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Abstract

Plant cell tissue and organ culture (PCTOC) technology is one of the most significant
biotechnology branches, called plant biotechnology. It is applied in production and
conservation of medicinal plants for phytotherapy, to combat communicable and non-
communicable diseases. Plant biotechnology is a proven technique for quick propagation
of medicinal plants, particular endangered species. Medicinal plants are the most
valuable source of human life saving drugs that play an essential role in health issues
mitigation all over the world's population. This current work intends to highlight the
outlines of PCTOC biotechnology for enhancement of valuable bioactive metabolites
accumulation in plant tissue yields of medicinal plants via elicitation processes using
various biotic and abiotic elicitors. This design will deliver mass production of valuable
metabolites aggregations, to be used on scale up production for pharmaceutical
preparations. Not only that but also, this work elucidates much interest of green and
nano-green biotechnology as recent advances in plant biotechnology applications in our
life. This study aimed to epitomize the key investigations and advance made in studying
plant biotechnology trends, for medicinal plants development and prospective
phytotherapy. Plant biotechnology products can be marketed commercially as natural
therapeutic medicines and food supplementary.

Introduction

Biotechnology is the use of biology to develop new products, methods and organisms
intended to improve human health and society. Biotechnology, often referred to as
biotech, has existed since the beginning of civilization with the domestication of plants,
animals and the discovery of fermentation. Early applications of biotech led to the
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development of products such as bread and vaccines, with rapid spread of Biotechnology
in agriculture, industry, pharmaceutical requirements for medical purposes. This spread
has revolutionized humanity due to the improvement of products quantitative and
gualitative. Year by year, the biotechnology-based commercial products are increasing
(Datta et al. 2021), particularly medical industry which consider as the worthiest sectors
economically all over the world. Moreover, a challenge is oriented using biotechnology in
the developing countries to promote the human proficiencies and infrastructure to
confirm adequate and influential domestic production. The services donated by
biotechnology increased globally the life quality and health (Bhatti et al. 2022).
Biotechnology provided influential approaches of drugs delivery as new procedures for
therapeutics beside the modified crops by genes to be nutritionally enrich along with the
functional techniques for environment pollution elimination (Srivastava et al. 2020,
Chena et al. 2022). Nowadays the role of biotechnology has become more potent in
different aspects of life, economically, medically, industrially and nutritionally. Despite
the most important advantages in biotechnology approach globally, there are many
constraints limiting biotechnology applications in developing countries. Lately,
researchers aimed to evolve the intrinsic biotechnology possibilities, to improve public
health through our initiatives for intensive studies, and exploration of further developed
research in sake of availability, to the rest of the world, the profits of biotechnology. Our
points of view and efforts in this regard involve, more functional drugs and cheaper
derived natural resources, efficacious therapies and enriched crop production,
nutritional, tasty and quality. This state of art will shed light on one of the most
significant biotechnology disciplines, plant cell tissue and organ culture (PCTOC)
technology which called plant biotechnology, it is a corpus of approaches designed for
the germination and propagation of the plant cells, tissues and organs by using solidified
artificial media rich in nutrient elements under aseptic conditions. This biotech provides
a suitable phytohormone regime, appropriate explants like buds, meristems, stems,
leaves, roots, etc. to be cultured in vitro and undergo to regulated division for gradual
development forming complex structures such as hypocotyls, internodes, cotyledons,
anthers, shoot tips, stems, roots, leaf disks, and ultimately whole plants. PCTOC
biotechnology is based on totipotency hypothesis, which states that each cell has ability
to regenerate forming a complete plant (Long et al. 2022). PCTOC is a proven technique
for quick propagation, conservation of plant endangered species (Moghadam et al., 2022),
enzymes production (Fasim et al. 2021), and supplying an alternative resource of
valuable phytocompounds (Chandran et al. 2020).Nowadays, scientists are keen to use
PCTOC biotechnology to be applied in production of genetically modified crops (GM
crops) that high yields of biomass, nutrition, and micronutrients, and in medicinal plants
conservation for phytotherapy, to combat the communicable and non-communicable
diseases. Non-communicable (chronic) diseases such as diabetes, obesity, colitis, cancer,
cardiovascular, Alzheimer diseases, etc. (Donohue et al. 2023) and communicable
(infectious) diseases that are caused by any of pathogenic strains such as bacteria, fungi,
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viruses and harmful yeast (Debta et al. 2020). Thence, plant biotechnology approaches
play a significant role to conserve and maintain medicinal plants with enhancement their
yields of bioactive metabolites accumulation in plant cell/tissue cultures for phytotherapy
as alternative natural sources in pharmaceutical and medical scopes. This current work is
aimed to epitomize the key investigations and advances made in studying PCTOC
technology trends for sustainable development of medicinal plants and the prospective
future for phytotherapy.

Medicinal plants are the most valuable source of human life saving drugs that play
an essential role in health issues mitigation all over the world's population (Khan et al.
2009). Several ancient years ago, the humanity depended on the conventional medicinal
plants which are extensively collected from the wild (Kasagana and Karumuri 2011) as
medical herbs and traditional drugs in the developing countries to serve the health care
system. So, these plants have been extremely spread worldwide to address an assortment
of different health problems. All parts of medicinal plants: leaf, root, fruit, stem, flower,
seed or bark is involved in medicinal characteristics (Jitendra et al. 1996) due to their
content of organic compounds which possess a significant function as defensive line in
plant-environment interaction and. These compounds known as secondary metabolites
(SMs) do not directly influence the development or growth of the plant (Hussain et al.
2012), so they are secreted in low amount (Kim et al. 2002). Secondary metabolites are
called natural products, phytochemicals and are accountable for medicinal characteristics
in plants which they include.
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Fig. 1. Synthesis of secondary metabolites in plant (Humbal and Pathak 2023).
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Therefore, SMs are defined as bioactive metabolites due to their action as an essential
natural source of drugs candidate in pharmacological applications for treatment a lot of
chronic diseases such as cancer, inflammations, osteoporosis, diabetes, Alzheimer and
respiratory diseases, and infectious diseases caused by bacteria, fungi, yeasts, viruses, etc.
(Kabera et al. 2014). It is previously known the differences between primary substances
as metabolic intermediates, substantial for plant growth and development, and
secondary metabolites as natural protective agents (Fazili et al. 2022), which are
produced as derivatives of primary substances through shikimic acid, mevalonic acid
and malonate/acetate pathways as shown in Fig. 1. Plant metabolites involve primary
and secondary metabolites, the primary metabolites including carbohydrates, lipids and
proteins, and the secondary metabolites are classified into three basic groups: phenolics,
terpenoids and alkaloids, each group are divided into complex structure sub-classes as
shown in Fig. 2.
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Fig. 2. General classification of plant secondary metabolites (Pandita and Pandita 2021).

The utilization of medicinal plants for pharmaceutical requirements dates back to 4000
years ago due to their safety and less side effects, so over 75% of global populations
depend mostly on plant extracts for their health care demands (Khanam and Vayaravel,
2021). Several decades ago, pharmaceutical products were mainly using synthetic
compounds from the libraries as medicines discovery source. Although the synthetic
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compounds are comparably simple to resupply and produce with good compatibility for
the founded high throughput screening platforms, there is a descend tendency in the
recent drugs delivering to the market, promoting renewed scientific research in
medicines discovery using natural materials, regardless its known challenges. Therefore,
the researchers did their best for medicinal plants propagation in vitro to be developed
and conserved sustainably using different methods of plant biotechnology techniques as
will be highlighted in this study.

The phytocompounds in medicinal plants play a vital role as natural medicines for
years thousands, and the reports by WHO revealed that the percentage of people still
depend mostly on those plants as traditional remedies is up to 80%.There are many
obstacles faced medicinal plants study such as little amounts of their bioactive
phytocompounds prepared by chemical procedures, their inexact definition and
speciation, and variability of their agricultural conventional protocols (Titanji et al.,
2015).Therefore, currently there is a tendency to use different biotechnological methods
for medicinal plants in vitro propagation with enhancement their yields of valuable
phytocompounds. These biotechnological methods are divided into several tracks
including, callus cultures and embryogenesis, organogenesis and plant regeneration,
cryopreservation and encapsulation, and elicitation processes.

Fig. 3. Stages of Somatic embryos development in hybrid sweetgum SE. (a) NEC: non-embryogenic callus; (b)
EC: friable-embryogenic callus; (c) PEM1: 20 days of pro-embryogenic mass; (d) PEM2: 45 days of pro-
embryogenic mass; (e) embryogenic callus with somatic embryos; (f) Somatic embryos at different
developmental stages (globular embryo: GE, heart-shaped embryo: HE, torpedo-shaped embryo: TE,
cotyledonal embryo: CE) (Li et al. 2021).
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Callus is massive growth of the cells, callose accumulation is associated with wounding,
and it is produced from single cell and then it is proliferated randomly forming assembly
of undifferentiated meristematic cells which are totipotent for whole plant regeneration
(Nagata and Takebe, 1971). Callus cultures were induced in a lot of medicinal plants
researches such as in Papaver orientale, rich in valuable alkaloids, where Zakaria et al.,
(2011) produced callus from cotyledons-hypocotyls by culture on B5 medium with
suitable hormones. Under definite conditions, cells of callus move towards somatic
embryos formation, embryogenesis is an operation where sets of somatic cells compose
somatic embryos similar zygotic embryos of seeds, this embryo can grow forming
seedlings on favorable medium such as in hybrid sweetgum (Qi et al. 2021). Fig. 3 shows
somatic embryogenesis via callusing and development stages of somatic ebryos, globular
(GE), heart (HE), torpedo (TE) and cotyledon embryos (CE).

