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Abstract—For many years it was thought that the function of RNA was limited to the process of producing
proteins. In recent years, scientific discoveries have been proving the multiple roles of different RNAs in dif-
ferent regulatory mechanisms. These RNA’s are collectively called non-coding RNA’s (ncRNA'’s). This
review presents the latest advances on the different classes of non-coding RNA’s (ncRNA’s) from their func-
tion to mechanisms of action. Special emphasis is given to the long non-coding RNAs as new regulatory ele-
ments in eukaryote gene expression and in the processes of epigenetic regulation in plants. We believe that
increasing studies of regulatory non-coding RNAs in plants will provide a better understanding of the differ-

ent types of genes related to crop resistance.
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CENTRAL DOGMA OF MOLECULAR
BIOLOGY

Genes are nucleotide segments responsible for
containing the information necessary for the synthesis
of biologically active and functional products such as
[1] for example proteins. The importance of under-
standing the functioning of the different types of rep-
resentative genomes of each species, led to the emer-
gence of a new science, genomics. According to the
National Human Genome Research Institute,
genomics is defined as the study of all the genes of a
species (its genome), including their gene interactions
and interactions with the environment.

The central dogma of molecular biology indicates
that a DNA molecule is transcribed into an RNA mol-
ecule, which in turn is translated into a protein [2].
Protein synthesis has two phases: (I) transcription;
and (II) translation. In transcription, the DNA mole-
cule is opened by breaking the hydrogen bonds that
unite the nucleotides to allow the enzyme RNA poly-
merase to copy the information and synthesize the
messenger RNA (mRNA) in the 5' to 3' direction. It is
also important to mention that it is during the tran-
scription phase that a very important process called
splicing occurs, in which the pre-mRNA can undergo
some modifications, namely with the removal of
introns but also, in some cases, of exons.

After transcription, translation begins, this process
takes place in the cytoplasm, more precisely in the
ribosomes. There, the codons of the mRNA are paired
with their corresponding anticodons of a molecule of
transfer RNA (tRNA), which carries the amino acids.
Each codon represents a three-nucleotide sequence
that depicts a single amino acid of the genetic code, or
a termination signal. Protein translation always starts
with the initiation codon (AUG) and ends with one of
the stop codons (UAG, UAA, or UGA). The result of
this whole process is the formation of a protein [3, 4].

In 1970, when the central dogma of molecular biol-
ogy was first presented, researchers thought that the
only function of RNA’s was to ensure the production
of proteins from DNA. They were convinced that
RNA'’s had no other function besides this process. How-
ever, in recent years, new scientific discoveries have
proven that there is a variety of non-coding RNA mole-
cules capable of performing several important roles in the
cellular structure as a whole [5—8]. Next, we will present
some of the functions of non-coding RNAs.

CLASSES OF ncRNAs

The transcriptome is the set of RNA cells expressed
in a particular tissue [9]. According to some authors
[10—12], above than 90% of the human genome is
transcribed, but, only about 2% represent protein-
coding genes (Fig. 1). This indicates that most tran-
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Table 1. Small ncRNAs are classified according to their possible functions within the cell [20—25]

Name Meaning Function
miRNA MicroRNA Putative translational regulatory gene family
siRNA Small interfering RNA Active molecules in RNA interference
endo-siRNA Endogenous small interfering RNAs Acts as post-transcriptional regulator that target RNAs
snRNA Small nuclear RNA Includes spliceosomal RNAs
snoRNA Small nucleolar RNA Most known snoRNAs are involved in rRNA modification
stRNA Small temporal RNA Interrupt the translation of mRNAs
piRNA Piwi-interacting RNAs Acta in the regulation of translation and mRNA stabilization
rasiRNA Small interfering RNA Acts in the silencing of gene transcription through chromatin
vtRNA vault RNA Located at a conserved genomic locus linked to the protocad-

herin gene cluster

Y RNA Y RNA Associated with chromosomal DNA replication

scribed genes create non-functional RNAs (ncRNAs),
whose functions are characterized especially as main-
tenance or non-regulatory RNAs [10—12], whose
encodings are different in cellular metabolism [13].

In addition, ncRNAs have demonstrated import-
ant functions in cell structure, as well as in catalytic
and regulatory processes in the cell [14], such as regu-
lation of gene expression [ 15, 16], regulation of protein
synthesis or of other nucleic acids, including DNA
and other types of RNA [17—19].

