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Simple Summary: Long-non-coding RNAs (IncRNAs) are transcripts of more than 200 nucleotides,
which lack protein-coding potential. LncRNAs have been well characterized in many organisms,
but their functions in insects have not been well deciphered. Advancement of high-throughput
technologies has enabled the sequencing of genomes and transcriptomes of several insects, which
has led to the identification of many important IncRNAs in insects. Characterization of IncRNAs
and their regulatory roles in insects may provide insights of novel pest control strategies. Through
this comprehensive review, we present an overview of insect IncRNAs, their identification as well as
their function in insects of different orders. Toward the end of the review, we highlight the role of
IncRNAs in insect developmental processes and discuss the future prospects of IncRNAs in insects.

Abstract: Only a small subset of all the transcribed RNAs are used as a template for protein trans-
lation, whereas RNA molecules that are not translated play a very important role as regulatory
non-coding RNAs (ncRNAs). Besides traditionally known RNAs (ribosomal and transfer RNAs),
ncRNAs also include small non-coding RNAs (sncRNAs) and long non-coding RNAs (IncRNAs).
The IncRNAs, which were initially thought to be junk, have gained a great deal attention because
of their regulatory roles in diverse biological processes in animals and plants. Insects are the most
abundant and diverse group of animals on this planet. Recent studies have demonstrated the role of
IncRNAs in almost all aspects of insect development, reproduction, and genetic plasticity. In this
review, we describe the function and molecular mechanisms of the mode of action of different insect
IncRNAs discovered up to date.

Keywords: non-coding RNA; insects; LncRNAs; regulatory functions; development

1. Introduction

Eukaryotic genomes are known to produce a huge array of RNA molecules differing
in their size, abundance, and protein coding ability [1]. Only 2% of RNA is translated
to make proteins; other RNA sequences that do not code for any protein are called non-
coding RNA (ncRNAs) [2]. While the proteins are considered as the major trans-acting
regulators, they are limited by the organizational complexity in forming a regulatory
network. This is partially explained by the alternative splicing in the pre-mRNA of protein-
coding genes and by the post-translational modification of proteins [3]. A paradigm shift
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Micro RNA

has occurred in recent years with the identification and functional characterization of an
increasing number of ncRNAs. The knowledge of ncRNAs has gained a huge momentum
with the discovery of RNA interference (RNAi) and the role of ncRNAs in gene silencing
phenomena [4]. This has led to the identification of various types of small ncRNAs, which
guide the protein complex to the target mRNA to influence its translation. The ncRNAs
include ribosomal RNA (rRNA), transfer RNA (tRNA), small ncRNAs (sncRNAs), and
long ncRNAs (IncRNAs) (Figure 1). The discovery of rRNA and tRNA dates back to the
1950s, whereas sncRNAs and IncRNAs are relatively recent discoveries [5]. As per our
current understanding, molecular size is the distinguishing feature between sncRNAs and
IncRNAs [6]. SncRNAs, which have a size <200 nucleotides include microRNA (miRNA),
small interfering RNA (siRNA), small nuclear RNA (snRNA), and PIWI-interacting RNAs
(piRNAs), whereas the ncRNAs of size >200 nucleotides belong to the category of IncRNAs
and are present in almost all the eukaryotic organisms [7].
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Figure 1. Classification of non-coding RNA. Non-coding RNA can be divided into two groups (small and long non-coding
RNA) based on their size. Small non-coding RNA can be further divided into miRNA, piRNA, siRNA, etc. Long non-coding
RNA can be subdivided into sense, anti-sense, intronic, intergenic, cis-, and trans-RNA based on their biogenesis and

mechanism of action (modified from Dahariya et al. [8]).

2. Long Non-Coding RNAs (IncRNAs)

LncRNAs can be categorized based on the region of the genome from which they are
transcribed: (1) Sense IncRNAs overlap the exonic regions of another transcript produced
from the same strand; (2) Antisense IncRNAs are located on the complementary strand of
the sense strand; (3) Intergenic IncRNAs (lincRNAs) are those produced from the DNA
between two genes (Intergenic regions); and (4) bidirectional IncRNAs are transcribed
simultaneously to coding transcripts at the opposite strand [9] (Figure 2).
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Figure 2. Classification of IncRNAs in the context of genomic locations. Intergenic LncRNAs are transcribed from the
genomic region between two coding genes. Sense IncRNA are transcribed from the sense strand of protein-coding genes
whereas antisense IncRNAs are transcribed from the opposite strand of coding genes. Intronic IncRNA are transcribed
entirely from introns of protein-coding genes.

LncRNAs display many common characteristics of mRNAs [10]. The majority of IncR-
NAs are transcribed by RNA polymerase II and are post-transcriptionally modified [11,12].
They undergo 5’ capping, 3’ polyadenylation, and splicing, but lack poly-A tails [13].
Compared to mRNAs, IncRNAs contain fewer exons, expressed in low abundance and
are generally tissue-specific [14]. There are certain databases that are specifically designed
for IncRNAs such as NONCODE [15], IncRNAdb [16], IncRNBase [17], DeepBase [18],
etc. Even though IncRNAs have been discovered from many insect species, most of our
knowledge about the functional aspect of insect IncRNAs comes from studies in Drosophila
melanogaster. Besides Drosophila, IncRNAs have also been reported in Anopheles gambiae [19],
Apis mellifera [20], Bombyx mori [21], and Tribolium castaneum [22,23]. With the advent of
next-generation sequencing (NGS) technologies, large numbers of IncRNAs have been
identified, but most of them remain functionallyunvalidated [24]. A total of 11,810 IncRNAs
(6250 lincRNAs) were identified in the lepidopteran, B. mori [21], which was almost dou-
ble the IncRNAs identified in many other insect species (3844 lincRNAs from Plutella
xylostella [25], 2059 lincRNA from Anopheles gambiae [19], 3482 lincRNAs from Aedes ae-
gypti [26], and 1514 lincRNAs from Apis mellifera [20]). This difference could perhaps be
attributed to their genome size as well as various annotation strategies, which need bona
fide checks. As the IncRNAs are known to regulate several biological processes, viz cell
cycle progression, cellular differentiation, development, disease mechanism, metabolism
and immune response, understanding the mechanism of action of IncRNAs is very im-
portant to regulate the gene expression and epigenetic silencing through heterochromatin
formation, histone modulation, and DNA methylation, which are associated with it [27-30].
Cumulatively, IncRNAs are an important player in regulating gene expressions in several
physiological, pathological, and immunological processes [31]. Insect IncRNAs display
tight temporal and spatial expression patterns and play important roles in several develop-
mental regulations like sex-determination, immunity, and morphogenesis [32]. They are
also known to be involved in determining certain insect behaviors like sleeping, foraging,
courtship, etc [33]. A recent study by Stork et al. suggests the existence of 5.5 million
insect species, where only about one million species have been characterized to date [34,35].
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Furthermore, the least attention has been given to IncRNA studies considering the vast
diversity of insects. In this review, we have attempted to summarize IncRNAs and their
functions in different insect species studied to date [36].

3. Identification and Functional Characterization of IncRNAs

There are at least tens of thousands of IncRNA present in the human genome as well
as in the genomes of non-human primates [37]. Similarly, thousands of IncRNAs are also
found in other vertebrates, invertebrates, insects, and plants. Furthermore, this number is
continuously increasing because of the advancement in sequencing technologies [38]. Since
the list is so extensive, no clear orthologous IncRNAs between these groups have been
reported. Compared to mRNA, the expression of IncRNA is more tissue specific and its
evolution is much faster than mRNA [39]. This is evident by the observation that there is
great similarity between the protein-coding genes and miRNA genes of human and mouse,
whereas most human IncRNAs do not have any homologs in mice and vice-versa [40].
Interestingly, LncRNAs that are discovered through greater sequencing efforts are less
conserved than those previously discovered through shallow sequencing methodologies.
Higher sequence conservation exists between exons of IncRNAs compared to that between
introns of protein-coding genes [41]. Taking all of the present information about IncRNAs
into account, it can be concluded that identifying conserved regions of IncRNAs is a
challenging task that would require better prediction tools [42]. For example, it is evident
that the evolutionary conservation of long intergenic noncoding RNAs (lincRNAs) might
result in the presence of coding chunks and may be biased; as such conserved sequences
are significantly reported across all eutherians/mammals [43]. As a result, the functional
characterization of IncRNAs and the mechanisms underlying these transcripts lack good
precision. Given this paradigm, there is a need for the dissemination of bona fide prediction
tools as we hardly know whether insect IncRNAs, if not pest IncRNAs, influence gene
expression. Nevertheless, there are reports wherein the transcriptomic changes in plants
such as rice take place, but their impact is on the DEGs interacting with IncRNAs alone,
suggesting their subtle response to farm chemicals [44]. Altogether, this is also augmented
by the fact that insect IncRNAs are mis-annotated by the lack of such annotation tools.

Since, IncRNAs are relatively less conserved across species, investigating their biolog-
ical importance as well as their mechanism of action is a difficult task. The discovery of
IncRNAs and their functions to date suggest their roles in different biological processes
via gene regulation by serving as molecular signals, guides, decoys, and/or scaffolds
(Figure 3) [45]. LncRNAs can bind with DNA, RNA, and proteins to regulate gene expres-
sions both at the transcriptional as well as post-transcriptional level. There are different
computational approaches for the identification of IncRNAs from the genome as well
as transcriptome data, investigation of IncRNA functions, and its associated regulatory
networks. Although identifying IncRNAs is out of the question from whole exome se-
quencing, recent reports including ours have shown how the third generation sequencing
technology is used to screen the IncRNAs from exomes [46,47]. Nevertheless, the IncRNAs
are ascertained as differentially expressed gene (DEG) counts and many of them turn out
to be up/downregulated. These could be from 5’-UTR or intergenic or regulating from the
intron-exon boundaries. They are validated using downstream approaches like qRT-PCR
or further validation checks. A detailed characterization and potential identification of
long read/short-read sequencing were beyond the scope of this review even as potential
IncRNAs could be screened from either of these technologies [48].
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Figure 3. Mechanism of action of IncRNA. LncRNAs regulate gene expressions by acting as guide. They can also act

as a scaffold to facilitate the formation of ribonucleoprotein complexes. By acting as a decoy, IncRNA can bind to the

transcription factors and remove them from chromatin, thus inhibiting its regulation. LncRNAs can also function as miRNA

precursors besides inhibiting miRNA-mediated gene repression by sponging miRNAs.