Organogenesis includes, direct and indirect regeneration, and addition of plant
growth regulators combinations to culture medium coordinate the cellular division for
plant regeneration. The excised explants have identical genes with the donor plants, so
plant direct regeneration from meristems of shoot or stem or vegetative buds has yielded
encouraging findings in medicinal plants Such as Digitalis spp, Catharanthus and Rauvolfia
serpentina (Perez-Bermudez et al. 2002).

Callus-mediated organogenesis for plant indirect regeneration in medicinal plants
was accomplished by different growth regulators application in the culture medium
(Tripathi and Tripathi 2003). Cell division, cell growth and tissue differentiation are
stimulated by either endogenous growth regulators or exogeneous growth regulators
added to the nutrient medium. Fig. 4 illustrates comparison between direct and indirect
plant regeneration through microshoot formations derived from vegetative buds of
clematis plant cultivar (Mitrofanova et al. 2021).

Fig. 4. Direct organogenesis (A, B, C) and indirect organogenesis (D, E) in vegetative buds of clematis plant
cultivars (Mitrofanova et al. 2021).
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Plant regeneration directly or indirectly were recultured on medium fortified
withauxins as primary plant growth regulators, to promote roots, more profus roots were
hardened in pots containing peatmoss and perlite as 2:1 in the green house before
transplantation in the field. Fig. 5 exhibits protocol of plant tissue culture starting with
explants passing through embryogenesis and organogenesis till complete plantlets in the
bots for acclimatization stage.

- Selecting
explant
—_—

i
+* +

Somatic Embryogenesis Organogenesis
' ‘
§TTTTTTTTTTTTTTTTTS v T ¥

Indirect Direct Indirect Direct

Somatic

embryo "~ Bhaika Callus ---- Microshoot- -
E ‘ “““““ S::Ef;.: == Microshoot
o ‘ gt
:r -\E

|
W |
i
Somatic Embryl‘:’l"”""

Ger i

Acclimatization

Fig. 5. Schematic representation of plant tissue culture protocol (Hesami et al. 2021).

Cryopreservation is a process to conserve in vitro cultures for a long time, a
successful technique for medicinal plants maintenance. Cryopreservation is a long-term
preservation procedure in liquid nitrogen at 196°C under zero, where cell division,
biochemical and metabolic processes are stopped. A lot of cultures were perfectly stored
in liquid nitrogen, and then the frozen cultures can be regenerated forming the whole
plants (Bajaj 1991). Subsequently, cryopreservation supplies an opportunity for
endangered medicinal plants to be conserved skillfully like in Hyoscyamus spp and
Rauvollfia serpentine, where storage under low temperature is effective for their in vitro
cultures producing alkaloids without abnormality either in their alkaloid content or in
their fertility (Bajaj 1988). Various explants such as meristems, embryos, anthers, pollens,
protoplast and calli were successfully stored by cryopreservation. As well, vitrification
process is one of the conservation methods for medicinal plants; it is performed by
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exposure plant tissue/organ to cryoprotective agents’ solution (CPAs) which consists of
high concentrations of dimethyl sulfoxide (DMSO), glycerol, sugar and ethylene glycol
(Day et al. 2008). Excessive penetration of CPAs is useful for plant cells when increase the
concentration of internal solute which contribute to cell volume maintenance and
prevention cell damage (Meryman 1974). Meanwhile, overexposure of CPAs can induce
cell damage due to excessive dehydration or the toxic nature of CPAs. The sensitive
plants to exposure directly to vitrification solution, owing to osmotic stresses and
dehydration intolerance, a loading stage range between 10-20 min are incorporated
before incubation with CPAs. This step involves incubation the tissues with CPAs less
toxicity/concentration (medium contains 0.4 M sucrose+2 M glycerol), for dehydration
tolerance improvement (Nishizawa et al. 1993).Droplet-vitrification is a modified method
of the primary vitrification protocol, comprises placing the plant sample with droplet of 1
to 10ul of CPAs, which consists of medium containing 0.4 M sucrose +30% glycerol+15%
DMSO+15% ethylene glycol, this solution named plant vitrification solution (PVS)
(Kaczmarczyk et al. 2012). The combined plant sample with PVS placed in aluminum foil
piece before immersion in liquid nitrogen at -196°C as shown in Fig. 6. This procedure
verified higher cooling and re-warming rates, where the less liquid volume lead to high
ratio of heat to transfer from and to the sample (Sakai and Engelmann, 2007), as well the
cooling rates increased up 130°C/sec (Panis and Lambardi 2005). Thence, the transfer of
intracellular water from aqueous state to glassy state is quick, with reduction of water
crystallization.

Culture Shoot i Transferto aluminium
(preconditioning) ;1. orl: Preculture Loading PVS 2 incubation foils
solution Into droplets of PVS2

———
Transfer
AN \i.nto cryo-vial
Washing Solution
. Direct cooling

Rewarming

After7 days Recovery medium
withreduced light No light

‘_0‘—

Fig. 6. Cryopreservation by droplet vitrification method (Kaczmarczyk et al. 2012).
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Encapsulation process is one of the conservation methods for medicinal plants; it is
performed by immersing the plant samples (somatic embryos, micro-tubers, auxiliary
buds cell aggregates and shoot duds) in mixture of sodium alginate and calcium chloride.
This leads to form encapsulated protocorm-like bodies (PLBs) called artificial seeds
which can be cultured as seeds then converted into intact plants. Production of improved
artificial seeds is accounted as essential alternate technology for commercial reproduction
of many significant crops. This technique is important for mass proliferation of elite plant
genotype, alongside an efficient protocol to storage seeds rich in their content of valuable
bioactive metabolites (Rihan et al. 2017). (Sarmah et al. 2010)produced alginate beads
from axenic leaf explants (six-month age) of endangered orchid (Vanda coerulea Griff.
ex.Lindl), using 3% sodium alginate with exposure to 100 mM of calcium chloride
solution for 30 min, firm was formed lucidity, circularly, and uniform identical beads
were appropriate for handling. Authors found that the highest germination percent
(94.9%) of the artificial seeds’ recovery was achieved when beads were pollinated directly
after formation (Fig. 7).

Fig. 7. Encapsulated artificial seeds of Vanda coerulea leaf base.a, Protocorm-like bodies (PLB) of Vanda
coerulea leaf base. b, Isolated PLB from leaf base. Encapsulated seeds in ¢, 4% sodium alginateand 100 Mm
CaCL2; d, 4% sodium alginate and 75 mM CaCL2; e, 3% sodium alginate and 100 mM CaCL2; f, 3%
sodium alginate and 75 mM CaCL2; g, 2% sodium alginate and 100 mM CaCL2; h, 2% sodium alginate
and 75 mM CaCL2. i, Germinated alginate beads. j, shoots and roots appearance. k, development of
Complete plant from alginate beads. I, Hardening of plants. m, Hardened plants with primary binding
substratum. n, Plant established in tree trunk (Sarmah et al. 2010).
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Elicitation process is a system that provides an opportunity for plentiful research in
bioscience scope of plant cell cultures exploitation to be extracted intensively their
content of enhanced bioactive metabolites assemblages. These metabolites are essential
promising products for nutritional, pharmacological and medical applications. Elicitation
process is being performed by compounds stimulating plant physiological abnormality,
are termed elicitors. Elicitors catalyze synthesis and gathering secondary metabolites in
plant cells or induce novel metabolites as plant natural response versus elicitor stress in
which elicitors act as signal compound of plant protective responses (Radman et al.
2003). Due to the broader definition of elicitors, they are classified into several categories
according to their origin; biotic and abiotic elicitors which in turn divide forming many
kinds of elicitors according to their structural nature as illustrated in Fig. 8. Abiotic
elicitors are classified into chemical compounds of non-biological origin such as heavy
metals, mineral salts, etc., or physical conditions such as temperature, light, drought,
osmotic stress, etc. Biotic elicitors are classified into exogeneous factors of external
substances that have pathogenic origin and endogenous factors of compounds that have
been synthesized by plants. Exogenous elicitors are commonly released by any
pathogens like yeast extract, polysaccharides of microbial cell wall and bacterial lysates.
Endogenous elicitors involve polysaccharides of plant cell wall, intracellular proteins and
phytohormones that are synthesized as plant response of stress (Patel and
Krishnamurthy, 2013).
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Fig. 8. Schematic diagram of elicitors’ classification (Rogowska and Szakiel, 2021).
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This study reviews each elicitor application in the culture system of medicinal plants,
and its stimulating influences on bioactive metabolites accumulation, here are some of
these applications. For physical elicitors, light stimulates the production of gingerol and
zingiberene in callus cultures of Zingiber officinale (Anasori and Asghari 2008), ultraviolet
affected positively to stimulate stibene from Vitis vinifera cell suspension cultures (Xu et
al. 2015), and exposure to salinity promoted alkaloids, phenols and terpenes in Plantago
ovataplant (Haghighi et al. 2012). Also, proline and polyethylene glycol (PEG) as osmotic
agents enhanced steviol glycosides content in Stevia rebaudiana callus and cell suspension
cultures (Pratibha et al. 2015), beside the efficient effect of PEG for hypericin and
pseudohypericin production in Hypericum adenotrichum (Omer and Bengi, 2013). For
chemical elicitors, ozone enhanced the production of rosmarinic acid from Melissa
officinalis shoot cultures (Tonelli et al. 2015), heavy metals such as Cd? and Cu?
produced high accumulation of shikonin (Mizukami et al. 1977) and digitalin (Ohlsson
and Berglund, 1989), as well the betalaines production was stimulated by exposure of
hairy root cultures to metal ions (Thimmaraju and Ravishankar 2004), Cd> and Co?
increased resveratrol in Vitis vinifera cell suspension (Cai et al. 2013), and enhancement of
betacyanins accumulation has been occurred by treating Amaranthus caudatus callus
cultures to Cu? (Obrenovic 1990). In regard of hormonal elicitors, it is revealed that
jasmonic acid enhanced higher amounts of Plumbagin in Plumbago indica hairy root
cultures (Gangopadhyay et al. 2011), methyl jasmonate stimulated silymarin in Silybum
marianum cell suspension (Firouzi et al. 2013), salicylic acid promoted digitoxin
production in Digitalis purpurea shoots (Patil et al. 2013),both methyl jasmonate and
salicylic acid induced bacoside A compound from Bacopa monnieri shoot cultures (Jeyasri
et al. 2023) as shown in Fig. 9 and gibberellic acid increased Tanshinones accumulation in
Salvia miltiorrhiza hairy roots (Yuan et al. 2008).

