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1. Introduction
Since ancient times, people have been discovering nature 
mainly plants in search of new drugs. This has contributed 
to the use of many medicinal and aromatic plants (MAPs) 
with healing properties to cure various diseases. Still, 
more than 80% of the world’s population relies on plants 
or plant-derived compounds to meet their main health 
care requirements (Laloo et al., 2021). Remarkably, more 
than 25% of drugs prescribed today contain at least one 
compound of plant basis (Sin et al., 2018). Therefore, the 
importance of MAPs is consistently preserved.

The application of omics approaches such as genomics, 
transcriptomics, and metabolomics to MAPs have 
supported the development of phytomedicine. Such studies 
have helped in elucidating the genes and proteins involved 
in the biosynthesis of significant secondary metabolites 
(SMs) (Mehta and Hasija 2018; Chakraborty, 2018). 
Screening plants for their potential therapeutic chemicals 
is interesting, but it is an immense task since there are 
more than 422,000 plant species available (Schippmann 
et al., 2006). Thus, scientists are conducting genome-level 

studies to identify the genes responsible for making a wide 
variety of bioactive compounds. Understanding these 
gene-protein-metabolite networks can open up better 
opportunities for increasing the production of important 
specialized metabolites through conventional as well as 
advanced plant biotechnology techniques. 

2. Classification and utilization of secondary metabolites
MAPs have strong phyto-constituents which are responsible 
for their therapeutic properties (Zengin et al., 2022). In 
addition to primary metabolites such as nucleic acids, 
proteins, fats, and carbohydrates, SMs are synthesized in 
much smaller quantities (Pagare et al., 2015). Initially, SMs 
were thought of now as waste materials with no functions. 
However, it has been understood that SMs have important 
functions in plants such as adaptation, defense, survival, 
and maintenance of their production (Yang et al., 2018; 
Ramawat and Goyal, 2020). 

SMs can be divided into the following chemically 
defined groups; terpenoids, phenolics, nitrogen-
containing, and sulfur-containing compounds. They are 
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synthesized by following different synthesis pathways 
starting with photosynthesis; shikimic acid for phenols, 
tannins, aromatic alkaloids; acetate-malonate for phenols 
and alkaloids; pentose for glycosides, polysaccharides, 
mevalonic acid, and methyl erythrose phosphate for 
terpenes, alkaloids, and steroids (Trenchard et al., 2015, 
Shirley et al., 2019). Terpenoids consist of more than 
23,000 recognized structures, the most common category 
of active compounds in plants. The volatility of terpenoids 
offers a way for communication with other organisms 
such as neighboring plants, pollinators, and herbivores 
(Cheng et al., 2007). Their functions underlies agricultural 
applications ranging from finding alternative methods of 
pest control to the production of flavors and fragrances. 
Menthol, linalool, artemisinin, geranyl pyrophosphate, 
limonene, citral, camphor, pinene, eucalyptol, bisabolol, 
farnesol embrene, kahweol, taxadiene, cafestol, and 
sclareol are some of the terpenes that are important for the 
quality of agricultural products.

Alkaloids are SMs containing basic nitrogen atoms. 
They also contain several associated compounds with 
neutral and weakly acid properties. Alkaloids have a 
wide range of structural variations, and there is no single 
classification system. The majority of alkaloids are toxic in 
nature and serve as a defense against microbial infection 
and herbivorous attacks. Some alkaloids have been utilized 
as insecticides, such as nicotine salts and anabasine 
(Casanova 2002; Zammit et al., 2014). Additionally, 
alkaloids exhibit a wide variety of pharmacological 
properties such as antimalarial (quinine), antiasthma 
(ephedrine), anticancer (homoharringtonine), and 
analgesic (morphine) (Dixit et al., 2021). There is also a 
sulfur-containing class of secondary metabolites such 
as alliin and defensins. These components are directly 
or indirectly engaged in plant defense systems against 
microbial diseases.

Phenolic compounds derived from plants are one 
of the largest groups of SMs. Polyphenols are more than 
8,000 different compounds that have been identified so far 
(Mustafa et al., 2020). Polyphenols can be subdivided into 
two classes: flavonoids and nonflavonoids. They are widely 
distributed in plants and perform many functions such as 
producing yellow, red, or blue pigmentation in petals. In 
addition, flavonoids are involved in ultraviolet filtration 
and symbiotic nitrogen fixation in higher plants (Kabera et 
al., 2014). They can also function as chemical messengers, 
physiological regulators, and inhibitors of cell cycles. The 
tannins are the phenolics that precipitate proteins. They 
consist of various groups of oligomers and polymers. With 
the exception of some high molecular weight structures, 
tannins are water-soluble compounds (Doss et al., 2022). 
They are usually divided into two groups: hydrolyzable 
tannins and condensed tannins. 

Alkaloids are used more as drugs (e.g., source of 
morphine for poppy plants), terpenoids are used more as 
aroma (e.g., source of menthol for peppermint plants), and 
phenolic substances are used more as antioxidants (e.g., 
source of rosmarinic acid for rosemary plants) (Baydar, 
2005). Essential oils, alkaloids, glycosides, steroids, 
saponins, balms, resins, waxes, natural rubber, dyes, and 
others are irreplaceable products that bring great benefits 
to people. 

3. Extraction, determination, and biological activity of 
secondary metabolites
A number of extraction methods have been developed 
for the extraction of SMs. Apart from soxhlet and 
clevenger extractions methods, more sophisticated 
extraction technologies such as supercritical-fluid 
extraction, accelerated solvent extraction (or pressurized 
solvent extraction), microwave-assisted extraction, and 
ultrasound-assisted extraction are widely used. Generally, 
chromatographic or spectrophotometric techniques are 
used for the determination of SMs. Chromatography is 
the most common analysis technique used to separate 
the compounds based on the differences in their speed of 
movement between two different phases (Prebihalo et al. 
2018). Thin-layer chromatography (TLC), high-pressure 
liquid chromatography (HPLC), and gas chromatography 
(GC) are the most common chromatography techniques 
(Sharma et al., 2022). The spectrophotometric method is 
based on how much light is transmitted (absorbing) from 
a solution in certain spectra (Morris, 2015). Parallel to the 
intensity of the solution or the amount contained in the 
substance, the amount of light that cools the solutions in 
the spectral meter changes. By measuring the intensity of 
light that can pass through the solution, the amount of the 
target substance in the solution is quantitatively calculated.

