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MicroRNA (miRNA), a noncoding ribonucleic acid, is considered to be important for the progression of gene expression in plants
and animals by rupture or translational repression of targeted mRNAs. Many types of miRNA regulate plant metabolism, growth,
and response to biotic and abiotic factors. miRNA characterization helps to expose its function in regulating the process of
post-transcriptional genetic regulation. There are a lot of factors associated with miRNA function, but the function of
miRNA in the organic synthesis of by-products by natural products is not yet fully elucidated. The current review is
aimed at observing and characterizing miRNAs and identifying those involved in the functioning of the biosynthesis of
secondary metabolites in plants, with their use in controlled manipulation.
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1. Introduction

miRNAs are eighteen to twenty-eight nucleotides containing
single-stranded RNA molecules which are not transcribed
into proteins during transcription. It takes part in post-
transcriptional regulation by binding to the messenger
RNA and inhibiting the expression of specific genes [1].
These types of molecules are usually expressed in eukaryotes
such as animals and plants and some viruses [2, 3].

The first miRNA was reported in Caenorhabditis elegans
is Lin-4; then, further studies identify more than 18,226
other types of miRNAs in the same organisms such as 22
(nt) lin-4 and 21 (nt) let-7 [4]. While miRNA-targeted gene
interconnections are extensively prolonged, this technique is
restrained among domains [5]. miRNAs are disbursed in
genetic material as clumps exhibit as a polycistronic segment
with features [6]. Most miRNAs in flora are encrypted with
their prime transcript and some precedents of miRNA
clumps described as miR395. The basic identified hotspots
for their beginning are introns [7]. Most of the processes
in which they affect are the expansion of time and host-
pathogen connection in addition to cell differentiation,
proliferation, apoptosis, and tumorigenesis.

In eukaryotes and metazoans, miRNAs are a form of
noncoding (22-nucleotide) ribo regulators that control gene
expression which has an exciting role in the biosynthesis
of plant secondary metabolites like flavonoids, terpenoids,
alkaloids, and some other compounds [8, 9]. RNA poly-
merase II is a precursor RNA also described as the pri-
miRNA that helps to stimulate the production of miRNA,
processed by DICER-LIKE 1 (DCL1) to fully grown or
developed miRNA [8].

In this review, we have updated the knowledge about the
present understanding of miRNA-based regulation of bio-
synthesis and accumulation of secondary metabolites in
plants. The data written in English were collected, using
scientific search engines such as PubMed/Medline, Science-
Direct, Web of Science, Scopus, and Google Scholar. The
search terms used were microRNA, biosynthesis, secondary
metabolites, miRNA, flavonoids, alkaloids, and terpenoids.

The scientific names of the plants have been validated
according to the Plant List [10, 11].

2. miRNA as a Secondary Metabolite Regulator

The polyadenylated caps and RNAs are the precursor
molecules for the synthesis of miRNA both in plants and
animals, and RNA polymerase II (RNAPII) transcribed
many coding RNAs, although in plants, nucleus RNAase
dicer-like 1 (DCL1) and their essential proteins SERRATE
(SE) and hyponastic leaves (HYL1) synthesize primary
miRNA but the Drosha gene is not found in plants [5, 12].
In Arabidopsis thaliana, the precursor miRNA, dsRNA, is
synthesized in the nucleus by the splitting of pri-miRNA
by HYL1 and DCLI. The second splitting is done by the
activity of HYL1 and DCL1 which results in releasing of
miRNA; methylation of two nucleotides 3" overhangs is
performed by methyltransferase HUA enhancerl (HEN1).
Adult single-stranded cytoplasmic miRNA activated by
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AGO1 is found in the RISC (RNA-induced silencing
complex) ribonucleoprotein and by breaking mRNA sup-
presses its function [13]. The miRNA binds with mRNA at
the 3’ untranslated region (3 UTR) which inhibits the activ-
ity of miRNA [14]. The transcriptional factors regulate the
expression of miRNA. The transcription of miRNA genes
and effective use of DCL1 in the biosynthesis of miRNA is
facilitated by At-Negative on TATA-less 2 (NOT?2) [15]. Cell
division cycle 5 (CDC5) is associated with miRNA which is a
positive transcription factor. The drosophila exportin-5
ortholog HASTY (HST) factor exports miRNA duplex to
the cytoplasm.

The miRNA-targeted genes may be solitary members of
a gene group or synchronize various family groups. How-
ever, more than one type of miRNA gene can regulate a
single individual with tissues and a single-miRNA gene can
control many family individuals. The territorial and worldly
articulation of plenitude-developed miRNAs is firmly man-
aged; they differ enormously within various miRNAs, and
the bounty likewise fluctuates relying upon the type of tis-
sues or growth and embryonic stages [16].

The miRNAs inhibit the activity of mRNA to control the
gene expression at the level of post-transcription. In contrast
to animals, plants have an ideal relationship between mRNA
and miRNA [17]. For the silencing, a ribonucleoprotein
RNA-induced silencing complex (RISC) is formed [18].
Different types of slicers have been reported: AGO10,
AGO7, AGO4, AGO2, and AGOI1. However, AGO1 is
mostly related to miRNA [19]. The RNA splitting is acti-
vated by AGO1 by inhibiting specific genes [20].