Another important feature of ncRNAs is that the
fact that another protein is not produced from a tran-
script is not a sufficient requirement to characterize an
ncRNA, because in some, this transcript may end up
being translated once exposed to environmental or
physical conditions [5, 20]. This is one of the main
problems encountered by computational methods to
classify RNAs.

Classification according to the location
and orientation in the genome

‘ Intergenic || Intronic ‘

Regulatory ncRNAs

NcRNAs are divided into two subclasses: NcRNAs
called small or short non-coding RNAs such as
miRNAs, siRNAs, snRNAs, endo-siRNAs, snoRNAs,
stRNAs, piRNAs, rasiRNAs, vtRNAs, Y RNAs
(Table 1) [21-26] and long non-coding RNAs
(IncRNAs) which include the Xist, Evf, Ar, CTN and
PINK [27—30]. The miRNAs, belonging to a subclass
of short non-coding RNAs, have become quite nota-
ble in research, mainly because they play important
roles in the regulation of various cellular processes,
being in some cases used as potential treatment targets
or biomarkers [31, 32]. RNA polymerase II is respon-
sible for transcribing miRNAs. The miRNAs are
endogenous molecules of ribonucleic acid (RNA),
non-coding, with about 22 nucleotides (nt), act as reg-
ulators of gene expression in plants and animals, at the
post-transcriptional level through the cleavage of a
messenger RNA (mRNA) target or translation repres-

Non-coding
RNAs

—

Piwi interacting RNA |

‘ Short ncRNAs
<200 nt

Micro RNA |
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Fig. 1. Classification of noncoding of noncoding RNAs. The scheme presents the classification of noncoding RNAs according
to their function, size, and location in the genome. Adapted from [14].
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sion. Their main function is to act as post-transcrip-
tional silencers, as they pair with specific mRNAs and
regulate their stability and translation. Each miRNA
can have hundreds or thousands of targets, and an
mRNA can be inhibited by different miRNAs. Plant
miRNAs are a near perfect match to their mRNA tar-
gets and induce gene repression through cleavage of
target transcripts [33, 34].

MECHANISM OF ACTION OF miRNAs

The functional miRNA is related to the Argonaut 2
(Ago?2) protein as it is part of the RNA-induced silenc-
ing complex (RISC). The miRNA directs the RISC
complex to interact with the target mRNA, aided by
the complementarity between the miRNA seed
sequence (nt 2—7) and the target mRNA sequences
that are usually located at the 3' UTR end [35]. How-
ever, these sequences can also be found at the 5' UTR
end and in the coding sequence itself. The interaction
between the miRINA and its target mRNA in the RISC
complex causes the silencing of mRNA expression
through two possible mechanisms: (I) If the comple-
mentarity between the miRNA and the mRNA is per-
fect, Ago2 endonucleolytically cuts the mRNA, caus-
ing the its degradation directly; (II) If the complemen-
tarity is imperfect, as is most often found in animal
cells, the mRNA is translationally repressed through
its destabilization by shortening the polyA at the 3' end
and the loss of its 5' cap structure [36]. According to
the authors O’Connell et al. [37], the synthesis of tar-
get mRNA proteins is repressed between 1.2 and
4 times, so that miRNAs are designated as fine regula-
tors of gene expression. Furthermore, the same
miRNA can have several target mRNAs and vice
versa, i.e., the same mRNA can be regulated through
several miRNAs [38], which normally belong to the
same family of miRNAs, creating networks complex
regulatory processes through which combinations of
miRNAs with mRNAs can occur. According to the
authors Ala et al. [39], the complexity of the regulatory
network mediated by miRNAs increases considerably
if we add the fact that miRNAs can be “steeled” by
endogenous competing RNAs (ceRNAs) to prevent
their function repressive.

LONG NON-CODING RNAs AS NEW
REGULATORY ELEMENTS IN EUKARYOTE
GENE EXPRESSION

One of the major changes caused by NGS (Next
Generation Sequencing) was the fact that it allowed to
obtain a huge volume of data at relatively low prices,
when compared to those initially practiced [40, 41].
Developments in sequencing techniques have shown
that, contrary to what was supposed, most eukaryotic
genomes are transcriptionally active [41].

Thanks to advances in sequencing platforms, it was
possible to identify numerous non-coding transcripts
(ncRNAs) with numerous biological functions hith-
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erto unknown [42, 43]. In general, IncRNAs can be
found both in the nucleus and in the cytoplasm and
their levels are lower than those of protein-coding
RNAs, moreover, their expression is usually tissue-
specific [44, 45]. According to some authors [46, 47],
IncRNAs are less conserved at the sequence level than
mRNAs, however, at the level of their secondary
structures, they appear to be highly conserved. Thanks
to the new sequencing technologies mentioned above,
it was also possible to build a database of Long non-
coding RNA in plants (PLncDB V2.0), using more
than 1246372 IncRNAs from 80 plant species [48].