Secondary metabolites (SMs) are not only 
important for the plant’s defense signaling pathways 
but they are also known to have biological activities. 
They have a variety of biological activities such as 
antioxidant, anticancer, antimicrobial, antigenotoxic, 
antihyperlipidemic, antidepressant, anxiolytic, 
anticonvulsant, anticataractogenic, antinociceptive, 
antiinflammatory, antidiabetic, antitussive, aphrodisiac, 
antiplatelet, antivenin, hypotensive (Singh et al., 2018). 
These activities are determined by different methods. 
For example, there are two general types of assays widely 
used for different antioxidant studies. One is an assay 
associated with lipid peroxidation assays. Other assays are 
associated with electron or radical scavengings, such as 
DPPH, ABTS, FRAP, FOX, FTC, and ACA. In addition, 
for determining antimicrobial activity, there are many in 
vitro lab techniques but agar well diffusion, spot-on-lawn, 
disc diffusion, and fluorescence-based assays are generally 
preferred by the researchers.
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4. Genetic resources and classical breeding of MAPs
It has been reported that nearly 72,000 species are used for 
medicinal purposes (Schippmann et al., 2006). However, 
only 500 of these 72,000 medicinally important plants are 
included in various pharmacopeias. The Turkish flora is 
made up of 11,707 plant taxa belonging to 167 families 
and 3649 of these taxa are endemic (Güner et al., 2012). 
Hundreds of plant species that grow natively in Turkey, 
especially endemic ones, have very high medicinal and 
aromatic potential. 

Tropical regions are the richest in terms of MAPs 
genetic resources, while the number of species decreases 
towards the poles. Most MAPs growers still use wild types 
or local varieties that have not undergone selection (Wang 
et al., 2020). However, numerous research studies have 
been carried out for the successful breeding of MAPs using 
classical breeding methods such as recurrent selection, 
single seed descent (SSD), pedigree, backcross method, 
gamete selection, sib mating, half sib mating, bridge 
crossing, distant hybridization to achieve a wide range of 
objectives (Pank et al., 2006). The primary breeding efforts 
have been to improve the tolerance of these plants to 
various environmental conditions and increase resistance 
to various biotic and abiotic challenges. Big challenges 
to the breeders were to develop varieties from mixed 
populations. Despite all of the challenges, the greatest 
advantage of MAPs to the breeders is the presence of a 
high level of genetic variation that can be used for varietal 
development in a short period of time, even with a simple 
selection method. Conservation of MAPs in different gene 
banks is vital, especially for plant breeding. The accession 
number of ninety-one medicinal and aromatic species 
conserved across 109 seed genebanks is presented in 
Table 1. As a conservation strategy all across the world, 
medicinal plant species are held in different collection 
countries (Figure 1) and the main conservator institutions 
of medicinal and aromatic plant accessions are presented 
in Figure 2. This conservation makes a great contribution 
to the improvement of MAPs through breeding.

Wild plant populations and landraces are the most 
important resources that contain higher genetic diversity 
compared to their improved cultivars. Most of the MAPs 
cultivars in the world were developed from populations, 
landraces, or introduction materials by mass, pure line, or 
clonal selection methods (Baydar, 2005). For example, in 
Turkey, many of the registered cultivars of MAPs such as 
cumin, coriander, anise, fennel, fenugreek, black cumin, 
buckwheat, flax, and sesame are purified by selection from 
populations (Baydar, 2005). Moreover, in MAPs, many 
new cultivars were obtained through interspecific and 
intraspecific hybridization. The majority of poppy and 
tobacco cultivars in Turkey were improved by combination 
hybridization (Baydar, 2005). Today, widely grown 

lavandin (Lavandula × intermedia) is hybrid of Lavandula 
latifolia × Lavandula angustifolia subsp. pyrenaica. The 
hybrid lavandin (Lavandula × intermedia) has more flower 
and essential oil yield compared to the other two types and 
this has significantly narrowed the agriculture of lavender 
(Lavandula angustifolia). In addition, in order to form 
the genetic variation, physical or chemical mutagens are 
used in mutation breeding. For example; an increase in 
the level of steroidal sapogenin (diosgenin) in Trigonella 
corniculata was detected with the application of dimethyl 
and diethyl sulfate (Jain and Agrawal 1987). Furthermore, 
Papaver somniferum variety which is nonnarcotic (opium 
less and alkaloid free) was developed through mutagenesis 
(Kolakar et al., 2018). As another example, Baydar et al. 
(2021) created a large variation in flower color and number 
of petals by applying gamma rays at doses of 0, 100, and 
200 Gy of radioactive Cobalt-60 to the seeds of the oil rose 
plant (Rosa damascena) in Turkey.

Another method used in the breeding of MAPs is the 
utilization of polyploidy. For instance, the essential oil 
ratio of many species such as mint (Mentha sp.), lavender 
(Lavandula sp.), and clary sage (Salvia sclarea) is increased 
by the advanced ploidy level (Jordanov et al., 1995; 
Moetamedipoor et al., 2022). Of the various degrees of 
ploidy obtained through the use of colchicine in Papaver 
somniferum, contains higher levels of morphine (Mishra 
et al., 2010). Autotetraploid seeds of datura (Datura 
stramonium) and henbane (Hyoscyamus niger) contain 
about twice as many alkaloids as diploid ones, particularly 
for scopolamine and hyoscyamine alkaloids (Berkov, 
2001). 

5. Biotechnological techniques in MAPs
Secondary metabolite  production is an 
imperative  technique  having an immense commercial 
application. More than 50  products based on  extracts 
from plant cell cultures have been made as mentioned by Eibl 
et al. (2018). However, there remain significant obstacles 
to the  commercial  synthesis of high-value chemicals 
from these sources (Ochoa-Villarreal et al. 2016). 
Plant cell, tissue, or organ culture is an important and 
potential technique for the commercial fabrication of 
highly significant secondary metabolites from plants 
based upon requirement and demand (Aasim et al., 2014, 
2018a). The final outcome from cell/tissue cultures is 
the rapid proliferation rate (Rao and Ravishankar, 2002) 
and production of specific therapeutic phytochemicals 
equivalent to or more than the whole plant (Ncube 
and Staden, 2015) grown under field conditions (Rao 
and Ravishankar 2002). On the other hand, different 
approaches like strain development, the use of different 
cell lines, and media optimization can be applied for the 
enrichment of secondary metabolites (Sarin 2005; Aasim 



BARUT et al. / Turk J Agric For

185

Ta
bl

e 
1.