RNA sequencing is widely used to identify IncRNAs where total RNA is used to
generate raw reads, which are then assembled into transcripts either with or without
a reference genome and finally, the resulting transcripts are annotated [49]. There are
many pipelines available for the identification of IncRNA. Thousands of IncRNAs have
recently been identified in Drosophila melanogaster using such approaches, which provides
a platform for the structural and functional exploration of IncRNA in other invertebrates.
Identification of IncRNA started from the Functional ANnoTation Of the Mammalian
genome (FANTOM) project, which established a comprehensive platform for the compara-
tive analysis of IncRNAs in mammalian transcriptomes [50]. This was followed by some
experimental methods such as tiling arrays and chromatin immunoprecipitation studies. To
predict IncRNA-dsDNA interactions, tools like triplextor and Longtarget have been used.
LncRNA can be integrated with Hoogsteen hydrogen binding into the main groove of the
DNA duplex where Hoogsteen bonding is weaker than the Watson-Crick bonds. Different
experimental approaches have been utilized to study IncRNA and DNA interactions. The
formation of IncRNA DHFR and dsDNA triplex was demonstrated using electrophoresis
mobility shift, and the binding of IncRNA Fendrr to dsDNA was determined by in vitro
pull-down experiments [51,52]. Although the mechanism of RNA-dsDNA triplex for-
mation is still not well illustrated, it is clear that the IncRNA-DNA interaction offers a
potent mechanism for gene regulation. Similarly, there are different bioinformatic tools to
predict RNA-RNA interactions such as RNAplex [53], RNAup [54], and intaRNA [55]. To
investigate IncRNA-protein interactions, RPI-Pred [56], IncPRo [57], and RPIseq [58] can be
used. There are some tools that can also predict the binding sites of RNAs or proteins such
as BindN [59], RNAProB [60], PPRint [61], etc. When the proteins introduced by IncRNAs



Animals 2021, 11,1118

6 0f 20

are methylation-related enzymes, they can induce promoter CpG island methylation or
demethylation. If histone-modifying enzymes are imported by IncRNAs, histone changes
can lead to gene expression, transcriptional silencing, or repair of DNA and genomic
labeling. The neighboring (cis) or distal protein-coding genes (trans) can be regulated
by IncRNA [62]. The LncRNAs from one chromatin can bind to another chromatin, like
LncRNA HOTAIR, transcribed on chromatin 12 from the HoxC locus and suppresses tran-
scription in the HoxD locus [63]. All these data suggest the complicated roles of IncRNA in
gene regulation. In order to gain a deeper insight into the interactions between IncRNA and
different biological molecules, extensive experimental validation along with bioinformatics
analysis is required. Our understanding of gene regulation by IncRNA is in its infancy,
but seeing the large number of IncRNAs studies, we can expect better outcomes in this
field in the near future. LncRNAs have been well studied in mammals and are known
to be involved in many important biological processes, but it is poorly characterized in
non-model organisms such as insects. Excitingly, research focused on insect IncRNAs has
increased dramatically in recent years, which suggests their role in insect development,
anti-viral defense, and insecticide resistance mechanism. The existing IncRNA studies
are limited only to some of the model insects; hence there is a need for the expansion of
IncRNA studies in a more diverse range of insects. The discovery and function of IncRNAs
in different insects are described below:

3.1. LncRNAs in Drosophila Melanogaster

As in the case of other insect specific pathways like sex-determination, metamor-
phosis, etc., insect model Drosophila melanogaster was the first to be attempted for the
extensive studies of IncRNA [64,65]. More than 100 IncRNAs are estimated to be coded by
the Drosophila genome, most of which are expressed during embryonic development and
are spatially restricted to the developing central and peripheral nervous system [66,67].
Knockdown studies in Drosophila have also confirmed the role of IncRNA in spermatoge-
nesis and male fertility [68]. The function of IncRNAs in Drosophila covers development,
behavior, stress resistance, gender identification, and dosage compensation [69]. Several
testis-specific LncRNAs are required for nuclear condensation and sperm individualization
during gonadal development in Drosophila [70]. Remodeling of spermatids through chro-
matin condensation (by replacement of histone proteins with protamines) is essential for
the removal of excess cytoplasm required for sperm individualization. Testis of IncRNA
(CR44455/6, CR45542, and CR44420) mutant Drosophila was found to have spermatids with
scattered, round, and un-condensed nuclei [71]. Crumpled nucleus phenotype (similar
to that in case of protamine mutants) was also displayed by mutants of IncRNA TS1 and
CR43484. Furthermore, RNA sequencing confirmed the role of CR43484 IncRNA in regulat-
ing the expression of several testis-specific genes. This included both protein-coding genes
and IncRNA, suggesting the involvement of testis-specific IncRNAs in late spermatogenesis
through transcriptional regulation (Wen et al., 2016).This is similar to the case of other
functionally characterized IncRNAs like Paupar and Pantr [72,73].

A conserved yellow-achaete intergenic IncRNA (yar) regulates sleep behavior in
Drosophila [74]. yar IncRNA is cytoplasmic and expressed during the mid-embryogenesis [75].
yar resides within the neural gene cluster, upstream to the yar locus is yellow gene (y-encodes
a secreted protein required for cuticle coloration and male sexual behavior) and down-
stream is acheate gene (ac-encodes one of four related bHLH transcription factors of the
achaete—scute complex (AS-C) required for proper development of the central and periph-
eral nervous system [76,77]. There are different IncRNAs that regulate miRNA activities
by acting as a sponge to downregulate them. To further investigate the link between
yar and Drosophila miRNAs, sequences encompassing the yar exons were submitted to
a web-based tool, Microinspector. Using miRBase, which includes both predicted and
confirmed miRNAs, 33 miRNA seed matches corresponding to 19 confirmed miRNAs,
were identified within yar exons. Similar experiments with the yar intron resulted in the
identification of 36 miRNA seed matches corresponding to 25 confirmed miRNAs. Fur-
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ther studies are needed to investigate the interaction between yar and miRNAs and its
functional significance. Phenotypic analyses of Drosophila null mutants of yar suggested
its requirement in sleep maintenance and homeostasis. These mutants had reduced night
time sleep as a result of reduced sleep bout length. Additionally, there was no increase
in the daytime sleep in yar null mutants, indicating the loss of sleep homeostasis in these
flies and suggesting the involvement of yar in sleep regulation. Interestingly, one of the
miRNA seed matches within the yar exon corresponds to miRNAs from the miR310 clus-
ter (predicted and experimentally confirmed miRNAs). No match was found in similar
analyses using intronic sequences of yar or exonic sequences corresponding to three other
genes (y, ac, and GAPDH2). Loss of miRNAs 310 to 313 alters synaptic transmission at
the larval neuromuscular junction, with no effect on viability or fertility. These findings
are consistent with the possibility that yar might participate in a regulatory circuit that
influences levels of miRs within the brain, which may have the capacity to contribute to
synaptic homeostasis [74]. Comparative sequence analysis of the yar locus (with one of
the conserved sequence motifs bound to the yar promoter) suggested its conservation in
different Drosophila species, representing 40-60 million years of co-evolution. The similar
timing of yar expression in D. virilis and D. melanogaster further suggests conservation in
the transcriptional regulation of yar [78].

Nuclear IncRNAs, roX1 and roX2, are essential for the process of dosage compensation
in Drosophila [79]. Both of these IncRNAs (roX1 and roX2) form the male-specific lethal
(MSL) ribonucleoprotein complexes. It was observed that synchronous removal of IncRNA-
rox1 and roX2 decreases X-chromosome localization of the MSL complex. Interestingly, both
these IncRNAs independently play an important role in the dosage compensation process
where roX1 is the most abundant one and its loss results in the reduced expression of X-
chromosome genes. Loss of roX2 leads to MSL independent upregulation of genes [80,81].
Similarly, Xist is a IncRNA involved in dosage compensation in humans where it regulates
chromatin modification and expression of specific genes. Sexlethal (SxI) is the master
regulator of the sex-determination process in Drosophila [82]. The dose sensitive early
promoter of Sx! (i.e., SxIPe) senses the number of X chromosomes (one X vs. two X) and
gets transcribed only in females (i.e., with XX sex chromosome composition) [83]. Since sex
determination and dosage compensation processes are linked and IncRNAs are involved
in the dosage compensation process in Drosophila, researchers have also speculated on
the role of IncRNAs in the activation of SxI/Pe [84]. Drosophila IncRNAs, heat-shock RNA-
omega (hsr-omega/w), and CR34335 are involved in the process of cellular aging [85].
hsr-w, present in the form of nucleoplasmic omega speckles, is essential for accumulating
heterogeneous nuclear RNA binding proteins (hnRNPs) [86]. hsr-w functions as a hub for
the coordination of transcriptional regulators and hnRNPs, which impact many cellular
responses such as apoptosis [87]. The 93D, or hsr- w (heat-shock RNA-omega), locus of
Drosophila is known to be involved in transcriptional and translational activities. Initially,
this gene was named 93D as it is present in the 93D cytogenic region of the polytene
chromosome of D. melanogaster, but was later renamed as hsr-w (heat shock RNA-omega).
This gene was compared in three different Drosophila species: D. hydei, D. melanogaster,
and D. pseudoobscura. Although the structure of this locus is highly conserved in all three
Drosophila species, the primary base sequence had diverged rapidly between them. In
all three species, hsr-w consists of a unique region in the transcription unit at 5’ site,
which consists of two exons and one intron [88]. Overall, three transcripts (two nuclear
and one cytoplasmic) are produced from this locus, which do not have any significant
protein-coding capacity. This locus is developmentally active in nearly all cell types and
is essential for the viability of flies. Its induction during heat shock is independent of the
other members of the heat shock gene family [89]. The other selective inducers act on this
locus through separate response elements and hsr-w activity has a characteristic effect on
transcription/turnover of the heat shock induced hsp70 and the alpha-beta transcripts
in Drosophila melanogaster [90]. Research has shown that IncRNA-hsr performs a crucial
function in thermo tolerance to cope with heat stress [91]. Upon temperature shock,
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the nullisomy, RNAI, or overexpression of IncRNA-hsrw imply lethality in most embryos
and first or third-instar larvae [92]. Three-day-old null fly IncRNA-hsr assemblies have
poor projections after heat shock, whereas both down- and upregulation of IncRNA-hsr
assemblies reappear during the recovery from heat shock [93,94].

The Drosophila maternal effect gene oskar encodes the protein oskar and has distinct
roles in germ line determination and posterior abdominal segment differentiation [95].
There are two isoforms of the Oskar protein, which are formed as a result of translation
of two different in-frame start codons of oskar mRNA. Out of these two, the short oskar
(139-606aa) is absolutely required for germ cell development whereas the long oskar
(1-606aa) is essential for tight anchoring of the germplasm to the posterior oocyte cor-
tex. Nonetheless, oskar RNA plays a major role during early Drosophila oogenesis via a
translation-independent mode that acts as IncRNAs [96]. Most oskar RNA levels have
been decreased by a sterile phenotype due to early oogenesis. Moreover, expression of
the oskar 3’ UTR is sufficient to recover the eggless defect of the RNA null mutant inde-
pendent of protein [96]. Previously, the localization of Staufen, an RNA-binding protein,
within the oocyte is interdependent with that of oskar mRNA [97]. In the oskar null mutant,
the Staufen protein fails to transport from the nurse cells into the oocyte. Expression of the
oskar 3’ UTR alone is sulfficient to restore Staufen accumulation in the oocyte. This reveals
that the mutual interdependence of Staufen and oskar RNA in their localization during
oogenesis is mediated by the interaction of Staufen with the oskar 3’ UTR [98]. Another
possibility is that this non-coding function is mediated partly through sequestration of the
translational regulator Bruno, which binds to Bruno response elements in its 3’ UTR [99].
Another important IncRNA in Drosophilamelanogaster is acal, which is involved in negative
regulation of Jun-N-terminal kinase (JNK) signaling and maintaining cell stretching and
closure [100]. Bereft and bxd, other important IncRNAs, are involved in the development
of extra sensory organs [101] and are also involved in growth and development, respec-
tively [102,103]. Iab-8 represses the homeotic gene abd-A and its knockdown leads to male
and female sterility [104]. Another important IncRNA in D. melanogaster is CRG, which is
involved in locomotor activity and climbing ability [105]. There is a controlled expression
of IncRNA-CRG in the central nervous system (CNS) from the embryonic to the adult
stages. This IncRNA shows high sequence conservation across the 12 Drosophila species.
LncRNA-CRG is located downstream of the Ca2+/calmodulin-dependent protein kinase
(CASK) and partially overlaps with the 30 UTR of CASK, where CASK is a behavior-related
coding gene. All these IncRNAs and their properties are summarized in Table 1.