IncRNAs are usually catalogued based on the loca-
tion they occupy in relation to nearby annotated genes.
Thanks to this, it is possible to distinguish between
IncRNAs located in intergenic regions (intergenic
IncRNAs) and IncRNAs that are overlapping with the
sequence of a nearby gene [49, 50] (Fig. 1). Still
regarding IncRNAs that overlap with the sequence of
a nearby gene, these may be located totally or partially
within an intron (intronic IncRNAs) or in some cases,
directly overlapping with the sequence of an exon. How-
ever, ifthe IncRNA is transcribed in the same direction as
the gene it is identified as sense IncRNA, and ifit is in the
opposite direction, it is identified as natural antisense
IncRNA (NAT-AS) [51, 52]. In some situations, the
position of IncRNA in the genome is closely related to
the function it performs [51, 52].

LONG NON-CODING RNAs IN PLANTS

Plants do not have the ability to move around like
other living beings, however, they have developed
numerous molecular mechanisms that help them
adapt to the most varied stresses to which they are
constantly subjected. The stresses caused to plants are
mainly due to attacks by pathogens, but also to envi-
ronmental stresses such as drought and high and low
temperatures [53].

In recent years, several groups of researchers [54—
61] have carried out transcriptomic analyzes in more
than 38 plant species with the objective of identifying
IncRNAs, as was the case of Zea mays, Oryza sativa,
Solanum lycopersicum, Solanum tuberosum, Glycine
max, Medicago truncatula or Arabidopsis thaliana.
Unlike mRNAs, IncRNAs do not have the ability to
encode proteins of their own, they usually act as struc-
tural, catalytic, or regulatory molecules [62].

Some studies carried out [63—72] showed that
IncRNAs were associated with essential biological
processes, such as the protection of genome integrity,
transport of auxins, response to pathogen attacks,
alternative splicing, photomorphogenesis, phosphate
homeostasis, response to abiotic stress situations or in
flowering. In Table 1 we can see a list of long non-cod-
ing RNAs (IncRNAs) identified in plants under fungal
pathogen stress.

IncRNAs can also interact with miRNAs, accord-
ing to the authors [73], sometimes the IncRNA can be
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Fig. 2. IncRNAs used to “attract” the miRNA and pair with it, thereby preventing interaction between the miRNA and its target
genes allowing regulation of miRNA target gene function. Adapted from [53].

Bacterial or fungal infection:

IncRNA33732, IncRNA16397, GhincNAT ...
ANX2, GhincNAT-RLP7 ...

Vernalization:
COOLAIR, COLDWRAP, COLDAIR, MAS ...

Heavy metal: XLOC 066284 ...
Cold: SVALKA ...
Salt: DRIR

Heat: TahinRNA27 ...

Leaf morphology and development: 77, ALEX] ...
Element deficiency: MSTRG.85814.11 ...

Fruit ripening: /ncRNA1459 ...
Flower formation: BcMFll ...

Root development:
ASCO, ENOD40, APOLO ...

Fig. 3. Some functions of various IncRNAs in plant. Adapted from [53].

used to “attract” the miRNA and pair with it, thus
preventing the interaction between the miRNA and its
downstream target genes, allowing the regulation of
the target gene function. of the miRNA (Fig. 2).

TRANSCRIPTIONAL REGULATORY
PROCESSES MEDIATED BY IncRNAs
IN PLANTS

In 2018, Kindgren and his collaborators [67] car-
ried out a study that allowed the analysis of an

MOLECULAR GENETICS, MICROBIOLOGY AND VIROLOGY  Vol. 38

IncRNA implicated in the control of the acclimatiza-
tion process of the Arabidopsis species at low tempera-
tures, this antisense IncRNA was called SVK. SVK
receives the designation of antisense because its
expression is induced after that of the CBF1 gene and
interrupts its transcription. Kindgren and colleagues
[67] proposed that CBF1 expression is being downreg-
ulated by SVK, thanks to a co-transcriptional collision
process of RNA polymerase 11.

According to the authors Seo et al. [69], a IncRNA
designated by ELENALI is implicated in the activation

No.4 2023



260

of the Arabidopsis immune response. That is, accord-
ing to the same authors, the expression of this
IncRNA is induced by the presence of elf18 and flg22
response elicitors to pathogens, which interact with
the 19a subunit of the mediator complex. This interac-
tion that occurs between elf18 and flg22 with the 19a
subunit is extremely important to be able to direct the
mediator complex to the promoter region of the PR1
gene. The PR1 gene is responsible for encoding a pro-
tein that aids in the immune response [69].

