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A B S T R A C T

Our understanding of gene regulation is constantly evolving. It is now clear that the majority of cellular tran-
scripts are non-coding RNAs. The spectrum of non-coding RNAs is diverse and includes short (< 200 nt) and long
non-coding RNAs (lncRNAs) (> 200 nt). LncRNAs regulate gene expression through diverse mechanisms. In this
review, we describe the emerging roles of lncRNA mediated plant gene regulation. We discuss the current
classification of lncRNAs and their role in genome organization and gene regulation. We also highlight a subset
of lncRNAs that are epigenetic regulators of plant gene expression. Lastly, we provide an overview of emerging
techniques and databases that are employed for the identification and characterization of plant lncRNAs.

1. Introduction

The C-value paradox posits that there is an enormous variation in
genome size among species and this variation does not significantly
correlate with developmental complexity [43]. The vast majority of the
non-coding genome was declared as “Junk DNA” due to the presence of
simple repetitive sequences, transposons and pseudogenes [16,43].
However, numerous studies using high-throughput sequencing tech-
nologies have now determined that almost 90% of the eukaryotic
genome gets transcribed [3,43] which is in sharp contrast to the ap-
proximately 2% that gets translated. The remaining transcriptome
comprises of non-coding RNAs (ncRNAs), which have little to no coding
ability [109]. In contrast to the C-value paradox, the non-coding RNA
content within a genome is proposed to correlate with the develop-
mental and physiological complexity of an organism [63,70]. The
ncRNAs consist of a diverse range of transcripts, which vary in size,
ranging from 20 to 30 nucleotides (nts) for small ncRNAs to>200 nts
for long ncRNAs or lncRNAs [28]. The location and function of several
ncRNAs, such as ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small
nuclear RNAs (snoRNAs and snRNAs), transfer RNAs (tRNAs) as well as
regulatory RNAs such as microRNAs (miRNA) and small interfering
RNA (siRNA) have been well characterized in eukaryotes
[8,56,68,122]. With the development of advanced sequencing techni-
ques and computational methods, thousands of lncRNAs have recently
been identified in a wide array of plants [33,48,55,58,112]. However,

limited information is available on the molecular mechanisms gov-
erning the function of lncRNAs [56]. Recent studies have highlighted
the roles played by plant lncRNAs in key cellular processes including
transcription, epigenetic modification and post-transcriptional mod-
ifications [28]. This short report provides an overview on the current
knowledge of plant lncRNAs, their mode of identification, classification
and functions.

2. LncRNA classification

Long noncoding RNAs are classified on the basis of their genomic
location and function (Fig. 1). In this review, we will discuss these two
major classification schemes and further highlight the importance of a
subclass of plant specific lncRNAs that play a role in RNA dependent
DNA methylation (RdDM).

2.1. Classification based on function

Functional analysis of eukaryotic lncRNAs has revealed that they act
as scaffolds, guides, and targets to regulate gene expression through
epigenetic modification and other post-transcriptional gene regulatory
mechanisms (Table 1) [6,28,56,68,99]. Based on the functional roles
the lncRNAs can be classified as:
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2.1.1. Cis acting lncRNAs
Long non coding RNAs regulating expression of the genes present on

the same chromosomal location are cis-acting, that is, both the

regulatory RNA and the target gene are transcribed from the same
locus. These cis acting lncRNAs include various promoter and enhancer
associated RNAs as well as intronic and antisense lncRNA. In certain cis

Fig. 1. Schematic model showing the classification
of lncRNAs based on regulatory functions. A) Cis-
acting lncRNAs modulate expression of the target
gene at the same locus by (I) the recruitment of
proteins or (II) through the act of getting transcribed,
which leads to the opening of local chromatin for
downstream mRNA transcription. B) As miRNA
target mimics, lncRNAs (purple) sequester the
miRNA (red) to inhibit the silencing of target mRNA.
C) Scaffold lncRNAs: either acts as decoy (left panel)
to sequester a protein or act as guide RNA to recruit
protein/s to mediate gene expression (Right panel).
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Table 1
List of plant long noncoding RNAs identified on the basis of their biological function and mode of action.