3.2. LncRNAs in Apis Mellifera

Honey bees have socio-economic importance for both mankind and nature.
The division of labor in honey bees has been well studied, which represents an excel-
lent coordinated work of society [106]. Worker bees have an age-dependent division of
labor; young worker bees perform the duties of nursing the brood and old ones are in-
volved in foraging (collection of nectar and pollen) [107]. This transition is thought to
be regulated by the interaction of yolk protein, vitellogenin (Vg), endocrine factor, juve-
nile hormone, and the biogenic amine, octopamine. Furthermore, microarray analysis
revealed the preferential expression of certain genes (foraging, malvolio, Hormone-like
Receptor in 38 (HR38)) in the forager bee brain. LncRNAs have been found to function in
developmental processes in honey bees [108]. Enhanced expression of a non-coding RNA,
Nb-1(Nurse bee brain-selective gene-1) was found in the brain of nurse bees compared to that
in forager and queen bee brains in normal colonies [109]. Nb-1 is specific only to some
hymenopteran species. Nb-1 is involved in age-dependent transition in worker bees by
regulating the synthesis and secretion of octopamine and juvenile hormones [109]. Other
IncRNAs reported in the brain of honey bees are KS-1, AncR-1, and kakusei. KS-1 (Kenyon
cell/small- type preferential gene-1) is a 17 kb nuclear transcript that is preferentially
expressed in Kenyon cells of the honey bee brain [110]. Kenyon cells are subtypes of inter
neurons in mushroom bodies (MB), which is an essential and regulatory part of the insect
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brain. Ks-1 positive neurons were found to be greater in drones than in queens between
the lateral calyx and the optic lobes of the brain, suggesting their involvement in drone
specific brain functions. Overall nucleotide sequence of Ks-1 was found to be conserved
among the honey bees [111]. AncR-1 is another IncRNA that was discovered in honey bee
brains and is also expressed in sex and secretory organs. Localization of AncR-1 and Ks-1
transcripts in a distinct portion of a single neural nucleus suggests their involvement in
distinct neuronal functions in the brain [112]. The kakusei locus produces both constitutive-
and inducible-type variants of the kakusei transcript in the brain of worker bees [113].
Some kakusei transcripts are produced as a result of increased neural activity whereas some
are constitutively expressed (i.e., independent of neural activities). Since, there is neither an
alternative splicing (within the kakusei locus) nor extended transcription from the kakusei
cDNA sequence, constitutive-type kakusei variants might be produced by differential
transcription initiation or termination within the anterior part of the kakusei cDNA se-
quence. Both kinds of transcripts are localized predominantly in the neural nuclei and
might be related to different nuclear functions [113,114]. LncRNAs, Incov1 and Incov2, are
intronic IncRNAs (located within the first introns of their host genes) that are expressed in
honey bee ovaries. The host gene for Incov1 is ‘LOC726407’ (with unknown function) and
Incov?2 is fringe, a homolog of an important Drosophila developmental gene, with the latter,
found to be over-expressed in larval queen ovaries and was involved in JH-dependent
maintenance of developing ovarioles in the early fifth instar of queen larvae [115]. The
expression of Incovl was found to be maximum in the fifth instar larvae, exactly before
they enter into metamorphosis. This coincides with the autophagic cell death in the larval
worker ovary, which indicates the role of Incov1 in autophagic cell death during larval to
pupal metamorphosis.

Table 1. Table summarizing the important IncRNAs in different insect orders (Figure 4).

Size Interaction
S.No. Organism Name of IncRNA Function (bp) Site of Expression with Other Reference
p RNA/Protein
Order: Hymenoptera
Nb-1 (Nurse bee Shows varying expression in the Octopamine
1 brain-selective brain of honey bees relative to the 599 Brain and Juvenile [109]
gene-1) age of the colony. hormone
Expresses in the mushroom body
KS-1 (Kenyon of Kenyon cells in the honey bee
2 cell/small-type brain and is accumulated in the 17,525 Kenyon cells - [110,112]
preferential gene-1) nucleus. It is also involved in
. . neuronal functions.
—— Apis mellifera
Exhibits spatial expression in the
3 AncR-1 brain, sexual tissues, and in some 6861 Sexual tissues and _ [112]
secretory organs. It is also secretory organs
involved in neuronal functions.
Shows differential expression in
4 Lncov1 and Lncov2 the ovarioles of queen 1367 Larval Ovary [116] [110]
and workers.
Order: Lepidoptera
Downregulates the antibacterial
5 dwi4sg_0040 peptide, metabolic process, and Silk gland -
oxidative response.
6 dwi4sg_0178 It is downregulated in B. mori - - [117]
Performs the post-transcriptional
7 dwi4sg_0483 regulation of silk protein to - -
yield silk
Bombys: mori Promotes male specific splicing of H h,
~ . . nrnph,
8 Bmdsx-AS1 Bmdsx by interacting with BmPSI Silkworm testis BxRBP1 &3. [118]
Interacts
) Involved in essential Nervus and wigelrg?x
9 iab-1 metabolic/physiological ~>1000 epidermis BmUbx,, [119]
processes. Bmabd-A

Bmabd-B
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Table 1. Cont.

Interaction with

S.No. Organism Name of IncRNA Function (Slizi Site of Expression Other Reference
p RNA/Protein
Developmental /sexual Female brain
10 Fben-1 functions in females. ~2000 (mushroom body) i} [120]
Co-expresses with
11 TCONS_00186426 ~ 81YCOProtein, Abd-5, which is - Abd-5
- important for cuticle
formation in insects.
Plutella Indirectly involved in fruit fly
xylostella development as it expresses [121]
12 TCONS_0002929 nearby C-roughest protein rst, - - -
which has a role in the
development of fruit fly
Located in an intergenic
13 TCONS_00008658 ~ region near JHEJ. JHE] is - - -
known to activate insect JH.
Order: Diptera
Interacts with
roX1 expressed in roX1: Clamp,
Regulates dosage 4832 & Nuclei of all body Un{\,/g{%, ;ﬂOf/
compensation and formation 1368 parts. roX1 and ’ e
14 10X1 & roX2 of MSL ribonucleoprotein respec- roX2 expressed in (11‘\%5%) I\l/{/z[i;?eleésesx [81,122]
complex. tively the CNS of male Lethal
brain. (MSL1,2,3), mof,
Unr.
Hrb87F, )
15 hsrw Regulates the development of 21216 Expresses in almost hl;lltﬁg?’]:e)s ’ éz?_% 89,04,123]
neuromuscular junctions. ’ every stage. TBPI,-I ca/z sqd 4 7
hrp-40.
Regulates the sleep behavior Embryo and ; )
16 yar and the circadian rhythm. 1569 cytoplasm [74]
Directs male courtship
17 Sphinx behavior mediated by 644,454 - Or92a. [124]
olfactory neurons.
. Involved in sealing the dorsal .
Drosophila . . Embryonic/larval:
18 melan ogaster acal gap during embryonic 2386 CNSy epidermis aop, bsk, raw [100]
development. ¢
Works along with Staufen to Stau, vls, nos,
19 oskar regulate oogenesis. 2335 Germplasm SmD3, bwk, etc. [96]
. Peripheral nervous Krn, Nach, hid
Role in development of extra p . 108
20 bereft sensory organs ~7000 system, non ppk16, ppk28, [101]
. - 1 . -neuronal ppké, spi,
(interommatidial bristles). : ;
epidermis. upd1-3, vn
Responsible for male fertility Secondary cells of
21 msa and development of >6500 drosophila male - [68]
accessory glands. accessory glands
Associated with repression of
ultrabithorax (ubx) and also _ _
2 bxd regulates growth and 1755 [103]
development.
Inhibits expression of
. homeotic gene abd-A. ~ _ )
2 fab-8 Knockdown of iab-8 causes 92,000 [68,104]
sterility in both sexes.
23 SxIPe-R1 and R2 Facilitates sex determination. 480 - - [83]
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Figure 4. (a) A detailed protein—-IncRNA interaction map generated using GeneMania that shows physical interactions,
co-expression, co-localization, pathways, and genetic interactions in different edge colors (Supplementary file) The genes
were queried using GeneMania with Drosophila melanogaster as a query producing the candidate nodes shown to be
interacting with others. (b) A co-expression interaction network of IncRNAs in insects. The edges (in pink color) indicate
the co-expression between these IncRNAs and their interacting partners. It is likely that all co-expressed interactants are
co-localized. Approximately 40.05% of interactions were associated with co-expression (please see legend below the figure).

Apart from various species of honey bees, two significant species—Apis mellifera
(Western honey bee) and Apis cerana (Asian honey bee)—play crucial roles in development,
social behavior, and disease transmission, and also serve as the significant pollinators of
economically important crops [125,126]. A total of 2470 lincRNAs, encoded by 2376 gene
loci in the A. cerana genome and a total of 1514 lincRNAs in the A. mellifera genome were
identified in silico [20]. These lincRNAs were presumed to be associated with functions like
hormone signaling, metabolism, association with diseases, and role in gene modulation.
The comparative analysis of lincRNA between two sister species resulted in high conser-
vation among them, and only 5% were found to be unique to each species. Both species
showed tissue-specific expression of IncRNAs; in the case of A. cerana, more lincRNA were
expressed in the fat body and antenna while in A. mellifera, expression was visible in the
ovary and brain [20]. These results were considered to be the proponent of the role of
lincRNA in the major metabolic and hormone signaling pathways in insects. Chen et al.
performed strand specific whole transcriptome RNA-sequencing of control and Noserma
ceranae infected midgut samples of Apis mellifera ligustica workers. This study resulted in
the identification of a total of 6353 IncRNAs out of which 4749 were conserved IncRNAs
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and 1604 were novel IncRNAs. Interestingly, these IncRNAs did not show any similarities
with other known IncRNAs in other species, though there was some structural similarity
with counterparts in mammals and plants. Additionally, 27 discovered IncRNAs were
harboring eight known miRNA precursors. This study gave a basis for understanding
the host—pathogen interaction in Apis mellifera and investigating the roles of IncRNAs
associated with this process [127].

3.3. LncRNAs in Aedes Aegypti

Aedes aegypti (the yellow fever mosquito) is a major vector of arboviruses including
dengue, Zika, and Chikungunya viruses [128,129]. A recent study in Aedes aegypti has
led to the identification of 4689 novel IncRNA transcripts, which includes 2064 intergenic,
2076 intronic, and 549 antisense IncRNAs [130]. Genome-wide analysis and developmental
profiling of these newly identified IncRNAs suggests that a subset of IncRNAs shows
maternal inheritance and early embryonic expression [130]. One of the probable reasons
for implicating the involvement of IncRNA in developmental regulations is their proximal
location to the genes involved in various developmental processes. High expression of few
IncRNAs was also found in the ovary of blood-fed mosquitoes, which lasts up to 12 h of
embryonic development, suggesting their maternal supply [131]. The temporal expression
and maternal inheritance of IncRNA in A. aegypti account for developmental transition
in mosquitoes [132].

3.4. LncRNAs in Anopheles Gambiae

Jenkins et al. identified 2949 IncRNAs from different life stages of malaria mosquito
Anopheles gambine using RNA-Seq data [18]. These authors observed that most (2059) of
the identified IncRNAs were intergenic, whereas some (108) were anti sense and some
(782) were mapped within the intronic region of protein-coding genes [18]. These IncR-
NAs displayed very little sequence conservation compared to protein-coding genes in
different Anopheles species. Interestingly, the secondary structural features for many IncR-
NAs were found to be conserved. While the IncRNAs are thought to be the potential
targets of epigenetic regulation and controlling vector-transmitted infectious diseases,
they are also known to impede the ncRNA targets in vector insects. The evolution of
IncRNA secondary structures tends to follow the concept of ‘pervasive transcription’
(i.e., most regions of the genome are transcribed, even those that failed to encode proteins or
functional ncRNAs) [133].

3.5. LncRNAs in Bombyx Mori

Domesticated silkworm, Bombyx mori is an economically important insect [134]. Be-
sides being the primary producer of silk, it is also a lepidopteran model insect that has
attracted researchers in answering several biological questions. Silkworm displays sev-
eral sexually dimorphic behaviors that are associated with the insect brain. A IncRNA,
Fben-1(female brain expressed noncoding RNA-1)is preferentially expressed in the cells
surrounding the mushroom bodies in the brain of female silkworm, suggesting the in-
volvement of Fben-1 in certain neural or developmental/sexual functions in females [135].
Fben-1 is located ~6 kb upstream of the fruitless (fru) gene in the B. mori genome. LncRNA
Bmdsx-ASlis expressed abundantly in B. mori testis and is involved in the sex-specific
alternative splicing of pre-mRNA of its doublesex (Bmdsx) gene [136]. doublesex (dsx) has
been found to be conserved in all the insects studied to date [137]. The pre-mRNA of dsx is
alternatively spliced to produce sex-specific transcripts, which ultimately make sex-specific
proteins responsible for all kinds of sexual dimorphism in insects [138].