EPIGENETIC REGULATORY PROCESSES
MEDIATED BY IncRNAs IN PLANTS

Some authors [74, 75] have described and charac-
terized the function of several IncRNAs (Fig. 3), func-
tions such as, namely, participating in the control of
gene expression at the epigenetic level. According to
Nejat and Mantri 2017 and Tian et al. [75, 76], the
IncRNAs COLDWRAP, COOLAIR and COLDAIR
are associated with the vernalization process of some
plants, a process that allows plants to transition to the
reproduction phase after being exposed to a long
period of cold (however, not all plants have this ability
to carry out the vernalization process). The IncRNAs
collaborate in the transcriptional repression of the
FLC gene, this gene was identified as being an inhibi-
tor of floral transition throughout the vernalization
process [77—79].

Another IncRNA involved in the epigenetic control
of some plants, namely in gene expression is APOLO.
APOLO is a IncRNA transcribed by polymerases 11
and V and is normally located in the promoter region
of the PID gene, which is responsible for regulating
auxin transport in Arabidopsis [65, 80]. The expres-
sion of PID and APOLO is activated by auxins [65].
That is, APOLO interacts with the LHP1 protein tak-
ing it to the PID promoter region [65]. In this region,
the interaction of LHP1 with chromatin promotes the
formation of a loop, which is responsible for the
decrease in the expression of PID and APOLO itself,
enabling the correct development of the root [65].

IncRNA33 732 and IncRNA16397 respond to infec-
tions caused by pathogens [81, 82]. GhincNAT-ANX?2
and GhincNAT-RLP7 are a pair of IncNRAs that act in
the regulation of pathogenic infection but are also
associated with increased disease resistance in cotton
[83]. IncRNA 1459 play a role in the fruit ripening pro-
cess [84]. ASCO alters root development [85]. enod40
acts in the formation of root nodules [86].
MSTRG.85814. 11 intervenes in the response caused
by iron deficiency [87]. XLOC 086307, XLOC 086119
and XLOC 066284 act in response to the heavy metal
cadmium [88].

CONCLUDING REMARKS

The area of investigation of ncRNAs has under-
gone rapid and important changes over the last few
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years, demonstrating the importance that these
nucleic acids have in cell biology, thus contradicting
what was initially thought. It is expected that this new
field of knowledge will enable the development of new
drugs that will be used in personalized medicine for
the human being. However, it is important to mention
that further studies are needed, namely in terms of
pharmacokinetics or their use in terms of biomarkers,
as for example in the case of miRNAs in which they
are used as circulating biomarkers in body fluids.

Regarding the use of nRNAs in plants, these have
been used in the treatment of several phytopatholo-
gies, helping the development of several techniques
associated with a considerable improvement in the
agricultural sector. Unlike the animal kingdom, plants
obey systemic signals, signals that come from the sites
of infection and whose function is to trigger innate
immunity through resistance genes (R). However,
these genes are often overtaken by the existence of epi-
demic pathogens. In this sense, knowing better the
mechanisms of resistance can be fundamental in the
control of numerous diseases and in the reduction of
crop losses. Plant resistance mechanisms involve thou-
sands of genes, including IncRNAs. Characterization of
the function of IncRNAs in plants remains quite limited
and one of the reasons is the lack of sequence similarity
of homologous IncRNAs in cultures.

We believe that increasing studies of regulatory
non-coding RNAs in plants will provide a better
understanding of different types of genes related to
crop resistance. Furthermore, a better understanding
of ncRNAs may be beneficial for the development of
new tools that use resistance genes for the biotechno-
logical improvement of crops.

FUNDING

The authors are grateful to the Foundation for Science
and Technology (FCT, Portugal) and FEDER under Pro-

gramme PT2020 for financial support to CIMO
(UID/AGR/00690/2019).
DATA AVAILABILITY

All data generated or analyzed during this study are
included in this published article (and its supplementary
information files).

ETHICS APPROVAL AND CONSENT
TO PARTICIPATE

This work does not contain any studies involving human
and animal subjects.

CONFLICT OF INTEREST
The authors of this work declare that they have no con-
flicts of interest.

No. 4 2023



10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

REGULATORY NON-CODING RNAs

REFERENCES

. Pevsner, J., Bioinformatics and Functional Genomics,

Hoboken, NJ: John Wiley and Sons, 2009.

