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Abstract

Long non-coding RNAs (IncRNAs) are widely available transcription products of more than 200
nucleotides with unrecognizable coding potential. A large number of IncRNAs have been identified in different
plants. IncRNAs are involved in various basic biological processes at the transcriptional, post-transcriptional
and epigenetic levels as key regulatory molecules, including in the regulation of flowering time and reproductive
organ morphogenesis, and they play important roles in the biosynthesis of plant secondary metabolites. In this
paper, we review the research strategies of IncRNAs and IncRNAs related to the biosynthesis of plant secondary
metabolites, focusing on the research strategies for studying IncRNAs and the effects of IncRNAs on the
biosynthesis of terpenoids, alkaloids and flavonoids, aiming to provide new ideas for the study of the regulation
of plant secondary metabolite biosynthesis.
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Introduction

More than 90% of genomic DNA in cukaryotes can be transcribed into RNA, of which only 1-2% is
coding RNA that can be translated into protein, and most of the rest is non-coding RNA (Ariel ez 4/., 2015).
According to expression patterns and functional differences, ncRNAs can be classified into housekeeping non-
coding RNAs and regulatory non-coding RNAs (Figure 1). Housekeeping non-coding RNAs contribute to
ribosomal and cellular activities and include ribosomal RN As (rRNAs), transfer RN As (tRNAs), small nuclear
RNAs (snRNAs) and small nucleolar RNAs (snoRNAs), which are usually constitutively expressed. Regulatory
non-coding RNAs include small RNAs, such as microRNAs (miRNAs: 20-24 nt), which are the most
abundant class of small non-coding RNAs, small interference RNAs (siRNA: 20-24 nt), piwi-interacting
RNAs (piRNAs: 24-32 nt), long noncoding RNA (IncRNAs: >200 nt) (Pontingez al., 2009; Nejat and Mantri,
2018). According to the length, ncRNAs are mainly classified as small ncRNAs (18-30 nt), medium-sized
ncRNAs (31-200 nt) and long ncRNAs (IncRNAs: >200 nt) (Wang ez a/., 2017; Song ez al., 2021). IncRNAs
account for about 80% of all ncRNAs and play an important role or are a key component in various biological
processes (Fok ez al., 2017). Specifically, IncRNAs are usually eukaryotic RNAs greater than 200 nucleotides,
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open reading frames (ORFs) of less than 100 amino acids, and no apparent protein-coding ability (Nejat and
Mantri, 2018). The first eukaryotic IncRNA was discovered in mice in 1984 (Pachnis ez al., 1984); then, the
first identified plant IncRNA was isolated in Medicago plants (Crespi ¢z al., 1994). Initially, IncRNA was

regarded as  “transcriptional noise,” but in numerous studies, IncRNAs have been revealed to play an
important role in many life activities and developmental processes (Ponjavic ez al., 2007), such as the regulation
of flowering time (Kim and Sung, 2017; Kim ez al., 2017), modulation of reproductive organ development
(Gao ez al., 2016; Fang et al., 2019), and response to biotic and abiotic stress in plants (Qin ez 4/., 2017; Seo ez
al.,2017). In addition, IncRNAs play an important role in regulating the generation of secondary metabolites
such as flavonoids, terpenoids, and alkaloids, in plants. Currently, studies on the regulation of secondary
metabolite biosynthesis have mainly focused on the key structural genes and transcription factors in the
synthetic pathway, while little research has been reported on the effects of IncRNAs on plant secondary
metabolites. According to the position of IncRNAs in the genome relative to neighboring protein-coding genes,
IncRNAs can be classified into five types (Figure 2) : (1) sense IncRNA; (2) antisense IncRNA, when
overlapping one or more exons of another transcript on the same or opposite strand; (3) bidirectional IncRNA,
when its expression and that of a neighboring coding transcript on the opposite strand are initiated in close
genomic proximity; (4) intron IncRNA, when it originates from introns of protein-coding genes; and (5)
intergenic IncRNA (lincRNA), when it lies within the genomic interval between two genes (Ponting ez 4/,
2009). In addition, IncRNAs can be divided into three groups based on their length distribution (Figure 1):
small-IncRNA (200~950 nt), medium-IncRNA (950~4,800 nt), large-IncRNA (4,800 nt~) (Ma ez al., 2013).