Bmdsx-AS1 IncRNA interacts with BmPSI (B. mori P element somatic inhibitor) via
a splicing factor hnRNPH [118]. BmPSI is a male-specific protein that promotes male-
specific splicing of Bmdsx pre-mRNA by binding to the CE1 sequence (exonic splicing
silencer) present in the fourth exon of Bmdsx, leading to its skipping [139]. Another IncRNA
of B. mori, iab-1, is coded by the intergenic region between Bmabd-A and Bmabd-B in



Animals 2021, 11,1118

13 of 20

the Homeobox (Hox) cluster of the silkworm. At least seven alternatively spliced iab-1
IncRNAs are produced and are expressed at specific developmental stages. The siRNA
mediated downregulation of iab-1 leads to the death of larvae, suggesting its involvement
in certain essential physiological processes [119]. A recent study showed the expression of
IncRNAs in response to infections. B. mori nucleo-polyhedrovirus (BmNPV) is threatening
to economic growth and the stability of sericulture business. The BmNPV infection in
silkworms leads to the expression of 4450 IncRNA [140]. In-silico analysis suggests the
target of these differentially expressed IncRNAs to be the genes involved in ubiquitin
mediated proteolysis, endocytosis, and lysosomal pathways [141].

3.6. LncRNAs in Plutella Xylostella

Researchers have identified 3844 lincRNA from Plutella xylostella (a deadly pest of
cruciferous plants), which has developed field resistance to all classes of insecticides.
Some of the identified lincRNAs were found to serve as the precursor of small ncRNAs.
These lincRNAs can be linked to the development of resistance to a large variety of
insecticides in P. xylostella as differential expression of lincRNA was observed in the larvae
of P. xylostella that were resistant to insecticides like organophosphate, phenylpyrazole,
and Bt endotoxins [24,142]. Interestingly, most of the presumptive lincRNAs were found
to be over expressed whereas some were found to be repressed in deltamethrin resistant
larvae. Previous studies have shown the differential expression of IncRNAs with respect to
various stress factors. Recently, a study compared the dsRNA induced IncRNAs in three
insect species: Helicoverpa armigera, Plutella xylostella, and Tribolium castaneum. A total of
3463 H. armigera, 6245 P. xylostella, and 3067 T. castaneum differentially expressed IncRNAs
were identified with respect to dsRNA induction [121].

3.7. LncRNA in Planthopper Insects

Well-known crop pests of Asia include Soagetlla furcifera (white-backed planthopper,
WBPH), Nilaparvata lugens (brown planthopper, BPH), and Laodelphax striatellus (small
brown planthopper, SBPH). With the help of NGS, genomes of all three planthoppers
were sequenced, resulting in the identification of many functional genes [143-145]. From
this study, 2439 IncRNA transcripts were reported in BPH [146], 5790 IncRNA transcripts
were identified in SBPH [147], and 1852 IncRNA transcripts were found in WBPH [148].
Interestingly, these IncRNAs from different insects shared similar sequences due to their
close genetic relationships. These IncRNAs were found to play distinct roles in fecundity,
virulence, and developmental regulation.

4. Challenges and Future Perspectives

During the past few years, studies on IncRNAs have steadfastly gained momen-
tum, albeit the insect group remains unexplored. Despite the large diversity of IncRNAs,
the study of IncRNA is either limited to few model insects or is at the elementary level of
research in other insects. Given the fact that the IncRNAs possess a greater potential to
interact with other genetic materials like DNA, RNA, or protein molecules, it is likely that
gene expression studies would yield possible insights into understanding their biological
phenomena. However, due to the scarce information about the functional aspects of IncR-
NAs, there is a need to resolve the notion of the hidden non-coding potential of IncRNA. In
the past decade, many technologies and strategies were tailored to identify and characterize
IncRNAs. Continual efforts in the direction of annotating different kinds of IncRNA has
allowed for the discovery of their biological roles, although the significant challenges of
filtering out ncRNAs from coding RNA and the lack of proper bioinformatics tools to
identify multifunctional RNA still exist. The development of highly sensitive and specific
techniques is required to identify interactions between IncRNAs and other molecules (chro-
matin, RNA, protein) or locating the molecules found in proximity to IncRNA in order to
determine their regulatory functions. The insufficient knowledge and limited potential of
in silico tools to predict the mechanisms and functional domains within an IncRNA also
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poses a major task. Previously, it was considered to be the junk part of the genome, but
later came to light as a key regulator in chromatin remodeling, DNA methylation, and
RNA editing. Apart from epigenetic regulation and chromatin remodeling, IncRNAs are
also known to serve developmental processes, immunity responses, etc. Hence, IncRNAs
can potentially be used in therapeutics. For example, in Drosophila, few IncRNA perform
a vital role in neurogenesis and spermatogenesis; this point marks their importance in
countering any fetal abnormalities [66,71]. The involvement of IncRNA in cellular pro-
cesses like oncogenesis and tumor suppression may provide an opportunity of developing
IncRNA as therapeutic targets of cancer [149]. Likewise, in mammals, IncRNAs exhibit
varying expression levels upon severe acute respiratory syndrome coronavirus (SARS-CoV)
viral infection, regulating the innate immune response [150]. Similarly Zhou et al. also
accounted for evidence regarding the association of Arid2-IR IncRNA with renal fibrosis
and renal inflammation [151]. One particular importance of IncRNA is their involvement
in host-virus interaction and conferring insecticide resistance in insects [28,152]. Due to
the significant heterogeneity of IncRNAs, they can be potentially used in improving insect
control strategies as well as in predicting the mechanisms underlying the developmental
processes as they are commonly designated as time-specific tuners by governing the time
of developmental transitions.

5. Conclusions

The complex patterns of expression and regulation of the entire eukaryotic genome are
in the hands of ncRNAs. The ncRNAs participate in almost all sorts of biological processes
including epigenetic control of traits, transcriptional, and post-transcriptional regulations.
Interestingly, a growing number of ncRNAs have been identified in insects primarily from
the RNA-Seq of RNA libraries or transcriptomics studies. Small ncRNAs such as miRNAs
and piRNAs have been well studied compared to IncRNAs. In this review, we discussed
the importance of IncRNAs in different insect orders. Keeping in mind the rationale that
insects are the most abundant and diverse group of animals and play an important role in
different ecosystems aside from significantly contributing to the population dynamics, their
influence on the ecological and economic environments of humans is undebated. Studies
on RNAs and their role in gene regulation using insect models will open windows to
understanding the immune response and disease dynamics. Although there are currently
many studies on IncRNAs in insects, all these studies are still at the preliminary stages and
focus solely on model insect species. One particular aspect, which could be promising, is to
compare RNA at the cross-sectional level. Furthermore, insects are particularly ectothermic
and global warming has pushed them to newer territories where human interaction has
increased many fold. In this scenario, ncRNAs, particularly IncRNAs, are a promising
solution to novel diseases. An essential aim of developing our understanding of IncRNAs is
to create environmentally-friendly and efficient pest control strategies for agricultural pests.
Therefore, IncRNAs have great potential to be used as targets in pest control strategies
in the future.

Author Contributions: C.C., S.S., KK.M., S.P,, PM. and N.S. wrote the first draft. N.S. and J.N.S.
wrote sections on ncRNAs and created the figures. D.N.D. and P.S. wrote sections on IncRNAs and
co-expression. J.N.S. and S.R. wrote sections on insect physiology. N.S. addressed all references and
style for brevity. The first five authors equally contributed to the review. P.S. and J.N.S. proofread the
final version before all authors agreed to the final manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Animals 2021, 11,1118 15 of 20

Acknowledgments: ].N.S. gratefully acknowledges the Department of Biotechnology, GOI and the
Department of Science and Technology, GOI for the Ramalingaswami Re-entry grant (BT /RLF/Re-
entry/10/2015) and for the extramural grant (EMR/2017/001378), respectively, awarded to him. N.S.
acknowledges the Department of Science and Technology, GOI, for the Women Scientist fellowship
(WOS-A) award. We gratefully acknowledge Narmadhaa Siva for helping with the illustrations.

Conflicts of Interest: The authors declare no conflict of interest whatsoever.

References

1.  Ponting, C.P.,; Oliver, P.L.; Reik, W. Evolution and Functions of Long Noncoding RNAs. Cell 2009, 136, 629-641. [CrossRef]
[PubMed]

2. Djebali, S.; Davis, C.A.; Merkel, A.; Dobin, A.; Lassmann, T.; Mortazavi, A.; Tanzer, A.; Lagarde, ].; Lin, W.; Schlesinger, F.; et al.
Landscape of Transcription in Human Cells. Nature 2012, 489, 101-108. [CrossRef] [PubMed]

3. Naftelberg, S.; Schor, LE.; Ast, G.; Kornblihtt, A.R. Regulation of Alternative Splicing Through Coupling with Transcription and
Chromatin Structure. Annu. Rev. Biochem. 2015, 84, 165-198. [CrossRef]

4. Rana, TM. Illuminating the Silence: Understanding the Structure and Function of Small RNAs. Nat. Rev. Mol. Cell Biol. 2007, 8,
23-36. [CrossRef] [PubMed]

5. Ma, L; Bajic, V.B.; Zhang, Z. On the Classification of Long Non-coding RNAs. RNA Biol. 2013, 10, 924-933. [CrossRef]

6. Palazzo, A.F; Lee, E.S. Non-coding RNA: What is Functional and What is Junk? Front. Genet. 2015, 6, 2. [CrossRef]

7. Mercer, T.R,; Dinger, M.E.; Mattick, ].S. Long Non-coding RNAs: Insights into Functions. Nat. Rev. Genet. 2009, 10, 155-159.
[CrossRef]

8.  Dahariya, S.; Paddibhatla, I.; Kumar, S.; Raghuwanshi, S.; Pallepati, A.; Gutti, R.K. Long Non-coding RNA: Classification,
Biogenesis and Functions in Blood Cells. Mol. Immunol. 2019, 112, 82-92. [CrossRef] [PubMed]

9. Quinn, J.J.; Chang, H.Y. Unique Features of Long Non-coding RNA Biogenesis and Function. Nat. Rev. Genet. 2016, 17, 47-62.
[CrossRef]

10. Ma, X;; Shao, C.; Jin, Y.; Wang, H.; Meng, Y. Long Non-coding RNAs. RNA Biol. 2014, 11, 373-390. [CrossRef] [PubMed]

11. Wu, H;; Yang, L.; Chen, L.-L. The Diversity of Long Noncoding RNAs and Their Generation. Trends Genet. 2017, 33, 540-552.
[CrossRef]

12.  Dykes, LM.; Emanueli, C. Transcriptional and Post-transcriptional Gene Regulation by Long Non-coding RNA. Genom. Proteom.
Bioinform. 2017, 15, 177-186. [CrossRef]

13.  Sun, Q.; Hao, Q.; Prasanth, K.V. Nuclear Long Noncoding RNAs: Key Regulators of Gene Expression. Trends Genet. 2018, 34,
142-157. [CrossRef] [PubMed]

14. Statello, L.; Guo, C.-J.; Chen, L.-L.; Huarte, M. Gene Regulation by Long Non-coding RNAs and Its Biological Functions. Nat. Rev.
Mol. Cell Biol. 2021, 22, 96-118. [CrossRef]

15. Liu, C; Bai, B.; Skogerbg, G.; Cai, L.; Deng, W.; Zhang, Y.; Bu, D.; Zhao, Y.; Chen, R. NONCODE: An Integrated Knowledge
Database of Non-coding RNAs. Nucleic Acids Res. 2005. [CrossRef] [PubMed]

16. Amaral, PP; Clark, M.B.; Gascoigne, D.K.; Dinger, M.E.; Mattick, J.S. LncRNAdb: A Reference Database for Long Noncoding
RNAs. Nucleic Acids Res. 2011. [CrossRef] [PubMed]

17.  Chakraborty, S.; Deb, A.; Maji, R.K; Saha, S.; Ghosh, Z. LncRBase: An Enriched Resource for IncRNA Information. PLoS ONE
2014. [CrossRef]

18. Zheng, L.L,; Li, J.H; Wu, J.; Sun, WJ,; Liu, S.; Wang, Z.L.; Zhou, H.; Yang, ].H.; Qu, L.H. DeepBase v2.0: Identification, Expression,
Evolution and Function of Small RNAs, LncRNAs and Circular RNAs from Deep-sequencing Data. Nucleic Acids Res. 2016.
[CrossRef]

