factors [5,61]. Thus,
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Fig. 9. Network model illustrating IncRNA-miRNA-mRNA interactions during fibre development in (A) G. hirsutum (left) and (B) G. barbadense (right), along with a heat map
summarizing expression data for miRNAs (panels C and D) and IncRNAs (panels E and F) across samples available in CONCRAtlas. Blue hexagons represent miRNAs, green circles
represent mRNAs, orange circles represent IncRNAs, and gray squares represent transposons. Expression values for miRNAs and IncRNAs are in FPKM and RPM, respectively. The
stages of fibre development, including initiation, elongation, secondary wall synthesis, and maturation, are shown over developmental time.

transcriptional profiles in different cell types, underlining their im-
portant regulatory role in gene expression programs.

The integration of tissue-level ncRNA measurements with other
omics data holds the potential for inferring the activity of ncRNAs.
Previously unknown tissue-specific miRNAs and IncRNAs were
identified, and a significant proportion of cotton ncRNA sequences
were found to be transposable elements (TEs) with regulatory
functions in ncRNAs associated with TEs. Additionally, extensive
miRNA-IncRNA-mRNA regulatory networks in cotton were un-
covered, suggesting competition between miRNAs and IncRNAs for
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the same mRNA targets, miRNA synthesis from IncRNAs, and
IncRNAs functioning as miRNA decoys. These findings provide a
valuable resource for future research in cotton genomics and can be
applied to other plant species.

The primary objective of our study was to identify miRNAs and
IncRNAs in cotton and develop a comprehensive resource for them,
integrated into the CoONCRAtlas web interface. Compared to existing
databases, our resource includes a broader range of ncRNA features,
such as expression profiles, IncRNA-miRNA interactions, IncRNA as
potential miRNA precursors, and transposable element (TE)-related
ncRNAs (Table S6). The findings also highlight the significant in-
volvement of TEs in the diversification, regulation, and potential
function of IncRNAs and miRNAs, suggesting their role in the
emergence of IncRNAs associated with TEs in plants. Instructions on
how to use the CONCRAtlas web-interface are provided in the results
section, and a comparison with other databases is presented in
Supplementary Table S6. The web interface is regularly updated with
new discoveries and feature expression analyses, functional features,
IncRNA-protein coding gene associations, and validated ncRNA-
phenotype associations, making it a valuable tool for cotton research
communities worldwide. Researchers are encouraged to provide
suggestions for creating an up-to-date and comprehensive cotton
ncRNA database. Furthermore, including miRNA-IncRNA interactions
can help explain the function and intricate interplay of these com-
ponents in the cotton genome. Overall, the study provides a valuable
resource for future research in cotton genomics and can be extended
to other plant species, enhancing our understanding of the mole-
cular mechanisms underlying plant growth and development and
offering opportunities for crop improvement.
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