Control Low biomass

Low quality of"
Bacoside A

Bacoside A

Treated Increased biomass

Fig. 9. Enhancement of bacoside A biomass in Bacopa monnieri L. (Jeyasri et al. 2023).
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In case of biotic elicitors, chitin, pectin and dextran promoted Hypericin and
pseudohypericin accumulation in Hypericum perforatum shoot cultures (Sonja et al. 2014),
yeast extract stimulated Cryptotanshinone and tanshinone I1A production from Perovskia
abrotanoidesa dventitious roots (Arehzoo et al. 2015), Escherichia coli, Bacillus cereus and
Staphylococcus aureus induced higher quantities of atropine in hairy root cultures of
Datura metel (Zahra et al. 2015). In addition, oligogalacturonic acid as polysaccharides
derivative from cell wall stimulated ginseng saponin content in cell suspension of Panax
ginseng (Hu et al. 2003). Success of biomass production and bioactive metabolites
accumulation in medicinal plants is influenced by these parameters; elicitor type and
concentration, cell line, period of exposure, nutrient composition, and treatment schedule
and culture stage. For example, high elicitor dose caused hypersensitive response
resulting cell death, whilst appropriate dose is the optimal for induction (Roewer et al.
1992) as occurred in Gymnema sylvestre plant, MeJA at concentration over 150 uM caused
drastic fall of gymnemic acid accumulation to be recorded 36.3% (Chodisetti et al. 2015),
duration of MeJA exposure between 24 and 72 h gave an initial rapid increment for
bioactive metabolites quantity in which more than this period may be caused subsequent
decrease (Wungsintaweekul et al. 2012), and culture medium composition applied higher
amounts of cocaine, chlorogenic and cinnamoylcocaine in Erythroxylum coca callus
cultures (Docimo et al. 2015). Furthermore, culture age is a vital parameter, plays an
essential role for bioactive metabolites production by elicitation, where hairy root
cultures of Withania somnifera at age 40 days exhibited highest quantities of withaferin A,
withanone and withanolide A by treating with SA and MeJA (Sivanandhan et al. 2013).

In the recent era, nanotechnology is termed nanomaterials, is gradually imparting
their considerable impact in our life and environment. Since a few decades ago,
nanomaterials have infiltrated into each sector of sciences for de novo alternatives
creation (Tran et al. 2012). Kinds of nanomaterials, such as nanoemulsions,
nanocomposites, carbon nanotubes and nanoparticles, are applied in several disciplines
like energy, textiles, electronics and medicines (Khan et al. 2019). Nanoparticles (NPs)
defined as particles of matter with sizes between 1-100 nm in diameter, have one
dimension or more in their external or internal surface, they are manufactured or natural
(Hasan, 2015). NPs are classified based on the provenance into three categories; natural
NPs which derived from forest fires, volcanic eruption, mineral processes and
photochemical reactions; incidental NPs which emerged from industrial processes;
engineered NPs like composites, magnetic and metallic (Nowack and Bucheli 2007).
Engineering nanoparticles called commonly nano elicitors or elicitors’ nanoparticles
(NPs). Elicitors NPs are intelligent nanomaterials because of their unique physiochemical
properties and marvelous applications which indicate to their improved features
founded on their shapes, sizes and structures. The mentioned features made NPs to be
easier solubility, better functionalization and less toxicity (Rai et al. 2018, Joshi et al.
2019). Recently, a lot of researchers applied elicitors NPs in plant biotechnology as novel
elicitors to be affected positively on bioactive substances biosynthesis in plant culture
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system of medicinal plants. Nanotechnology is paramount technological revolution
defined by size, in this sense it involves any nanometer sizes dependent technology, so
elicitors NPs has been studied their potential applications in vitro and ex vitro to
improve the crops productivity nutraceutical and nutritional, alongside enhancement of
bioactive ingredients production in medicinal plants via plant tissue culture protocols
and plant biotechnology approach (Rivero-Montejo et al. 2021, Lala 2020). The nanometer
size properties confer a large surface area per unit, elevated energy to surface and
guantum detention confinement, which in turn lead to improve their biochemical
activity. Hence it could be suggested that the significance impact of elicitors NPs in
reactive oxygen species (ROS) generation may act as trigger for plant bioactive
metabolites. Take into your consideration that the distinguished properties of elicitors
NPs are accountable for their unique attitude and environment impacts in comparison to
bigger particles in the same type (Marslin et al. 2017). Information about elicitors NPs
action as efficient elicitors in metabolites biosynthesis are insufficient, however
comparatively little research have been applied on elicitors NPs in production scope of
valuable bioactive substances. There are various advantages of elicitors NPs such as tiny
size, big surface compared to volume ratio, capability of electron exchange engineering,
high surface reactive possibilities, and entrance easy and interaction with different
components of plant cells, beside extreme strength and durability, and catalytic activity
promotion. Upon the aforementioned elicitors NPs advantages, several studies proved
that nanoparticles which have been used in different in vitro cultures as novel elicitors of
plant defensive biochemistry are associated by enhancement of bioactive metabolites
production (Fig. 10).
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Fig. 10. Schematic representation of secondary metabolites production by elicitor NPs in plant tissue cultures
(Lala 2020).
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A lot of elicitors NPs including zinc oxide (ZnO), titanium dioxide (TiO2), silicon
oxide (Si0O2), iron oxide (Fe304), selenium (Se-NPs) and copper (Cu-NPs) have received
considerable attention due to their non-menace use in the agriculture field (Alabdallah
and Hasan 2021, Hashem et al. 2021). Elicitors NPs are produced by particular strategies,
including physicaland chemical procedures (Akhtar etal. 2022), and their positive
effectiveness on growth and development of plants are variable according to their
concentrations, origins, sizes and application time to the crops ( Rubilar et al. 2013). It is
known that, production of bioactive metabolites by plant cell culture occurred
fundamentally in medicinal plants (Hatami et al. 2019), therefore using elicitors NPs in
medicinal plants for bioactive compounds induction have been performed to promote
therapeutic potential, which is imputed to its carotenoids, coumarins, flavonoids,
alkaloids, terpenoids and volatile oil (Muley et al. 2009). Here are some researchers who
proved through their recent investigations the significant role of nanoparticles as novel
elicitors to augmentation the bioactive metabolites accumulation in several medicinal
plants. Singh et al. (2018) found an increment quantity of total phenols and flavonoids
content in Withania somnifera L. shoots and roots using CuO NPs in their culture system,
Karakas 2020 improved production of tryptanthrin and indigo in Isatis constricta in vitro
plantlets by Ag NPs elicitation and Mosavat et al. (2019) who confirmed success of the
elicitation process for thymol and carvacrol production using ZnO NPs of 150 mg/I
concentration in culture system of Zataria multiflora and thymus species (Thymus
kotshyanus and Thymus daenesis). According to the acknowledgement of several
researchers regarding consideration Ag NPs as novel and influential elicitor in plant
biotechnology to produce bioactive metabolites. Rezaei et al. 2011 and Chung et al. 2018
depicted the influence of Ag NPs in Cucumis anguria L. hairy root cultures, and found
promotion of biomass accumulation for total phenolic structures such as protocatechuic,
vanillic acid vanillic acid, p-coumaric, chlorogenic, hydroxybenzoic acid, syringic, t-
cinnamic, ferulic and caffeic acid, furthermore, the authors found high antioxidant,
antifungal and antibacterial activity with perfect cancer cell inhibition. Furthermore, TiO:
NPs are one of the most studies for enhancement the production of bioactive substances,
so particular interest has been paid to apply TiO2 NPs, Kruszka et al. 2020 increased the
germination of seeds in okra plants by TiO2 NPs application, and also Ogunkunle et al.
2020 increased fresh weight in fruits of Abelmoschus esculentus (L.) using TiO2 NPs