In plants, the genes coding for transcription, stress
response proteins, and other factors which are associated
with different biological mechanisms are controlled by
miRNA-like conservation of genetic materials, maintenance
of metabolism, and enlargement of plants, signal transduc-
tion, energy pathway, homeostasis, natural immunity, and
adaptive feedback to biotic and abiotic stress [21, 22]. The
phytochemicals are peripheral metabolites that play an
important role in different processes which are related to
the association between plants and its surrounding
[23-25]. The mechanism of action of miRNAs in plants is
shown in Figure 1.

These compounds involve isoprenoids, tannins, alka-
loids, phenols, glycosides, and triterpene glycosides, which
protect the plants from different living and nonliving
stress-causing factors [26, 27]. Such kinds of molecules are
produced by herbs for self-protection; these compounds
are also used in various industries like nutraceuticals, fla-
vouring F compounds, dyes, and insecticides as they are pro-
viding a great response in terms of human health [28, 29].
Materialistic significance has brought about an extraordi-
nary enthusiasm for considering the prospects of improving
its creation [30]. It concluded that miRNAs regulate several
biological cycles at the stage of post-transcription. Several
recent investigations concluded that the miRNA plays an
important part in the transduction of the peripheral meta-
bolic series [31]. So, the products of peripheral metabolites
can be regulated by miRNAs. The production of any metab-
olite can be regulated by a positive or negative feedback
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FIGURE 1: Mechanism of action of miRNAs in plants. miRNA: microRNA; pri-miRNA: primary transcripts; DCL1: RNAase dicer-like 1.

mechanism, so we can stop the production of undesired
products and enhance the production of desired metabo-
lites [32].

Computational evaluation executed in two transcrip-
tomes of Swertia ensured to identify miRNAs connected with
secondary metabolites, miR-11320, miR-168, miR-156a,
miR-11071, miR-166a, and miR-166b focused on metabolic
enzymes consisting of premnaspirodiene oxygenase, aspar-
tate aminotransferase, phosphoglycerate mutase, ribulose-
phosphate 3-epimerase, acetyl-CoA, and acetyltransferase.
Additionally, it consists of a gene encrypting a homeobox-
leucine zipper protein (HD-ZIP) along with secondary
metabolite organic production in Swertia chirayita (Roxb.)
Buch.-Ham. ex C.B.Clarke [33].

The production of self-protecting metabolites is reduced
in diseased plants due to alteration in gene expression so
these may be maintained by miRNAs. When Solanum
tuberosum L. is exposed to sunlight, brilliance-reactive miR-
NAs are produced which plays an important role in nicotine
metabolism, UMP salvage, fat production, and cellulose
catabolism [34].

The stress of cadmium in oil seed rape (Brassica napus
L.) described miRNA as a crucial element in the synchroni-
zation of transcription factors, living thing stress protection,
ion balancing, and peripheral metabolism production [35].

Nicotiana tabacum tainted with tobacco mosaic virus
(TMV), at the beginning phase of the disease (5 dpi), shows

a bunch of miRNAs with low aggregation, while a large
portion of the miRNAs was upregulated at 15 and 22 dpi
including both miRNAs and miRNA targets [36, 37].

3. Flavonoid Biosynthesis and miRNA

Flavonoids have a hydroxylated phenolic structure and
contain benzo-y-pyron, which is obtained from phenylpro-
panoid [38, 39]. Flavonoids have different compounds
including chalcones, catechins, flavonols, flavonols, anthocy-
anins, flavanones, and flavanonols. These compounds are
synthesized with the help of others in plants and microor-
ganisms, and their concentration varies as per the environ-
mental conditions [40, 41].

The biological functions of flavonoids vary greatly
with the structure and result in various bioactivities such
as antimutagenic, antioxidative, anticarcinogenic, anti-
inflammatory, and antiplatelet aggregation [42]. These
biological activities of flavonoids impart different applica-
tions such as medicinal, nutraceutical, cosmetics, and phar-
maceutical [43-45].

miRNA-initiated reactions take part in the assemblage of
peripheral metabolites (Table 1).

Scarce studies are present about the importance of
miRNAs in the organic synthesis of flavonoids. In
Helianthus, 323,318 ESTs had been logically observed for
the miRNA recognition and the miR911 group was observed
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FiGure 2: miRNA increases the activity of biosynthetic enzymes involved in flavonoid and isoflavonoid production and resulting in an

improved yield of flavonoid and isoflavonoids.

being connected to the biosynthesis of tocopherols. Himala-
yan May apple (Podophyllum hexandrum Royle), miR1438,
affects caffeoyl-CoA O-methyltransferase and is associated
with flavonoid biosynthesis; phenylalanine metabolism; stil-
benoid, diarylheptanoid, and gingerol biosynthesis; and phe-
nylpropanoid biosynthesis.

Dihydroflavonol 4-reductase C is affected with miR1873
which is associated with flavonoid biosynthesis (Figure 2).
Isoflavonoid biosynthesis is associated with the miR5532
2-hydroxyisoflavanone dehydratase (Figure 2; Table 1) [56].

miR2911 regulates tocopherol synthesis genes such as
gamma-tocopherol methyltransferase in sunflower plants
(Helianthus annuus L.) [46]. Furthermore, mRNA (miR828a
and miR948a) helps to accelerate flavonoid biosynthesis by
regulating MYBI2 lipoxygenase in Clary [47]. Flavonoid’s
synthesis (curcumin) in turmeric plants (Curcuma longa
L.), miR2919, miR1168.2, miR156b, and miR1858 promote
the flavanone synthase gene [48].