 A
cc

es
sio

n 
nu

m
be

r o
f n

in
ty

-o
ne

 m
ed

ic
in

al
 a

nd
 a

ro
m

at
ic

 sp
ec

ie
s c

on
se

rv
ed

 a
cr

os
s 1

09
 se

ed
 g

en
eb

an
ks

 (w
w

w.
ge

ne
sy

s-
pg

r.o
rg

).

En
gl

is
h 

na
m

e
La

tin
 n

am
e

A
cc

es
si

on
s

En
gl

is
h 

na
m

e
La

tin
 n

am
e

A
cc

es
si

on
s

En
gl

is
h 

na
m

e
La

tin
 n

am
e

A
cc

es
si

on
s

A
lc

he
m

ill
a

Al
ch

em
ill

a 
sp

p.
72

Bl
ac

k 
br

yo
ny

D
io

sc
or

ea
 co

m
m

un
is

16
D

og
-r

os
e

Ro
sa

 ca
ni

na
45

O
ni

on
Al

liu
m

 ce
pa

78
26

Ec
hi

na
ce

a
Ec

hi
na

ce
a 

sp
p.

33
9

Ro
se

m
ar

y
Ro

sm
ar

in
us

 o
ffi

cin
al

is
50

9

G
ar

lic
Al

liu
m

 sa
tiv

um
40

27
G

ia
nt

 fe
nn

el
Fe

ru
la

 co
m

m
un

is
75

Re
d 

so
rr

el
Ru

m
ex

 a
ce

to
se

lla
35

M
ar

sh
 m

al
lo

w
Al

th
ae

a 
offi

cin
al

is
11

0
Fe

nn
el

Fo
en

icu
lu

m
 v

ul
ga

re
15

8
W

hi
te

 w
ill

ow
Sa

lix
 a

lb
a

15

M
ar

ya
m

’s 
flo

w
er

An
as

ta
tic

a 
hi

er
oc

hu
nt

ica
19

G
en

tia
n

G
en

tia
na

 lu
te

a
60

G
re

ek
 sa

ge
Sa

lv
ia

 fr
ut

ico
sa

12
3

D
ill

An
et

hu
m

 g
ra

ve
ol

en
s

13
19

G
in

kg
o

G
in

kg
o 

bi
lo

ba
15

Sa
ge

Sa
lv

ia
 o

ffi
cin

al
is

42
3

A
ng

el
ic

a
An

ge
lic

a 
ar

ch
an

ge
lic

a
13

9
Li

qu
or

ic
e

G
ly

cy
rr

hi
za

 gl
ab

ra
12

2
Sa

vo
ry

Sa
tu

re
ja

 sp
p.

57
1

A
bs

in
th

iu
m

Ar
te

m
isi

a 
ab

sin
th

iu
m

10
8

H
op

H
um

ul
us

 lu
pu

lu
s

17
04

G
ol

de
n 

th
ist

le
Sc

ol
ym

us
 h

isp
an

icu
s

20

Sw
ee

t w
or

m
w

oo
d

Ar
te

m
isi

a 
an

nu
a

16
H

en
ba

ne
H

yo
sc

ya
m

us
 n

ig
er

13
3

M
ilk

 th
ist

le
Si

ly
bu

m
 m

ar
ia

nu
m

13
9

Be
lla

do
nn

a
At

ro
pa

 b
ell

ad
on

na
16

St
. J

oh
n’s

-w
or

t
H

yp
er

icu
m

 p
er

fo
ra

tu
m

70
3

Ye
llo

w
 m

us
ta

rd
Si

na
pi

s a
lb

a
15

72

Bo
ra

ge
Bo

ra
go

 o
ffi

cin
al

is
13

4
Ir

is
Ir

is 
sp

p.
13

72
St

ev
ia

St
ev

ia
 re

ba
ud

ia
na

7

Br
ow

n 
m

us
ta

rd
Br

as
sic

a 
ju

nc
ea

46
49

Ja
sm

in
e

Ja
sm

in
um

 sp
p.

56
Tr

um
pe

t t
re

e
Ta

be
bu

ia
 sp

p.
57

Bl
ac

k 
m

us
ta

rd
Br

as
sic

a 
ni

gr
a

72
6

La
ur

el
La

ur
us

 n
ob

ili
s

16
Fe

ve
rf

ew
Ta

na
ce

tu
m

 p
ar

th
en

iu
m

60

M
ar

ig
ol

d
Ca

len
du

la
 o

ffi
cin

al
is

32
4

La
ve

nd
er

La
va

nd
ul

a 
sp

p.
82

2
D

an
de

lio
n

Ta
ra

xa
cu

m
 o

ffi
cin

al
e

52

H
em

p
Ca

nn
ab

is 
sa

tiv
a

15
23

Su
m

m
er

 sn
ow

fla
ke

Le
uc

oj
um

 a
es

tiv
um

19
Ye

w
Ta

xu
s s

pp
.

99

C
ap

er
 b

us
h

Ca
pp

ar
is 

sp
in

os
a

46
Li

ly
Li

liu
m

 sp
p.

37
0

W
al

l g
er

m
an

de
r

Te
uc

riu
m

 ch
am

ae
dr

ys
45

Sh
ep

he
rd

’s 
pu

rs
e

Ca
ps

ell
a 

bu
rs

a-
pa

sto
ri

s
11

2
G

oj
i b

er
ry

Ly
ciu

m
 ch

in
en

se
, L

yc
iu

m
 b

ar
ba

ru
m

16
Th

ym
br

a
Th

ym
br

a 
sp

p.
10

3

Pe
pp

er
Ca

ps
icu

m
 a

nn
uu

m
20

75
3

C
ha

m
om

ile
M

at
ric

ar
ia

 sp
p.

19
3

Th
ym

e
Th

ym
us

 sp
p.

69
0

C
as

sia
Ca

ss
ia

 sp
p.

24
7

M
el

iss
a

M
eli

ss
a 

offi
cin

al
is

19
4

Li
nd

en
s

Ti
lia

 sp
p.