. Crick, F., Central dogma of molecular biology, Nature,

1970, vol. 227, no. 5258, pp. 561—563.
https://doi.org/10.1038/227561a0

Alberts, B., et al., Molecular Biology of the Cell, New
York: Garland, 2002.

Lodish, H., et al., Molecular Cell Biology, W.H. Free-
man, 2007.

Mercer, T.R., et al., Long non-coding RNAs: Insights
into functions, Nat. Rev. Genet., 2009, vol. 10, no. 3,
pp. 155—159.

Sabin, L.R., et al., Dogma derailed: The many influ-

ences of rna on the genome, Mol. Cell, 2013, vol. 49,
no. 5, pp. 783—794.

. llik, I.A., et al., Tandem stem-loops in roX RNAs act

together to mediate X chromosome dosage compensa-
tion in Drosophila, Mol. Cell, 2013, vol. 51, no. 2,
pp. 156—173.

. Ernst, C. and Morton, C.C., Identification and func-

tion of long non-coding RNA, Front. Cell. Neurosci.,
2013, vol. 7, p. 168.

Wang, B., et al., Reviving the transcriptome studies: An
insight into the emergence of single-molecule tran-
scriptome sequencing, Front. Genet., 2019, vol. 10,
p. 384.

Pertea, M., The human transcriptome: An unfinished
story, Genes, 2012, vol. 3, pp. 344—360.

Dunham, I., et al., An integrated encyclopedia of DNA
elements in the human genome, 2012, Nature, vol. 489,
pp. 57-74.

Li, J. and Liu, C., Coding or noncoding, the converg-
ing concepts of RNAs, Front. Genet., 2019, vol. 10,
p. 496.

. Eddy, S.R., Non-coding RNA genes and the modern

RNA world, Nat. Rev. Genet., 2001, vol. 2, no. 12.

Erdmann, V.A., et al., The non-coding RNAs as ribo-
regulators, Nucleic Acids Res., 2001, vol. 29, no. 1.

Chan, J.J. and Tay, Y., Noncoding RNA: RNA regula-
tory networks in cancer, Int. J. Mol. Sci., 2018, vol. 19,
no. 5, p. 1310.

Fernandes, J.C.R., et al., Long non-coding RNAs in
the regulation of gene expression: Physiology and dis-
ease, Noncoding RNA, 2019, vol. 5, no. 1, p. 17.

Yamamura, S., et al., Interaction and cross-talk be-
tween non-coding RNAs, Cell. Mol. Life Sci., 2018,
vol. 75, no. 3, pp. 467—484.

Kazimierczyk, M., et al., Human long noncoding RNA
interactome: Detection, characterization and function,
Int. J. Mol. Sci., 2020, vol. 21, no. 3, p. 1027.

Grillone, K., et al., Non-coding RNAs in cancer: Plat-
forms and strategies for investigating the genomic “dark
matter,” J. Exp. Clin. Cancer Res., 2020, vol. 39, p. 117.

Frith, M.C., et al., Discrimination of non-protein-
coding transcripts from protein-coding mRNA, RNA
Biol., 2006, vol. 3, no. 1, pp. 40—48.

Eddy, S.R., Non-coding RNA genes and the modern RNA

world, Nat. Rev. Genet., 2001, vol. 2, no. 12, pp. 919—929.
http://www.ncbi.nlm.nih.gov/pubmed/11733745.

MOLECULAR GENETICS, MICROBIOLOGY AND VIROLOGY  Vol. 38

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

261

Kim, V.N, et al., Biogenesis of small RNAs in animals,
Nat. Rev. Mol. Cell Biol., 2009, vol. 10, no. 2.

Lakshmi, S.S. and Agrawal, S., piRNABank: A web re-
source on classified and clustered Piwi-interacting
RNASs, Nucleic Acids Res., 2008, vol. 36, suppl. 1,
pp. D173—D177.

Stadler, P.F., et al., Evolution of vault RNAs, Mol. Biol.
Evol., 2009, vol. 26, no. 9, pp. 1975—1991.

Meiri, E., et al., Discovery of microRNAs and other
small RNAs in solid tumors, Nucleic Acids Res., 2010,
vol. 38, no. 18, pp. 6234—6246.

Christov, C.P., et al., Functional requirement of non-
coding Y RNAs for human chromosomal DNA replica-
tion, Mol. Cell. Biol., 2006, vol. 26, no. 18, pp. 6993—
7004.

https://doi.org/10.1128 /mcb.01060-0612

Christodoulou, F., et al., Ancient animal microRNAs
and the evolution of tissue identity, Nature, 2010,
vol. 463, no. 7284, p. 10841088.