Anthocyanins are one of the important members of the
flavonoid family [67, 68]. In the tuberous root of sweet
potato, the expression of ib-miR156 is its target ibSPL, which
aids in anthocyanin production [49]. Kiwifruit, miR858,
reported accelerating anthocyanin accumulation [69]. High
microR156 movement initiates aggregation of anthocyanin
along with movement initiated by flavonols. The current
study also illustrated that squamosa promoter-binding-
like protein 9 SPL9 adversely initiated anthocyanin aggre-

gation with the disruption of an MYB-bHLH-WD40
transcriptional-initiated system. Diospyros kaki L.f. fruit
results acquired at tested periods (15 and 20 WAF) con-
firmed the contrasting appearance of the messenger RNAs,
suggesting that those miRNAs throughout the growth and a
number of them are miRNAs 858 and 56 which adjust the
synthesis of PA. PA production genes are positively initiated,
miR858 but negative effects are observed by miR156.
Another miR395 and miR858b play their role in biosyn-
thesis proanthocyanidin [51]. Some miRNAs (U4351355,
U3938865, U805963, U977315, and U436803) initiate lipid
and flavonol organic production in Lonicera japonica Thunb.
[2, 3]. Yang et al. [52] imply that salty situations modify miR-
NAs in which few salt pressure-associated organic channels
consist of flavonoid biosynthesis, calcium signaling pathway,
and plant hormone signal transduction [52].

Gou and colleagues reported that in the stem of Arabi-
dopsis thaliana anthocyanins accumulate in an acropetal
manner, this model is controlled by SPL (squamosa binding
protein-like) genes and stimulated by miR156 [53]. The
depiction of A. thaliana indicates that miR858a targets mye-
loblastosis (MYB) transcript elements which are engaged in
flavonoid organic production, development, and growth.
MYB transcription factors down synchronize with overex-
pression of miR858a and the redirection of metabolic flux
initiated with the excessive appearance of MYBs concerning
the composition of flavonoids [54]. The biosynthesis of
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flavonoids (anthocyanins) is regulated by miR156, miR858a
by stimulating the transcription factors R2R3-MYB and
SPL9 [53, 54]. Rauvolfia serpentine (Indian snakeroot) has
two essential types of miRNA such as miR396b and
miR828a, both of which targets kaempferol 3-O-f-D-galac-
tosyltransferase and anthocyanin regulatory C1 protein for
synthesizing flavonol glycoside and anthocyanin biosynthe-
sis, respectively [55].

Podophyllum hexandrum Royle (May apple) is an
endangered medicinal plant [56]. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway study demon-
strated that miR1438 and miR1873 regulate various
metabolic pathways, especially the biosynthesis of secondary
metabolites like lignin and flavonoid via caffeoyl-CoA O-
methyl transferase and dihydroflavonol 4-reductase C gene,
respectively [56]. Biswas et al. [56] further revealed that
miR5532 upregulates the 2-hydroxyisoflavanone dehydra-
tase gene for synthesizing isoflavonoid in the May apple tree.
Flavonoid biosynthesis also occurred in May apple through
inducing chalcone synthase and 4-coumarate-CoA ligase.
Both of them are targeted by miR829.1 and miR1724i, respec-
tively [56]. 4-Coumarate-CoA ligase catalyzes the activation
of the corresponding thiol esters by 4-coumarate and other
4-hydroxycinnamates. These activated thiol esters are subse-
quently employed as flavonoid and monolignol precursors
[70]. miR5015 has been shown to influence the production
of gingerol by suppressing phenyl ammonia-lyase (PAL)
which is a basic enzyme in the synthesis [57]. Glycine max
(L.) Merr. (soybean) CHS-siRNA targets chalcone synthase
enzyme to the biosynthesis of flavonoids [58, 59].

In Pyrus bretschneideri Rehder, miR1061-3p regulates
naringenin 3-dioxygenase, which produces flavonoids [60].
Helianthus annuus produces a-tocopherol, and flavones by
miRNA and miRNA influence the regulation process via
targeting y-tocopherol methyltransferase, isoflavone 20-
hydroxylase, and dihydroflavonol 4-reductase [2]. miR156,
miR828, and miR858 are reported to play an important
function in regulating anthocyanin biosynthesis in radish
through MYBs, bHLH, WD40, SPLs, ARF, EIN3, WRKY,
MADS-box, sucrose synthase, sugar/inositol transporter,
and ABC transporter genes [61]. Furthermore, MYB114
and flavonoid 3'-monooxygenase (F3MO) are also targeted
by miR828 and miR858 in the grape plant for the biosyn-
thesis of flavonol [62]. MYB, an essential step in flavonol
biosynthesis, upregulates CHI, CHS, and FLS genes for
the production of flavonoids [60, 63, 71].