The topic of elicitors NPs in the in vitro cultures is acquiring attention, yet there is
little research regard their impacts. In spite of elicitors NPs advantages for enhancing
bioactive metabolites, notorious negative impact by doing NPs in plants called toxicity
(Siddiqui et al. 2014, Siddiqui et al. 2015). This phytotoxicity of NPs action is highly
complex and relies on the chemical, physical characteristics and the interference between
the plant and the environment (Tripathi et al. 2017), also the toxic effects of NPs may
depend on particles size and dose. A lot of scientists revealed that the primary
mechanism underlying NPs toxicity is the induction of ROS which is raised in plants by
their exposing to NPs, resulting in further oxidation stress in plant cell/tissue (Rico et al.
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2011, Tripathi et al. 2017, Nair et al. 2010). In normal state, ROS may promote metabolic
pathways (Hatami et al. 2019), excessive quantities of ROS may subsequently result in
damage in proteins and DNA of the cell membrane, lipid peroxidation, leading to
possible cell death and inhibition of physiological processes in plants (Yan and Chen, Z,
2019). Principal phytotoxicity are occurring in plant cell by excess production of ROS,
which induce alteration of physiology, morphology with genetic and biochemical
constitutions in the plant (Tripathi et al. 2017). Morphological changes include grown
possible, biomass and upgrowth of seeds, which are generally associated with toxic
impacts of NPs exposure (Aslani et al. 2014). Here are some of these negative effects of
phytotoxicity which have been reported by those of Wang et al. 2016 who found growth
reduction of Arabidopsis thaliana by 20% and 80% using 200 and 300 mg/l ZnO NPs,
respectively, alongside inhibition of genes expression regard chlorophyll biosynthesis
and photosystem structure, Hong et al. 2015 who discovered reduction in root length of
Lactuca sativaand Medicago sativa by 49% with activity promotion of ascorbate peroxidase,
and plant size reduction with nutrient content alteration. Furthermore, concerns regard
the toxic effects of NPs in aquatic plants have been screened, using CuO NPs in
Chlamydomonas reinhardtii cause growth inhibition, carotenoids level decrease
significantly and increasing of ROS level (Melegari et al. 2013). The overall concept of
harmful effects of plant exposure to NPs that plants are hugely consumed by animals
and humans, so NPs may be absorbed into plant organs and may bioaccumulate in the
tissues which are used later for consumption (Tripathi et al. 2017). It is more necessity to
screen the biosafety of elicitors NPs used as novel elicitors in plant biotechnology
approach, this biosafety involves in life cycle, exploitation by plants and the entrance
directly or indirectly into the food chain (Rico et al. 2011). The main reason of
phytotoxicity induced by elicitors NPs in which their toxic impacts in any organism may
attribute to release toxic metals as precursor for interaction between NPs and cell
membrane surface owing to shape or size of NPs (Kirchner et al. 2005). Although the
profit of elicitors NPs application in plant biotechnology approaches is known
economically, industrially and pharmaceutically, possible risk subjects need to be
accounted, since NPs entrance into human body via oral exposure owing to water, food,
air or drugs which involve nanomaterials (Karimi et al. 2018). Hence, it is supposed to
research the biosafety issues to decrease the knowledge gap related to NPs’ toxic
influences upon entrance to any organism and causing oxidative stress, DNA damage,
inflammation, proteins damage, fibrosis, carcinogenesis and cell death (Abdal Dayem et
al. 2017).

Enhancement of bioactive metabolites accumulation in medcinal plant cultures are
strictlly controlled spatially and temporally by biotic and abiotic elicitors. Transcription
factors (TFs), a complex network comprising several regulatory genes, control in the
spatiotemporal transcriptional coordination of metabolic biosynthesis pathways, TFs
have a paramount role to regulate likely the genes involved in all aspects of plant
propagation and evolution, beside bioactive ingradients production (Afrin et al. 2015).
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Jasmonic acid (JAs) as abiotc elicitor is an ubiquitous elicitor to produce metabolites in
plant kingdom in both of angiosperms and gymnosperms (Pauwels et al. 2009) via its
essential signaling role across the plant to regulate several cellular activities (Memelink,
2009). In plant response to JAs as hormonal elicitor, TFs act as complex regulatory
network to fine-tune the capacity, timing and tissue-particular expression of genes
pathway and the subsequent aggregations of bioactive metabolites (Vom Endt et al.
2002). Otherwise, yeast extract (YE) as biotic elicitor is potent inducers of terpenoid
indole alkaloids (TIA) production through activation of multiple TFs which in turn is
binding with gene promoters of TIA biosynthesis (Patra et al. 2013). Plant response to
several signaling molecules appear through plant generation a broad variety of bioactive
metabolites in which plants respond to any stress via redirecting primary metabolites
(PMs) and enhancing secondary metabolites (SMs) production such as terpenes, tannins,
phenols, flavonoids, etc. Biochemical and physiological processes occur in plant cells as
response to the stimulus (elicitor), mechanism of elicitors action in plant cells is shown in
Fig. 11 which illustrates the consecutive reactions that take place throughout elicitor-
stimulated defense responses. The plant cell membrane includes receptors which detect
the elicitor and catalyze a series of reactions in the cell thorough phosphorylation and
dephosphorylation across plasma membrane, increment of calcium concentration in cell
cytosol with outflow of potassium and chloride ions, and stream of protons enter the cell,
this cell state results in acidified cytoplasm and extracellular alkalinization. These
sequential alterations activate several signaling pathways, for example, pathway of
mitogen-activated protein kinase (MAPK), that leads to NADPH oxidase activation,
which stimulates reactive oxygen species (ROS) production (Humbal and Pathak, 2023).
This operation triggers early defense genes expression to provide bioactive metabolites
accumulation as lasting defense versus the elicitor (Ramirez-Estrada et al. 2016).

Elicitor H20
0’0 02 » Oz'—»l
[ pL |-t NADPH “T’
QP N A I & oxidase
i het ) (wo

Receptor Ca* -

uuuuuu

| S
%
8
2
33
I
gk

" P eo . . Second.
=y L [ m:l;lhc»:l’:’f
x? L/ A s
/oo. . .
<7 J‘?sh;o +/-
“~ate 4
Transcriptional
o reprogramming
“hi/-

44— M-RNA

/’#‘Nuchaus

Enzyme
Transcription factors _

Plant cell

Fig. 11. Schematic diagram of generic mechanism of elicitors action (Humbal and Pathak 2023).
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A bioreactor is apparatus in which organisms like plant tissues, or microbe cells are
cultivated and aids in production of their desirable yields in a contained environment.
Bioreactors play a vital role in bioprocess engineering and are considered as a key step
for commercial production of bioactive compounds through plant biotechnology.
Bioreactor technology has become a gainful manufacture worldwide. Chemical and
biochemical transformations are occurring in the reactor which is enclosed by unit
operations that perform physical changes for products recovery through medium
preparation. There are different aspects of bioprocess engineering for plant cell cultures
derived products dependent on bioreactor types and optimal strategies for bioactive
substances production (Su et al. 2019). Bioreactors characterize by these essential
properties, optimum control for cell suspension cultures scale up under precise
parameters, possibility of constant regulation action for bioreactor operation conditions
at different stages, easy of handing for inoculation and harvest during culture,
enhancement of nutrients uptake through immersed culture procedures which promote
multiplication rate and bioactive substances yields (Tripathi and Tripathi 2003).
Furthermore, using bioreactor systems with different cultivation conditions may affect
positively morphogenesis and biomass aggregations of plant in vitro cultures, grown in
bioreactors. Gaseous atmosphere deficiency in bioreactor system allows precise control of
oxygen delivery and carbon dioxide exchange, to improve transfer processes of nutrients
and dissolved O: through the system. As well the morphogenesis and biomass
aggregations are affected by optimization of carbohydrates, growth regulators and
minerals in the liquid medium (Gatti et al. 2017). Upon the advantages of bioreactors
technology mentioned above, some scientists reported that the progression of plant
biotechnology in agriculture, pharmacy and medicine sectors is associated with some
applications of modulated bioreactor systems (Yancheva et al. 2019). Bioreactors give
superior conditions for large-scale valuable ingredients production from medicinal plants
to be applied on commercial scale in several industries (Kieran et al. 1997), for example
production of sanguinarine in significant quantities from Papaver somniferum cell
suspension cultures ( Park and Yoon 1992), production 500 mg/l/day of saponin from
Ginseng in vitro root cultures ( Charlwood and Charlwood 1991), and production of
ginsenoside from Panax ginseng adventitious roots (Hahn et al. 2003). Production of plant
bioactive metabolites via in vitro culture by bioreactor apparatus was performed by
Wawrosch and Zotchevl 2021 as shown in Fig. 12. (A) represents in vitro cultures such as
shoots, roots, callus, hairy roots.(B) represents multiplication of primary in vitro cultures
as first selection for establishment of liquid cultures. (C) represents selection of the
highest yield lines with optimization the culture conditions including the nutrient
composites, light, temperature, aeration, agitation and inoculum density, as well as
elicitation processes across precursor feeding. (D) represents bioreactor design which
depends on culture pattern, stirred tanks, bubble column, spray reactors or temporary
immersion for organ culture.
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Fig. 12. Schematic representation of bioactive metabolites production from plant in vitro cultures via bioreactors
technology, A: in vitro cultures, B: liquid cultures, C: yield lines, D: bioreactor (Wawrosch and Zotchevl
2021).

As a result of bioreactor system benefits which including quick cultures growth,
better transfer of gases and nutrients, scalability of the process and decrease labor
charges, system of bioreactor allows high grade of cultivation process automation with
keeping on constant and precise environmental conditions. Bioreactors have been used
globally in production scale-up for plant bioactive metabolites to be applied in
pharmaceutical and industrial sectors (Fig. 13).