SPECIES Name Mechanism of action Biological function References

Arabidopsis thaliana
(Arabidopsis)

IPS1 Target mimicry: interacts with an miRNA, ath-mir399 Regulates phosphate homeostasis [22]
COLDAIR Epigenetic silencing: modification of histones Regulates flowering [27]
COOLAIR Epigenetic silencing: Promoter interference Regulates flowering [88]
HID1 Stage specific: Associates with chromatin and represses

transcription of phytohormone interaction factor 3 (PIF3)
Regulates photomorphogenesis [103]

asHSFB2a Hijacks nuclear Antisense transcription regulators Regulates the gametophytic and vegetative
development

[111]

ASCO-lncRNA Regulators of alternate splicing Regulates the development of lateral roots [5]
APOLO Causes the formation of Chromatin loop and regulates the

expression of its neighboring genes
Regulated plant development through
auxin signaling

[2]

ELENA1 Increases the expression of genes involved in plant
immunity, such as PR1 and PR2, B 1,3glucanase and
salicylic acid genes

Upregulated in disease caused by
Pseudomonas syringae

[61]

Drought induced RNA
(DRIR)

Regulates stress responses such as stomata closure Upregulated in drought and salt stress [72]

CDF5 LONG NONCODING
RNA (FLORE)

Natural anti-sense transcript of CDF5, upregulates
flowering

Photomorphogenesis [26]

Glycine max (soybean) GmENOD40 Involved in the development of nodules Regulates the re-localization of proteins
from nucleus to cytoplasm

[117]

Hordeum vulgare (Barley) HvCesA6 lnc-NAT Acts as a precursor for siRNA Involved in the synthesis of cell wall [25]
Medicago truncatula (Barrel

medic)
MtENOD40 Involved in the development of nodules Regulates the re-localization of proteins [83]

Oryza sativa (Rice) OsPI1 Unknown Regulates phosphate homeostasis [106]
OsENOD40 Involved in the development of nodules Unknown [42]
LDMAR (P/TMS12-1) Acts by causing promoter methylation Male fertility regulation [17]
Cis-NATPHO1;2 Acts by enhancing translation of PHOSPHATE1;2 Regulates phosphate homeostasis [30]
lncRNAs: 2224 lincRNAs:
1624 lncNATs: 600

Tissue and stage specific: Anthers, pistils, seeds five days
after pollination, and shoots 14 days after germination

Regulates sexual reproduction [128]

Petunia hybrid (Petunia) SHO lnc-NAT Degrades dsRNA Regulates the synthesis of local cytokines [138]
Populus trichocarpa incRNA20 lincRNA2752 target mimic of ptc-miR476 target mimic of ptc-miR169 Upregulated in abiotic stress (drought) [80]
Solanum lycopersicum

(Tomato)
TPS11 Unknown Regulates phosphate homeostasis [53]
Slylnc0195 slylnc1077 target mimic of miR166 target mimic of miR399 Upregulated in infections caused by

tomato yellow leaf curl virus
[97,101]
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acting lncRNAs, the lncRNA transcription process can affect the ex-
pression of nearby genes mainly through RNAP II recruitment and
through changes in chromatin organization of the locus.

The prime example of cis-regulation in placental mammals is Xist
lncRNA that is involved in the induction of X chromosome inactivation.
This lncRNA is expressed from one X chromosome and brings about the
silencing of the entire chromosome.

Another example of a cis-acting lncRNA involved in regulation of
plant development is the antisense Delay of Germination 1 (as-DOG1)
lncRNA [20]. Seed dormancy in Arabidopsis is regulated by the DOG1
gene and the release of dormancy marks the first developmental stage
in the plants life cycle. This is regulated by the as-DOG1 lncRNA which
begins from the proximal transcription termination site (TTS) of the
DOG1 gene and ends at the DOG1 TSS. This lncRNA has both a 5′ cap
and a polyadenylation tail and acts as a suppressor of seed dormancy.