Secondary metabolites refer to a large class of small organic compounds that are not essential for the
growth and development of plants, and they vary in content in plants and have their own unique metabolic
pathways. The distribution of secondary metabolites in plants is usually specific to species, organs, tissues, and
growth (Hartmann, 2007). At first, secondary metabolites were considered to be the byproducts of various
plant primary metabolic processes, but later studies revealed that these compounds are as important as primary
metabolites, and they play an indispensable role in plant growth, development, symbiosis, and reproduction,
especially under adverse conditions, and their main functions include attracting insects as pollinators and seed
dispersal agents, preventing herbivores from eating them, resisting insects and pathogens, acting as plant
antitoxins, producing growth hormones and signaling compounds, and stimulating the formation of nodules
(Kutchan, 2001; Wink, 2015; Takshak and Agrawal, 2019). Not only are secondary metabolites important to
plants, they are also widely used commercially. Many of them are used by humans, including in cosmetics,
perfumes, dyes, fragrances, and health products (Zhou ez a/., 2011). In addition, the secondary metabolites have
some physiological activities and pharmacological effects. The alkaloids have antibacterial, anti-inflammatory,
anti-cancer, vasodilating and other effects. Flavonoids have anti-cancer, anti-bacterial, antioxidant, anti-
inflammatory, and other physiological activities or pharmacological effects, which are important for the
prevention and treatment of human tumors, aging, and cardiovascular diseases (Wu ez 4., 2012). Currently,
people rely mainly on plant secondary metabolites as medicine. Plant secondary metabolites can be classified
into seven major groups: phenylpropanoids, quinones, flavonoids, tannins, terpenoids, steroids and their
glycosides, and alkaloids. Based on the biogenic pathway of secondary products, They have also been classified
into three major groups: phenolic compounds, terpenoids, and nitrogenous compounds (Takshak and

Agrawal, 2019).
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Figure 2. Classification of IncRNAs

In recent years, with the advancement of high-throughput sequencing technology, the increasing
number of IncRNA databases, the rapid development of computer bioinformatics, and advanced
bioinformatics tools, a large number of IncRNAs have been identified and characterized in plants, and research
on IncRNAs has gradually advanced. IncRNAs are considered important regulators in many essential biological
processes, and there is increasing evidence that IncRNAs are involved in a wide range of biological processes,

including development and stress responses, and have

biology.
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Research methods for studying IncRNAs

Compared with miRNAs, IncRNAs were studied later, especially for specific functional verification. In
recent years, with the rapid development of high-throughput sequencing technology and bioinformatics,
research on IncRNAs has gradually deepened and has become a popular topic. At present, the research methods
of IncRNA are mainly in the following aspects (Figure 3).

Screening and identification of [ncRNA

With the rapid development of strand-specific RN A-seq libraries (ssRNA-seq) and prediction software,
a large number of potential IncRNAs have been screened and identified in Arabidopsis thaliana (Zhao ez al.,
2018), tomato (Liao ez al., 2020), cotton (Zou ez al., 2016), and Ginkgo biloba (Ye et al.,2019). In addtion, Iso-
seq, a single-molecule real-time sequencing based on PacBio, which has the feature of ensuring the integrity of
RNA without interrupting splicing, has been widely used in the screening and identification of IncRNAs.
Currently, numerous IncRNAs have been identified in 4. thaliana (Cui et al., 2020), rice (G Zhang ez al.,
2019), and safflower (Chen ez 4/., 2018). Compared to other sequencing technologies, Iso-seq technology has
significant advantages: longer read length, higher accuracy, lower offset, and the ability to locate methylation
bases (Roberts ez /., 2013).

Localization technology of [ncRNA

mRNA is generally exported to the cytoplasm for translation; in contrast, after being processed,
IncRNAs can reside in the nucleus, be exported to the cytoplasm, and be located in both the nucleus and the
cytoplasm (Carlevaro-Fita and Johnson, 2019). The function of IncRNA depends on its subcellular
localization. Therefore, studying the subcellular localization of IncRNAs and their dynamic changes is the key
to clarifying the function and mechanism of newly discovered IncRNAs, and providing new ideas for further
study of their roles in cells (Chen, 2016).