18
5

Br
ig

ht
 e

ye
s

Ca
th

ar
an

th
us

 ro
se

us
38

M
in

t
M

en
th

a 
sp

p.
17

53
Fe

nu
gr

ee
k

Tr
ig

on
ell

a 
fo

en
um

-g
ra

ec
um

12
12

C
en

te
lla

 a
sia

tic
a

Ce
nt

ell
a 

as
ia

tic
a

7
C

at
ni

p
N

ep
et

a 
ca

ta
ria

51
H

ufl
at

tic
h

Tu
ss

ila
go

 fa
rfa

ra
71

Ve
tiv

er
Ch

ry
so

po
go

n 
zi

za
ni

oi
de

s
13

To
ba

cc
o

N
ico

tia
na

 ta
ba

cu
m

91
79

N
et

tle
U

rt
ica

 d
io

ica
12

0

C
in

na
m

on
Ci

nn
am

om
um

 sp
p.

9
Bl

ac
k 

cu
m

in
N

ig
ell

a 
sp

p.
29

8
Bi

lb
er

ry
Va

cc
in

iu
m

 m
yr

til
lu

s
15

8

C
off

ee
Co

ffe
a 

ar
ab

ica
18

37
Ba

sil
O

cim
um

 sp
p.

14
47

Va
le

ri
an

Va
ler

ia
na

 o
ffi

cin
al

is
16

1

A
ut

um
n 

cr
oc

us
Co

lch
icu

m
 a

ut
um

na
le

13
0

Sa
hl

ep
O

rc
hi

s m
as

cu
la

, O
rc

hi
s m

ili
ta

ri
s

7
Va

ni
lla

Va
ni

lla
 sp

p.
23

C
or

ia
nd

er
Co

ria
nd

ru
m

 sa
tiv

um
14

90
O

re
ga

no
O

rig
an

um
71

4
W

hi
te

 h
el

le
bo

re
Ve

ra
tr

um
 a

lb
um

17

Sh
af

ro
n

Cr
oc

us
 sa

tiv
us

14
3

O
pi

um
 p

op
py

Pa
pa

ve
r s

om
ni

fe
ru

m
45

47
Pe

riw
in

kl
e

Vi
nc

a 
m

in
or

11

C
um

in
Cu

m
in

um
 cy

m
in

um
10

8
W

ild
 ru

e
Pe

ga
nu

m
 h

ar
m

al
a

72
G

in
ge

r
Zi

ng
ib

er
 o

ffi
cin

al
e

2

C
ur

cu
m

a 
lo

ng
a

Cu
rc

um
a 

lo
ng

a
4

Bl
ac

kp
ep

pe
r

Pi
pe

r n
ig

ru
m

17
Ju

ju
be

Zi
zi

ph
us

 ju
ju

ba
22

2

D
at

ur
a

D
at

ur
a 

sp
p.

60
6

M
ay

ap
pl

e
Po

do
ph

yl
lu

m
 p

elt
at

um
4

To
ta

l
78

51
5

D
ig

ita
lis

D
ig

ita
lis

 sp
p.

46
8

Su
m

ac
Rh

us
 sp

p.
27

7



BARUT et al. / Turk J Agric For

186

Figure 1. The main conservator countries of MAP accessions. Data accessed through Genesys Global Portal on Plant 
Genetic Resources, www.genesys-pgr.org, 2021-06-15. 

et al., 2019). Plant tissue culture techniques offer an 
efficient and high-yielding technique for the production 
of these metabolites at the commercial level without the 
influence of external factors like geographical and seasonal 
variations (Aasim et al., 2018b; Iqbal and Ansari, 2019). 
Therefore, it is also possible to alter the concentration 
of the secondary metabolite and also possible to obtain 
the unique compounds from the parent plant which is 
not possible with traditional techniques (Naik and Al-
Khayri, 2016). The classical plant tissue culture techniques 
include organ culture, callus culture, hairy root culture, 
and bioreactors. On the other hand, it is also possible to 
manipulate the potential of SMs by using novel techniques 
like the use of precursors (Koul et al., 2020), and in vitro 
elicitation (Śliwińska et al., 2021), endophytes, and 
metabolite engineering (Iqbal and Ansari 2019).   

Precursors are biotic or abiotic agents that can be 
used in the chemical reactions for the production of 
other compounds and can be used in plant tissue culture 
(Karuppusamy 2009). The most commonly used precursors 
are fungus, yeast extract, polysaccharides, chitosans, meja, 
and amino acids. Some of the commonly used precursors 
include methyl jasmonate (Baek et al., 2020), sodium 
nitroprusside (Koul et al., 2020; Mahendran et al., 2021), 
calcium pantothenate, and cholesterol (Koul et al., 2020).

The application of biotic (microbes) and abiotic 
(physical, chemical) elements in plant tissue culture can 
lead to certain morphological and physiological changes in 

plants, and this process is known as “elicitation”. The process 
of elicitation can be done in three different ways (i) exposing 
explants to elicitor followed by in vitro culture, (ii) no 
exposure of explants to elicitor followed by in vitro culture 
supplemented with different elicitor, and (iii) by exposing 
explants to elicitor followed by in vitro culture containing 
elicitor. The main objective of the elicitation is the existence, 
perseverance, and effectiveness of in vitro cells/tissues/
organs (Kiong et al., 2005; Karuppusamy, 2009). The 
selection of an appropriate elicitor is highly significant and 
these elicitors are certain biological or nonbiological agents 
that trigger the protection and stress-generated reactions in 
plants (Radman et al., 2003; Kumar and Shekhawat, 2009). 

Biotic elicitors are generally molecules originating from 
either pathogen or host (plants, insects or pathogens, or living 
organisms like fungi) and generally induce defense responses 
(phytoalexin accumulationhypersensitive response) in 
plant tissue (Angelova et al., 2006). The frequently used 
biotic elicitors include different polysaccharides like pectin, 
chitosan (Baque et al., 2012), chitin, dextran (Gadzovska 
Simic et al., 2014), oligogalacturonic acid (Hu et al., 2003), 
excerpt of microbes like Chitin (Dawande et al., 2020), 
glucans (Klarzynski et al., 2000) and glycoproteins (Yang 
et al., 2009), use of different cultured cells (fungal elicitors) 
like Phytophthora cinnamoni (Bais et al., 2002), yeast extract 
(Zaker et al., 2015), animal hormones like Melatonin 
(Coskun et al., 2019), and amino acids like glutamic acid 
(Ampofo and Ngadi, 2021).  
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Abiotic elicitors are physical or chemical agents 
or compounds used for in vitro elicitation of different 
medicinal plants. The most commonly employed 
physical elicitors under in vitro conditions includes light 
and temperature. Light is a vital factor that affects the 
production of SMs. Different light sources used for in 
vitro elicitation include rays like UV (Nazir et al., 2020) 
or exposing explants to different LEDs lights (Kapoor et 
al., 2018) or light combinations (Khurshid et al., 2020). 
Temperature is another physical factor employed for in 
vitro elicitation (Naik and Al-Khayri 2016) by exposing 
cultured explants or shoots to thermal shocks/stress 
(Karakas et al., 2020), etc. Besides that, osmotic stresses, 
salinity, or drought induction are other physical factors 
applied for SMs fabrication. Some of the examples of 
osmotic stress elicitors include the application of proline 
(Gupta et al., 2015), PEG (Yamaner et al., 2013), and 
sucrose (Zobayed et al., 2007). 