2.1.2. LncRNAs as target mimics
Unlike cis-acting lncRNAs, trans-acting lncRNAs bind miRNAs and

block the interaction between miRNAs and their specific target mRNAs.
This process is termed endogenous target mimicry (eTM) (Fig. 1). In
eTM, the target mimics act as decoys by binding to specific miRNAs in
order to block their interaction with actual targets. Target mimics have
an insertion at the miRNA cleavage site, which creates a mismatch of at
least three nucleotides. This mismatch is at the position of miRNA
cleavage site to avoid any detection by the miRNA dicing proteins
thereby resulting in a more stable sequestration of miRNA [22,110].
Ever since the first reported eTM, several putative and functionally
characterized eTMs have been identified within the intergenic or non-
coding genes in a number of plant species [22,56,110]. Several eTMs
have been reported to regulate plant immunity by suppressing the
function of the corresponding miRNA thereby up-regulating specific
defense related genes [6]. For instance, in tomato, the lncRNAs
slylnc0195 and 1077 are up-regulated in response to infection caused
by Tomato Yellow Leaf Curl Virus (TYLCV). Slylnc0195 and 1077 act as
target mimics of miR-166 and miR-399 respectively [68]. Slylnc0195
mediated mimicry of miR-166 was associated with an increase in ex-
pression of a number of miR-166 predicted targets.

Apart from their biological significance, eTMs are also being used to
characterize the function of different plant miRNAs in transgenic plants
[91,110]. As miRNA target mimics, lncRNAs can modulate miRNA
mediated gene silencing. Target mimics can be designed for the miRNA
gene family of interest for simultaneous silencing of all miRNA family
members [22]. Recent miRNA functional studies have shown that the
target mimics can effectively abolish miRNA activity in both transient
assays as well as in stable transgenic lines [91,115,124].

2.1.3. LncRNAs as scaffold and guides
Many lncRNAs carry out their cellular functions by interacting with

proteins to form RNA-protein complexes. In some cases the lncRNA can
pair with the DNA element and thereby act as a guide for these RNA-
protein complexes while in others the lncRNA facilitates recruitment or
formation of a macromolecular complex thereby acting as a scaffold.
These interactions are mediated by specific RNA sequence motifs or
domains that are generally composed of secondary and tertiary struc-
tures formed by RNA folding within a lncRNA [49,86]. In Arabidopsis
the trans-acting lncRNA COLDAIR acts as a guide RNA to recruit
chromatin complexes to mediate gene expression. Likewise, the APOLO
lincRNA acts as scaffolding RNA that participates in chromatin loop
formation [2,27].

2.1.4. LncRNAs as mediators of RNA dependent DNA methylation
RNA dependent DNA methylation is an epigenetic silencing me-

chanism for genes, transposons and repetitive elements [108] that is
also proposed to regulate gene expression by repressing chromosomal
interactions and chromatin contact [77]. Plants have evolved two ad-
ditional non-redundant polymerases (Pol IV and V) that specifically
transcribe lncRNAs that regulate gene expression by RNA mediated
DNA methylation (RdDM) [38].

The plant specific multi-subunit RNA Polymerase IV and V and their
lncRNA products are the major players in the RdDM pathway (Fig. 2).
In the first step of the pathway, RNA Pol IV transcribed lncRNA is diced
into 24 nucleotide small interfering RNAs (siRNAs), which get methy-
lated and bind to Argonaute proteins (AGO4/6 in Arabidopsis). This
results in the formation of an Argonaute-siRNA complex. Subsequently,
RNA Pol V transcribed lncRNAs act as scaffolds and recruit the Argo-
naute-siRNA complex to the chromatin target site. After the subsequent
interaction with Argonaute proteins, Pol V transcribed lncRNAs recruit
methyl transferases to cytosine residues at regions surrounding the
lncRNA site, ensuing gene silencing (Fig. 2) [67].