Fig. 13. Industrial scale-up production of plant bioactive metabolites through bioreactors technology
(Photobioreactor Wikipedia).
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As known, biotechnology is accountable for the changes of living organism and their
metabolites to produce many products that are helpful for the humanity. Biotechnology
is used extensively in several aspects of the human life; industrial, nutritional,
pharmaceutical and medical, so biotechnology categorized generally according to the
applied field into various types such as white biotechnology, green biotechnology, blue
biotechnology, red biotechnology, brown biotechnology, purple biotechnology and
yellow biotechnology. Owing to enlarged range of biotechnology applications,
highlighting by colors was used to distinguish the major research areas, such as white
color expresses to microbes-based industry, green color expresses to agriculture, blue
color expresses to marine or fresh water, red color expresses to pharmaceuticals, brown
color expresses to desert biotechnology, purple color expresses to inventions and patents,
and yellow color expresses to insects derived drugs (Barcelos et al. 2018). This part of
work will highlight ton the recent advancements of plant biotechnology such as green
biotechnology and nano green biotechnology. Green biotechnology is related to our
specialty, all biotechnological techniques regarding crops, plants, agriculture fields, plant
cell and tissue culture, etc., are the main subjects that were subcategorized of green
biotechnology. The benefits of green biotechnology involve improvement of nutritional
guantity and quality for the crops, obtaining of plants drought-resistant and diseases-
resistant, development of transgenic crops, hybrid varieties and biofuels plants, and
increasing of bioactive metabolites productivity of medicinal plants with reduction their
production costs(Yashveer et al. 2015). Scientists seek currently through green
biotechnology to decrease the reliance of agriculture on chemical and mechanical
procedures via using fewer offensive practices to the surrounded environment, beside
contribution of better food emergence and plant productivity increment of their
metabolites in less cost (Silveira et al. 2005).From the other promising modern
technologies, nano green biotechnology, it is a technique involving in nano formula by
biogenic nanoparticles synthesis of various metals such as silver, zinc, titanium, carbon,
etc. Biosynthesis of NPs became more popular in comparison of chemical procedures to
reduce the pollution in the surrounding environment; advantages of biogenic synthesis
are attributed to raw materials availability with their less cost (Rauwel et al. 2015).
Biosynthesis methodology of NPs lies in using living organisms like bacterial or plant
cells as provider source of bioconversion Nano green 5 (Mohanpuria et al. 2008). Plant
extracts are used as simple and safe alternative materials to produce NPs of the elements
on a large-scale (Iravani 2011). From the significant metal ions which have been used in
biogenic nanoparticles synthesis, silver ions that possess unique features to can be
applied in various applications such as elicitors, antimicrobials and cosmetic products
(Iravani et al. 2014, Srikar et al. 2016). Ag NPs have an efficient influence to promote
bioactive metabolites (flavonoids, tannins and phenols) accumulation in callus cultures of
both of Juniperus procera (Salih et al. 2022) and Citrus reticulata L (Anum et al. 2019).
Augmentations of the bioactive metabolites in medicinal plants lead to raise therapeutic
activity (Muley et al. 2009). Based on the aforementioned potent role of Ag NPs in
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bioactive compounds enhancement, Ag NPs were biosynthesized according to the
procedure described by Ahmed et al. 2016 and Ashraf et al. 2016. A volume of 100 ml of
Phoenix dactylifera leaf extract was mixed with 50 ml of 1 mM aqueous silver nitrate
(AgNO3) solution in ratio 2:1, v/v, then the mixture was heated at 80°C for 20 min,
preliminarily change was detected across the chromatic conversion from yellow to dark
brown forming silver nitrate nanoparticles (Ag NPs). The mixture was then decanted into
tubes (15 ml) before centrifugation for 25 min at 4500 rpm, the formed pellets were
collected with discarding the supernatant (Fig. 14). For confirmation the good
performance of biogenic Ag NPs, many techniques were used to screen Ag NPs
properties; UV-visible spectrometer (200-800 nm), FTIR (Fourier Transmission Infrared
spectrometer) to detect the functional group, DLS (Dynamic Light Scattering) to identify
the surface charge, SEM (Scanning Electron Microscope) to measure surface morphology,
size and silver nanostructures distribution, and X-ray spectroscopy to measure energy-
dispersive.

Leaf extract + Sliver nitrate AgNPs

Leaf of Phoenix dactylifera Leaf extract  Heating at80°C for 30 lct\aracmuauon
minutes

Phenolic compounds,
SOD and protein estimation

HPLC

Coumarin, quercetin, tannic acid, gallic acid, rutin, hesperidin and ferruginol estimation I

Fig. 14. Steps of biogenic silver nanoparticles (Ag NPs) synthesis (Salih et al. 2022).

The main idea of biogenic Ag NPs synthesis depends on the excitation of surface
plasmon oscillations in Ag NPs, this excitation induces change of the color from yellow
to brown. The chromatic conversion of the reaction indicates to reduce Ag* formula to
Ag° formula in Ag NOs solution, confirming Ag NPs formation (Khalil et al. 2014).
Subsequently, to be sure of nanoparticles synthesis biologically, there are two steps; the
color change as the first sign to form NPs and screening the characterization of NPs by
several techniques (DLS, UV, FTIR and SEM) to confirming the shape, surface charge,
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morphology, size and functionalization (Banerjee et al. 2014). Mode of action of biogenic
NPs in plant cell is attributed to effect of NPs on the biochemical and physiological
processes through metabolic process, hormone signaling and electron transport chain
(Paramo et al. 2020). As a result of the previous findings regarding the significance of
biogenic nanoparticles in enhancement of the plant bioactive metabolites with
consideration the less-cost of production, simple and safe method, it is recommended to
use biogenic NPs via nano green biotechnology to be serve as the optimal model for
enhancement the production of bioactive metabolites in medicinal plants in vitro.

Plant biotechnology applications serve many industrial concerns through either new
products delivery or modulation of existing products to be employed in several
businesses. Biotechnological methodologies gave a lot of agronomic traits such as crop
yields increment and increasing of the bioactive metabolites production in medicinal
plants, these agronomic traits are mainstay for industrial products and phytotherapy.
Some of biotechnological applications in our life such genetically modified (GM) crops
which have been mentioned by Srivastava 2018 who reported that the genetically
modified (GM) crops helped in crop yields improvement including biomass feedstock’s,
food functionality and nutrition, and micronutrients in plant foods such as zinc, iron and
[3-carotene. Therefore, GM crops can be served as a tool for improvement the nutrients in
foods via biotechnology techniques. Not only that but also, plant biotechnology strategies
provided essential tools for phytocomponents production to be extended commercially
for biosynthesis several high-value compounds of significance to chemical, food and
pharmaceutical industries. Interestingly, several techniques of plant biotechnology were
employed to produce considerably pigments from different in vitro cultures (callus,
organ and cell suspension cultures) for industrial production. This in vitro technology
allowed the production scale up of pigments such as anthocyanins which ordinarily are
not present in field-grown plants. Production scale-up of these pigments is still one of the
greatest challenges for scientists in plant biotechnology to be enabled for considerable
production of pigments to be used in food manufacturing processes as natural chromatic
pigments instead of chemical dyes Simd&es et al. (2012). Here are some of these research;
Youssef et al., 2021 elevated the productivity of some phytocompounds of Antigonon
leptopus; the total pigments such as carotenoids, chlorophyll a, b and anthocyanins in
shootlets using 0.1 mg/l IBA+0.4 mg/l 2iP; phenols, flavonoids and antioxidant activity in
shootlets using 0.6 mg/l 2iP. Also, addition of 1 mg/l TDZ+2.5mg/l NAA to callus culture
medium enhanced their active compounds of pigments, phenols and flavonoids
structures. Mohamed et al. 2021 enhanced diosgenin compound as bioactive secondary
metabolites in Balanites Aegyptiacae callus cultures by adding 300 mg/l of tryptophan to
calli medium, with consideration of the extract biosafety on the normal human cells.
Khalifa et al. 2022 found that callus cultures of Silybum marianum L contained the highest
phenolic amounts by their exposure to 25 Gy y-radiation with phenylalanine (4 mg/l) and
the maximum flavonoids content by exposure calli to 25 Gy vy-radiation with
phenylalanine (1 mg/l), as well the authors detected 11 substantial flavonoids in callus
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cultures of Silypum marianum L. Mamdouh and Smetanska 2022 obtained the highest
productivity of antioxidants, flavonoids and phenols in cell suspension cultures by
cultivation leaf explants of Lycium schweinfurthii on MS-medium supplemented with 2
mg/l NAA. Lashin and Elhaw 2016 detected the biggest alkaloids content in the
regenerated plantlets of Physalis peruviana, and the biggest amounts of total saponins and
tannins in callus cultures from the seeds. Owis et al. 2016 offered an alternative resource
of Calligonum polygonoides L. for massive quantitative of secondary metabolites content
through callus, cell suspension cultures and the differentiated shoots of Calligonum
polygonoides L. Atteya et al. 2021 improved the production of chlorophyll a, b and
carotenoids in the in vitro plantlets of Aloe vera using the combinations of NAA and BAP
in culture medium, and increased phenols, flavonoids and antioxidants using the
treatment of 0.1 mg/l NAA+3 mg/l BAP, so they recommended to use the in vitro
technique for Aloe vera plant reproduction with increasing its content of
phytocompounds. Concerning of phytotherapy using medicinal plants, the historical
development relevant to herbs-derived natural product medicine detection,
accompanying challenges of natural product-based medications discovery are seriously
discussed in several research. In this regard, a glance of promising plant biotechnology
approach to cure several diseases such as Alzheimer disease and microbial infection. For
Alzheimer’s disease (AD), it is a neurodegenerative disease, it is the fifth leading reason
of death in patients have or up 65 years old (Reitz 2012). Its symptoms appear in form of
behavior deterioration, memory lack, thought lateness, performance weakness and
severe depression (Squire 1992). Radad et al. 2011, Chen et al. 2012, Aglawe et al. 2021,
Marde et al. 2021 and John et al. 2022 illustrated that Alzheimer’s disease depends on tau
aggregation and amyloid deposition which return back to Misfolded protein in
cerebrum, inducing oxidative stress-produced damage. It is known that acetylcholine
(ACh) is remarkable for cognitive performance among neurotransmission systems,
individuals have less ACh concentrations are the most susceptible to AD injury. Based on
significance of cholinergic in AD genesis, cholinergic neurons depletion, and
acetylcholinesterase activity are abnormalities lead to AD symptoms (Upaganlawar et al.
2021, Kale et al. 2022, Francis 2005). Some drugs and acute psychological stress are
reasons of amnesia and Alzheimer disease, allopathic drugs are prescribed for AD
treatment, but they induce harmful side effects. Subsequently, medicinal plants are
proven their tremendous adequacy as natural perfect source of drugs to address memory
deficit and AD in fewer side effects (Akram and Nawaz 2017). Specificity of
phytocompounds for cerebrum receptors indicates to the influential role of herbal drugs
in neurological illnesses management, through their action as special cholinesterase
inhibitory, this lends support in AD therapy (Lundstrom et al. 2017, Kale et al. 2022).
From these medicinal plants which met a renewed scientific interest to AD remedy;
Ginseng containing ginsenoside, Ginkgo biloba containing ginkolides, Glycyrrhiza glabra
containing glycyrrhizic acid, Pistacis vera containing flavones, Moringa olifera
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containing quercetin, Phyllanthus acidus containing terpines and Curcuma longa
containing curcumin (Fig. 15).
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Fig. 15. Different phytocompounds of medicinal plants for Alzheimer’s disease management (John et al. 2022).