Sun and coworkers reported that the expression of
eight miRNAs (csn-miR160a, csn-miR396a, csn-miR167a,
csn-miR4380a, csn-miR3444b, csn-miR5251, csn-miR7777-
5P.1, and miR2593e) and their target genes (auxin
response factor 18, growth-regulating factor 7, calcium-
transporting ATPase 13, DNA-directed RNA polymerase
V subunit, auxin response factor 6 ARF6, CHI enzyme,
DFR, C4H, and ANR) is involved in catechin biosynthesis
[64]. By decreasing the expression of their biosynthesis-
related gene transcription, miRNAs could adversely con-
trol catechin production.

Another study reported that miR166, miR169, miR398
target HD-ZIP, NF-YA, and GATA gene in the tea plant

[65] as well as miR6194 influence flavanone 3S-hydroxylase
(F3H) for flavonols and anthocyanidin biosynthesis [52].

4. Terpenoid Biosynthesis and miRNA

Isopentenyl diphosphate (IPP) and dimethylallyl diphos-
phate (DMAPP) are a C5 predecessor of plant terpenoid
secondary metabolites. Terpenoids range in different groups
according to the orders of carbon atoms such as polyphenols
(>45), carotenoids (C40), triterpenes (C30), diterpenes
(C20), sesquiterpenes (C15), and monoterpenes (C10) [72].
Terpenoids also have different applications as biological
and industrial issues like flavonoids and alkaloids. The com-
putational study identifies the change of miRNAs into 6
transcriptomes of Picrorhiza kurroa Royle ex Benth. which
discovered that miRNA-4995 plays a promoter function in
the biosynthesis of terpenoids (Table 2), finally disturbing
the manufacturing of picroside-I [73]. The miR-5021 effect
on two kinds of enzymes that take part in organic synthesis
of GCPE protein, indole alkaloids (IAs), and terpenoid
cyclases was first time observed in Catharanthus roseus (L.)
G.Don [74]. miRNAs (1134, 5021, and 7539) are probably
concerned with promoting terpenoid organic synthesis
through the terpenoid channel genes; nontranscriptional
factor proteins, like IDS, DXS, IDI, and HMGR, are neces-
sary to bring out DMAPP and IPP, the main predecessor
for all kinds of downstream terpenoids [75].

miRNAs (6435, 6449, 7540, 5491, 5183, and 5255) affect
downward enzymes in the organic synthesis of mono-, ses-
qui-, di-, and tri-terpenoids; they included germacrene A
oxidase, R-linalool synthase, beta-amyrin synthase (bAS),
gibberellin 3-oxidase, squalene epoxidase, and ent-kaurene
synthase [75]. miRNAs (5658, 5251, 5021, 2919, and 838)
were recognized to be included in the terpene organic syn-
thesis channel in Ferula gummosa Boiss.

Squamosa promoter binding and ATHB13 were observed
to be promoted by miRNAs (1533, 5021, and 5658) [76].
Sesquiterpene biosynthesis is mediated by miRNA156-
connected SPL gene [77]. miR414 is involved in the triterpe-
noid and sesquiterpenoid organic syntheses while miR5021
also plays a role in terpenoid formation (Table 1) [66]. Inves-
tigators revealed that SPL9 specifically connects to and trig-
gers the TPS21 promoter. Due to the great conservation of
miR156-SPLs in plants, the findings establish a molecular
connection between the developmental time and sesquiter-
pene synthesis and provide a novel method for engineering
plants to grow faster while producing more terpenoids [77].
In all, 130 unique candidate transcripts for eight miRNA
families were anticipated. All anticipated miRNA targets gov-
ern development, reproduction, stimulus response, signaling,
and various metabolic processes. Additionally, a network of
miRNA-mediated gene regulation was built using the hybrid-
ized lowest free energy of discovered miRNAs and their
targets. The study discovered that the mint family’s
miR414, miR156, and miR5021 might regulate the essential
oil biosynthesis gene control mechanism. Additionally,
three miRNA candidates were identified as important in
trichome formation (miR5021, miR156, and miR5015b)
[66]. However, apart from providing first-hand knowledge
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on Rauvolfia serpentina (L.) Benth. ex Kurz miRNAs and
their objectives, the outcomes in this work help to a pro-
found comprehension of miRNA-mediated gene regulation
mechanisms in plants [55].

Another study demonstrated that among 452 recognized
miRNAs, which equate to 589 precursor miRNAs, 62 miR-
NAs are expressed exclusively in the base, 95 miRNAs are
expressed exclusively in the stem, 19 miRNAs are expressed
exclusively in the leaf, and 71 miRNAs are expressed
exclusively in flower. The degradome study found 69 targets
that may be cleaved by 25 miRNAs. Among these, miR5072
cleaved acetyl-CoA C-acetyltransferase, which is implicated
in the production of tanshinones. This investigation
expanded significantly to our comprehension of the tissue-
specific expression patterns of miRNAs in Salvia miltior-
rhiza Bunge and laid the groundwork for future exploration
on the production of tanshinone mediated by miRNAs [78].