Plants employ POL IV and V for both steps in the RdDM pathway
that is siRNA biogenesis and scaffold lncRNAs transcription respectively
(Fig. 2). An important point to note here is that some lncRNAs are
transcribed by both Pol II and Pol IV/V [2]. Pol II has also been also
proposed to have a role in RdDM silencing as a weak mutant of Pol II
subunit shows decreased methylation rate [84,130].

RdDM mediated gene regulation is not the only distinguishing
characteristic of Pol IV/V transcribed lncRNAs. There are additional
distinct features of Pol IV/V transcribed lncRNAs. For instance Pol IV/V
transcribed lncRNAs are not processed like mRNAs for 3′ poly-
adenylation as they lack the specific subunits for interaction with the
processing enzymes [107]. Pol IV/V recruitment requires specific

Fig. 2. A simplified model depicting the role of
lncRNAs in Pol IV/V mediated RNA dependent DNA
methylation (RdDM). Pol IV (grey oval) transcription
leads to the generation of ssRNAs that gets copied to
dsRNAs, which are further processed into 24 nt
siRNAs (green). These siRNAs are stabilized by me-
thylation of their 3′ ends and subsequently loaded
onto the Argonaute complex for DNA methylation.
The targeting of siRNA-Argonaute complex to DNA
(to be methylated) is mediated by Pol V (brown oval)
transcribed lncRNAs through direct base pairing be-
tween siRNA and lncRNA. Recruitment of DNA me-
thyltransferase leads to the methylation at the cyto-
sine residues (red circles) of the DNA. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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chromatin modifications such as histone H3K9 dimethylation
(H3K9me2), HDA6 dependent histone deacetylation and maintenance
methylation by MET1 and CMT3 [7,107]. Identification of Pol IV/V
transcribed lncRNAs specifically requires more sensitive techniques as
they are expressed at extremely low levels owing to silencing at the
chromatin level. Recently, over 20,000 Pol IV dependent lncRNAs were
identified using a Pol IV mutant [51].

2.2. Classification based on genomic location

2.2.1. Sense and intronic lncRNAs
LncRNAs transcribed from a region overlapping a protein-coding

gene that shares the same promoter, are classified as sense lncRNAs and
those arising from an intron of a protein-coding gene are called intronic
lncRNAs [60]. A well-studied example of sense and intronic lncRNAs in
plants is COLDAIR (COLD Assisted Intronic noncoding RNA). COLDAIR
regulates silencing of the floral repressor FLC (Flowering Locus C)
through the enrichment of PRC2 (Polycomb Repressive Complex 2) at
the locus. Physical association of COLDAIR with PRC2 results in the
recruitment of PRC2 to the FLC locus. Silencing of the FLC locus upon
prolonged cold exposure or vernalization treatment ensues flowering in
spring [27].

2.2.2. Antisense lncRNAs
The lncRNAs located in the antisense orientation (in the opposite

strand) to a protein-coding gene are classified as antisense lncRNAs or
long non-coding natural antisense transcripts (lncNATs). They are ex-
pressed either in concordance with the sense strand or in a discordant
manner. In the latter case, lncNATs are expressed when the sense strand
expression is suppressed [96]. However in both cases, lncNATs mediate
the transcriptional or post-transcriptional regulation of the corre-
sponding sense strand transcript [96]. Some of the reported plant
lncNATs involved in the regulation of plant morphology and the re-
sponses to biotic and abiotic stresses include COOLAIR, cis-
NATPHO1;2, SHO lnc-NAT and TL-lncRNA [29,30,57,138]. A group of
cis- acting antisense lncRNAs termed COOLAIR direct histone mod-
ifications that contribute to the establishment of epigenetic memory
required for the regulation of flowering [88,116]. This results in the
transition of FLC gene from an actively transcribed to a stably repressed
state. Histone methylation at lysine 36 (H3K36me3) plays an antag-
onistic role to H3K27me3, and in the absence of COOLAIR, the epige-
netic repressive mark H3K27me3 is replaced by the active transcription
mark H3K36me3 [14,116] suggesting the crucial role of antisense
lncRNA COOLAIR in silencing of FLC and the regulation of flowering
time.