Kutter, C., et al., microRNA mediated regulation of
stomatal development in Arabidopsis, The Plant Cell,
2007, vol. 19, no. 8, p. 24172429.

Nodine, M.D. and Bartel, D.P., MicroRNAs prevent
precocious gene expression and enable pattern forma-
tion during plant embryogenesis, Genes Dev., 2010,
vol. 24, no. 23, p. 26782692.

Ponting, C.P., et al., Evolution and functions of long
noncoding RNAs, Cell, 2009, vol. 136, no. 4, p. 629641.

Condrat, C.E., et al.,, miRNAs as biomarkers in disease:
Latest findings regarding their role in diagnosis and
prognosis, Cells, 2020, vol. 9, no. 2, p. 276.

Galvao, L., miRNAs as biomarkers for early cancer de-
tection and their application in the development of new
diagnostic tools, Biomed. Eng., 2021, vol. 20, p. 21.

O’Brien, J., Overview of microRNA biogenesis, mech-
anisms of actions, and circulation, Front. Endocrinol.,
2018, vol. 9, p. 402.

Hombach, S. and Kretz, M., Non-coding RNAs: Clas-
sification, biology and functioning, Adv. Exp. Med. Biol.,
2016, vol. 937, pp. 3—17.

Bartel, D.P., MicroRNAs: Target recognition and reg-
ulatory functions, Cell, 2009, vol. 136, pp. 215—233.

Bushati, N. and Cohen, S.M., microRNA functions,
Annu. Rev. Cell Dev. Biol., 2007, vol. 23, pp. 175-205.

O’Connell, R.M., et al., microRNA regulation of in-
flammatory responses, Annu. Rev. Immunol., 2012,
vol. 30, pp. 295-312.

Chi, S.W., etal., 2009, Argonaute HITS-CLIP decodes
microRNA-mRNA interaction maps, Nature, vol. 460,
pp. 479—486.

Ala, U., et al., Integrated transcriptional and competi-
tive endogenous RNA networks are cross-regulated in
permissive molecular environments, Proc. Natl. Acad.
Sci. U. §. A., 2013, vol. 110, pp. 7154—7159.

Metzker, M.L., Sequencing technologies: The next
generation, Nat. Rev. Genet., 2010, vol. 11, no. 1,
pp. 31—46.

https://doi.org/10.1038 /nrg2626

Hodkinson, B.P. and Grice, E.A., Next-generation se-
quencing: A Review of Technologies and Tools for

No.4 2023



262

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

FERREIRA et al.

Wound Microbiome Research, Adv. Wound Care, 2015,
vol. 4, no. 1, pp. 50—58.

Dunham, I., et al., An integrated encyclopedia of DNA
elements in the human genome, Nature, 2012, vol. 489,
pp. 57-74.

Djebali, S., et al., Landscape of transcription in human
cells, Nature, 2012, vol. 489, pp. 101—108.

Mattick, J.S., Long noncoding RNAs in cell and devel-
opmental biology, Semin. Cell Dev. Biol., 2011, vol. 22,
p. 327.

Cabili, M.N., et al., Integrative annotation of human
large intergenic noncoding RNAs reveals global prop-
erties and specific subclasses, Genes Dev., 2011, vol. 25,
pp. 1915—1927.

Derrien, T., et al., The GENCODE v7 catalog of hu-
man long noncoding RNAs: analysis of their gene
structure, evolution, and expression, Genome Res.,
2012, vol. 22, pp. 1775—1789.

Ulitsky, 1., Evolution to the rescue: using comparative
genomics to understand long non-coding RNAs, Nat.
Rev. Genet., 2016, vol. 17, pp. 601—614.

Jin, J., et al., PLncDB V2.0: A comprehensive encyclo-
pedia of plant long noncoding RNAs, Nucleic Acids
Res., 2020, vol. 49, pp. 1489—1495.

Jiao, F., et al., Cold induced antisense transcription of
FLOWERING LOCUS C in distant grasses, Front.
Plant Sci., 2019, vol. 10, p. 72.

Rinn, J.L. and Chang, H.Y., Genome regulation by
long noncoding RNAs, Annu. Rev. Biochem., 2012,
vol. 81, pp. 145—166.

Wu, R., et al., Characters, functions and clinical per-
spectives of long non-coding RNAs, Mol. Genet. Ge-
nomics, 2016, vol. 291, pp. 1013—1033.