There are many methods for IncRNA subcellular localization, such as RNA fluorescence in situ
hybridization (RNA FISH), nuclear-cytoplasmic fractionation, Apex-RIP, and fluorescent in situ RNA-
sequencing (FISSEQ), and multiplexed error-robust fluorescence in situ hybridizacion (MERFISH)
(Carlevaro-Fita and Johnson, 2019). The methods commonly used in plants are RNA-FISH and nuclear-
cytoplasmic fractionation. RNA FISH is one of the oldest and most extensive methods for RNA localization,
and it involves incubating intact cells with labeled complementary oligonucleotide probes to make them visible
under a microscope. It has the advantages of safety, speed, high sensitivity, strong specificity, and can display a
variety of colors at the same time (Cui ez 4l., 2016). Nuclear-cytoplasmic fractionation has the advantages of
low cost and simple operation. Through RNA-FISH and nuclear-cytoplasmic fractionation, Zhang X ez al.
(2019) found that IncRNA973 was mainly located in the nucleus of cotton, which provided a basis for
subsequent studies on the function and mechanism of IncRNA973. In cotton, IncRNA354 was found in the
nucleus and cytoplasm by nuclear-cytoplasmic fractionation, and it acted as a negative regulator of plant
response to salt stress (Zhang ez al., 2021).

Subcellular localization is also of practical significance for the functional study of IncRNAs. Compared
with antisense oligonucleotides (ASOs), RNA interference (RNAi) is more effective on cytoplasmic RNA
populations. In contrast, ASOs and CRISPR-Cas9 are effective on nuclear RNA populations (Lennox and
Behlke, 2016; Stojic ez al., 2018). Therefore, an understanding of IncRNA subcellular localization can guide it
in more effectively selecting appropriate methods for IncRNA functional studies.

Study on the function and mechanism of IncRNA
Currently, most studies on IncRNAs focus on high-throughput sequencing, while there are relatively
few studies on the cloning and functional verification of IncRNAs. Similar to miRNAs, the basic strategies for
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exploring the functions of IncRNAs include studies of the acquisition and loss of function, and then analyzing
and comparing phenotypes. The study of functional acquisition is mainly through the introduction of an
overexpression vector. There are many methods for studying IncRNA loss of function, including RNAi, VIGS,
and CRISPR/Cas9, ASOs.

RNAI uses small, double-stranded RNA molecules to combine with a variety of protein factors to form
an RNA-induced silencing complex to inhibit the translation or degradation of target mRNA (Lennox and
Behlke, 2016). VIGS is a technique that uses recombinant virus specificity to reduce endogenous gene activity.
The mechanism of RNA degradation is very similar to that of the RNAi pathway, both of which are
posttranscriptional gene silencing methods (Baulcombe, 1999; Becker and Lange, 2010). CRISPR/Cas9 is a
powerful gene-editing technology that can edit any DNA sequence of any organism (Hussain ez a/., 2018). The
CRISPR/Cas9 system is considered a revolutionary gene editing toolbox due to its advantages of simple design,
rapid implementation, low cost, and strong scalability (Zhang H ez al., 2021). For example, in tomato,
overexpression and silencing of IncRNA33732 showed that IncRNA33732 was a positive regulatory factor that
could enhance the resistance of tomato to late blight (Cui ez 4/, 2019). In cotton, silencing IncRNA354 by
VIGS enhanced resistance to salt stress (Zhang X ez al., 2021).
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LncRNA functions mainly through interactions with other molecules, including DNA, RNA, and
proteins, among which the interaction between IncRNA and proteins is a topic of interest of current research.
Many IncRNAs interact with proteins to form regulatory complexes. RNA protein interactions are crucial in
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controlling core cell processes, such as transcription and translation. Therefore, identifying the proteins that
interact with IncRNAs is the first step in deciphering IncRNA function (Seo and Chua, 2019a).

At present, there are many prediction tools for IncRNA and protein interaction, such as catRAPID
(Armaos ez al., 2021), LncPro (Lu ez al., 2013) and LncTar (Li J ez al., 2015). In addition, there are many
methods to verify the interaction between IncRNAs and proteins, such as trimolecular fluorescence
complementation (TriFC), RNA pulldown, and RNA binding protein immunoprecipitation (RIP). Among
them, RNA pulldown combined with mass spectrometry (MS) analysis is an important means of studying the
interaction between IncRNAs and proteins. RNA pulldown is a process in which RNA is synthesized by an in
vitro transcription method, and biotin is labeled as a probe to enrich proteins in cell lysates by binding with
streptavidin magnetic beads (Seo and Chua, 2019a). The TriFC system has been used for in vivo visualization

of RNA-protein interaction by transient expression in tobacco leaves (Seo and Chua, 2019b).
The regulation mechanism of IncRNA interaction with miRNAs