Moreover, recent findings indicated that most antici-
pated miRNAs were engaged in rhizome formation control.
miR854, miR5021, and miR838 have been revealed as miR-
NAs that control ginger rhizome growth and essential oil
production [57]. It is demonstrated that miRNA-4995 per-
forms a key role in regulating terpenoid biosynthesis, subse-
quently influencing the development of picroside-I. miR-
5532 and miR-5368 expression rates were significantly lower
in field-grown specimens than in vitro-cultured samples,
implying a role in controlling Picrorhiza kurroa Royle ex
Benth. development under culture environments [73].
Additionally, an investigation concluded 60 mature miR-
NAs and 6 precursor miRNAs in Podophyllum hexandrum
Royle using 454 pyrosequencing. The finding contributes
fundamental knowledge regarding the control of secondary
metabolite production in Podophyllum hexandrum Royle
by miRNAs [56].

A study demonstrated to pinpoint the trichome-specific
miRNAs and mRNA targets. The findings from the experi-
ment give a basis for additional research in Xanthium
strumarium L. glandular cells to elucidate the governing
strategy of miRNAs underpinning the production of second-
ary, in particular, terpenoids [75]. Researchers discovered
that a large number of the miRNAs pinpointed had tissue-
specific expression. By scanning the ginseng EST database
for anticipated objectives of the estimated 69 conserved
miRNAs, 346 promising targets were recognized. The
anticipated targets were primarily engaged in secondary
metabolic processes responding to transcription regulator
activities and biotic and abiotic stress, among other meta-
bolic pathways [79]. Conversely, miR390 was expected to
engage a gene associated with trichome formation, the loca-
tion of artemisinin production, and therefore may be possi-
ble for genetic transformation to increase the artemisinin
content [72]. Also, a new study demonstrated insight into
the role of miRNAs in the control of secondary metabolite
production in the herbal plant Swertia chirayita (Roxb.)
Buch.-Ham. ex C.B.Clarke. Additionally, the putatively dis-
covered miRNAs can increase secondary metabolite produc-
tion in S. chirayita by genetic modification [33].

Another study revealed that three miRNAs (miR156b,
miR1168.2, and miR1858) were involved in curcumin pro-
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duction. Other miRNAs were discovered to be engaged in
turmeric’s development and growth. Additionally, a phylo-
genetic analysis of selected miRNAs was done in this study
[48]. Moreover, another investigation demonstrated the
identification of miRNA associated with control gene chan-
nels regulating terpenoid biosynthesis in Camellia sinensis
(L.) Kuntze at various growth stages [65]. Investigating the
regulation of terpenoid biosynthesis by miRNA outcomes
indicates that six miRNAs examined control terpenoid
production in P. minor post-transcriptionally. This govern-
mental function of miRNAs suggests that they may be used
as a genetic tool to control terpenoid production in Persi-
caria minor (Huds.) Opiz [80]. Another study also evaluated
miRNAs and their presumed target genes involved in
transthyretin-like (TTL) biosynthesis, and the results
showed the existence of a complex miRNA-mRNA regula-
tory network involved in Ginkgo biloba L. TTL metabolism
[81]. Figure 3 shows few examples in which miRNA assists
in the improved production of terpenoid compounds.

The investigation uncovered multiple previously unknown
miRNA families in Artemisia annua L., including miR399,
miR396, miR319 miR858, miR6111, and miR5083. The
expression patterns and correlations between miRNAs and
their associated targets in A. annua plant are different,
depending on its developmental phases [82]. Saifi and
coworkers found nine miRNAs (miR319¢, miR319a,
miR319f, miR319b, miR319h, miR319d, miRstv-7,
miR319¢, and miRstv-9) and authors reported that these
miRNAs are correspondingly connected to the expression
thresholds of their target mRNAs and steviol glycosides
were detected to be directly connected to the expression
stages of their target mRNAs. This work established a
foundation for a better knowledge of the steviol glycoside
biosynthetic process, and these miRNAs may be used to
control the production of these metabolites in Stevia
rebaudiana (Bertoni) Bertoni to increase their concentra-
tion and productivity [83].

5. Alkaloid and Other N-Containing
Metabolites and miRNA

Alkaloids are naturally occurring organic compounds that
contain one or more nitrogen atoms in their heterocyclic
ring structure, have alkali-like properties [84], have a variety
of biological effects such as antimalarial (e.g., quinine),
antiasthma (e.g., ephedrine), anticancer (e.g., homoharring-
tonine) [85], cholinomimetic (e.g., galantamine) [86], vaso-
dilatory (e.g., vincamine), antiarrhythmic (e.g., quinidine),
analgesic (e.g., morphine) [87], antibacterial (e.g., cheler-
ythrine) [88], and antihyperglycemic activities (e.g., piper-
ine) [63], and play significant roles in the defence against
herbivores [89].

In plants, a myriad of bioactive compounds is synthe-
sized naturally by several pathways. Among them, the
involvement of miRNA is the most common way used for
the biosynthesis of naturally occurring alkaloids. Pyrrol-
idine, purine, imidazole, indole, quinolizidine, pyrrolizidine,
isoquinoline, and tropane are among the various types
of alkaloids listed [90]. Disparate to other bioactive
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FIGURE 3: miRNA improves the production of terpenoid compounds.

compounds, this group is extremely diverse and heteroge-
neous with an estimated 12,000 alkaloids in nature [89].
Alkaloids according to their toxic nature react as resistance
compounds against many kinds of herbivores and pathogens.
The understanding of alkaloid biosynthesis balancing is crit-
ical for its production.