Liu, X., et al., Long non-coding RNAs and their bio-
logical roles in plants, Genomics, Proteomics Bioinf.,
2015, vol. 13, pp. 137—147.

Zhao, Z., et al., Long non-coding RNAs: New players
in plants, Int. J. Mol. Sci., 2022, vol. 23, no. 16, p. 9301.

Szczesniak, M.W., et al., CANTATAdD 2.0: Expanding
the collection of plant long noncoding RNAs, Methods
Mol. Biol., 2019, vol. 1933, pp. 415—429.

Cui, J., et al., Comparative transcriptome analysis be-
tween resistant and susceptible tomato allows the iden-
tification of IncRNAl6conferring resistance to Phy-
tophthora infestans by co-expressing glutaredoxin,
Plant J., 2017, vol. 89, pp. 577—589.

Lee, S., et al., Transcriptomic dynamics in soybean
near-isogenic lines differing in alleles for an aphid resis-
tance gene, following infestation by soybean aphid bio-
type 2, BMC Genomics, 2017, vol. 18, p. 472.

Li, L., etal., Genome-wide discovery and characteriza-
tion of maize long non-coding RNAs, Genome Biol.,
2014, vol. 15, p. R40.

Wang, T.Z., et al., Identification and characterization
of long non-coding RNAs involved in osmotic and salt
stress in Medicago truncatula using genome-wide high-
throughput sequencing, BMC Plant Biol., 2015, vol. 15,
p. 131.

Shin, S.Y., et al., Transcriptomic analyses of rice (Ory-
za sativa) genes and non-coding RNAs under nitrogen

MOLECULAR GENETICS, MICROBIOLOGY AND VIROLOGY  Vol. 38

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

starvation using multiple omics technologies, BMC Ge-
nomics, 2018, vol. 19, p. 532.

Liu, J., et al., Genome-wide analysis uncovers regula-
tion of long intergenic noncoding RNAs in Arabidopsis,
Plant Cell, 2012, vol. 24, pp. 4333—4345.

Hou, X., et al., Genome-wide analysis of long non-
coding RNAs in potato and their potential role in tuber
sprouting process, Int. J. Mol. Sci., 2017, vol. 19, no. 1,
p. 101.

Wierzbicki, A.T., et al., Long noncoding RNAs in
plants, Annu. Rev. Plant Biol., 2021, vol. 72, pp. 245—
271.

Hong, Y., et al., The IncRNA39896-miR166b-HDZs
module affects tomato resistance to Phytophthora infes-
tans, J. Integr. Plant Biol., 2022, vol. 64, no. 10,
pp. 1979—1993.

Zou, C., et al., Transcriptome analysis reveals long
noncoding RNAs involved in fiber development in cot-
ton (Gossypium arboreum), Sci. China: Life Sci., 2016,
vol. 59, pp. 164—171.

Ariel, F., et al., Noncoding transcription by alternative
RNA polymerases dynamically regulates an auxin-driven
chromatin loop, Mol. Cell, 2014, vol. 55, pp. 383—396.

Wu, HW.W.,, et al., A noncoding RNA transcribed
from the AGAMOUS (AG) second intron binds to
CURLY LEAF and represses AG expression in leaves,
New Phytol., 2018, vol. 219, no. 4, pp. 1480—1491.

Kindgren, P., et al., Transcriptional read-through of
the long noncoding RNA SVALKA governs plant cold
acclimation, Nat. Commun., 2018, vol. 9, p. 4561.

Kim, D., et al., Modular function of long noncoding
RNA, COLDAIR, in the vernalization response, PLoS
Genet., 2017, vol. 13, p. €1006939.

Seo, J.S., et al.,, ELF18-INDUCED LONG NON-
CODING RNA 1 evicts fibrillarin from mediator sub-
unit to enhance PATHOGENESIS-RELATED
GENE 1 (PR1) expression, New Phytol., 2019, vol. 221,
pp. 2067—2079.

Henriques, R., et al., The antiphasic regulatory module
comprising CDFS5 and its antisense RNA FLORE links
the circadian clock to photoperiodic flowering, New
Phytol., 2017, vol. 216, pp. 854—867.

Bardou, F., et al., Long noncoding RNA modulates al-
ternative splicing regulators in Arabidopsis, Dev. Cell,
2014, vol. 30, pp. 166—176.

Ding, J., et al., A long noncoding RNA regulates pho-
toperiod-sensitive male sterility, an essential compo-
nent of hybrid rice, Proc. Natl. Acad. Sci. U. S. A., 2012,
vol. 109, pp. 2654—2659.