19. Jenkins, A.M.; Waterhouse, R.M.; Muskavitch, M.A.T. Long Non-coding RNA Discovery across the Genus Anopheles Reveals
Conserved Secondary Structures within and beyond the Gambiae Complex. BMC Genom. 2015. [CrossRef]

20. Jayakodi, M.; Jung, J.W.; Park, D.; Ahn, Y.-].; Lee, S.-C.; Shin, S.-Y.; Shin, C.; Yang, T.-J.; Kwon, H.W. Genome-wide Characterization
of Long Intergenic Non-coding RNAs (lincRNAs) Provides New Insight into Viral Diseases in Honey Bees Apis cerana and Apis
mellifera. BMC Genom. 2015, 16, 680. [CrossRef]

21. Wu, Y;; Cheng, T,; Liu, C.; Liu, D.; Zhang, Q.; Long, R.; Zhao, P.; Xia, Q. Systematic Identification and Characterization of Long
Non-coding RNAs in the Silkworm, Bombyx mori. PLoS ONE 2016. [CrossRef]

22.  Ali, A.; Abd El Halim, H.M. Re-thinking Adaptive Immunity in the Beetles: Evolutionary and Functional Trajectories of IncRNAs.
Genomics 2020. [CrossRef] [PubMed]

23. Yang, L.; Wang, Y.; Lu, Y,; Li, B,; Chen, K.; Li, C. Genome-wide Identification and Characterization of Long Non-coding RNAs in
Tribolium castaneum. Insect Sci. 2020, 1744-7917.12867. [CrossRef]

24. Kashi, K.; Henderson, L.; Bonetti, A.; Carninci, P. Discovery and Functional Analysis of IncRNAs: Methodologies to Investigate
an Uncharacterized Transcriptome. Biochim. Biophys. Acta Gene Regul. Mech. 2016. [CrossRef]

25. Etebari, K.; Furlong, M.].; Asgari, S. Genome Wide Discovery of Long Intergenic Non-coding RNAs in Diamondback Moth
(Plutella xylostella) and Their Expression in Insecticide Resistant Strains. Sci. Rep. 2015. [CrossRef] [PubMed]

26. Etebari, K.; Asad, S.; Zhang, G.; Asgari, S. Identification of Aedes aegypti Long Intergenic Non-coding RNAs and Their

Association with Wolbachia and Dengue Virus Infection. PLoS Negl. Trop. Dis. 2016. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cell.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19239885
http://doi.org/10.1038/nature11233
http://www.ncbi.nlm.nih.gov/pubmed/22955620
http://doi.org/10.1146/annurev-biochem-060614-034242
http://doi.org/10.1038/nrm2085
http://www.ncbi.nlm.nih.gov/pubmed/17183358
http://doi.org/10.4161/rna.24604
http://doi.org/10.3389/fgene.2015.00002
http://doi.org/10.1038/nrg2521
http://doi.org/10.1016/j.molimm.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31079005
http://doi.org/10.1038/nrg.2015.10
http://doi.org/10.4161/rna.28725
http://www.ncbi.nlm.nih.gov/pubmed/24717238
http://doi.org/10.1016/j.tig.2017.05.004
http://doi.org/10.1016/j.gpb.2016.12.005
http://doi.org/10.1016/j.tig.2017.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29249332
http://doi.org/10.1038/s41580-020-00315-9
http://doi.org/10.1093/nar/gki041
http://www.ncbi.nlm.nih.gov/pubmed/15608158
http://doi.org/10.1093/nar/gkq1138
http://www.ncbi.nlm.nih.gov/pubmed/21112873
http://doi.org/10.1371/journal.pone.0108010
http://doi.org/10.1093/nar/gkv1273
http://doi.org/10.1186/s12864-015-1507-3
http://doi.org/10.1186/s12864-015-1868-7
http://doi.org/10.1371/journal.pone.0147147
http://doi.org/10.1016/j.ygeno.2019.08.012
http://www.ncbi.nlm.nih.gov/pubmed/31442561
http://doi.org/10.1111/1744-7917.12867
http://doi.org/10.1016/j.bbagrm.2015.10.010
http://doi.org/10.1038/srep14642
http://www.ncbi.nlm.nih.gov/pubmed/26411386
http://doi.org/10.1371/journal.pntd.0005069
http://www.ncbi.nlm.nih.gov/pubmed/27760142

Animals 2021, 11,1118 16 of 20

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

Zhao, X.Y.; Lin, ].D. Long Noncoding RNAs: A New Regulatory Code in Metabolic Control. Trends Biochem. Sci. 2015, 40, 586-596.
[CrossRef] [PubMed]

Satyavathi, V.; Ghosh, R.; Subramanian, S. Long Non-Coding RNAs Regulating Immunity in Insects. Noncoding RNA 2017, 3, 14.
[CrossRef]

Kornienko, A.E.; Guenzl, PM.; Barlow, D.P,; Pauler, EM. Gene Regulation by the Act of Long Non-coding RNA Transcription.
BMC Biol. 2013. [CrossRef]

Han, P; Chang, C.P. Long Non-coding RNA and Chromatin Remodeling. RNA Biol. 2015. [CrossRef]

Fernandes, ].C.R.; Acufa, S.M.; Aoki, ].I; Floeter-Winter, L.M.; Muxel, S.M. Long Non-Coding RNAs in the Regulation of Gene
Expression: Physiology and Disease. Noncoding RNA 2019, 5, 17. [CrossRef]

Gomes, A.Q.; Nolasco, S.; Soares, H. Non-coding RNAs: Multi-tasking Molecules in the Cell. Int. ]. Mol. Sci. 2013, 14, 16010-16039.
[CrossRef]

Liu, F; Shi, T; Qi, L.; Su, X.; Wang, D.; Dong, J.; Huang, Z.Y. LncRNA Profile of Apis melliferaand Its Possible Role in Behavioural
Transition from Nurses to Foragers. BMIC Genom. 2019. [CrossRef]

Stork, N.E. How Many Species of Insects and Other Terrestrial Arthropods Are There on Earth? Annu. Rev. Entomol. 2018, 63,
31-45. [CrossRef] [PubMed]

Stork, N.E.; McBroom, J.; Gely, C.; Hamilton, A.]. New Approaches Narrow Global Species Estimates for Beetles, Insects, and
Terrestrial Arthropods. Proc. Natl. Acad. Sci. USA 2015, 112, 7519-7523. [CrossRef] [PubMed]

Legeai, F; Derrien, T. Identification of Long Non-coding RNAs in Insects Genomes. Curr. Opin. Insect. Sci. 2015, 7, 37-44.
[CrossRef] [PubMed]

Zimmer-Bensch, G. Emerging Roles of Long Non-Coding RNAs as Drivers of Brain Evolution. Cells 2019, 8, 1399. [CrossRef]
Mallory, A.C.; Shkumatava, A. LncRNAs in Vertebrates: Advances and Challenges. Biochimie 2015, 117, 3-14. [CrossRef]
[PubMed]

Chen, L.; Zhang, Y.H.; Pan, X,; Liu, M.; Wang, S.; Huang, T.; Cai, Y.D. Tissue Expression Difference between Mrnas and Lncrnas.
Int. ]. Mol. Sci. 2018, 3416. [CrossRef]

Perry, R.B.-T.; Ulitsky, I. The Functions of Long Noncoding RNAs in Development and Stem Cells. Development 2016, 143,
3882-3894. [CrossRef]

Kapusta, A.; Kronenberg, Z.; Lynch, V.J.; Zhuo, X.; Ramsay, L.; Bourque, G.; Yandell, M.; Feschotte, C. Transposable Elements Are
Major Contributors to the Origin, Diversification, and Regulation of Vertebrate Long Noncoding RNAs. PLoS Genet. 2013, 9,
€1003470. [CrossRef]

Quinn, J.J.; Zhang, Q.C.; Georgiev, P; Ilik, .A.; Akhtar, A.; Chang, H.Y. Rapid Evolutionary Turnover Underlies Conserved
IncRNA-genome Interactions. Genes Dev. 2016. [CrossRef] [PubMed]

Derrien, T,; Johnson, R.; Bussotti, G.; Tanzer, A.; Djebali, S.; Tilgner, H.; Guernec, G.; Martin, D.; Merkel, A.; Knowles, D.G; et al.
The GENCODE v7 Catalog of Human Long Noncoding RNAs: Analysis of Their Gene Structure, Evolution, and Expression.
Genome Res. 2012. [CrossRef] [PubMed]

Muhammad, S.; Tan, J.; Deng, P; Li, T.; He, H.; Bian, J.; Wu, L. Pesticide Application Has Little Influence on Coding and
Non-coding Gene Expressions in Rice. BMC Genom. 2019. [CrossRef]

Fang, Y.; Fullwood, M.]. Roles, Functions, and Mechanisms of Long Non-coding RNAs in Cancer. Genom. Proteom. Bioinform.
2016, 14, 42-54. [CrossRef] [PubMed]

Pan, W.; Zhou, L.; Ge, M.; Zhang, B.; Yang, X.; Xiong, X.; Fu, G.; Zhang, J.; Nie, X.; Li, H.; et al. Whole Exome Sequencing Identifies
IncRNA GAS8-AS; and LPAR, as Novel Papillary Thyroid Carcinoma Driver Alternations. Hum. Mol. Genet. 2016. [CrossRef]
Gupta, S.; Gupta, N.; Tiwari, P.; Menon, S.; Mathur, P; Kothari, S.; Nallapeta, S.; Medicherla, K.; Suravajhala, P. Lnc-EPB41-Protein
Interactions Associated with Congenital Pouch Colon. Biomolecules 2018, 8, 95. [CrossRef]

van Dijk, E.L.; Jaszczyszyn, Y.; Naquin, D.; Thermes, C. The Third Revolution in Sequencing Technology. Trends Genet. 2018.
[CrossRef]

Tripathi, R.; Chakraborty, P.; Varadwaj, PK. Unraveling Long Non-coding RNAs through Analysis of High-throughput RNA-
sequencing Data. Non Coding RNA Res. 2017, 2, 111-118. [CrossRef]

Abugessaisa, I.; Ramilowski, J.A.; Lizio, M.; Severin, J.; Hasegawa, A.; Harshbarger, J.; Kondo, A.; Noguchi, S.; Yip, C.W.; Ooi,
J.L.C.; et al. FANTOM Enters 20th year: Expansion of Transcriptomic Atlases and Functional Annotation of Non-coding RNAs.
Nucleic Acids Res. 2021, 49, D892-D898. [CrossRef] [PubMed]

Martianov, I.; Ramadass, A.; Serra Barros, A.; Chow, N.; Akoulitchev, A. Repression of the Human Dihydrofolate Reductase Gene
by a Non-coding Interfering Transcript. Nature 2007. [CrossRef]

Grote, P; Herrmann, B.G. The long non-coding RNA Fendrr Links Epigenetic Control Mechanisms to Gene Regulatory Networks
in Mammalian Embryogenesis. RNA Biol. 2013, 10, 1579-1585. [CrossRef] [PubMed]

Tafer, H.; Hofacker, I.L. RNAplex: A Fast Tool for RNA-RNA Interaction Search. Bioinformatics 2008. [CrossRef] [PubMed]
Miickstein, U.; Tafer, H.; Hackermiiller, J.; Bernhart, S.H.; Stadler, P.F.; Hofacker, I.L. Thermodynamics of RNA-RNA Binding.
Bioinformatics 2006. [CrossRef] [PubMed]