Chemical elicitors are used more prominently with a 
wide array of compounds with their subsequent impact 
as elicitors. Among these chemical elicitors, metal salts, 
metaloins, nanoparticles, and hormonal elicitors are most 
widely accepted. The application of metals (heavy metals 
and salts) to plants induces metabolic changes which in 
turn affect the production of different metabolites due to 
certain enzymes inhibition (Nasim and Dgir, 2010). These 
include the use of elicitors like CuSO4 for Andrographolide 
contents in Andrographis paniculata (Dawande et al., 
2020). Use of CdCl2 in Allium sativum for Alliin, sugar, 
protein, and proline contents (Malik et al., 2020), reserpine 
and ajmalicine in Rauvola serpentina (Zafar et al., 2020), 
and stigmasterol in Abutilon indicum (Rao et al., 2021) 
have also been documented. Other heavy metals like Ca, 
Mg, Mn, Zn, Cu, Fe, Co in Beta vulgaris have also been 
applied as chemical elicitors for betalain (Savitha et al., 
2006).

Figure 2. The main conservator institutions of medinal and aromatic plant accessions. Data accessed through 
Genesys Global Portal on Plant Genetic Resources, www.genesys-pgr.org, 2021-06-15. (TWN001 • World 
Vegetable Center, Taiwan, DEU146 • Genebank, Leibniz Institute of Plant Genetics and Crop Plant Research, 
Germany, USA016 • Plant Genetic Resources Conservation Unit, Southern Regional Plant Introduction Station, 
University of Georgia, USDA-ARS, United States, BGR001 • Institute for Plant Genetic Resources ‘K.Malkov’, 
Bulgaria, HUN003 • Institute for Agrobotany, Hungary, AUS165 • Australian Grains Genebank, Department 
of Economic Development Jobs Transport and Resources, Australia RUS001 • N.I. Vavilov Research Institute of 
Plant Industry, Russia, POL003 • Plant Breeding and Acclimatization Institute, Poland • USA074 • US Nicotiana 
Germplasm Collection, United States).
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Nanoparticles of different origins are gaining 
popularity as a chemical elicitor for SMs and some of the 
examples of NPs include ZnO NPs, CuO NPs, CoO NPs, 
Ag NPs, Cu NPs (Fatima et al., 2020), and TiO2 (Al-oubaidi 
and Kasid, 2015). Although the application of NPs as an 
elicitor revealed a positive impact on yielding maximum 
metabolites, the nanotoxicity impact of NPs on secondary 
metabolites production has also been documented 
(Jamshidi et al., 2016; Javed et al., 2017).  

Plant growth regulators like salicylic acid (SA) or 
jasmonates like jasmonic acid (JA) or methyl jasmonate 
(MeJa) are the most preferred chemical elicitors in vitro 
(Koca and Karaman, 2015; Kahveci et al. 2021; Assaf et al. 
2022). Some of the examples include the impact of SA and 
JA on Hypericin and Hyperforin in Hypericum hirsutum 
and H. maculatum (Coste et al., 2011) and Bacoside in 
B. monnieri (Koul et al., 2020), and Phenylethanoid and 
Glycoside contents in Rehmannia glutinosa by SA (Piatczak 
et al., 2016). It was also evident from the results that the 
concentration used in these studies varied from 1 mg/L 
to 300 mg/L depending on the genotype. MeJA has been 
used at a relatively higher rate of 50 mg/L and above (Inyai 
et al., 2021) for the elicitation of different SMs. However, 
some studies have mentioned the application of MeJa 
at the relatively low rate of 0.11–0.33 mg/L in Pueraria 
candollei var. Mirica (Rani et al., 2020) and 5–25 mg/L for 
Andrographis paniculata (Dawande et al., 2020). 

6. Genetic engineering
Identification and characterization of the underlying genes 
responsible for metabolite synthesis and modification 
is a prerequisite for increasing metabolite production or 
engineering genes found in homologous or heterologous 
systems (Pickens et al., 2011). It is now possible to profile 
thousands of genes at once as a result of advances in 
sequencing technologies (Sun et al., 2021). Commonly, 
the objective is to boost the level of production of specific 
compounds in MAPs or to transfer a pathway to other 
organisms (Satish et al., 2019). 

Two broad techniques have been used to improve 
the synthesis of one or more compounds. First, methods 
have been used to alter the expression of gene(s), so 
overcoming specific rate-limiting steps in the metabolic 
pathway, disabling competitive metabolic pathways, and 
reducing the catabolism of the target product. Second, 
regulatory genes that control several biosynthetic genes 
have been altered. Many research activities involving 
the overexpression of different pathway genes have been 
carried out, with the goal of producing new flower colors 
(Nishihara, 2011). In another example, RNA interference 
technology was used to make decaffeinated coffee, and the 
expression of one of the genes (theobromine synthase) 
was suppressed. The caffeine content of these transgenic 

plants was reduced by 70% (Ogita et al., 2003). In some 
circumstances, a metabolite may be hazardous to humans 
in one form, or in other circumstances, it may be less 
present in its natural product. Using genetic engineering 
approaches, these metabolites can be transformed into 
either a nonharmful or more effective chemical derivative.

Several attempts have been reported on genetic 
information in MAPs. In saffron (Crocus sativus) Rubio-
Moraga et al. (2008) isolated four CCD genes. Then, 
they detected the expression pattern in which CsCCD1a 
showed a constant expression and CsCCD1b was expressed 
especially in stigma tissue. However, only CsCCD4a and 
CsCCD4b expressed cooperatively throughout stigma 
formation, resulting in the highest levels of carotene and 
ionone release. Similarly, in saffron, the CCD4 genomic 
DNA regions were isolated and analyzed by Ahrazem et al. 
(2010). In the saffron flower specifically in pollen, CCD4a 
promoter sequence was found appropriate to initiative 
GUS expression.