IncRNAS can act as key genetic components of gene expression and play an important role in many life
activities and developmental processes. They may function as cis-acting factors acting on neighboring genes on
the same strand or as trans-acting factors operating far from the site of biosynthesis, blocking expression.
Moreover, recent evidence suggests the roles of IncRNAs and miRNAs in regulating the expression of mRNAs
in many species. miRNAs can regulate gene expression at the transcriptional and post-transcriptional level by
binding to the target sequences, resulting in cleavage, decoy, or translation repression of targeted mRNA
(Dalmay, 2013). At present, several studies have uncovered the interactions among IncRNAs and miRNAs. In
plants, IncRNAs can interact with miRNAs in three different ways (Figure 4).
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Figure 4. The regulation mechanism of LncRNA interaction with miRNAs. (A) Under nitrogen
dificiency, IncRNA (AtSNC070340) acts as the precursor of miRNA that negative regulates nutrient-
related genes in response to nitrogen deficiency (Fukuda e 4/, 2019). (B) Under abscisic acid (ABA),
miR9678 targets a IncRNA (WSGAR) and triggers the generation of phasiRNAs that play a role in the
delay of seed germination (Hou e 4/, 2020). (C) IncRNA39026 positively regulates the tomato defense
response by acting as an ¢ TM for miR168a to regulate SL/GO1, and influences tomato resistance to P.
infestans (Guo et al., 2018)

First, IncRNA can function as an miRNA precursors for the generation of miRNA (Figure 4A) (Wang
et al., 2017). At present, IncRNAs have been found to play a role as miRNA precursors in many plants.
At5SNC070340 and AT1G67105 from IncRNA were predicted might be precursors for miRNAs and respond
to low nitrogen in A. thaliana (Fukuda ez al., 2019). The same phenomenon has been observed in other plant
species; in Strawberry, 130 IncRNAs were identified as putative precursors of 80 miRNAs in Strawberry (Lin
et al., 2018). Another study in wheat reported four IncRNAs as precursors of miRNAs, three (TalnRNAS,
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TapmInRNA19, and TapmInRNAB8) of which were responsive to powdery mildew infection. Both TalnRNAS
and TapmInRNA19 were precursors of miR2004, and TapmInRNAS8 was the precursor of miR2066 (Xin ez
al., 2011).

Second, miRNAs can cleave IncRNAs (Figure 4B). In wheat, for example, 7iR9678 targets IncRNA
(WSGAR) and triggers the generation of phased siRNA (phasiRNA), which negatively affects the expression
of genes involved in seed germination (Guo ez 4/, 2018). Similarly, in mulberry, IncRNA (MuLncl) was
targeted and cleaved by mul-miRNA3954 and generated siRNAs (Gai e /., 2018). In addition, Pro-miR167a
may cleave IncRNA (ARFRL) to reduce its expression in Populus (Quan ez al., 2018). Mature SI-miR482a may
cleave SI-IncRNA15492 to remove the inhibitory activity of SI-lncRNA15492 on pre-SI-miR482a, thus
increasing the accumulation of mature SI-miR482a to decrease tomato resistance (Jiang ez al., 2020).

Third, IncRNAs can function as endogenous target mimics (¢TMs) of miRNA to compete for miRNA
binding with mRNA targets (Figure 4C) (Wu ez 4l., 2013). For example, in sea buckthorn, target prediction
analysis revealed that 22 IncRNAs may act as ¢ TMs of 25 DE-miRNAs (Zhang ez al., 2018). In wheat, three
IncRNAs that acted as ¢ TMs were identified through in silico analysis of RNA-seq data, thus regulating the
expression of target genes (Jain ez 4/., 2020). In addition, IncRNA23468 and IncRNA39026 could function as
miR482b and miR168a ¢ TMs, respectively, to regulate tomato resistance to Phytophthora infestans (Jianget al.,
2019; Hou et 4., 2020).