Tobacco (Nicotiana tabacum L.) belongs to the Solanaceae
family; a study revealed six different kinds of distinctive
tobacco miRNAs, namely, miRX13, miRX17, miRX109,
miRX20, miRX27 [50], and miR164 [91], that have been antic-
ipated to target important genes of the nicotine organic bio-
synthesis and dissimilation channel, cytochrome P450
monooxygenase (CYP82E4), quinolinate phosphoribosyl-
transferase 1 (QPT1), quinolinate phosphoribosyl-transferase
2 (QPT2), putrescine methyltransferase 2 (PMT2), and
NtNAC-RI1 genes [50].

In the opium poppy, the botanical name of Papaver
somniferum L., a member of the Papaveraceae family, it
has been identified that transcription of pso-miR408, pso-
miR13 and pso-miR2161 (Table 1) has an important role
in the biosynthesis of organic benzylisoquinoline alkaloids
(BIA) [92]. pso-miR13, pso-miR2161, and pso-miR408
would possibly break 7-O-methyltransferase, S-adenosyl-1-
methionine:3'-hydroxy-N-methylcoclaurine, 4'-O-methyl-
transferase 2/4'-O—methyltransferase 2 (4-OMT)/FAD-
binding, and BBE domain-containing protein, respectively,
transcript concerned with inside the transformation of S-
reticuline to morphinan alkaloids (BIA). 4-OMT is the target
of pso-miR216 and moderates the assembly of S-reticuline;
this is additionally an intermediary particle in BIA organic
production. On the opposite side, pso-microR408 feasibly
reacts with messenger RNA from reticuline oxidase-like pro-
tein in the rate of transformation of S-reticuline to (S)-scou-

pso-miR408
— pso-miR13 N
) pso-miR2161 )

5 4

benzylisoquinoline Camalexin

alkaloids (BIA)

FIGURE 4: Role of miRNA in the synthesis of alkaloid and other
N-containing metabolites.

lerine within the BIA channel [92]. Figure 4 showed the role
of miRNA in the synthesis of alkaloid and other N-
containing metabolites.

Two kinds of two paclitaxel biosynthetic genes in Taxus
baccata L., namely, taxane 2-a-O-benzoyl transferase and
taxane 13-a-hydroxylase, are the breaking objects of
microR164 and 171 [93, 94]. In silico inspection identified



13

BioMed Research International

SISOUIUASOIq (pIO[ey[e d[opur) e AEOARISIS IaMOUUN ] snnuup
(@ Gxopewes pue soyepoursosnys PEIAIN SSEISEPN PU® S988€6EN sy pung ——
stsagyudsorq 3SBUTWIESURI} PIOB-OUIWE-ONBWIOIE seuIwesues) sjeyreds w seaoeraqidur SLWIN 1 vl
(87] proee surgournbos| . 1prI fure-o1y . 1 arepredsy 105! qsurz - Ol L punns)
‘quioH
[96] urxafeure)) 103da0a1 urxny coeygIu SBADBOISSBIG  SSIID IR, (1) vuvyy;
sisdopiqvayy
stsayjufsorq pro Tw-01d
- 1sot 1q profeq[v kemuyzed snoyyudsorq pe6edr
s[opuy VIL U ‘ISIF PU® FVOYO €VOIO 9TIIVID . awfm:nb.ob apjumirad Todd
BROTYIW-01D ‘09 TYIW-01d  geadeukdody LenseSene (1) snasou
aserajsuen)Asoons propur asoon[3-Jan PEN SNYIUDIDYIV))
(7] SpIo[ey[e d[opu] 1205-gru
SYIL JO SISOUIUASOIQ UT PIA[OAUT SIWAZUD OM ],
!
[c6] [oxeg, ase[AxoIpAy v¢T suexe], POTYIw seadexe], maf ysrduy pw90q snxv
ueurydioy LINO-Z eTyrw-osd
urajoid Surureyuod gopiu-osd
-urewop ggg pue SuIpuiq-qvd/(LINO-¥) gesesdjsuenyjow
-0~ ¥/T ummgﬂm:wbiﬁue-ogw QuULINBO[AYIow 191 yrw-osd . ddod oy T wn fiuios
[z6] S1soUIuAsorq VIg -N-Ax01pAy- grauruonpaw-[-[souspe-g oseraysuenAyou-O-£ ¢ ryrw-osd aeaoerasedeq od wnido ionvdog
(LWO-¥) ¢ asesdpsueniye-0- v 1911w
3SEPIXO SUIMONIY SO Iw
(LINO-L) 3seajsuenAyIoN-O-L ey
. . . 6TXIW Q7T
[0s] ZLNd ‘PIT8dAD ‘TLAO ‘ILAD .
LT “LTX T
(16] -OVNIN PO
SISOYIUASOIq SUROIIN (2LdD) ¢ aseadysuen-[Asoquoydsoyd ajeurjoumnd) LTI aeadRUR[Og 000BqO, .Amwmhwwwm
(0c] (P8 XD) 2seuadixoouows (GHd WOIY0ILD) Lo o
05 (L1dO) 1 aserajsuen) [Asoquioydsoyd areurjourng) LTI
(ZLNJ) T 9serojsuenjAyjow aumsanng LETX T
$IOUDIIJD uonoun a81e T Arure Jured owren
Jo nounyg w8, VNI e wouruion B—
“VNIW pue sajroqedawr Sururejuod-N I9Yj0 pue pIofey[y ¢ 19V ],