Another example of cis-acting antisense lncRNA is the TWISTED
LEAD (TL) [57] lncRNA present in rice. This lncRNA is also transcribed
from the opposite strand of the R2R3 MYBP transcription factor gene
locus called OsMYB60. This antisense lncRNA is involved in regulating
the development of leaf morphology in rice by mediating the suppres-
sion of the sense gene through chromatin modifications. Down-reg-
ulation of TL leads to the over-expression of OsMYB60 resulting in
twisted leaf blades in transgenic rice plants [57].

Other well characterized plant trans-acting antisense lncRNAs in-
clude HIDDEN TREASURE 1 (HID1) and the antisense Heat shock factor
(HSF) B2a (Table 1) [20] HID1 was reported to be involved in the
regulation of seedling photo-morphogenesis in Arabidopsis [103]. This
lncRNA promotes photo-morphogenesis in the presence of continuous
red light by suppressing the function of a transcription factor, PHYT-
OCHROME-INTERACTING FACTOR 3 (PIF3), which is a key repressor of
photo-morphogenesis in the presence of red light [56]. It was reported
that the knockdown of HID1 resulted in the increased expression of
PIF3, which in turn led to the development of elongated hypocotyls in
the presence of continuous red light [103]. It has also been reported
that HID1 is well conserved among different plant species. The HID1
homolog present in rice (OSHID1) was able to rescue the phenotype of

mutant hid1 Arabidopsis plants [104]. HID1 was the first reported
lncRNA to be involved in photo-morphogenesis, proving the importance
of lncRNA in seedling development [56].

2.2.3. Intergenic lncRNAs
Long intergenic noncoding RNAs (lincRNAs) are located outside

protein-coding genes. Plant lincRNAs are functionally diverse lncRNAs
and have remained a major focus of lncRNA research, which has led to
the identification of over 2000 plant specific lincRNAs [55,114] in a
wide variety of crop species including wheat, maize, rice, sorghum,
peach, potato and populus [11,44,48,71,100,112,128]. Although plant
lincRNAs are reported to be expressed at low levels in both organ-
specific as well as in cell-type specific transcriptome studies [50,55],
the advent of high throughput technologies has led to the identification
of several plant lincRNAs such as APOLO, ASCO, ENOD40, IPS1, DRIR
and LDMAR [2,5,13,17,22,72]. The recently identified ELENA1 (ELF18-
Induced Long Noncoding RNA 1) is a lincRNA involved in the regula-
tion of plant innate immunity. As a trans-acting lincRNA, ELENA1
regulates the levels of PR1 (pathogenesis-related 1) to enhance re-
sistance against Pseudomonas syringae infection [66,79].

Another example of lincRNAs in plants is APOLO (Auxin regulated
Promoter Loop RNA) that is transcribed by two polymerases, RNA Pol
II/Pol V, and induces the silencing of the neighboring Auxin transport
regulator PID (PINOID). APOLO mediates PINOID silencing by chro-
matin folding, loop formation and promoter methylation [2]. PID is
involved in the maintenance of root architecture by modulating Auxin
transport through multiple channels including alteration of genome
topology and RNA-Dependent DNA Methylation [2]. However, the
possibility of regulatory mechanisms other than RdDM have also been
proposed for the regulation of APOLO and PID [77].

