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Long non-coding RNAs (lncRNAs) play pivot roles in regulating mRNA expression in eukaryotic organisms
without coding any proteins. In the current study, a comprehensive analysis of 260 published RNA-Seq
datasets collected from different tissues (fruits, leaves, stems, and roots) of Coffea arabica L. was per-
formed to discover potential lncRNAs. A total of 10,564 unique lncRNAs were identified. Our results
showed that 77.14% of the lncRNAs were intergenic and 60.39% of them are located within 5 Kbp from
the partner gene. In general, all the identified lncRNAs showed shorter lengths, fewer number of exons,
and lower expression levels as compared to mRNAs in different studied tissues. Several lncRNAs were
determined as differentially expressed (DE) in fruits as compared to leaves, stems, or roots. The functional
characterization of the DE lncRNAs revealed their roles in regulating significant biological processes in
different tissues of C. arabica. The current study provides a comprehensive analysis and dataset of
lncRNAs in C. arabica that could be utilized in further studies concerning the roles of these molecules
in plant cells.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In eukaryotic genomes, non-coding RNA molecules (ncRNAs)
constitute a major group of transcripts (Eddy, 2001). This group
is typically classified into two sub-sections viz., regulatory ncRNAs
and housekeeping ncRNAs. The housekeeping ncRNAs are essential
to the basic functions of cells and include tRNAs, rRNAs, snRNAs,
and snoRNAs (Zhao et al., 2019). On the other hand, regulatory
ncRNAs are expressed in response to certain changes resulted from
exposure to stress, in specific tissues, or during different develop-
mental stages of the plant (Cuperus et al., 2011). This group of
ncRNAs is further divided based on their length to small ncRNAs
with length < 200 base pairs (bp) and long ncRNAs (lncRNAs) with
length < 200 bp. Extensive research efforts were invested to exam-
ine the regulatory roles of small ncRNAs either in animals or
plants; however, research concerning the roles of lncRNAs, espe-
cially in plants, is lacking (Ponting et al., 2009; Chen, 2012; Zhao
et al., 2019). Recent reports indicated the regulatory roles of
lncRNAs in different biological processes in the plant e.g., tran-
scriptional regulation, cell growth and proliferation, and disease
resistance pathways (Rinn and Chang, 2012; Yang et al., 2014;
Liang et al., 2015).

Previous reports correlate the lncRNAs with different regulatory
mechanisms of biological processes; however, these molecules are
known to lack open reading frames (ORFs) (Rinn and Chang, 2012).
The absence of ORFs is correlated with the role of lncRNAs in reg-
ulating their target genes (Sun et al., 2020). lncRNAs regulate their
potential targets either via trans role or cis role, where the regula-
tory role of the lncRNA molecule is related to the adjacent coding
gene. In this case, the lncRNA is either located downstream or
upstream the regulated coding gene. The regulatory action of the
lncRNA may happen at the transcriptional or post-transcriptional
levels.

Data generated by high-throughput sequencing, especially RNA
sequencing (RNA-Seq), techniques was successfully utilized to
identify a large number of lncRNAs in different eukaryotic
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organisms. In all cases, lncRNAs were characterized by tissue-
specific and low expression levels, in addition to less conservation
between different species (Cabili et al., 2011; Wang et al., 2014).
Roughly 6000 intergenic lncRNAs were identified and character-
ized in Arabidopsis (Di et al., 2014; Wang et al., 2014). Similarly,
a massive database of lncRNAs in maize was developed and speci-
fic drought-responsive molecules were identified (Li et al., 2014;
Zhang et al., 2014a). A comprehensive database of lncRNAs was
also generated for cotton with the identification of potential mole-
cules involved in the regulation of fiber initiation and elongation
(Wang et al., 2015a). RNA-Seq data was utilized to identify sexual
reproduction-related lncRNAs in rice (Zhang et al., 2014b). Simi-
larly, RNA-Seq technique was used to detect 1565 lncRNAs in
tomatoes with the identification of TYLCV infection-responsive
lncRNAs (Wang et al., 2015b) and the potential regulatory roles
of these molecules in fruit ripening and the origin of Lycopersicon
(Wang et al., 2016).