These phytocompounds can be serving as important neuroprotective potentials as
anti-amyloid-beta aggregation and acetylcholinesterase inhibitory activity Moeini et al.
2019. Therefore, Plant biotechnology approach must be activated for the in vitro
propagation of the aforementioned valuable medicinal plants with enhancement their
content of bioactive metabolites (ginsenoside, ginkolides, glycyrrhizic acid, flavones,
curcumin, quercetin and terpines) that are responsible of Alzheimer disease remedy. For
the microbial diseases, extracts of medicinal plants grown in vitro through plant
biotechnology approach were screened and confirmed their efficiency as antibiotics via
their actions against several strains of microbial strains. Butanol extract of Jatropha curcas
L. hypocotyl callus recorded the highest antibacterial effect for Escherichia coli, followed
by ethylacetate fraction, then water extract (Soliman et al. 2018). Extract of Calendula
officinalis callus exhibited very close results to these antibiotics; erythromycin, ampicillin,
penicillin G, chloramphenicol and novaobiocin for Staphylococcus aureus and Bacillus cereus
inhibition, with remarkable the most effective of C. officinalis on bacteria positive gram
(Cetin et al. 2017). Also, Faraz et al. 2020 confirmed the potent inhibitory efficiency of
Oroxylum indicum L callus extract against Staphylococcus aureus and Micrococcus luteus,
Magdoleen et al. 2020 reported high inhibition of Escherichia coli using hypocotyl callus
extract of fenugreek more than seed-extract and Shirsat et al. 2021who revealed that
Bacillus subtilis, Klebsiella pneumonia and Escherichia coli were susceptible to methanolic
extract of Caesalpinia bonducella calli except for Staphylococcus aureus. On the same
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approach, Al-Saleh et al. 2019 affirmed the best action of microshoots and calli extracts of
Ammi visnaga L against bacteria in comparison of the extracts of field-grown plant, and
Abaka et al. 2020 confirmed stronger antifungal efficiency of Balanites aegyptiaca callus
extracts than the seed extracts, hence they recommended to use extract of Balanites
aegyptiaca callus as a good material of therapeutic substances for fungal related disease.
On basis the previous investigations about the significant role of plant biotechnology
approach for development the valuable medicinal plants as promising alternative natural
drugs, phytotherapy were applied using plant biotechnology products in medical sector
to be marketed commercially as natural therapeutic medicines and food supplementary
(Fig. 16).
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Fig. 16. Different types of plant biotechnology products as alternative natural medicines and diet supplements
(Products of Plant Biotechnology, Wikipedia).

The potential of plant biotechnology is the axis of the development of many
agroindustry fields, and its methodologies have enabled the prompt evolution of several
products, commercial processes and economic interests in various sectors of the life;
industrial, nutritional, pharmaceutical and medical. The potent role of biotechnology in
maintaining the scarce, endangered and threatened medicinal plants, as well
enhancement the plant bioactive metabolites is achieved significantly via plant cell, tissue
and organ culture (PCTOC) biotechnology techniques. Currently, it is consulted from the
advanced references the updated information, to exhibit new potentialities of PCTOC
biotechnology in drug research and progression. The modern scientific approach for
reproduction medicinal plants in vitro is performed, to guarantee the continuous
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productivity of their valuable bioactive metabolites qualitatively and quantitively. Plant
biotechnology pathway is one of the most significant trends for medicinal plants mass
production across the biotechnology techniques to proceeding towards modern
procedures for augmentation the valuable phytocompounds to be extracted profusely for
fulfill the pharmaceutical requirements and drugs disability to save the necessary needs
for medical purposes service. As well as plant biotechnology can be an efficient catalyst
in marketing crops, which can create work chances, gain foreign exchange, to warranty
better life for all trendy societies.

Based on all previous collected reports regarding the plant biotechnology approach
in medicinal plants development for prospective phytotherapy, here is a glance of some
suggestions and intellects about this subject, it is necessary to interest considerably of
plant cell tissue and organ culture (PCTOC) technology research. This approach of plant
biotechnology opens wide future prospects for promising applications in different
aspects of our life. So, it is suggested to exploit PCTOC technology for universal
investment, economically, industrially, pharmaceutically and medically. This thought
will promote the research field to reinforce the concept of employing the scientific
research foundations and methodologies to serve the community distinctly. Here is my
idea in this regard; through plant biotechnology techniques aforementioned, Egyptian
community can benefit in several sectors particularly, nutritional, pharmaceutical and
medical fields. This benefit can be verified using plant cell tissue and organ culture
biotechnology for conservation the endangered and threatened medicinal plants, and
enhancement their bioactive metabolites accumulation, to recovery mass production of
enriched in vitro cell cultures, to service the nutritional, pharmacological and medical
purposes. The promising and valuable medicinal plants those are endangered
particularly in Sinai; Thymus vulgaris, Lavandula stoechas, Juniperus phoenicea, Calotropis
procera, Capparis spinosa, Vitex-Angus castus, Origanum Majorana, etc. Interestingly, the
other attempts which it will be must perform, are the acclimatization of whole in vitro
plantlets of the enhanced valuable endangered medicinal plants in the green house
before transplantation in the fields. This leads to mass propagation of rich agriculture
seedlings, to reconstruction much area of our Egyptian lands such as deserts and Sinai.
Furthermore, it could be designed herbariums rich high ingredients value, to be
sufficient for fulfill the pharmacological requirements and drugs deficiency, to save the
necessary needs for the medical objectives service.

References

Abaka AK, Ishaku GA, Haruna A and Ardo BP (2020) Phytochemicals Screening and Antifungal
Activity of Balanites aegyptiaca Seed and Callus Extract against Candida albicans. Asian Plant
Res. J. 4(4): 9-16

Abdal Dayem A, Hossain MK, Lee SB, Kim K, Saha SK, Yang GM and Cho SG (2017) The role of
reactive oxygen species (ROS) in the biological Activities of metallic nanoparticles. Int. J. Mol.
Sci. 18: 120.



280 Mohammad Arafa

Afrin S, Huang JJ and Luo ZY (2015) JA-mediated transcriptional regulation of secondary
metabolism in medicinal plants. Sci. Bull. 60(12): 1062-1072.

Aglawe MM, Kale MB, Rahangdale SR, Kotagale NR, Umekar MJ and Tak- Sande BG (2021)
Agmatine improves the behavioral and cognitive impairments associated with chronic
gestational ethanol exposure in rats. Brain Res. Bull. 167: 37-47. doi: 10.1016/j.brainresbull.
2020.11.015.

Ahmed S, Saifullah AM, Swami BL, and Ikram S (2016) Green synthesis of silver nanoparticles
using Azadirachta indica aqueous leaf extract. J. Rad. Res. Appl. Sci. 9: 1-7.

Akhtar N, llyas N, Meraj TA, Pour-Aboughadareh A, Sayyed R and Mashwani ZUR et al (2022)
Improvement of plant responses by nanobiofertilizer: A step towards sustainable agriculture.
Nanomaterials 12: 965.

Akram M and Nawaz A (2017) Effects of medicinal plants on Alzheimer’s disease and memory
deficits. Neural Regeneration Research 12(4): 660-670.

Al-Saleh MM, Shibli RA, Al-Qadiri HM, Tahtamouni RW, Darwish MM and Al-Qudah TS
(2019) Investigating the Antimicrobial Potential of in vitro Growth Microshoots and Callus
Cultures of Ammi visnaga (L.) Lam. Jordan J. Biolo. Sci. 12(1): 43-48.

Alabdallah, NM and Hasan MM (2021) Plant-based green synthesis of silver nanoparticles and its
effective role in abiotic stress tolerance in crop plants. Saudi. J. Biol. Sci. 28: 5631-5639.

Anasori P and Asghari G (2008) Effects of light and differentiation on gingerol and zingiberene
production in callus culture of Zingiber officinale Rosc. Res. Pharmaceut. Sci. 3: 59-63.