2.3. In-silico identification

The development of high throughput technologies has aided the
process of in-silico identification and characterization of plant lncRNAs
[6]. However, the difficulty in separating the coding from the non-
coding RNAs in the thousands of assembled transcripts makes the
identification of lncRNAs very challenging [85]. Therefore the un-an-
notated plant lncRNAs are initially identified in-silico using distinctive
features such as the absence of an ORF or start and stop codons
[43,119]. Several tools are used for the in-silico identification of
lncRNAs which include CONC (Coding Or Non-Coding), Phylo Codon
Substitution Frequency (CSF), CPC (Coding Potential Calculator), and
POTRAIT [4,40,52,54]. Several new tools specifically identify different
types of lncRNAs. These include Coding-Non-Coding Index (CNCI),
iSeeRNA (for lincRNAs), PLEK, lncRNA-MFDL [27,47,85]. Apart from
direct transcriptome analysis, lncRNAs in mammals have been identi-
fied through specific chromatin modification signatures, such as the K4
and K36 methylation marks [56]. In case of mammals, regions within
the chromatin that are actively transcribed by RNA polymerase II are
marked by H3K4 and H3K36 methylation [37]. Since lncRNAs are also
synthesized by RNA polymerase II, it was hypothesized that they might
also contain the K4-K36 methylation signatures [37]. Initially this ap-
proach was applied to mammals, where the presence of such tags
helped in the identification of lncRNAs present within the intergenic
regions [9,56]. Later on, the approach was also used to successful
identify lncRNAs in A. thaliana [56,76,127].

2.4. Databases

A large number of lncRNAs have been identified from plant species
including A. thaliana, Medicago truncatula (barrel clover), Oryza sativa
(Rice), Petunia hybrida (Petunia), Solanum lycopersicum (tomato),
Triticum aestivum (wheat), Zea mays (corn), etc. ([55,56,98]a; [35]). In
order to store this huge amount of information and further help in the
mapping and profiling of putative lncRNAs, several databases have
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been developed. These include TAIR, Plant NATsDB, lncRNAdb, NON-
CODE, PlncDB, PNRD, PLNlnRbase, GreeNc and CANTATdb [6,68]. Out
of these, TAIR or The Arabidopsis Information Resource (contains
structure and function annotation of Arabidopsis genes) and PlncBD or
Plant long noncoding RNA database (contains intergenic transcripts)
are specific for Arabidopsis [31,87]. NONCODE is not entirely plant
specific and contains information on ncRNAs from different species
[129]. The PlantNATsDB and lnRNAdb on the other hand are plant
specific but contain limited information. PlantNATsDB contain se-
quences and information on long noncoding antisense transcripts pre-
sent in 70 different plant species while lnRNAdb contains information
on known functional lncRNAs from 9 plant species [10,73]. In com-
parison to these plant lncRNA databases, the recently released and
updated databases particularly PLNlnRbase, GreeNc and CANTATdb,
contain comprehensive details on lncRNAs present in a wide range of
plant species [8,28]. The PLNlnRbase contains information on experi-
mentally validated lncRNAs from 43 different plants species, while
GreeNc and CANTATdb contain sequences of putative lncRNAs present
in 10 and 37 different plant species [69,89,113]. There is also a data-
base known as PeTMbase which is specifically designed for the identi-
fication of plant endogenous target mimics [34].

2.5. Expression measurement

As mentioned earlier, the expression level of long non-coding RNAs
is low enough to make their identification and differential expression
profiling a challenge. Techniques commonly used for the identification
of lncRNAs in plants are Microarrays and RNA-Seq. Relative merits and
demerits of these techniques are discussed below.

2.5.1. Microarrays
Microarrays are widely used for gene expression analysis and pre-

ferred over RNA Seq for expression profiling of known transcripts be-
cause of its low cost (about 10 folds) and simplicity of data analysis.
Based on probe design, microarrays are subdivided into non-tiling and
tiling arrays. Non-tiling arrays (quassi whole genome arrays) have
probes representing only annotated genes, exons or splice junctions and
can be used to determine expression levels of known transcripts. For
tiling arrays, the probes are designed in an overlapping fashion and
cover the whole genome or entire length of the desired portion of the
genome [45]. Tiling arrays can work for both annotated and un-anno-
tated regions of the genome; hence novel transcripts can be identified
by using this method [65]. In tiling arrays, neighboring probes on a
plate hybridize to overlapping regions of the genome thereby covering
the entire region genomic region of interest. Tiling arrays were used to
identify noncoding antisense transcripts for the Arabidopsis FLC locus
[88]. Subsequently, many lncRNAs from Arabidopsis and Wheat were
identified using tiling microarrays [55,62,74,112]. The major demerits
of tiling microarrays, in addition to the need of prior sequence avail-
ability are cross hybridization of closely related sequences and reduced
sensitivity due to high signal saturation [133]. For this reason, RNA-Seq
is the method of choice for lncRNAs identification despite the asso-
ciated high cost and analytical issues associated with complex data sets.