Coffee is considered among the most important agricultural
products in the world. The two main coffee species cultivated glob-
ally are the Arabian coffee (Coffea arabica L.) and the robusta coffee
(C. canephora L.). C. arabica occupies 70% of the world coffee culti-
vation and production (Lashermes et al., 1999). Growing coffee
represents the sole income source for more than 12.5 million
households around the world (Montagnon et al., 2021). Therefore,
coffee represents the most valuable tropical export crop world-
wide, with an annual retail value of roughly 88 billion dollars
(Valencia-Lozano et al., 2021). In the current study, we performed
a large-scale analysis of the RNA-Seq published data via analyzing
data from 260 published RNA-Seq experiments collected from dif-
ferent tissues of Coffea arabica plant to discover the potential
tissue-specific lncRNAs. Moreover, the regulatory roles of the iden-
tified lncRNAs were examined via functional characterization of
their potential mRNA gene targets using cis methods. The results
of the current study will provide a comprehensive database of
lncRNAs in C. arabica for further genome-wide studies, especially
on transcriptional regulation.
2. Materials and methods

2.1. Data curation

A total of 260 experiments available in the Short Read Archive
(SRA) on the National Center for Biotechnology Information (NCBI)
website were downloaded and used for the analysis performed in
the current study. The data was classified into four main groups
based on the collected tissue, namely fruits (92 experiments),
stems (108 experiments), leaves (52 experiments), and roots (8
experiments). The accession numbers of the obtained data and
their phenotypic and technical description are shown in Supple-
mentary Table (S1).

2.2. Data preprocessing and lncRNAs identification

FastQC v0.11.9 (https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/) was used to examine the quality of the obtained
data. Trimmomatic v.040 (Bolger et al., 2014) was used to remove
low-quality reads. Low-quality reads for the purpose of our analy-
sis were defined as follows: (1) reads containing adapter
sequences, (2) reads containing more than 10% of N bases, and
(3) reads with an average Phred quality score more than 30. Hisat2
v2.2.1 (Kim et al., 2019) was used to align all clean reads against
the C. arabica reference genome (Cara_1.0, GCA_003713225.1)
downloaded along with annotation files from the NCBI genome
database. StringTie2 v2.1.5 (Kovaka et al., 2019) was used to
assemble the transcripts of each experiment separately. After
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merging all the assembled transcripts, GffCompare v0.12.2
(Pertea and Pertea, 2020) was used to compare them with the ref-
erence genome. The total number of assembled transcripts was
247,665 transcripts including 12,294 non-previously annotated
transcripts and 85,596 exactly matching the known transcripts.

Potential lncRNAs in the assembled transcripts were identified
using FEELnc v0.2 (Wucher et al., 2017). According to the analysis
pipeline, short transcripts (200 bp or less) were removed using
FEELncfilter. The coding potential score of the remaining tran-
scripts was calculated using FEELnccodpot. RNAs with a
length � 200 bp, coding potential score < 0.5, and open reading
frame (ORF) covers < 50% of length were defined as lncRNAs.
FEELncclassifier was used to identify the potential regulatory roles
of the identified lncRNAs via classifying these lncRNAs to the local-
ization and the direction of transcription of proximal RNA
transcripts.
2.3. Differential expression analysis

Ballgown v2.22.0 (Fu et al., 2021) on R programming language
was used to identify differentially expressed (DE) transcripts in dif-
ferent studied pair-wise comparisons (fruits vs. stems, fruits vs.
leaves, and fruits vs. roots). The abundance of assembled tran-
scripts was expressed as fragments per kilobase of transcript per
million mapped reads (FPKM). The transcript with P-value < 0.05
and |log2(fold change)| greater than 1 was considered as DE.
2.4. Annotation of DE lncRNAs

Gene ontology (GO) enrichment analysis of the gene targets of
all DE lncRNAs was performed using GOseq v1.42.0 (Young et al.,
2010) on R. The GO term with a corrected P-value < 0.05 was con-
sidered as significantly enriched.
3. Results

3.1. Genome-wide identification of C. Arabica lncRNAs

After mapping all the reads to the C. arabica reference genome, a
total of 247,665 transcripts were assembled representing 62,833
unique transcripts among them 12,294 transcripts were non-
previously annotated. The lengths of the assembled transcripts
ranged from 23 to 60,411 bp with an average length of 2,117 bp
(Fig. 1a). Approximately 50% of the assembled genes were repre-
sented by one transcript only. The maximum transcripts assem-
bled for a single gene were 259 transcripts (Fig. 1b). FEELnc
analysis led to the identification of 10,564 unique lncRNAs
(length � 200 bp, ORF cover < 50%, potential coding score < 0.05).
The length of the identified lncRNAs ranged from 201 to 20,208 bp
with an average length of 573 bp.
3.2. Characterization of C. arabica lncRNAs