Busch, A.; Richter, A.S.; Backofen, R. IntaRNA: Efficient Prediction of Bacterial SRNA Targets Incorporating Target Site Accessibil-
ity and Seed Regions. Bioinformatics 2008. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tibs.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26410599
http://doi.org/10.3390/ncrna3010014
http://doi.org/10.1186/1741-7007-11-59
http://doi.org/10.1080/15476286.2015.1063770
http://doi.org/10.3390/ncrna5010017
http://doi.org/10.3390/ijms140816010
http://doi.org/10.1186/s12864-019-5664-7
http://doi.org/10.1146/annurev-ento-020117-043348
http://www.ncbi.nlm.nih.gov/pubmed/28938083
http://doi.org/10.1073/pnas.1502408112
http://www.ncbi.nlm.nih.gov/pubmed/26034274
http://doi.org/10.1016/j.cois.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/32846672
http://doi.org/10.3390/cells8111399
http://doi.org/10.1016/j.biochi.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/25812751
http://doi.org/10.3390/ijms19113416
http://doi.org/10.1242/dev.140962
http://doi.org/10.1371/journal.pgen.1003470
http://doi.org/10.1101/gad.272187.115
http://www.ncbi.nlm.nih.gov/pubmed/26773003
http://doi.org/10.1101/gr.132159.111
http://www.ncbi.nlm.nih.gov/pubmed/22955988
http://doi.org/10.1186/s12864-019-6381-y
http://doi.org/10.1016/j.gpb.2015.09.006
http://www.ncbi.nlm.nih.gov/pubmed/26883671
http://doi.org/10.1093/hmg/ddw056
http://doi.org/10.3390/biom8030095
http://doi.org/10.1016/j.tig.2018.05.008
http://doi.org/10.1016/j.ncrna.2017.06.003
http://doi.org/10.1093/nar/gkaa1054
http://www.ncbi.nlm.nih.gov/pubmed/33211864
http://doi.org/10.1038/nature05519
http://doi.org/10.4161/rna.26165
http://www.ncbi.nlm.nih.gov/pubmed/24036695
http://doi.org/10.1093/bioinformatics/btn193
http://www.ncbi.nlm.nih.gov/pubmed/18434344
http://doi.org/10.1093/bioinformatics/btl024
http://www.ncbi.nlm.nih.gov/pubmed/16446276
http://doi.org/10.1093/bioinformatics/btn544
http://www.ncbi.nlm.nih.gov/pubmed/18940824

Animals 2021, 11,1118 17 of 20

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

Suresh, V.; Liu, L.; Adjeroh, D.; Zhou, X. RPI-Pred: Predicting ncRNA-protein Interaction Using Sequence and Structural
Information. Nucleic Acids Res. 2015. [CrossRef]

Lu, Q; Ren, S.; Lu, M.; Zhang, Y.; Zhu, D.; Zhang, X.; Li, T. Computational Prediction of Associations between Long Non-coding
RNAs and Proteins. BMC Genom. 2013. [CrossRef]

Muppirala, U.K.; Honavar, V.G.; Dobbs, D. Predicting RNA-Protein Interactions Using Only Sequence Information. BMC
Bioinform. 2011. [CrossRef]

Wang, L.; Brown, S.J. BindN: A Web-based Tool for Efficient Prediction of DNA and RNA Binding Sites in Amino Acid Sequences.
Nucleic Acids Res. 2006, 34, W243-W248. [CrossRef]

Li, Q.; Cao, Z.; Liu, H. Improve the Prediction of RNA-Binding Residues Using Structural Neighbours. Protein Pept. Lett. 2010, 17,
287-296. [CrossRef]

Ahmad, S.; Sarai, A. Analysis of Electric Moments of RNA-binding Proteins: Implications for Mechanism and Prediction. BMC
Struct. Biol. 2011, 11, 8. [CrossRef] [PubMed]

Rinn, J.L.; Chang, H.Y. Genome Regulation by Long Noncoding RNAs. Annu. Rev. Biochem. 2012. [CrossRef]

Rinn, J.L.; Kertesz, M.; Wang, ].K.; Squazzo, S.L.; Xu, X.; Brugmann, S.A.; Goodnough, L.H.; Helms, J.A.; Farnham, PJ.; Segal, E.;
et al. Functional Demarcation of Active and Silent Chromatin Domains in Human HOX Loci by Noncoding RNAs. Cell 2007.
[CrossRef] [PubMed]

Brown, J.B.; Boley, N.; Eisman, R.; May, G.E.; Stoiber, M.H.; Duff, M.O.; Booth, B.W.; Wen, J.; Park, S.; Suzuki, A.M.; et al. Diversity
and Dynamics of the Drosophila transcriptome. Nature 2014. [CrossRef]

Graveley, B.R.; Brooks, A.N.; Carlson, ].W.; Duff, M.O.; Landolin, ].M.; Yang, L.; Artieri, C.G.; Van Baren, M.].; Boley, N.; Booth,
B.W.,; et al. The Developmental Transcriptome of Drosophila melanogaster. Nature 2011. [CrossRef]

Li, K.; Tian, Y;; Yuan, Y.; Fan, X.; Yang, M.; He, Z.; Yang, D. Insights into the Functions of LncRNAs in Drosophila. Int. ]. Mol. Sci.
2019, 20, 4646. [CrossRef] [PubMed]

Schor, LE.; Bussotti, G.; Males, M.; Forneris, M.; Viales, R.R.; Enright, A.]J.; Furlong, E.E.M. Non-coding RNA Expression, Function,
and Variation during Drosophila Embryogenesis. Curr. Biol. 2018. [CrossRef]

Maeda, R K; Sitnik, J.L.; Frei, Y,; Prince, E.; Gligorov, D.; Wolfner, M.F,; Karch, F. The IncRNA Male-specific Abdominal Plays a
Critical Role in Drosophila Accessory Gland Development and Male Fertility. PLoS Genet. 2018. [CrossRef]

Li, M.Z,; Xiao, H.M.; Kang, H.; Li, E. Progress and Prospects of Noncoding RNAs in Insects. |. Integr. Agric. 2019. [CrossRef]
Vedelek, V.; Bodai, L.; Grézal, G.; Kovacs, B.; Boros, LM.; Laurinyecz, B.; Sinka, R. Analysis of Drosophila melanogaster Testis
Transcriptome. BMC Genom. 2018. [CrossRef]

Wen, K,; Yang, L.; Xiong, T.; Di, C.; Ma, D.; Wu, M.; Xue, Z.; Zhang, X.; Long, L.; Zhang, W.; et al. Critical Roles of Long Noncoding
RNAs in Drosophila Spermatogenesis. Genome Res. 2016. [CrossRef] [PubMed]

Vance, KW.; Sansom, S.N.; Lee, S.; Chalei, V.; Kong, L.; Cooper, S.E.; Oliver, PL.; Ponting, C.P. The Long Non-coding RNA Paupar
Regulates the Expression of Both Local and Distal Genes. EMBO J. 2014. [CrossRef]

Goff, L.A,; Groff, A.F,; Sauvageau, M.; Trayes-Gibson, Z.; Sanchez-Gomez, D.B.; Morse, M.; Martin, R.D.; Elcavage, L.E.; Liapis,
S.C.; Gonzalez-Celeiro, M.; et al. Spatiotemporal Expression and Transcriptional Perturbations by Long Noncoding RNAs in the
Mouse Brain. Proc. Natl. Acad. Sci. USA 2015. [CrossRef]

Soshnev, A.A.; Ishimoto, H.; Mcallister, B.F,; Li, X.; Wehling, M.D.; Kitamoto, T.; Geyer, PK. A Conserved Long Noncoding RNA
Affects Sleep Behavior in Drosophila. Genetics 2011. [CrossRef]

Li, M.; Liu, L. Neural Functions of Long Noncoding RNAs in Drosophila. . Comp. Physiol. A 2015, 201, 921-926. [CrossRef]
Garcia-Bellido, A.; de Celis, ].E. The Complex Tale of the Achaete-scute Complex: A Paradigmatic Case in the Analysis of Gene
Organization and Function during Development. Genetics 2009, 182, 631-639. [CrossRef]

Marecellini, S.; Gibert, ].M.; Simpson, P. Achaete, but not Scute, is Dispensable for the Peripheral Nervous System of Drosophila.
Dev. Biol. 2005. [CrossRef] [PubMed]

Coolon, J.D.; McManus, C.J.; Stevenson, K.R.; Graveley, B.R.; Wittkopp, PJ. Tempo and Mode of Regulatory Evolution in
Drosophila. Genome Res. 2014. [CrossRef] [PubMed]

Kim, M,; Faucillion, M.L.; Larsson, ]. RNA-on-X 1 and 2 in Drosophila melanogasterFulfill Separate Functions in Dosage Compensa-
tion. PLoS Genet. 2018. [CrossRef]

Ilik, I.; Akhtar, A. roX RNAs: Non-coding Regulators of the Male X Chromosome in Flies. RNA Biol. 2009, 6, 113-121. [CrossRef]
Deng, X.; Koya, S.K.; Kong, Y.; Meller, V.H. Coordinated Regulation of Heterochromatic Genes in Drosophila melanogaster Males.
Genetics 2009. [CrossRef] [PubMed]

Penalva, L.O.F,; Sanchez, L. RNA Binding Protein Sex-Lethal (SxI) and Control of Drosophila Sex Determination and Dosage
Compensation. Microbiol. Mol. Biol. Rev. 2003. [CrossRef]

Mulvey, B.B.; Olcese, U.; Cabrera, J.R.; Horabin, J.I. An Interactive Network of Long Non-coding RNAs Facilitates the Drosophila
Sex Determination Decision. Biochim. Biophys. Acta Gene Regul. Mech. 2014. [CrossRef] [PubMed]

Zhang, X.; Wang, W.; Zhu, W.; Dong, J.; Cheng, Y.; Yin, Z.; Shen, F. Mechanisms and Functions of Long Non-Coding RNAs at
Multiple Regulatory Levels. Int. . Mol. Sci. 2019, 20, 5573. [CrossRef] [PubMed]

Davie, K.; Janssens, J.; Koldere, D.; De Waegeneer, M.; Pech, U.; Kreft, L.; Aibar, S.; Makhzami, S.; Christiaens, V.; Bravo
Gonzalez-Blas, C.; et al. A Single-Cell Atlas of the Aging Drosophila Brain. Cell 2018. [CrossRef]


http://doi.org/10.1093/nar/gkv020
http://doi.org/10.1186/1471-2164-14-651
http://doi.org/10.1186/1471-2105-12-489
http://doi.org/10.1093/nar/gkl298
http://doi.org/10.2174/092986610790780279
http://doi.org/10.1186/1472-6807-11-8
http://www.ncbi.nlm.nih.gov/pubmed/21284850
http://doi.org/10.1146/annurev-biochem-051410-092902
http://doi.org/10.1016/j.cell.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17604720
http://doi.org/10.1038/nature12962
http://doi.org/10.1038/nature09715
http://doi.org/10.3390/ijms20184646
http://www.ncbi.nlm.nih.gov/pubmed/31546813
http://doi.org/10.1016/j.cub.2018.09.026
http://doi.org/10.1371/journal.pgen.1007519
http://doi.org/10.1016/S2095-3119(18)61976-8
http://doi.org/10.1186/s12864-018-5085-z
http://doi.org/10.1101/gr.199547.115
http://www.ncbi.nlm.nih.gov/pubmed/27516619
http://doi.org/10.1002/embj.201386225
http://doi.org/10.1073/pnas.1411263112
http://doi.org/10.1534/genetics.111.131706
http://doi.org/10.1007/s00359-014-0937-8
http://doi.org/10.1534/genetics.109.104083
http://doi.org/10.1016/j.ydbio.2005.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16084506
http://doi.org/10.1101/gr.163014.113
http://www.ncbi.nlm.nih.gov/pubmed/24567308
http://doi.org/10.1371/journal.pgen.1007842
http://doi.org/10.4161/rna.6.2.8060
http://doi.org/10.1534/genetics.109.102087
http://www.ncbi.nlm.nih.gov/pubmed/19307603
http://doi.org/10.1128/MMBR.67.3.343-359.2003
http://doi.org/10.1016/j.bbagrm.2014.06.007
http://www.ncbi.nlm.nih.gov/pubmed/24954180
http://doi.org/10.3390/ijms20225573
http://www.ncbi.nlm.nih.gov/pubmed/31717266
http://doi.org/10.1016/j.cell.2018.05.057

Animals 2021, 11,1118 18 of 20

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

Prasanth, K.V.; Rajendra, TK.; Lal, A.K.; Lakhotia, 5S.C. Omega Speckles—A Novel Class of Nuclear Speckles Containing hnRNPs
Associated with Noncoding hsr-omega RNA in Drosophila. ]. Cell. Sci. 2000, 113, 3485-3497.