Anum F, Raja NI, Hussain M, Igbal M, Chaudhari SK, Ehsan M, Javaid U and Zafar NA (2019)
Effect of green synthesised silver nanoparticles on morphogenic and biochemical variations in
callus cultures of kinnow mandarin (Citrus reticulata L.) IET Nanobiotech. 13(5): 85-89.

Arehzoo Z, Christina S, Florian G, Parvaneh A, Javad A, Seyed HM and Christoph W  (2015)
Effects of some elicitors on tanshinone production in adventitious root cultures of Perovskia
abrotanoides Karel. Industrial Crops and Products 67: 97-102

Ashraf JM, Ansari MA, Khan HM, Alzohairy MA and Choi | (2016) Green synthesis of silver
nanoparticles and characterization of their inhibitory effects on AGEs formation using
biophysical techniques. Sci. Rep. 6: 20414.

Aslani F, Bagheri S, Julkapli NM, Juraimi AS, Hashemi FSG and Baghdadi A (2014) Effects of
engineered nanomaterials on plants growth: An overview. The Scientific World Journal.
Volume 2014, Article ID 641759, 28 pages, http://dx.doi.org/10.1155/2014/641759

Atteya AKG, Omer EA, Genaidy EAE, Fouad R and Elnony SAFA (2021) Impact of in vitro
propagation on chemical composition of Aloe vera plants. Middle East J. Agric. Res. 10(2).

Bhatti JS, Sehrawat A, Mishra J, Sidhu IS, Navik US, Khullar N, Kumar S, Bhatti GK and Reddy
PH (2022) Oxidative stress in the pathophysiology of type 2 diabetes and related
complications: Current therapeutics strategies and future perspectives. Free Radical Biology
and Medicine. 184: 114-134.

Bajaj YPS (1988) Cryopreservation and the retention of biosynthetic potential in cell cultures of
medicinal and alkaloid-producing plants. In: Bajaj YPS (ed). Biotechnology in Agriculture and
Forestry; Medicinal and Aromatic Plants 4. Berlin: Springer- Verlag.

Bajaj YPS (1991) Biotechnology in Agriculture and Forestry 15. Medicinal and aromatic Plants IlI.
Berlin: Springer-Verlag


http://dx.doi.org/10.1155/2014/641759

Promising Current Trends of Plant Biotechnology and Prospective 281

Banerjee P, Satapathy M, Mukhopahayay A and Das P (2014) Leaf extract mediated green
synthesis of silver nanoparticles from widely available Indian plants: synthesis,
characterization, antimicrobial property and toxicity analysis.Bioresour. Bioproc. 1(3).

Barcelos MCS, Lupki FB, Campolina GA, Nelson DL and Molina G (2018) The colors of
biotechnology: general overview and developments of white, green and blue areas. FEMS
Microbiology Letters, 365, fny239.

Cai Z, Kastell A, Speiser C and Smetanska | (2013) Enhanced resveratrol production in Vitis
vinifera cell suspension cultures by heavy metals without loss of cell viability. Appl.
Biochemis. Biotech. 171: 330-340.

Cetin B, Kalyoncu F and Kurtulus B (2017) Antibacterial activities of Calendula officinalis callus
extract. Int. J. Second. Metabolite 4(3).

Chandran H, Meena M, Barupal T and Sharma K (2020) Plant tissue culture as a perpetual source
for production of industrially important bioactive compounds. Biotech. Reports 26: 1-10.
https://doi.org/10.1016/j.btre.2020.e00450

Charlwood BV and Charlwood KA (1991) Terpenoid production in plant cell cultures. In:
Harbourne JB, Tomas-Barberan FA (eds). Ecological Chemistry and Biochemistry of Plant
Terpenoids, Clarendon Press, Oxford, pp 95-132.

Chen X, Guo C and Kong J (2012) Oxidative stress in neurodegenerative diseases, Neu- ral Regen.
Res. 7, 376-385 Medknow Publications & Media Pvt Ltd.

Chena S, Lic Z, Zhanged S, Zhou Y, Xiao X, Cui P, Xud B, Zhaob Q, Kong S and Dai Y (2022)
Emerging biotechnology applications in natural Product and synthetic pharmaceutical
analyses. Acta Pharma. Sinica B. 12(11): 4075-4097.

Chodisetti B, Rao K, Gandi S and Giri A (2015) Gymnemic acid enhancement in the suspension
cultures of Gymnema sylvestre by using the signaling molecules-methyl jasmonate and salicylic
acid. In Vitro Cellular and Developmental Biology-Plant 51: 88-92.

Chung IM, Rajakumar G and Thiruvengadam M (2018) Effect of silver nanoparticles on phenolic
compounds production and biological activities in hairy root cultures of Cucumis anguria.
Acta Biol. Hung. 69: 97-109.

Datta M, Khan FA, Das S, Saha S and Khan RA (2021) The role of biotechnology in the field of
biomedical engineering. GSC Biolo. Pharma. Sci. 16(02): 130-150.

Day JG, Harding KC, Nadarajan J and Benson EE (2008) Cryopreservation, conservation of
bioresources at ultra-low temperatures. In: Molecular Biomethods Handbook. Walker J. M &
Rapley R. (Eds.), pp. 917-947, Humana Press, ISBN 978-1-60327-374-9, Totowa, NJ.

Debta p, Swain Sk, Soyab MDK, Sahu MC, Lenka S (2020) Microbial Infectious Disease: A Mini
Review. Indian J. Forensic Medicine & Toxicology 14(4).

Docimo T, Davis AJ, Luck K, Fellenberg C, Reichelt M, Phillips M, Gershenzon JD and Auria JC
(2015) Influence of medium and elicitors on the production of cocaine, amino acids and
phytohormones by Erythroxylum coca calli. Plant Cell Tiss. Organ Cult. 120: 1061-1075.

Donohue JF, Elborn S, Lansberg P, Javed A, Tesfaye S, Rugo H, Rugo H, Duddi SRD, Jithoo N,
Huang PH, Subramaniam K, Ramanjinappa N, Koltun A, Melamed S and Chen JCN (2023)
Bridging the “know-Do’’ Gaps in five non-communicable diseases using a common framework
driven by implementation science. J. Healthcare Leadership 15: 103-119.


https://doi.org/10.1016/j.btre.2020.e00450

282 Mohammad Arafa

Faraz R, Gokhale M and Gothalwal R (2020) Callus extracts of Oroxylum indicum (L.) Vent
containing baicalein have in vitro antioxidant and antibacterial Activities Biotecnologia Vegetal
20(1): 51-62.

Fasim A, More VS and More SS (2021) Large-scale production of enzymes for biotechnology
uses. Current Opinion in Biotech. 69: 68-76.

Fazili MA, Bashir I, Ahmad M, Yaqoob U and Geelani SN (2022) In vitro strategies
for the enhancement of secondary metabolite production in plants: areview. Bulletin of the
Nation. Res. Centre 46: 35.

Firouzi A, Mohammadi SA, Khosrowchahli M, Movafeghi A and Hasanloo T (2013)
Enhancement of silymarin production in cell culture of Silybum marianum (L) Gaertn by
elicitation and precursor feeding. Journal of Herbs, Spices and Medicinal Plants 19(3): 262-274.

Francis PT (2005) The interplay of neurotransmitters in Alzheimer’s disease. CNS Spectrums, Nov.,
10(Suppl 18):6-9, PMID: 16273023,doi: 10.1017/51092852900014164.

Gangopadhyay M, Dewanjee S and Bhattacharya S (2011) Enhanced plumbagin production in
elicited Plumbago indica hairy root cultures. J. Biosci. Bio-eng. 111: 706-710.

Gatti E, Sgarbi E, Ozudogru EA and Lambardi M (2017) The effect of Plant form TM. Bioreactor
on micropropagation of Quercus robur in comparison to a conventional in vitro culture system
on gelled medium, and assessment of the microenvironment influence on leaf structure. Plant
Biosys. 151: 1129-1136.

Haghighi Z, Karimi N, Modarresi M and Mollayi, S (2012) Enhancement of compatiblesolute and
secondary metabolites production in Plantago ovata Forsk. By salinity stress. J. Medicinal Plants
Res. 6: 3495-3500.

Hahn EJ, Kim YS, Yu KW, Jeong CS and Paek KY (2003) Adventitious root cultures of Panax
ginseng c.v. meyer and ginsedoside production through large-scale bioreactor system. J. Plant
Biotechnol. 5: 1-6.

Hasan S (2015) A review on nanoparticles: Their synthesis and types. Res. J. Recent Sci. 2277: 2502.

Hashem AH, Abdelaziz AM, Askar AA, Fouda HM, Khalil AMA, Abd-Elsalam KA and Khaleil
MM (2021) Bacillus megaterium-mediated synthesis of selenium nanoparticles and their
antifungal activity against Rhizoctonia solani in Faba Bean Plants. J. Fungi. 7(3):
195. https://doi.org/10.3390/jof7030195

Hatami M, Naghdi Badi H and Ghorbanpour M (2019) Nano-elicitation of secondary
pharmaceutical metabolites in plant cells: A review. J. Med. Plants 18: 6-36.

Hesami M, Baiton A, Alizadeh M, Pepe M, Torkamaneh D and Jones AMP (2021) Advances and
Perspectives in Tissue Culture and Genetic Engineering of Cannabis. Int. J. Molecul. Sci. 22:
5671.