BioMed Research International

14

Aemyyed Sureudis y[ e1A wsijoqejaw
3 I[eusts [ er 1joqe) /2099w pue

T winsodaqnj

[#¢] stsayjuhsorq asoonyS-J(q  Proeq[eo24]S cwisijoqeied aSOM[[a0 pue ‘SIsayIuLsorq ;
prdry a3eafes JN( ‘WSHOqeIoW Profex[y VEO9UIL "£COIH HIBIES
0605y 1w "quidH (1)
(54 SISOUJUASOIQ 9)B[OUISOON]D) (zdOV) 7 Suonpoad [AyredxoipAy [Auayy ozgy 9B0BIISSBIY $S910 J[eY, pupioys sisdopiqoay
(d1Z-aH)
urdjoi1d 1addrz suronay-xoqoawoy SUIpoous Juan) q991-g1ut
BOGT-YIW TZOTT-Yrx
(INDJ) 2senwr s3eraof[Soydsoyq MNreyd
sisayiuAsorq . . ! ﬁ 09
[ez] $3)1[0qeIW AIEPU0DS (dqy) asesdurda-¢ dreydsoyd-ssomqry BOOTYIW OZCTT-Yrwr SEIDEUBHUSH BRIy X ENE.A yong ("qxoy)
(0Sd) aseuadixo DHADAIYD DHAIMS
suarpoaidseuwaid (I, yH{J) dseIojsuenjourure 89Ty
sjeyredse ([DVYV) aserdjsuenijfjooe yoD-[£100y
. #0605 g1 quiaH (1)
[10T1 “6%] yoeoxdde oruadsuer], (zdOV) 7 Sumonpoad [AyredxoipAy [Ausyy ozg 9B0BIISSBIY SS9ID IRy, ouioy; sisdopiqoiy
(e1LvOd) :
[gs] SISOJUASOIq 9)B[OUISOON[D) € SSPUTIIESUET) PIoE OUIIE UBUD-PaYDUEI] LA L0 JeA0RUL[OS 0008qO], T Winovqv) vUDIoINN
(zvgV) oseuaSoIpAysp [OUISIIIOLIB[OSI009S ogsyru
(s1.ON) 9serdysuen) [£s0d4[3-0 uredy VA 251888 D
feund ("1
[00T] SISOUJUASOIq SPI[OUBIIA 078dAD GG T JeA0RUL[OS eypuedemysy Daafisiisos DTN
1 asejonpaz -
/-BI[2P [0191s (TSVD) SeYIULS [0u}Ie0[dL) ovisy!
aseraysuen[£s024[3 Jan .
QoY JJhoy wnipuvxay
uf dde £
[66] asejuhs [ouoAe[] 9B20RPLIDQIdY ordde Lepy wnytydopog
LEATIM ‘14 AN egLoTyIu
asef[-eruowruue JUTUE[RIAUSYJ LYTW-[OAON
Arurey asejorpAy/asedsoondsuerjopus ueon3oAyx OYTW-[9A0N]
stsajuds prouedoidifusyq
urajoxd aouessisar nip ordonord[g GYIW-TOAON
LYTW-[9AOU- [YTW-[2AON
[s1] asexoqred ajeantddjousoydsoyq FYTW-[OAON pqumony)  pjooussvd viodsaudio)
ISePIXOId] CYIW-TOAON
9SBIAX0QIEIIP SUIUOIYIAWIASOUIPY-S TYTW-[9A0N
9sed1[ Yo)) :9jerewno)-y TYTW-[A0N seaoeoserodsoukion)
> e SMAIpUY
[86] SISOYIUASOIq pIoe A1e] aseoysuenLoe ajeydsoyd-¢-1010043-us-[Loy- 1 q 9Ty JeIdRIUOIRJ Auoad 2217, psoounaffins x piioang
€965080N
sIsajuAsorq poe £3e] aseidxoipdy pre S1€LL60N seaoerjoyuide appons4suo AunaL
[e] 594 "9 P! Ayyey ‘urajoxd Jorared [£oe osejouhs yoD-[Loy HOJHAED Pl H voodpl viasuoT
€089¢¥1
suwreu
SIOUAIDYY uonoun,j 1a81e], VNI Arureg wourwon SWEU [e2TUR)Oq

"VNYIW pue ‘sisayjudsorq punodurod 1030 ‘spoe A3jeq :f 9414V ],



15

BioMed Research International

(ops024[8 propuir)

uag X9 Jhoy

[£2] [-opisoiig sprouadia) Jo SISAYIUASOIQ UT PIAJOAUT JWAZUD dUQ S66F-VNYIW seaoeUISRIUR[] Py poLInY LRHOONT
[¢s] %mwwﬁmwwm HVY ‘S ‘20§81 ‘O 1T Msyrw S6 1 ey aeadeIISY Jealkpur) ounipny %Mww
aseajsuer) [£1o0e-0) a8ung

[82] SISOUIUASOIQ SIUOUTYSUE ], ooy 720SyTu JeaoeIUIE] a3es pay pempLiO I vIADS
SaoUAIRYY uorpun 1o81e], VYW Arureg QMMNMU SWRU [B2TUR)OT

‘panunuoy) f 414V,



16

that microR396b in Rauvolfia serpentina (L.) Benth. ex Kurz
hits kaempferol 3-O-beta-D-galactosyltransferase whose
interest as transferase shifted the hexosyl class for the devel-
opment of flavonoid glycosides [55]. miR-5021 in Madagas-
car periwinkle (Catharanthus roseus (L.) G.Don) regulates
the enzyme involved in the biosynthesis of TIAs which
includes UDP-glucose iridoid glucosyltransferase [74].