Singh, A.K.; Lakhotia, 5.C. Dynamics of hnRNPs and Omega Speckles in Normal and Heat Shocked Live Cell Nuclei of Drosophila
melanogaster. Chromosoma 2015. [CrossRef] [PubMed]

Lakhotia, S.C.; Sharma, A. The 93D (hsr-omega) Locus of Drosophila: Non-coding Gene with House-keeping Functions. Genetica
1996, 97, 339-348. [CrossRef]

Lakhotia, S.C.; Mallik, M.; Singh, A.K.; Ray, M. The Large Noncoding hsrw-n Transcripts are Essential for Thermotolerance and
Remobilization of hnRNPs, HP1 and RNA Polymerase II during Recovery from Heat Shock in Drosophila. Chromosoma 2012.
[CrossRef]

Lakhotia, S.C. Forty Years of the 93D Puff of Drosophila melanogaster. |. Biosci. 2011. [CrossRef]

Johnson, T.K.; Carrington, L.B.; Hallas, R.J.; McKechnie, S.W. Protein Synthesis Rates in Drosophila Associate with Levels of the
hsr-omega Nuclear Transcript. Cell Stress Chaperones 2009. [CrossRef]

Barciszewski, J.; Erdmann, V.A.; Lakhotia, S.C. hsrw w w w w Gene of Drosophila melanogaster Integrates Post-Transcriptional
Processing of Other Nuclear Transcripts; Kluwer Academic Publishers-Plenum Publishers: Dodrecht, The Netherlands, 2003.
Geisler, S.; Coller, J. RNA in Unexpected Places: Long Non-coding RNA Functions in Diverse Cellular Contexts. Nat. Rev. Mol.
Cell. Biol. 2013, 14, 699-712. [CrossRef] [PubMed]

Lo Piccolo, L.; Yamaguchi, M. RNAi of arcRNA hsrw Affects Sub-cellular Localization of Drosophila FUS to Drive Neurodiseases.
Exp. Neurol. 2017. [CrossRef]

Lehmann, R. Germ-plasm Formation and Germ-cell Determination in Drosophila. Curr. Opin. Genet. Dev. 1992. [CrossRef]
Jenny, A.; Hachet, O.; Zavorszky, P; Cyrklaff, A.; Weston, M.D.].; St Johnston, D.; Erdélyi, M.; Ephrussi, A. A Translation-
independent Role of Oskar RNA in Early Drosophila Oogenesis. Development 2006. [CrossRef] [PubMed]

Micklem, D.R.; Adams, J.; Griinert, S.; St Johnston, D. Distinct Roles of Two Conserved Staufen Domains in Oskar mRNA
Localization and Translation. EMBO J. 2000. [CrossRef] [PubMed]

Zimyanin, V.; Lowe, N.; St Johnston, D. An Oskar-Dependent Positive Feedback Loop Maintains the Polarity of the Drosophila
Oocyte. Curr. Biol. 2007. [CrossRef]

Kim-Ha, J.; Kerr, K.; Macdonald, PM. Translational Regulation of Oskar mRNA by Bruno, an Ovarian RNA-binding Protein, is
Essential. Cell 1995, 81, 403—412. [CrossRef]

Rios-Barrera, L.D.; Gutiérrez-Pérez, I.; Dominguez, M.; Riesgo-Escovar, ].R. Acal is a Long Non-coding RNA in JNK Signaling in
Epithelial Shape Changes during Drosophila Dorsal Closure. PLoS Genet. 2015. [CrossRef]

Hardiman, K.E.; Brewster, R.; Khan, S.M.; Deo, M.; Bodmer, R. The Bereft Gene, a Potential Target of the Neural Selector Gene Cut,
Contributes to Bristle Morphogenesis. Genetics 2002. [CrossRef]

Petruk, S.; Sedkov, Y.; Riley, K.M.; Hodgson, J.; Schweisguth, E; Hirose, S.; Jaynes, J.B.; Brock, H-W.; Mazo, A. Transcription of bxd
Noncoding RNAs Promoted by Trithorax Represses Ubx in cis by Transcriptional Interference. Cell 2006. [CrossRef]

Pease, B.; Borges, A.C.; Bender, W. Noncoding RNAs of the Ultrabithorax domain of the Drosophila bithorax complex. Genetics
2013. [CrossRef] [PubMed]

Gummalla, M.; Maeda, R.K,; Alvarez, ].].; Gyurkovics, H.; Singari, S.; Edwards, K.A.; Karch, F.; Bender, W. Abd-A Regulation by
the iab-8 Noncoding RNA. PLoS Genet. 2012. [CrossRef] [PubMed]

Li, M.; Wen, S.; Guo, X; Bai, B.; Gong, Z.; Liu, X.; Wang, Y.; Zhou, Y.; Chen, X,; Liu, L.; et al. The Novel Long Non-coding RNA
CRG Regulates Drosophila Locomotor Behavior. Nucleic Acids Res. 2012. [CrossRef]

Calderone, N.W. Temporal Division of Labor in the Honey Bee, Apis mellifera: A Developmental Process or the Result of
Environmental Influences? Can. J. Zool. 1995. [CrossRef]

Kolmes, S.A. A Quantitative Study of the Division of Labour among Worker Honey Bees. Z. Tierpsychol. 1985. [CrossRef]
Heylen, K.; Gobin, B.; Billen, J.; Hu, T.T.; Arckens, L.; Huybrechts, R. Amfor Expression in the Honeybee Brain: A Trigger
Mechanism for Nurse-forager Transition. J. Insect Physiol. 2008. [CrossRef] [PubMed]

Tadano, H.; Yamazaki, Y.; Takeuchi, H.; Kubo, T. Age- and Division-of-labour-dependent Differential Expression of a Novel
Non-coding RNA, Nb-1, in the Brain of Worker Honeybees, Apis mellifera L. Insect Mol. Biol. 2009, 18, 715-726. [CrossRef]
[PubMed]

Sawata, M.; Yoshino, D.; Takeuchi, H.; Kamikouchi, A.; Ohashi, K.; Kubo, T. Identification and Punctate Nuclear Localization of a
Novel Noncoding RNA, Ks-1, from the Honeybee Brain. RNA 2002. [CrossRef] [PubMed]

Weinstock, G.M.; Robinson, G.E.; Gibbs, R.A.; Worley, K.C.; Evans, ].D.; Maleszka, R.; Robertson, H.M.; Weaver, D.B.; Beye, M.;
Bork, P; et al. Insights into Social Insects from the Genome of the Honeybee Apis mellifera. Nature 2006. [CrossRef]

Sawata, M.; Takeuchi, H.; Kubo, T. Identification and Analysis of the Minimal Promoter Activity of a Novel Noncoding Nuclear
RNA Gene, AncR-1, from the Honeybee (Apis mellifera L.). RNA 2004. [CrossRef]

Kiya, T.; Kunieda, T.; Kubo, T. Inducible- and Constitutive-type Transcript Variants of Kakusei, a Novel Non-coding Immediate
Early Gene, in the Honeybee Brain. Insect Mol. Biol. 2008. [CrossRef]

Kiya, T.; Ugajin, A.; Kunieda, T.; Kubo, T. Identification of Kakusei, a Nuclear Non-coding RNA, as an Immediate Early Gene
from the Honeybee, and Its Application for Neuroethological Study. Int. J. Mol. Sci. 2012, 5496. [CrossRef] [PubMed]

Humann, E.C.; Tiberio, G.J.; Hartfelder, K. Sequence and Expression Characteristics of Long Noncoding RNAs in Honey Bee
Caste Development-Potential Novel Regulators for Transgressive Ovary Size. PLoS ONE 2013. [CrossRef]


http://doi.org/10.1007/s00412-015-0506-0
http://www.ncbi.nlm.nih.gov/pubmed/25663367
http://doi.org/10.1007/BF00055320
http://doi.org/10.1007/s00412-011-0341-x
http://doi.org/10.1007/s12038-011-9078-1
http://doi.org/10.1007/s12192-009-0108-y
http://doi.org/10.1038/nrm3679
http://www.ncbi.nlm.nih.gov/pubmed/24105322
http://doi.org/10.1016/j.expneurol.2017.03.011
http://doi.org/10.1016/S0959-437X(05)80169-8
http://doi.org/10.1242/dev.02456
http://www.ncbi.nlm.nih.gov/pubmed/16835436
http://doi.org/10.1093/emboj/19.6.1366
http://www.ncbi.nlm.nih.gov/pubmed/10716936
http://doi.org/10.1016/j.cub.2006.12.044
http://doi.org/10.1016/0092-8674(95)90393-3
http://doi.org/10.1371/journal.pgen.1004927
http://doi.org/10.1093/genetics/161.1.231
http://doi.org/10.1016/j.cell.2006.10.039
http://doi.org/10.1534/genetics.113.155036
http://www.ncbi.nlm.nih.gov/pubmed/24077301
http://doi.org/10.1371/journal.pgen.1002720
http://www.ncbi.nlm.nih.gov/pubmed/22654672
http://doi.org/10.1093/nar/gks943
http://doi.org/10.1139/z95-166
http://doi.org/10.1111/j.1439-0310.1985.tb00130.x
http://doi.org/10.1016/j.jinsphys.2008.07.015
http://www.ncbi.nlm.nih.gov/pubmed/18725227
http://doi.org/10.1111/j.1365-2583.2009.00911.x
http://www.ncbi.nlm.nih.gov/pubmed/19817910
http://doi.org/10.1017/S1355838202028790
http://www.ncbi.nlm.nih.gov/pubmed/12088150
http://doi.org/10.1038/nature05260
http://doi.org/10.1261/rna.5231504
http://doi.org/10.1111/j.1365-2583.2008.00821.x
http://doi.org/10.3390/ijms131215496
http://www.ncbi.nlm.nih.gov/pubmed/23443077
http://doi.org/10.1371/journal.pone.0078915

Animals 2021, 11,1118 19 of 20

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Guo, Z,; Kang, S.; Zhu, X.; Xia, J.; Wu, Q.; Wang, S.; Xie, W.; Zhang, Y. The Novel ABC Transporter ABCHI1 is a Potential Target
for RNAi-based Insect Pest Control and Resistance Management. Sci. Rep. 2015. [CrossRef] [PubMed]

Zhou, Q.Z.; Fang, SM.; Zhang, Q.; Yu, Q.Y.; Zhang, Z. Identification and Comparison of Long Non-coding RNAs in the Silk
Gland between Domestic and Wild Silkworms. Insect Sci. 2018. [CrossRef]

Xu, X.; Wang, K.; Zha, X. An Antisense IncRNA Functions in Alternative Splicing of Bmdsx in the Silkworm, Bombyx mori.
Biochem. Biophys. Res. Commun. 2019. [CrossRef] [PubMed]

Wang, H.; Hu, H.; Xiang, Z.; Lu, C.; Dai, E; Tong, X. Identification and Characterization of a New Long Noncoding RNA iab-1 in
the Hox Cluster of Silkworm, Bombyx mori Identification of iab-1. J. Cell. Biochem. 2019. [CrossRef]

Kiya, T.; Iwami, M. Identification and Expression Analysis of Nervous Wreck, Which is Preferentially Expressed in the Brain of
the Male Silkworm Moth, Bombyx mori. Insect Mol. Biol. 2011, 20, 667-674. [CrossRef] [PubMed]

Guan, R;; Li, H,; Zhang, H.; An, S. Comparative Analysis of dsSRNA-induced IncRNAs in Three Kinds of Insect Species. Arch.
Insect Biochem. Physiol. 2020. [CrossRef] [PubMed]

Deng, X.; Meller, V.H. roX RNAs are Required for Increased Expression of X-linked Genes in Drosophila melanogaster Males.
Genetics 2006. [CrossRef]

Muraoka, Y.; Nakamura, A.; Tanaka, R.; Suda, K.; Azuma, Y.; Kushimura, Y.; Lo Piccolo, L.; Yoshida, H.; Mizuta, I.; Tokuda, T.;
et al. Genetic Screening of the Genes Interacting with Drosophila FIG4 Identified a Novel Link between CMT-Causing Gene and
Long Noncoding RNAs. Exp. Neurol. 2018. [CrossRef] [PubMed]

Chen, Y.; Dai, H.; Chen, S.; Zhang, L.; Long, M. Highly Tissue Specific Expression of Sphinx Supports Its Male Courtship Related
Role in Drosophila melanogaster. PLoS ONE 2011. [CrossRef] [PubMed]

Partap, U. The Pollination Role of Honeybees. In Honeybees of Asia; Springer: Berlin/Heidelberg, Germany, 2011; ISBN
9783642164224.