LncRNA is involved in flavonoid biosynthesis

At present, IncRNAs have been identified to be plants involved in the induction of flavonoid
biosynthesis in a variety of plants. For example, Qiao ez a/. (2019) predicted 9052 IncRNAs through PacBio
Iso-seq and RNA-seq analysis, suggesting that they may play a role in the regulation of secondary metabolism
in tea plants. Several IncRNAs were predicted from Ginkgo biloba by second-generation sequencing (SGS),
single-molecule real-time sequencing (SMRT), and high-throughput sequencing (Liez /., 2014; Ye ez al.,2019;
Liu ez al., 2020). Further analysis revealed that IncRNAs not only target structural genes (F3H, ANR, CHI,
PAL) related to flavonoid biosynthesis but also regulate transcription factors (MYB, bHLH, WD40) related
to flavonoid biosynthesis (Ye ez a/., 2019; Liu ez al., 2020). By using RN A-seq to analyze differential IncRNAs
in land cotton and GO annotation and pathway enrichment analysis of potential cis-target genes of these
differential IncRNAs, it was found that IncRNA (lccon_00004262) cis-regulates the target gene
Ghir_A01G005150.1 to participate in flavonoid biosynthesis, thus playing an important role in another
development (Li ez al., 2019). Analysis of the KEGG pathway revealed the presence of differentially expressed
IncRNAs that are abundantly enriched in the carotenoid biosynthetic pathway (Zhou ez /., 2020). RNA-seq
and physiological and biochemical analyses of Dendrobium officinale indicate that IncRNA is involved in
flavonoid, alkaloid, and carotenoid metabolism, thus affecting the effect of far-red light on the shade avoidance
response of D. officinale (Li et al., 2021). The fruit of sea buckthorn contains many flavonoids. In ripe fruits of
sea buckthorn, 3428 IncRNAs were identified and 61 differentially expressed IncRNAs were obtained from by
the RNA-seq technique, and further analysis of the differentially expressed IncRNAs indicated that seven of
them are involved in flavonoid biosynthesis by regulating 774 and CYP9843 (Zhang ez al., 2017). The
flavonoid, alkaloid, and carotenoid contents were significantly higher in D. officinale after far-red light
treatment than in the control group (Li er 4/, 2021). Among these, the target gene of IncRNA
(MSTRG.63384.1), ZSD1, is a key gene in the carotenoid biosynthesis pathway, and the expression of
MSTRG.63384.1 and ZSD1 showed a positive correlation and a significant upregulation of carotenoid content
under far-red light treatment (Li ez 4/., 2021). These findings laid the foundation for further exploring the role
and regulatory mechanism of IncRNA in plant flavonoid biosynthesis.
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It has been proven that IncRNA is also regulated by transcription factors and is involved in the
regulation of specific transcription factors. Anthocyanins are derived from the branching synthetic pathway of
flavonoids, which are water-soluble pigments and belong to the class of flavonoids (Andersen and Jordheim,
2010). The biosynthesis of anthocyanins is regulated by structural genes related to enzymatic reactions and by
transcription factors. In apple, when MdWRKY1 is induced by light, it can increase the transcription of
MALNC499 by regulating the W-box cis-elements in the MdLNC499 promoter, which induces the
downstream ethylene response factor protein MAERF109, and the MdERF109 transcription factor is involved
in light-induced anthocyanin biosynthesis and can further induce anthocyanin-related gene expression and
anthocyanin accumulation in early apple coloration (Ma ez /., 2021). In addition, MdLNC610 can be induced
by high-light, and to regulate anthocyanin accumulation by mediating regulation of MdACO1 expression (Yu
etal.,2022).

In plants, IncRNAs can also interact with miRNAs. Similarly, IncRNAs and miRNAs can interact with
cach other to induce anthocyanin accumulation. However, compared with miRNAs, there are fewer studies on
the mechanism of IncRNA involvement in anthocyanin biosynthesis during fruit development.

At present, it has been demonstrated that several IncRNAs can act as ceRNAs that bind to miRNAs
through specific complementary sequences, blocking the interaction of miRNAs with their target mRNAs and
thus affecting the expression of repressed target genes (Wu ez al., 2013). For example, under light, SPLs interact
with MYB TFs to promote anthocyanin biosynthesis in the apple pericarp by inducing the expression of
anthocyanin biosynthetic genes, whereas 7iR156a overexpression negatively regulates the expression of SPLs.
The IncRNAs MLNC3.2 and MLNC4.6, as ¢ITMs of miR156a, were induced by white and blue light.
MLNC3.2 and MLNCA4.6 interact with miR156a and block the cleavage of its target genes, SPL2-/ike and
SPL33, by miR156a, thus enhancing the anthocyanin content (Yang ez a/., 2019). The silencing of LNC1 and
LNA2 and expression analysis revealed that LNC1 and LNA2 acted as ¢TMs for miR156a and miR828a,
which reduced the expression of SPL9 and induced MYBI114, respectively, which regulated the accumulation
of anthocyanins in sea buckthorn fruit (Zhang ez al., 2018). Studies have demonstrated that InaRNAs can not
only act aseTMs for miRNA and compete for the binding of miRNA to mRNA targets, but can also act as
precursors for miRNA production (Wang ez al., 2017). In strawberry, for example, 130 IncRNAs were
identified as putative precursors of 80 miRNAs. Among these, several IncRNAs were identified as putative
precursors of miRNAs, which are known as regulators of flavonoid pathways including miRNA858a,
miRNA156, and miRNA396 (Lin ez /., 2018).