In Madagascar periwinkle, there are some other miRNAs
such as cro-miR160, cro-miR164a, cro-miR164b, and cro-
miR393d, which have a regulatory role in targeting
CrARF16, ORCA3, ORCA4, and BISI genes in the TIA bio-
synthetic pathway and synthesis indole alkaloids [95]. In
addition, Robert-Seilaniantz et al. [96] demonstrated that
miR393 with its related auxin receptor genes is involved in
alkaloid (camalexin) biosynthesis in Thale cress (Arabidopsis
thaliana (L.) Heynh.) and in turmeric also named as Cur-
cuma longa; miR5021 is illustrated to have a role to
synthesize isoquinoline alkaloid interacting with two
enzyme genes like aspartate transaminase and aromatic-
amino-acid transaminase [48]. Furthermore, in sunflower
plants, U3938865 and U4351355 involved glucosinolates
and camalexin (indole alkaloid) biosynthesis through regu-
lating the MYB34 gene [2] (Table 3).

6. Fatty Acids and Other Compound
Biosynthesis and miRNA

miRNA plays an important role in fatty acid secondary
metabolite biosynthesis [97]. Lonicera japonica targets regu-
latory genes which help in the process of synthesis such as
acyl-CoA synthetase, acyl carrier protein, and fatty acid
hydroxylase. miRNAs involved in the fatty acid synthesis
are U436803, U977315, and U805963 [2]. Besides this, in
Paeonia x suffruticosa Andrews (tree peony) plant, fatty
acids are synthesized by miR156b and miR7826 via regu-
lating 1-acyl-sn-glycerol-3-phosphate acyltransferase and
ACCase gene activities [98].

In Corynespora cassiicola plant, some novel miRNA was
found that positively or negatively regulates secondary
metabolite production in plants. These novel types of miR-
NAs are novel-miR1 to novel-miR7 which targets genes in
phenylpropanoid synthesis [15]. Furthermore, phenylpropa-
noid biosynthesis is also regulated by miRNA (miR2673a
and miR396b) in Podophyllum hexandrum Royle [99].

Withanolide is a class of active secondary metabolites in
plants with medicinal interest. miR5140, miR159, miR477,
and miR530 upregulated cycloartenol synthase (CAS1) sterol
delta-7 reductase 1, CYP82G, zeatin o-glycosyl transferase
(UGTs), and secoisolariciresinol dehydrogenase (ABA2) for
synthesizing withanolide in ashwagandha plant [100]. More-
over, the tobacco plant synthesized glucosinolate with the
help of miRNAs [53]. In Arabidopsis thaliana (L.) Heynh.,
miR5090 and miR826 proportion target AOP2 encrypting a
2-oxoglutarate-structured-dioxygenase, which is concerned
in sulfur and nitrogen organic production [49, 101].

miRNAs had been observed from laboratory subculture
of plant essential sections of the transcriptome of Withania
somnifera (L.) Dunal in which miRNAs 5303, 159, 5140,
and 172 are found in root tissues and miRNAs 5079, 530,
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477, and 1426 are found in leaf tissues. Such miRNA is
connected to the elongation of peripheral metabolites.
Endogenetic mRNAs from roots (159 and 5140) and leaves
(477 and 530) may be involved in the increase of metabolite
production, although miR530 from leaves and miR172 and
miR159 from roots were entangled in the balancing of
peripheral metabolites connected with mRNAs [100].
Arabidopsis thaliana (L.) Heynh., Oryza sativa L., and
Chlorophytum borivilianum Santapau & R.R.Fern.-targeted
gene forecast imply that miR166, miR172, miR894, and
miR9662 are probably concerned in enhancing the organic
production of saponin [102]. miRNAs (5298b and 8154)
raise phenylpropanoid, taxol, and flavonol organic synthesis
in subcultured Taxus cells [103]. Salvia miltiorrhiza Bunge
miRNA5072 targets acetyl-CoA which is concerned with
the organic synthesis of tanshinone [78] (Table 4).
miRNA826 targets hydroxyalkyl generating 2 oxoglutarate
dioxygenases that is concerned with sulfur and nitrogen
production [101].

7. Conclusion

miRNAs are microscopic particles related to growing func-
tions that direct gene expression. The method assumed
post-transcriptional and transductional procedures. miRNA
secondary metabolism dominance is the latest kind of field
and better information about the process of peripheral
metabolism in plants will play a critical role in achieving
new kinds of outcomes in controlled systems. These out-
come by-products have good economic values due to their
utilization in cosmetics product, food, agronomy, and other
industries. Further investigations for the production of sec-
ondary metabolites by maneuvering the role of miRNA in
various other crops such as spices, flowering plants, and
medicinal plants may result in improving the profitability
of the food and pharmaceutical industries.
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