2.5.2. RNA-sequencing (RNA-Seq)
The development of high-throughput sequencing methods provide a

means of quantifying the transcriptome by performing whole tran-
scriptome sequencing or RNA-sequencing. The main steps in a typical
RNA-seq workflow entail total RNA extraction, enrichment of RNA, li-
brary preparation and sequencing. For RNA enrichment, either polyA
RNA selection/enrichment using oligo (dT) primers or the depletion of
ribosomal RNA (rRNA depletion) may be carried out. While PolyA RNA-
Seq is a cost-effective technology, when applied for lncRNA expression
it accounts for approximately 1/3rd of the total lncRNAs within a
species. Whole transcriptome sequencing by Ribosomal RNA (rRNA)
depletion; a method that retains the complete transcriptional repertoire

present in a sample (Both poly-A+ and poly-A− transcripts) but is
depleted for ribosomal RNA is routinely used for lncRNA discovery.
After enrichment of RNA by oligo dT or rRNA depletion, the RNA is
fragmented (200-500 bp) and an adapter is ligated to each fragment.
RNA fragments are then reverse transcribed to cDNA. This is followed
by high-throughput sequencing, which results in short sequences from
both ends (pair-end sequencing) or from one end (single-end sequen-
cing). Following sequencing, the resulting reads are processed to obtain
the level of expression and/or the transcriptional structure for each
gene. Several modifications to these RNA-seq methods are routinely
used to identify the full repertoire of lncRNAs within a plant species.
Few of these methods are described below:

2.5.3. Strand specific RNA-seq
Conventional RNA-Seq as described above does not retain in-

formation about the strand of DNA that a given RNA is reverse tran-
scribed from. Given the preponderance of anti-sense and other non-
canonical RNAs, the originating strand information can significantly
enhance the discovery of transcripts in a sequencing experiment. For
instance, such information could aid in the identification of sense and
antisense transcripts, demarcate boundaries between neighboring genes
transcribed from both strands, and determine the precise expression
levels of both non-coding and coding overlapping transcripts. Strand
Specific RNA-Seq (ssRNA-Seq) is a form of RNA-Seq, which retains the
identity of the strand of DNA (sense or antisense). There are various
approaches to perform ssRNA-Seq and the most commonly used is the
dUTP method (Fig. 3) [46,64]. Here the thymine nucleotide is replaced
with uracil during second strand cDNA synthesis. As a result, the ori-
ginal strand is composed of thymine while the complementary strand
contains uracil. Strands containing uracil are degraded by the

Fig. 3. Schematic diagram showing important steps in strand specific RNA seq.
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subsequent treatment with Uracil DNA Glycosylase (UDG) so that only
the original strand is sequenced. Comparing the sequence to the re-
ference genome can track the strand used in transcription. Novel
lncRNAs have been identified in many plant species using strand spe-
cific RNA-Seq. For example, long noncoding natural antisense tran-
scripts (lncNATs) have been identified in a number of plants using this
method [58,96]. A detailed catalog of plant lncRNAs is presented in
Table 2.B).