7. Medicinal plant in OMICS era
Omics use interdisciplinary fields of biology, such as 
genomics, transcriptomics, proteomics metabolomics, and 
ionomics to analyze different types of molecules on a large 
scale through high-throughput technologies (Blankenburg 
et al., 2009). These technologies are automated allowing 
fast, accurate and detailed analysis of huge numbers of 
samples in a very short period (Porter and Hajibabaei 
2018). The sequencing of the genomes and transcriptomes 
is possible with minimal expenditure of time and money 
using bioinformatic approaches. Besides their contribution 
to the identification of gene controlling metabolites, they 
have also allowed us to investigate their indigenous effects 
inside cell lines.
7.1. Genomics of MAPs
The genetic profiling of each crop species is supportive of 
plant breeding activities. Previously, molecular markers 
such as RAPD, AFLP, and ISSR were often applied for 
breeding purposes. Besides morphological, anatomical, 
and chemical markers, the genetic diversity of medicinal 
plant species could be efficiently authenticated with recent 
developments like SCAR, Loop-mediated isothermal 
amplification (LAMP), and DNA barcoding. In addition, 
DNA sequences and fingerprints could be used to develop 
a reference library in the future (Ganie et al., 2015). 
Next-generation sequencing (NGS) and third-generation 
sequencing (TGS) are also easier and cheaper than older 
sequencing methods, and they can be done much faster 
than older sequencing methods like Maxam-Gilbert 
sequencing and Chain-termination.
7.1.1. Quantitative trait locus (QTL) mapping
QTL mapping research should be expanded since it is one 
of the most practical approaches to disclose the heredity of 
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SMs and scan the complete genome to discover the QTLs 
regulating characteristics linked with SMs production in 
MAPs. For instance, in Artemisia annua, Graham et al. 
(2010) reported QTL map which explains a significant 
part of the variation in key traits that control artemisinin 
yield. Artemisinin is the key component in the acceptance 
and commitment to therapy of malaria and the demand is 
expected to increase in the near future. In another study, 
Celik et al. (2016) analyzed 103 Turkish landraces and 15 
cultivars of the opium poppy (Papaver somniferum L.) for 
the identification of QTLs controlling morphine content 
and they found one SSR and three AFLP loci significantly 
linked with morphine content. There is no doubt that the 
whole detected markers provide preliminary information 
for marker-assisted trait selection in plant breeding. In 
addition, extensive QTLs data of MAPs obtained from 
earlier studies are presented in Table 2. 
7.1.2. Genome-wide association studies (GWAS)
The ever-increasing market demand for MAPs forces plant 
breeders and biotechnologists to create novel cultivars 
with improved qualitative and quantitative traits. In 
nature, there is enough genetic diversity for a wide number 
of MAPs species to have different yields and secondary 
metabolite compositions. Many of the genes involved 
in various stages of secondary metabolite biosynthesis 
pathways have been described. Furthermore, genetic 
inheritance research in some MAPs revealed the qualitative 
and quantitative character of the genes involved in these 
syntheses. According to Pichersky (1999) a dominant 
gene, LIS encoding linalool synthase in Clarkia breweri 
and a related dominant gene in Mentha aquatica regulate 
the accumulation of linalool and exhibit monogenic 
inheritance. GWAS success stories in numerous crop 
species have sparked heated debate. On the other hand, the 
emergence of NGS and other genotyping technologies has 
significantly increased the possibilities of extremely rapid 
marker creation, allowing for genome-wide screening 
of markers in unsequenced and uncharacterized MAPs. 
For example, Otto et al. (2017) used genotyping-by-
sequencing (GBS) in chamomile to assess the genetic 
structure of the cultivated varieties-populations and to 
conduct a genome-wide association study (GWAS) to 
identify linked markers associated with flowering time 
and alpha-bisabolol content. GBS analysis identified 6495 
high-quality SNP-markers in the panel of 91 Matricaria 
recutita and 4 Matricaria discoidea plants as an outgroup, 
grown in the greenhouse in Gatersleben, Germany. M. 
recutita turned out to be differentiated from the outgroup, 
as various cluster and main coordinate analyzes with 
the SNP markers showed. Chamomile genotypes of the 
same origin shared a high degree of genetic similarity. 
Flowering time analysis revealed that diploids flowered 
earlier than tetraploids, while alpha-bisabolol analysis 

revealed some tetraploid genotypes with high content. 
GWAS analysis discovered SNPs associated with flowering 
time (9) and alpha-bisabolol (71) that were highly 
significant. GWAS data open the path for future studies 
on the genetics of chamomile traits, the identification of 
marker-trait associations, and the development of reliable 
markers for plant breeding activities. For example, Fan 
et al. (2020) discovered the markers associated with the 
ginsenoside synthesis pathway, dry root weight, and stem 
thickness in Panax notoginseng by using SNP  markers. 
As another example, in Nicotiana tabacum L., Tong et al. 
(2020) sequenced the whole genome of an intraspecific 
recombinant inbred line population, including an F1 
generation and its parents. To create the genomic map, 
45,081 markers were described, spanning a genetic 
distance of 3486.78 cM. This high-density genetic map will 
be contributed to QTL identification, gene localization, 
GWAS, and marker-assisted breeding in tobacco. 
7.1.3. Kompetitive allele specific PCR (KASP) 
KASP is one of the Uniplex SNP genotyping platforms and 
has become a global benchmark technology. It generates 
over a million data points annually for crop improvement 
purposes. Jang et al. (2020) sequenced the complete 
mitogenome of ginseng based on long-read data from the 
Nanopore sequencing platform in Panax ginseng C. A. 
Mey. They found 278 variants (213 SNPs and 65 InDels). 
Furthermore, 10 KASP markers were developed from 10 
SNPs. The genotypes of 59 Korean ginseng were reliably 
identified using these markers, and mitogenome diversity 
was elucidated. These markers identified the genotypes of 
59 Korean ginseng genotypes and mitogenome diversity. 
Ginseng breeding will benefit from the full mitogenome 
sequencing and 10 KASP markers. With another example, 
Ruzicka et al. (2021) used KASP to analyze the comfrey 
plant, which was developed using a next-generation 
sequencing approach. The plants were grouped into 
six distinct genetic clusters. Rosmarinic acid was not 
associated with any of the clusters, while a cluster was 
significantly different for some compounds, including 
allantoin and globoidan A. Similarly associated with a 
particular genetic cluster was low PA levels, which could 
become a valuable gene pool for minimizing PA levels 
through breeding.
7.1.4. Genome editing
Genome editing has lately offered plant breeders and 
biotechnologists a new tool for making precise and 
large-scale changes to plants that are not possible using 
traditional genetic engineering approaches. So far, only a 
few studies have shown that genome editing in MAPs may 
be used for secondary metabolic engineering (Jansing et 
al., 2019). For this aim, CRISPR/Cas (clustered regulatory 
interspaced short palindromic repeats), TALENs 
(transcription activator-like effector nucleases), and ZFNs 
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(zinc-finger nucleases) are now artificially engineered. 
According to Wilson and Roberts (2014), the CRISPR/