The locations of all the identified lncRNAs were analyzed rela-
tive to their partner genes. Firstly, lncRNAs were classified into
either genic (overlaps partner gene) or intergenic (does not overlap
partner gene). The results showed that 77.14% of the lncRNAs were
intergenic (Fig. 2a). Our analysis revealed that 60.39% of the inter-
genic lncRNAs located within 5 Kbp from the partner gene either
downstream or upstream (Fig. 2b). The genic lncRNAs showed
almost even distribution with regard to their location either in exo-
nic or intronic regions (Fig. 2c). Most of the identified lncRNAs
(62.63%) had only two exons and <6.5% had more than 5 exons
(Fig. 2d).
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Fig. 1. Length distribution of the assembled transcripts (a) and distribution of number of exons in each assembled transcript (b).

Fig. 2. Characterization of lncRNAs identified in different tissues of Coffea arabica. (a) Type of lncRNAs identified by FEELnc as either genic (overlaps partner gene) or
intergenic (does not overlap partner gene), (b) the proportion of lncRNAs located within 5 K bp either downstream or upstream the partner gene and those which located
beyond 5 K bp of the partner gene, (c) percentage of lncRNAs according to their location relative to the partner gene, and (d) number of exons in the identified lncRNAs.
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3.3. Analysis of expression levels in different tissues

The overall genetic expression was examined in C. arabica via
analyzing data from 260 different samples representing 4 major
tissues, namely fruits (92 samples), stems (108 samples), leaves
(52 samples), and roots (8 samples). The obtained results revealed
slight variation in the expression levels between different tissues
(Fig. 3a). It was evident that leaf and stem tissues have slightly
higher expression levels than fruit and root tissues. The density
blot showed that root tissues had the lowest levels of expression
among the different tissues (Fig. 3b).

The average expression of mRNA and lncRNAs in all the studied
tissues of C. arabica was examined. The obtained results clearly
indicated that mRNA was expressed in higher levels as compared
6025
to lncRNAs in all tissues. These results are depicted via violin
(Fig. 3c) and density (Fig. 3d) plots of the log10 transformation of
the FPKM values.

3.4. Identification and functional characterization of DE lncRNAs

The transcriptomic data obtained from the 260 studied samples
was utilized to examine the tissue-specificity of the identified DE
lncRNAs in C. arabica different tissues. Fruit tissues were compared
with all the other tissues. A total of 158 unique DE lncRNAs were
identified in different pairwise comparisons (Fig. 4a). Only 35
lncRNAmolecules were identified as common DE between all com-
parisons. Comparing fruits with leaves showed the highest number
(50) of unique DE lncRNAs. DE lncRNAs identified in fruits as



Fig. 3. The variation in FPKM values of all the expressed transcripts in fruits, stems, leaves, and roots was compared and visualized using boxplots (a) and density distribution
profiles (b). The difference in the average expression levels between lncRNAs and mRNAs in all the studied tissues showed that mRNAs was expressed more than lncRNAs as
depicted in the violin plots (c) and density distribution profiles (d).

Fig. 4. (a) Number of DE lncRNAs in fruits as compared to leaves, stems, and roots. The expression landscape of lncRNAs in different pairwise comparisons is depicted by the
volcano plots between (b) fruits vs. leaves, (c) fruits vs. stems, and (d) fruits vs. roots.
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Fig. 5. The most enriched GO terms in C. arabica fruit tissues as compared to (a) leaves, (b) stems, and (c) roots. BP: biological process, CC: cellular component, MF: molecular
function.
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compared to stems or roots shared 35 similar lncRNAs. Comparing
fruits with leaves showed a higher number of up-regulated DE
lncRNAs (Fig. 4b), and a similar pattern was observed in the com-
parison of fruits with stems (Fig. 4c). Contrarily, the number of
down-regulated DE lncRNAs was higher than up-regulated ones
when comparing fruits with roots (Fig. 4d). A full list of the identi-
6027
fied lncRNAs and their potential target(s) could be found in Supple-
mentary Table (S2).