Thomson, D.W. and Dinger, M.E., Endogenous
microRNA sponges: Evidence and controversy, Nat.
Rev. Genet., 2016, vol. 17, pp. 272—283.

Liu, X., et al., Long non-coding RNAs and their bio-
logical roles in plants, Genomics, Proteomics Bioinf.,
2015, vol. 13, pp. 137—147.

Nejat, N. and Mantri, N., Emerging roles of long non-
coding RNAs in plant response to biotic and abiotic
stresses, Crit. Rev. Biotechnol., 2017, vol. 38, no. 1,
pp. 93—105.

No. 4 2023



76.

77.

78.

79.

80.

81.

82.

REGULATORY NON-CODING RNAs

Tian, Y., et al., PRC2 recruitment and H3K27me3
deposition at FLC require FCA binding of COOLAIR,
Sci. Adv., 2019, vol. 5, no. 4, p. eaau7246.

Swiezewski, S., et al., Cold-induced silencing by long
antisense transcripts of an Arabidopsis Polycomb target,
Nature, 2009, vol. 462, pp. 799—802.

Heo, J.B. and Sung, S., Vernalization-mediated epi-
genetic silencing by a long intronic noncoding RNA,
Science, 2011, vol. 331, pp. 76—79.

Kim, D.H. and Sung, S., Vernalization-triggered intra-
genic chromatin loop formation by long noncoding
RNAs, Dev. Cell, 2017, vol. 40, pp. 302—312.¢e4.

Friml, J., et al., A PINOID-dependent binary switch in
apical-basal PIN polar targeting directs auxin efflux,
Science, 2004, vol. 306, no. 5697, pp. 862—865.

Cui, J., et al., LncRNA33732-respiratory burst oxidase
module associated with WRKY1 in tomato-Phytoph-
thora infestans interactions, Plant J., 2019, vol. 97,
no. 5, pp. 933—946.

Cui, J., Comparative transcriptome analysis between
resistant and susceptible tomato allows the identifica-
tion of IncRNA16397 conferring resistance to Phyfoph-
thora infestans by co-expressing glutaredoxin, Plant J.,
2017, vol. 89, pp. 577—589.

MOLECULAR GENETICS, MICROBIOLOGY AND VIROLOGY  Vol. 38

83.

84.

85.

86.

87.

88.

263

Zhang, L., et al., Long noncoding RNAs involve in re-
sistance to Verticillium dahliae, a fungal disease in cot-
ton, Plant Biotechnol. J., 2018, vol. 16, pp. 1172—1185.

Li, R., et al., CRISPR/Cas9-mediated mutagenesis of
IncRNA1459 alters tomato fruit ripening, Plant J.,
2018, vol. 94, pp. 513—524.

Bardou, F., et al., Long noncoding RNA modulates al-
ternative splicing regulators in Arabidopsis, Dev. Cell,
2014, vol. 30, pp. 166—176.

Campalans, A., et al., Enod40, a short open reading
frame-containing mRNA, induces cytoplasmic local-
ization of a nuclear RNA binding protein in Medicago
truncatula, Plant Cell, 2004, vol. 16, pp. 1047—1059.

Sun, Y., et al.,, A long non-coding apple RNA,
MSTRG.85814.11, acts as a transcriptional enhancer of
SAUR32 and contributes to the Fe-deficiency re-
sponse, Plant J., 2020, vol. 103, pp. 53—67.

Chen, L., et al., Genome-wide analysis of long non-
coding RNAs affecting roots development at an early
stage in the rice response to cadmium stress, BMC Ge-
nomics, 2018, vol. 19, no. 1, p. 460.

Publisher’s Note. Allerton Press remains neutral

with regard to jurisdictional claims in published maps
and institutional affiliations.

No.4 2023



	CENTRAL DOGMA OF MOLECULAR BIOLOGY
	CLASSES OF ncRNAs
	MECHANISM OF ACTION OF miRNAs
	LONG NON-CODING RNAs AS NEW REGULATORY ELEMENTS IN EUKARYOTE GENE EXPRESSION
	LONG NON-CODING RNAs IN PLANTS
	TRANSCRIPTIONAL REGULATORY PROCESSES MEDIATED BY lncRNAs IN PLANTS
	EPIGENETIC REGULATORY PROCESSES MEDIATED BY lncRNAs IN PLANTS
	CONCLUDING REMARKS
	REFERENCES

		2024-03-19T16:49:58+0300
	Preflight Ticket Signature