Cas9 system is one of the most recent and promising 
gene modification approaches, allowing plant metabolic 
engineering by altering multiple genes in the same region 
of the chromosome and generating smart variations in the 
plants. In recent years, the number of research papers on 
the CRISPR/Cas9 system use has steadily grown in MAPs. 
Li et al. (2016) and Ma et al. (2015) used this system to 
silence the major gene of the tanshinone metabolic 
pathway and inhibit the rosmarinic acid synthase gene 
(SmRAS), in Salvia miltiorrhiza. Feng et al. (2018) reported 
the inhibition of farnesyl pyrophosphate synthase (FPS) 
enzyme activity by a targeted mutation in gene Dzfps in 
Dioscorea zingiberensis, which resulted in 1.6 times less 
squalene content than wild type plants. These findings 
provide fresh insight into genome editing of MAPs and 
offer breeders a new tool for precision breeding.

Alagoz et al. (2016) used the type II CRISPR/SpCas9 
system to knock out the 4′OMT2 in opium poppy 
(Papaver somniferum L.), a gene that regulates the 
biosynthesis of benzylisoquinoline alkaloids. They showed 
that the biosynthesis of benzylisoquinoline alkaloids 
(e.g., morphine, thebaine) was significantly reduced 
in the transgenic plants. Furthermore, they observed a 
novel uncharacterized alkaloid only in CRISPR/Cas9 
edited plants. Therefore, the applicability of the CRISPR/
Cas9 system demonstrated for the first time for MAPs to 
regulate BIA metabolism and biosynthesis.
7.2. Transcriptomics of MAPs
The word “transcriptome” refers to the entire collection of 
ribonucleic acid (RNA) molecules that are expressed in a 
particle unit, including tissue, cell, or organism (Milward 
et al., 2016). Medicinal plant transcriptomic research 
has become the most active area of medicinal plant 
genomic research in the last few years. Transcriptome 
analysis provides interesting and helpful data regarding 
the activation or expressions of the genes (Wang et al., 
2015). Transcriptomics research on medicinal plants can 
help scientists to understand better gene function and 
regulatory mechanisms as well as improve methods of 
cultivation and breeding selection for better production. In 
the field of molecular biology, transcriptome-sequencing 
technology (TST) is widely used for sequencing methods 
(Sun and Wei, 2018). High-throughput transcriptome 
sequencing studies in MAPs are presented in Table 3.

Xu et al. (2014), during their experiment, used the 
high-throughput transcriptome IGA-II (Illumina GA-II) 
sequencing technology to study the Amur grape (Vitis 
amurensis L.) and resulted a total of 6850 transcripts 
participated in thermos regulation. This finding opens 
the way for further research into Vitis species’ cold 
tolerance mechanisms and the genes implicated in the 

cold stress regulation network. Liu et al. (2015) analyzed 
the transcriptome of Panax notoginseng adventitious roots 
and discovered 17% transcript changes in adventitious 
roots compared to common roots, as well as twenty-one 
genes involved in ginsenoside production. Pragati et al. 
(2018) conducted a study on Aloe vera to sequence the 
transcriptome in leaf and root samples. They used IPE 
(Illumina paired-end) sequencing technology and reported 
221,792 and 161,733 transcripts from leaf and root with 
113,062 (root) and 141,310 (leaf) uni-genes. Sixteen (16) 
genes linked to the biosynthesis of carotenoids, lignin and 
anthraquinone, and saponins were identified during the 
study. Another study was performed by Guo et al. (2018) 
on Paeonia suffruticosa commonly called “tree peony’’ for 
transcriptome sequencing. They found drought resistance-
related 81,725 uni-genes in P. suffruticosa Plant. Their study 
provides information on drought stress during the early 
flowering stage of the plant and also provides information 
about the hormone signaling, metabolic pathways, and 
reproductive system’s interaction. 

Singh et al. (2017) applied IPE sequencing technology 
to sequence the Nag chhatri plant (Trillium govanianum) 
transcriptome and found a total of 69,174 transcripts and 
identified a series of genes. Biosynthesis of steroid saponins 
and other secondary metabolite pathways were recognized 
during the study. This discovery provided assets for genetic 
manipulation for the pinpointing of potentially biological 
dynamic metabolites and can help in developing functional 
related molecular marker resources. Furthermore, Loke et 
al. (2017) during his research sequenced the transcriptome 
of Polygonum minus L. commonly known as “kesum” 
and attained the 188,735 transcripts. They also study 
the metabolic pathway of identified genes in the root 
and leaf tissues of the plant. Li et al. (2016) sequenced 
the transcriptome of a flowering shrub named Callerya 
speciose L. by using the Illumina sequencing method and 
reported 161,926 uni-genes with 4538 differential gene 
expression (DEGs) in the studied plant. DEGs linked to 
light signaling, cell wall loosening, and starch synthesis 
could be connected with the development of storage 
roots. Hou et al. (2018) planned a study on the medicinal 
plant Cornus officinalis and applied next-generation 
sequence (NGS) technology to study the transcriptome 
of leaf and fruit tissues of C. officinalis. During the study, 
they identified 56,392 uni-genes and 4585 significant 
DEGs. Among the DEGs, upregulated genes are 1392 
and 3193 genes are downregulated. Furthermost DEGs 
are related to the regulation of secondary metabolism 
and terpenoid biosynthesis. Understanding plant genes 
and biosynthetic pathways are provided by this. The 
compound rosmarinic acid biosynthesis in C. officinalis is 
a multifunctional phenolic biologically active compound 
with different antiviral and antibacterial activities. Li et al. 
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(2017) examined the transcriptome of the medicinal plant 
Dracocephalum tanguticum and identified 151,463 uni-
genes. Thoroughly, 22 rosmarinic acid-related biosynthetic 
genes were anticipated that provide a reference for destiny 
studies on biosynthetic genes associated with rosmarinic 
acid in this plant species. 