The target mRNA genes of all identified lncRNAs were identified
in each pairwise comparison and examined for their potential
functional role based on GO classification. Enriched GO terms were
classified into 3 major categories viz., biological process (BP),
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cellular component (CC), and molecular function (MF). DE lncRNAs,
that were identified in comparison of fruits with leaves, showed a
higher number of enriched GO terms in the MF category (Fig. 5a).
GO:0005506 (iron ion binding), GO:0048038 (quinone binding),
and GO:0008137 (NADH dehydrogenase (ubiquinone) activity)
were the highest enriched terms in fruits as compared to leaves.
Targets of DE lncRNAs, that were identified in fruits as compared
to stems, enriched several GO terms especially in the MF category
(Fig. 5b) including GO:0004176 (ATP-dependent peptidase activ-
ity) and GO:0003735 (structural constituent of ribosome). Interest-
ingly, oxidoreductase activity (GO:0016682 and GO:0016655) was
enriched by the target genes identified when comparing fruits with
any other tissue. GO:0048038 (quinone binding) was also enriched
by targets of DE lncRNAs in fruits as compared to roots (Fig. 5c).
4. Discussion

In eukaryotic organisms, the transcriptomic landscape consists
mainly of protein-coding genes and ncRNAs. Deeper biotechnolog-
ical analyses and studies revealed that the genetic expression pro-
cess in eukaryotes is extensively complex. Moreover, plants
characterize by bigger genome sizes and higher ploidy levels com-
pared to other eukaryotes and possess increasing the genetic
expression complexity (Berretta and Morillon, 2009; Dinger et al.,
2009). Non-coding genes are generally classified into short non-
coding genes (e.g., small RNAs and micro RNAs) and long non-
coding genes. The regulatory roles of short non-coding RNA groups
were extensively studied and fully elaborated (Ghildiyal and
Zamore, 2009). On the other hand, information regarding the
potential roles of lncRNAs in different biological processes is still
lacking and needs more research efforts. Previous studies indicated
the pivot roles of lncRNAs in organisms’ growth and development
(Wang and Chang, 2011).

In the current study, we analyzed 260 published transcriptomic
RNA-Seq datasets generated from different tissues of C. arabica
obtained from the NCBI SRA. The analysis led to the assembly of
247,665 transcripts. Using FEELnc pipeline, 10,564 unique lncRNAs
were identified. Our results showed that lncRNAs are shorter and
have lower expression levels than mRNAs. These results agree with
the previous findings indicated that in different organisms,
lncRNAs generally have fewer exons, shorter lengths, and lower
expression levels as compared to mRNAs (Cabili et al., 2011;
Pauli et al., 2012; Zhao et al., 2019).

Caffeine is a purine alkaloid that is naturally biosynthesized in
both leaves and fruits or seeds of C. arabica. In leaves, caffeine
has insecticidal effects (Nathanson, 1984), while in fruits, it inhi-
bits the germination of the seeds of other competing species
(Pacheco et al., 2008). The main precursor of caffeine is xanthosine
resulted from the purine metabolism pathway. Xanthosine conver-
sion into caffeine happens via several steps that is regulated by dif-
ferent coding genes including xanthosine methyltransferase,
theobromine synthase, and caffeine synthase. In C. arabica, 7-
methylxanthosine synthase 1-like (LOC113710464) regulates the
conversion of xanthosine into 7-methylxanthosine which in turn
converted into 7-methylxansine. The latter is converted into theo-
bromine by the action of theobromine synthase (LOC113710465).
In the final step, caffeine synthase (LOC113709599) catalyzes the
conversion of theobromine into caffeine (Denoeud et al., 2014).
Our differential expression analysis showed several DE lncRNA.
Comparing fruits with other tissues revealed the presence of 3
DE lncRNA molecules that may regulate the expression of genes
involved in caffeine biosynthesis. MSTRG.42643 may regulate the
expression of 7-methylxanthosine synthase 1-like gene via cis role
as it is located 3159 bp upstream this gene and may regulate its
expression. Similarly, MSTRG.42638 may regulate the expression
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of theobromine synthase. The lncRNA MSTRG.42638 was found
to be located 2972 bp upstream the probable caffeine synthase 3
gene indicating its potential cis regulatory role.

5. Conclusions

In the current study, 10,564 unique lncRNAs were identified
using 260 published transcriptomic datasets from 4 different tis-
sues of C. arabica. Our results revealed that lncRNAs are character-
ized by shorter length and lower expression levels as compared to
mRNAs in C. arabica. The majority of the identified lncRNAs were
classified as intergenic and located within 5 Kbp from the target
gene. Several lncRNAs were differentially expressed in fruits as
compared to leaves, stems, or roots. The roles of these molecules
related to important biological processes as revealed by GO enrich-
ment analysis. The current study lays the foundation for future
studies examining the roles of lncRNAs in regulating mRNA expres-
sion in different tissues of C. arabica via generating a comprehen-
sive database of lncRNAs.
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