Park, D.; Jung, W.W.; Choi, B.S.; Jayakodi, M.; Lee, J.; Lim, J.; Yu, Y.; Choi, Y.S.; Lee, M.L.; Park, Y.; et al. Uncovering the Novel
Characteristics of Asian Honey Bee, Apis cerana, by Whole Genome Sequencing. BMC Genom. 2015. [CrossRef] [PubMed]
Chen, D.; Chen, H.; Du, Y.; Zhou, D.; Geng, S.; Wang, H.; Wan, J.; Xiong, C.; Zheng, Y.; Guo, R. Genome-wide Identification
of Long Non-coding RNAS and Their Regulatory Networks Involved in Apis mellifera Ligustica Response to Nosema Ceranae
Infection. Insects 2019, 245. [CrossRef] [PubMed]

Girard, M.; Nelson, C.B.; Picot, V.; Gubler, D.]. Arboviruses: A Global Public Health Threat. Vaccine 2020, 38, 3989-3994. [CrossRef]
Weaver, S.C.; Charlier, C.; Vasilakis, N.; Lecuit, M. Zika, Chikungunya, and Other Emerging Vector-Borne Viral Diseases. Annu.
Rev. Med. 2018. [CrossRef]

Azlan, A; Obeidat, S.M.; Yunus, M.A.; Azzam, G. Systematic Identification and Characterization of Aedes aegypti Long Noncoding
RNAs (IncRNAs). Sci. Rep. 2019. [CrossRef]

Akbari, O.S.; Antoshechkin, I.; Amrhein, H.; Williams, B.; Diloreto, R.; Sandler, J.; Hay, B.A. The Developmental Transcriptome of
the Mosquito Aedes aegypti, an Invasive Species and Major Arbovirus Vector. G3 2013. [CrossRef]

Azlan, A.; Halim, M.A.; Mohamad, E; Azzam, G. Identification and Characterization of Long Noncoding RNAs and Their
Association with Acquisition of Blood Meal in Culex quinquefasciatus. Insect Sci. 2020. [CrossRef]

Jensen, T.H.; Jacquier, A.; Libri, D. Dealing with Pervasive Transcription. Mol. Cell. 2013, 52, 473-484. [CrossRef]

Soumya, M.; Harinatha Reddy, A.; Nageswari, G.; Venkatappa, B. Silkworm (Bombyx mori) and Its Constituents: A Fascinating
Insect in Science and Research. J. Entomol. Zool. Stud. 2017, 5, 1701-1705.

Taguchi, S.; Iwami, M.; Taketoshi, K. Identification and Characterization of a Novel Nuclear Noncoding RNA, Fben-1, Which is
Preferentially Expressed in the Higher Brain Center of the Female Silkworm Moth, Bombyx mori. Neurosci. Lett. 2011. [CrossRef]
[PubMed]

Zheng, Z.Z.; Sun, X.; Zhang, B.; Pu, J.; Jiang, Z.Y.; Li, M.; Fan, YJ.; Xu, Y.Z. Alternative Splicing Regulation of Doublesex Gene by
RNA-binding Proteins in the Silkworm Bombyx mori. RNA Biol. 2019. [CrossRef] [PubMed]

Shukla, ].N.; Nagaraju, ]. Two Female-specific DSX Proteins are Encoded by the Sex-specific Transcripts of dsx, and are Required
for Female Sexual Differentiation in Two Wild Silkmoth Species, Antheraea assama and Antheraea mylitta (Lepidoptera, Saturniidae).
Insect Biochem. Mol. Biol. 2010. [CrossRef] [PubMed]

Shukla, ].N.; Nagaraju, J. Doublesex: A Conserved Downstream Gene Controlled by Diverse Upstream Regulators. . Genet. 2010,
89, 341-356. [CrossRef]

Suzuki, M.G.; Imanishi, S.; Dohmae, N.; Asanuma, M.; Matsumoto, S. Identification of a Male-Specific RNA Binding Protein
That Regulates Sex-Specific Splicing of Bmdsx by Increasing RNA Binding Activity of BmPSI. Mol. Cell. Biol. 2010. [CrossRef]
[PubMed]

Zhang, S.; Yin, H.; Shen, M.; Huang, H.; Hou, Q.; Zhang, Z.; Zhao, W.; Guo, X.; Wu, P. Analysis of IncRNA-mediated Gene
Regulatory Network of Bombyx mori in Response to BmNPV Infection. |. Invertebr. Pathol. 2020. [CrossRef]

Chen, P; Bao, X.Y,; Kang, T.T.; Dong, Z.Q.; Zhu, Y.; Pan, M.H.; Lu, C. Screening and Identification of Proteins Interacting with
Bombyx mori IAP and Their Effects on BmNPV Proliferation. Sci. Agric. Sin. 2019. [CrossRef]

Zhu, B.; Xu, M,; Shi, H.; Gao, X,; Liang, P. Genome-wide Identification of IncRNAs Associated with Chlorantraniliprole Resistance
in Diamondback Moth Plutella xylostella (L.). BMC Genom. 2017. [CrossRef]

Wang, L.; Tang, N.; Gao, X.; Chang, Z.; Zhang, L.; Zhou, G.; Guo, D.; Zeng, Z.; Li, W.; Akinyemi, I.A.; et al. Genome Sequence of a
Rice Pest, the White-backed Planthopper (Sogatella furcifera). Gigascience 2017, 6, 1-9. [CrossRef] [PubMed]


http://doi.org/10.1038/srep13728
http://www.ncbi.nlm.nih.gov/pubmed/26333918
http://doi.org/10.1111/1744-7917.12443
http://doi.org/10.1016/j.bbrc.2019.06.107
http://www.ncbi.nlm.nih.gov/pubmed/31242972
http://doi.org/10.1002/jcb.28990
http://doi.org/10.1111/j.1365-2583.2011.01096.x
http://www.ncbi.nlm.nih.gov/pubmed/21793956
http://doi.org/10.1002/arch.21640
http://www.ncbi.nlm.nih.gov/pubmed/31667893
http://doi.org/10.1534/genetics.106.064568
http://doi.org/10.1016/j.expneurol.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30165075
http://doi.org/10.1371/journal.pone.0018853
http://www.ncbi.nlm.nih.gov/pubmed/21541324
http://doi.org/10.1186/1471-2164-16-1
http://www.ncbi.nlm.nih.gov/pubmed/25553907
http://doi.org/10.3390/insects10080245
http://www.ncbi.nlm.nih.gov/pubmed/31405016
http://doi.org/10.1016/j.vaccine.2020.04.011
http://doi.org/10.1146/annurev-med-050715-105122
http://doi.org/10.1038/s41598-019-47506-9
http://doi.org/10.1534/g3.113.006742
http://doi.org/10.1111/1744-7917.12847
http://doi.org/10.1016/j.molcel.2013.10.032
http://doi.org/10.1016/j.neulet.2011.04.011
http://www.ncbi.nlm.nih.gov/pubmed/21514361
http://doi.org/10.1080/15476286.2019.1590177
http://www.ncbi.nlm.nih.gov/pubmed/30836863
http://doi.org/10.1016/j.ibmb.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20633649
http://doi.org/10.1007/s12041-010-0046-6
http://doi.org/10.1128/MCB.00444-10
http://www.ncbi.nlm.nih.gov/pubmed/20956562
http://doi.org/10.1016/j.jip.2020.107323
http://doi.org/10.3864/j.issn.0578-1752.2019.03.016
http://doi.org/10.1186/s12864-017-3748-9
http://doi.org/10.1093/gigascience/giw004
http://www.ncbi.nlm.nih.gov/pubmed/29220491

Animals 2021, 11,1118 20 of 20

144.

145.

146.

147.

148.

149.

150.

151.

152.

Bao, Y.Y,; Qu, L.Y,; Zhao, D.; Chen, L.B,; Jin, H.Y,; Xu, L.M.; Cheng, ].A.; Zhang, C.X. The Genome- and Transcriptome-wide
Analysis of Innate Immunity in the Brown Planthopper, Nilaparvata lugens. BMC Genom. 2013. [CrossRef] [PubMed]

Zhu, J.; Jiang, F; Wang, X; Yang, P.; Bao, Y.; Zhao, W.; Wang, W.; Lu, H.; Wang, Q.; Cui, N.; et al. Genome Sequence of the Small
Brown Planthopper, Laodelphax striatellus. Gigascience 2017. [CrossRef] [PubMed]

Xiao, H.; Yuan, Z.; Guo, D.; Hou, B,; Yin, C.; Zhang, W.; Li, F. Genome-wide Identification of Long Noncoding RNA Genes and
Their Potential Association with Fecundity and Virulence in Rice Brown Planthopper, Nilaparvata lugens. BMC Genom. 2015.
[CrossRef] [PubMed]

Chen, M.Y,; Ye, W.Y,; Xiao, HM.; Li, M.Z.; Cao, Z.H.; Ye, X.H.; Zhao, X.X,; He, K,; Li, F. LncRNAs are Potentially Involved in the
Immune Interaction between Small Brown Planthopper and Rice Stripe Virus. J. Integr. Agric. 2019. [CrossRef]

Chang, Z.X.; Ajayi, O.E.; Guo, D.Y.; Wu, Q.F. Genome-wide Characterization and Developmental Expression Profiling of Long
Non-coding RNAs in Sogatella furcifera. Insect Sci. 2020. [CrossRef]

Xie, X.; Tang, B.; Xiao, Y.F; Xie, R.; Li, B.S.; Dong, H.; Zhou, ].Y.; Yang, S.M. Long Non-coding RNAs in Colorectal Cancer.
Oncotarget 2016. [CrossRef]

Cagliani, R.; Forni, D.; Clerici, M.; Sironi, M. Coding Potential and Sequence Conservation of SARS-CoV-2 and Related Animal
Viruses. Infect. Genet. Evol. 2020. [CrossRef]

Zhou, Q.; Huang, X.R.; Yu, J.; Yu, X,; Lan, H.Y. Long Noncoding RNA Arid2-IR is a Novel Therapeutic Target for Renal
Inflammation. Mol. Ther. 2015. [CrossRef]

Damas, N.D.; Fossat, N.; Scheel, T.K.H. Functional Interplay between RNA Viruses and Non-Coding RNA in Mammals. Noncoding
RNA 2019, 5, 7. [CrossRef]


http://doi.org/10.1186/1471-2164-14-160
http://www.ncbi.nlm.nih.gov/pubmed/23497397
http://doi.org/10.1093/gigascience/gix109
http://www.ncbi.nlm.nih.gov/pubmed/29136191
http://doi.org/10.1186/s12864-015-1953-y
http://www.ncbi.nlm.nih.gov/pubmed/26437919
http://doi.org/10.1016/S2095-3119(19)62569-4
http://doi.org/10.1111/1744-7917.12707
http://doi.org/10.18632/oncotarget.6446
http://doi.org/10.1016/j.meegid.2020.104353
http://doi.org/10.1038/mt.2015.31
http://doi.org/10.3390/ncrna5010007

	Introduction 
	Long Non-Coding RNAs (lncRNAs) 
	Identification and Functional Characterization of lncRNAs 
	LncRNAs in Drosophila Melanogaster 
	LncRNAs in Apis Mellifera 
	LncRNAs in Aedes Aegypti 
	LncRNAs in Anopheles Gambiae 
	LncRNAs in Bombyx Mori 
	LncRNAs in Plutella Xylostella 
	LncRNA in Planthopper Insects 

	Challenges and Future Perspectives 
	Conclusions 
	References