Yuan et al. (2018) investigated the biosynthesis paths of 
flavonoids and relevant precursors using NGS technology 
to perform de novo transcriptome sequencing and analysis 
of Abrus mollis leaves. In the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways, the unigenes with their 
important enzymes in the biosynthesis of phenylpropanoid, 
phenylalanine, isoflavonoids, and flavonoids were studied. 
Their findings will aid in the discovery of isoflavonoid 
and flavonoid production mechanisms in A. mollis leaves, 
as well as biological regulatory studies. Fu et al. (2019) 
sequenced the transcriptome of Dysphania schraderiana 
flower and leaf tissues for the first time using Illumina 
Hiseq4000 and discovered 40142 uni-genes. There are 2579 
genes that are expressed differentially in flowers and leaves 
among the 40,142 uni-genes and were included in future 
enrichment analysis. This research has cleared the way 
for further research into D. schraderiana’s physiological 
processes and secondary metabolite production. Dinh et 
al. (2020) used a new transcriptomics sequence technique 
“Illumina HiSeq 4000 sequencing platform” to investigate 
the transcripts from the stem, leaves, and roots of a 
medicinal plant Populus alba commonly called silver poplar. 
11343 EST-SSRs primers were optimized and 101 primers 
were selected from 7774 primer pairs for polymorphism 
confirmation. Among the 101 primer pairs, 20 primers 
showed high polymorphism. These results were important 
for the restoration, conservation, and better management 
approaches of Populus alba.

Wang et al. (2020) Exclude highlighted words applied 
NGS tools for transcriptome sequencing of Gastrodia elata 
and recognized 33,322 uni-genes. Among the 33322, 5.85% 
uni-genes confined at least one (01) SSR marker. The AG/
CT reappearance keynote was the most common in SSRs 
with 21.67% detections. The conclusion of this present study 
represents a deeper appreciation of molecular mechanisms 
and basics of internal metabolism, growth, and improvement 
of G. elata medicinal plant. Lade et al. (2020) studied the 
genetic variation of 96 Tinospora cordifolia medicinal 
plants from different locations in India and recognized 
7611 SSRs from 26,8149 transcripts of T. cordifolia. The 
maximum variation was found in Tc131, 31, 129, 38, 16, 
59, 60, 17, 106 and 130. The following markers TCSSR-37, 
TCTSSR-92, SSR-18, TCTSSR-59, TCTSSR-126, and 
TCTSSR-123 showed high potential for genetic variation. 
Hina et al. (2020) applied the Illumina technology and de 
novo assembly against the two Menispermum species for 
transcriptome sequencing. A total of 78,921 uni-genes were 

obtained and 521 polymorphic EST-SSRs were detected 
that showed high transferability against the Menispermum 
species. Their study concluded that newly designed marker 
will be helpful for further Menispermum genetics studies. 
He et al. (2020) analyzed SSR sites in Paeonia lactiflora 
using microsatellite software and discovered 86,195 uni-
genes, with 21,998 SSR sites spread across 17,567 uni-genes. 
Forty-five primers showed high polymorphism out of 100 
randomly selected primers. These highly polymorphic 
primers were used for clustering sixteen P. lactiflora varieties. 
These newly developed markers will be helpful for further 
P. lactiflora genetic study. Shah et al. (2020) performed a de 
novo transcriptome analysis of Lantana camara leaves and 
roots using transcriptome sequencing techniques. In leaf 
and root tissues, a total of 72,877 and 513,985 unigenes were 
found, with 229 and 943 genes engaged in phenylpropanoic 
acid production, respectively. For the treatment of fever and 
sore throat, Tetrastigma hemsleyanum extract is utilized as a 
broad-spectrum antibiotic substance. Liao et al. (2020) used 
comparative transcriptome analysis to find 26 cytochrome 
P450 and 17 uridine diphosphate glycosyltransferase 
candidate genes relevant to triterpene saponin production 
in Entada phaseoloides root, stem, and leaf tissues. The 
findings aided in the functional genomics of triterpene, 
saponin biosynthesis research.

Bains et al. (2019) sequenced the leaf transcriptome 
of Saussurea lappa using NGS technology and discovered 
transcripts encoding proteins involved in flavonoid and 
sesquiterpene production. These discoveries will help 
the researchers learn more about this plant’s functional 
genomics. Learn to investigate the response of Artemisia 
argyi to abiotic stress, Rastogi et al. (2019) performed 
transcriptome sequencing of leaves under drought, 
waterlogged, cold conditions, and salt stress. The plants 
were the most sensitive to cold stress of all the tested 
pressures. Eugenol production was likewise lowered by 
the abiotic stress treatments. Yan et al. (2020) analyzed 
the metabolome and transcriptome of Tetrastigma 
hemsleyanum green and purple leaves. In the leaves, a total 
of 4211 transcripts and 209 metabolites were found to be 
differently expressed, with sixteen compounds revealed to 
be substantially related with fourteen transcripts implicated 
in the anthocyanin biosynthesis pathway. Because of 
the sesquiterpene lactones it produces, this has a lot of 
therapeutic potentials.

8. Conclusions
The understanding of biochemistry of MAPs-based 
secondary metabolite synthesis has been increased in 
recent years with the development of omics approaches. The 
advent of DNA markers, which has helped to detect QTLs 
along the chromosomes controlling for these biomolecules, 
is one of the series’ important breakthroughs. Moreover, 
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the development of MAPs confronts numerous obstacles, 
including gene knockdown, irregular gene expression due 
to a complicated gene network, and a limited or no rise in the 
concentration of desired SMs up to the commercialization 
level. Therefore, the future of MAPs for human health 
depends on the application of multidisciplinary 

approaches right from the basics of biology, ethnobotany, 
and conservation biology to the current omics. It is 
obvious that these multidisciplinary approaches consist 
of combining traditional methodologies, omics, marker-
assisted selection, and artificial intelligence technologies in 
compound design and production.
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