LncRNA is involved in terpenoid biosynthesis

In plants, terpenoids are mainly biosynthesized by the mevalonic acid pathway (MVA) and 2-C-methyl-
D-erythritol 4-phosphate (MEP) (Narnoliya ez 4/., 2019). By analyzing the RNA-seq data of Ganoderma
lucidum, it was found that three IncRNAs were adjacent to GL24088 and encoded hydroxymethylglutaryl-
CoA reductase (HMGR). HMGR is involved in isopentenyl diphosphate production in the MVA pathway,
which is an important precursor of triterpenes (Li ez 4/., 2014). Five IncRNAs related to the biosynthesis of
several important secondary metabolites have been identified in Digitalis purpurea. For example, mlncR8 may
regulate terpenoid backbone biosynthesis, and mIncR31 is involved in the biosynthesis of the isoprenoid side
chain of ubiquinone and plastoquinone (Wu ez 4l., 2012).

The IncRNA sequences with transcriptional potential for targeting the terpene biosynthesis pathway
were identified from the transcriptome database of rose-scented geranium by the LNCTAR tool. A total of
321 unique IncRNA sequences were identified as being involved in the transcriptional regulation of terpene
pathway enzymes, and 78 IncRNA sequences that may be related to gene regulation of terpenoid biosynthesis
pathway were identified (Narnoliya ez al., 2019). The ssRNA-seq technique was used to identify the target
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genes with different IncRNAs in Cinnamomum camphora that were enriched in the terpene biosynthesis
pathway, and 17 of them were associated with monoterpene and sesquiterpene biosynthesis (Ni ez /., 2021).
Previous studies have found that IncRNAs can act as miRNA targets (Wang ez 4/.,2017). Through ssRNA-seq
analysis of tomato, a total of 20 IncRNAs were predicted by PSMIMIC software as the assumed targets of 12
known miRNAs (Liao ez a/., 2020). Among these miRNA targets, LncRNA000551 is the sly-MIR1917 target,

which has been found to be essential for terpene accumulation in tomato fruit (Karlova ez 4/., 2013).

LncRNA is involved in alkaloid synthesis

Many plants produce alkaloids, which are major secondary metabolites. However, there are few reports
on the involvement of IncRNAs in alkaloid biosynthesis. Nicotine accounts for about 90% of the total alkaloid
content in Nicotiana tabacum (Saitoh er al., 1985). Several key genes encoding enzymes of the nicotine
biosynthesis pathway have been cloned and characterized. In addition, recent reports have shown that miRNAs
and IncRNAs are involved in the regulation of alkaloid biosynthesis in plants (Xic and Fan, 2016). As the ¢ TMs
of miRNAs, some IncRNAs compete with miRNAs to block the regulation of miRNAs on target genes and
then participate in alkaloid biosynthesis. QPT converts quinolinic acid to nicotinic acid mononucleotide and
serves as the entry point into the pyridine nucleotide cycle that leads to the production of nicotinic acid and
consequently nicotine and is a key gene of the nicotine biosynthesis pathway (Dewey and Xie, 2013). miRNA
(NTA-mirX27) is involved in nicotine biosynthesis by negatively targeting the regulation of the QP72 gene,
while IncRNA (NTA-ETMX27) competes with NTA-mirX27 as an endogenous target mimicry (QP72) and
attenuates the targeting of QP72 by the nta-miRX27 effect, which in turn affects nicotine accumulation (FLi
et al.,2015; Chen et al., 2019).