2.5.4. RNA immune precipitation- sequencing (RIP-seq)
lncRNAs perform most of their biological function by binding and

interacting with proteins. To identify lncRNAs and characterize their
function, RNA immunoprecipitation (RIP) is used. RIP uses a protein as
bait to pull-down RNAs. RNA-protein complexes are im-
munoprecipitated using an antibody targeting the protein of interest
that was purified under physiological conditions in order to preserve
native interactions. Following the capture of RNA-protein complexes,
high-throughput sequencing (RIP-seq) is carried out [41]. The identi-
fication of the associated RNAs enables a transcriptome-wide view of
the protein–RNA/lncRNA regulatory network. As a proof of principle,
RIP was used to identify Pol V transcripts throughout the Arabidopsis
genome. RIP for Pol V-associated RNAs was performed using an anti-
body against NRPE1, the largest subunit of Pol V [7]. This was followed
by high-throughput sequencing allowing for the identification of POL V
associated ncRNAs in Arabidopsis.

2.5.5. Single cell RNA-seq
Analysis in biological systems has routinely been conducted at the

level of the organism, organ or tissue. This analysis may often mask
unique biological attributes of individual cells/cell-types that comprise
the organism, organ or the tissue. Single cell RNA-seq (scRNA-seq) at-
tempts to circumvent this issue. The scRNA-seq protocol involves six
prominent methods namely Cell Expression by Linear amplification and
Sequencing (CEL-seq), Droplet- sequencing (Drop-seq), Massively par-
allel single-cell RNA-sequencing (MARS-seq), Single cell RNA barcoding
and sequencing (SCRB-seq), Switch mechanism at the 5′ end of RNA
template (Smart-seq, and Smart-seq2). All these techniques involve
selection of RNA (PolyA) followed by reverse transcription and cDNA

amplification. With the exception of Cel-Seq and MARS-seq, which in-
volve an additional In vitro transcription step, these methods involve
direct PCR amplification of the cDNAs. Methods other than Smart-seq
utilize oligos with unique molecular identifiers (UMIs) at the initial
cDNA synthesis stage. While Smart-seq2 is capable of detecting the
most number of genes across cells and per cell, it suffers from high
experimental noise. On the other hand, Drop-seq, CEL-seq2, SCRB-seq
and MARS-seq employ UMIs, which result in a better signal/noise ratio.
In terms of cost, SCRB-seq, MARS-seq and Smart-seq2 are more cost
effective when analyzing fewer cells while Drop-seq is more cost-effi-
cient when analyzing a large number of cells. These single cell RNA seq
methods have been used to analyze gene expression patterns from
different cell-types from Zea mays, A. thaliana, Medicago truncatula, rice
and Glycine max [18,19,23,136]. ScRNA-seq has not been used in plants
to study lncRNAs mainly due to the inability to capture and sequence
non-polyA RNA and low sequencing coverage. However, given the cell
and tissue specific roles of lncRNAs in plants, scRNA-seq could be used
for the functional identification of cell specific lncRNAs.

2.5.6. RNA-sequence analysis
Sequencing data from RNA-Seq can be analyzed by aligning raw

sequencing data to the referenced genome using software tools such as
TopHat, Bowtie, HISAT etc. [92]. Aligned Reads are counted for overlap
of reads with genes using HT-seq or other counting software and dif-
ferentially expressed genes are obtained using edgeR or Desq2
[1,75,93]. However, identification of novel transcripts expressing at
low levels, such as lncRNAs, requires more sequencing depth (number
of times a sample is sequenced) and high coverage (number of reads
obtained after sequencing). High coverage (> 60 million reads) avoids
any biases due to uneven sequencing depth or heterogeneity of reads.
Deep RNA-Seq involves repeated sequencing of the cDNA fragments
and it has been used to identify novel lncRNAs in many plant species
(Table 2).

3. Conclusion

The development of high throughput sequencing techniques and
bioinformatics analysis has aided in the identification of lncRNAs. To
date, a number of functionally important lncRNAs from different spe-
cies have been reported; however, research in the case of plants is still
in its infancy. The reported plant lncRNAs belong to a limited range of
species, however their functional relevance stipulates further research.
Key areas of future plant lncRNA research include their roles in cell type
specific gene regulation and genome organization through chromatin
remodeling. LncRNAs could also be exploited as target mimics in
transient assays for functional identification of genes or miRNAs.
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