Table 1. LncRNAs regulating the synthesis of secondary metabolites in plants

Plant species [ncRNA Target gene Secondary metabolite Reference
Gossypi et at,
osoprm lecon_ 00004262 Ghir_A01G005150.1 | Flavonoid biosynthesis (Lieral
birsutum L. 2019)
XLOC_035993,
XLOC_037048,
XLOC_270088
- ’ T4 Zh L,
XLOC_3124385, Flavonoid biosynthesis ( ;3?;; “
sea buckthorn XLOC_312902,
XLOC_340909
XLOC_194466 CYP98A48
LNC1 iR156 Zh L,
= 2 Anthocyanin biosynthesis (Zhang e a
LNC2 miR828a 2018)
Dendrobium MSTRG.63384.1 Z8D1 (Lietal,
. Carotenoid biosynthesis
officinale MSTRG.22972.1 CCD4 2021)
. . h l.,
kiwifruic TCONS_00005212 Achn270471 Carotenoid, ﬂ,a“’“(”d (Chenera
metabolism 2021)
Maet al,
MALNC499 MAERF109 (Maera
2021)
Yu ez al,
Apple MdJLNC610 MAACO1 Anthocyanin biosynthesis ( ZuO 22)
MLNC3.2 SPL2-like (Yang et al.,
MLNC46 SPL33 2019)
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Popul, Cietal,
puS TCONS_00003480 ptc-miR6464 Lignin biosynthesis (Ciera
tomentosa 2019)
Canod TU4312 GL24088 Lietal
Zujj;u;rmﬂ TU4313 GL24089 Terpenoid biosynthesis ( Zl()eltZ) v
TU4314 GL24090
mlncR8 JO463639 Terp c‘nmd backbonc
biosynthesis
Biosynthesis of isoprenoid
Digitalis mlncR31 JO463507 side chain of ubiquinone (W et al,,
purpurea andplastoquinone 2012)
FXAT90005FZSI12 FXAT90005FZ5U] Flavonoid biosynthesis
FXAT9000SGD1IW?7 | FEXAT90005GCP3D Carotenoid biosynthesis
FXAT90005FYD4C EFXAT9O00SFK4AG Alkaloid biosynthesis
HMGS_like s ) "
FPPS_like es.qulterpenf)1
biosynthesis
Cinnamomum TPS21_like (Nietal,
camphora DXS _like A 2021)
TPS04 like Mo.notcrpcnf>1
biosynthesis
TPS-CIN_ like
IncRNA1459 (Lier al,
L . 2018)
‘Tomato Carotenoid biosynthesis (Xiao et al.
(Solanum ACoS-AS1 SiPsyl 130 ¢ ak,
. 2020)
lycopersicum)
LncRNA000551 ly-MIR1917 Terpene biosynthesi (Karlova er
nc sly- erpene biosynthesis al, 2013)
Tobacco ]
icoti. D . (FLietal,
(Nicotiana NTA-FTMX27 QP12 Nicotine biosynthesis 2015)
tabacum)
Conclusions

With the rapid development of high-throughput sequencing technology and bioinformatics, significant
progress has been made in prediction and functional studies of plant IncRNAs. Mounting evidence has shown
that IncRNAs are emerging regulatory factors of various biological processes and play a potentially important
role in the various basic biological processes of plants and animals. Most studies on IncRNAs focus on humans
and animals, and they are relatively few studies on plants. In recent years, a large number of potential IncRNAs
have been screened and identified in a variety of plants, and many IncRNAs have been confirmed to participate
in and play an important regulatory role in the biosynthesis of plant secondary metabolites (Table 1). However,
most of the current research is focused on high-throughput sequencing and other aspects, and there are few
studies on its specific functional verification. Therefore, it is necessary to further systematically analyze and
verify the regulatory role and related pathways of IncRNA in the biosynthesis of plant secondary metabolites;
the analysis of the IncRNA-miRNA-mRNA regulatory relationship is particularly important. In addition,
IncRNAs interact with proteins to form regulatory complexes and play a crucial role in controlling core cellular
processes such as transcription and translation. Although many methods have been used to screen IncRNA-
interacting proteins in plants, the specific mechanisms of IncRNA - protein interactions have not been studied.

Secondary metabolites have important medicinal and commercial value, but their yield in plants is low,
and they are environmentally susceptible. LncRNAs, as important regulatory factors in plants, play an
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important role in the biosynthesis of plant secondary metabolites. Therefore, an in-depth study on the
regulatory mechanism of IncRNA in the biosynthesis of plant secondary metabolites can lay a good foundation
for using biotechnological means to improve the production of plant secondary metabolites.
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