Hong J, Rico CM, Zhao L, Adeleye AS, Keller AA, Peralta-Videa JR and Gardea-Torresdey JL
(2015) Toxic effects of copper-based nanoparticles or compounds to lettuce (Lactuca sativa)
and alfalfa (Medicago sativa). Environ. Sci. Process. Impacts 17: 177-185.

Hu X, Neill S, Cai W and Tang Z (2003) Hydrogen peroxide and jasmonic acid mediate
oligogalacturonic acid-induced saponin accumulation in suspension-cultured cells of Panax
ginseng. Physiologia Plantarum 118: 414-421.


https://doi.org/10.3390/jof7030195

Promising Current Trends of Plant Biotechnology and Prospective 283

Humbal A and Pathak B (2023) Influence of exogenous elicitors on the production of secondary
metabolite in plants: A review (“VSI: secondary metabolites”). Plant Stress 8: 100166
https://doi.org/10.1016/j.stress.2023.100166 R

Hussain MS, Fareed S, Saba Ansari M, Rahman A, Ahmad 1Z and Saeed M (2012) Current
approaches toward production of secondary plant metabolites. J. Pharm. Bioallied. Sci. 4: 10.

Iravani S (2011) Green synthesis of metal nanoparticles using plants. Green Chem. 13: 2638-2650.

Iravani S, Korbekandi H, Mirmohammadi SVand Zolfaghari B (2014) Synthesis of silver
nanoparticles: chemical, physical and biological methods. Res. Pharm. Sci. 9: 385.

Jeyasri R, Muthuramalingam P, Karthick K and Shin H (2023) Methyl jasmonate and salicylic acid
as powerful elicitors for enhancing the production of secondary metabolites in medicinal
plants: an updated review. Plant Cell Tiss. Organ Cult. 153(3): 1-12.

Jitendra S, Lambart J and Vietmeyer N (1996) Medicinal plants: an expanding role in
development. World Bank technical paper. https://books.google.com/books

John OO, Amarachi IS, Chinazom AP, Adaeze E, Kale MB, Umare MD and Upaganlawar AB
(2022) Phytotherapy: A promising approach for the treatment of Alzheimer’s disease.
Pharmacological Research - Modern Chinese Medic. 2: 100030

Joshi H, Choudhary P and Mundra S (2019) Future prospects of nanotechnology in agriculture.
Int. J. Chem. Stud. 7: 957-963.

Kale MB, Bajaj K, Umare M, Wankhede NL, Taksande BG, Umekar MJ and Upaganlawar A
(2022) Exercise and nutraceuticals: Eminent approach for diabetic neuropathy. Curr. Mol.
Pharmacol. 15(1): 108-128.

Kabera JN, Semana E, Mussa AR and He X (2014) Plant Secondary Metabolites: Biosynthesis,
Classification, Function and Pharmacological Properties. J. Pharmacy and Pharma. 2: 377-392.

Kaczmarczyk A, Funnekotter B, Menon A, Phang PY, Al-Hanbali A, Bunn E and Mancera RL
(2012) Current Issues in Plant Cryopreservation. Current Front. Cryobiolo. Chapter 14: 417-
438. DOI: 10.5772/32860 -

Karakas O (2020) Effect of Silver Nanoparticles on Production of Indole Alkaloids in Isatis
constricta. Iran. J. Sci. Technol. Trans. A Sci. 44: 621-627.

Karimi M, Sadeghi R and Kokini J (2018) Human exposure to nanoparticles through trophic
transfer and the biosafety concerns that nanoparticle-contaminated foods pose to consumers.
Trends Food Sci. Technol. 75: 129-145.

Kasagana VN and Karumuri KS (2011) Conservation of medicinal plants (past, present and future
trends). J Pharma. Sci. Res. 3(8): 1378-1386.

Khalifa AM, Abd-ElShafy E, Abu-Khudir R and Gaafar RM (2022) Influence of gamma radiation
and phenylalanine on secondary metabolites in callus cultures of milk thistle (Silybum
marianum L.). J. Genetic Eng. Biotech. 20(166): 1-11.

Khalil MM, Ismail EH, El-Baghdady KZ and Mohamed D (2014) Green synthesis of silver
nanoparticles using olive leaf extract and its antibacterial activity. Arabian J. Chem. 7: 1131-
1139.

Khan I, Saeed K and Khan I (2019) Nanoparticles: properties, applications and toxicities. Arabian
J. Chemis. 12(7): 908-931.

Khan MY, Aliabbas S, Kumar V and Rajkumar S (2009) Recent advances in medicinal plant
biotechnology. Indian J. Biotechnol. 8(1): 8-22.


https://doi.org/10.1016/j.stress.2023.100166
https://books.google.com/books

284 Mohammad Arafa

Khanam S and Vayaravel CA (2021) Medicinal plants effective against Alzheimer’sdisease: An
update. Int. J. Comprehen. Adv. Pharma. 6(1): 22-27.

Kieran PM, MacLoughlin PF and Malone DM (1997) Plant cell suspension cultures: some
engineering considerations. J. Biotechnol. 59: 39-52.

Kim YJ, Weathers PJ and Wyslouzil BE (2002) Growth of Artemisia annua hairy roots in liquid-
and gas-phase reactors. Biotechnol. Bioeng. 80: 454-464

Kirchner C, Liedl T, Kudera S, Pellegrino T, Mufioz Javier A, Gaub HE, Stdlzle S, Fertig N and
Parak WJ (2005) Cytotoxicity of Colloidal CdSe and CdSe/ZnS Nanoparticles. Nano Lett. 5:
331

Kruszka D, Sawikowska A, Selvakesavan RK, Krajewski P, Kachlicki P and Franklin G (2020)
Silver nanoparticles affect phenolic and phytoalexin composition of Arabidopsis thaliana. Sci.
Total Environ. 716: 135361.

Lala S (2020) Nanoparticles as elicitors and harvesters of economically important secondary
metabolites in higher plants: A review IET Nanobiotechnology.

Lashin Il and Elhaw MH (2016) Evaluation of Secondary Metabolites in Callus and Tissues of
Physalis peruviana Int. J. Modern Bot. 6(1): 10-17.

Long Y, Yang Y, Pan G and Shen Y (2022) New insights into tissue culture plant- regeneration
mechanisms. Front. Plant Sci. 13: 926752.

Lundstrom K, Pham HT and Dinh LD (2017) Interaction of plant extracts with central nervous
system receptors. Medicines (Basel). 4(1): 12. DOI: 10.3390/medicines4010012.

Magdoleen O, Daffalla H M, Magda A, Sir el-khatim AK, Salma S and Abdelhalim H (2020)
Total phenolic content, antioxidant and antimicrobial activities of seeds and callus of
Trigonella foenum-graecum Linn. GSC Biolo. Pharma. Sci. 10(03): 001-009.

Mamdouh D and Smetanska | (2022) Optimization of Callus and Cell Suspension Cultures of
Lycium schweinfurthii for Improved Production of Phenolics, Flavonoids, and Antioxidant
Activity. Horticult. 8: 394.

Marde VS, Tiwari PL, Wankhede NL, Taksande BG, Upaganlawar AB and Umekar MJ (2021)
Neurodegenerative disorders associated with genes of mitochondria, Fut. J. Pharm. Sci. 7(1): 1-
8.

Marslin G, Sheeba CJ and Franklin G (2017) Nanoparticles alter secondary metabolism in plants
via ROS burst. Front. Plant Sci. 8: 832.

Melegari SP, Perreault F, Costa RHR, Popovic R and Matias WG (2013) Evaluation of toxicity and
oxidative stress induced by copper oxide nanoparticles in the green alga Chlamydomonas
reinhardtii. Aquat. Toxicol. 14: 431-440.

Memelink J (2009) Regulation of gene expression by jasmonate hormones. Phytochem 70: 1560-
1570.

Meryman HT (1974) Freezing injury and its prevention in living cells. Annual Review of
Biophysics and Bioengineering 3: 341-363.

Mitrofanova I, Ivanova N, Kuzmina T, Mitrofanova O and Zubkova N (2021) In vitro
Regeneration of Clematis Plants in the Nikita Botanical Garden via Somatic Embryogenesis
and Organogenesis. Front Plant Sci. 12: 541171. doi: 10.3389/fpls.2021.541171.

Mizukami H, Konoshima M and Tabata M (1977) Effect of nutritional factors on  shikonin
derivative formation in Lithospermum callus cultures. Phytochemistry 16: 1183-1186.



Promising Current Trends of Plant Biotechnology and Prospective 285

Moeini B, Saeed B, Soltanian AR, Ghaleiha A and Taheri M (2019) Examining the Effectiveness
of a Web-Based Intervention for Depressive Symptoms in Female Adolescents: Applying Social
Cognitive Theory. J. Res. Health Sci. 19(3): e00454

Moghadam ZS, Moshtaghi N, Sharifi A, Zahedi A, Khadem A (2022) In vitro Propagation and
callus induction of medicinal endangered plant meadowrue (Thalictrum minus L.) for
production berberine. J. Med. Plants 21(81): 92-101.

Mohamed SS, Badawy MA, El-Desoky MA and Saleh SS (2021) Bio-production enhancement of
Natural diosgenin from Balanites Aegyptiacae by callus culture. Egypt. J. Chem. 64(10): 6067-
6074.

Mohanpuria P, Rana NK and Yadav SK (2008) Biosynthesis of nanoparticles: technological
concepts and future applications. J. Nanoparticle Res. 10: 507-517.

Mosavat M, Mohamed M, Ooi FK, Mirsanjari M, Zin AAM and Romli AC (2019) Histological
changes of female reproductive organs subjected to different jumping exercise intensities and
honey supplementation in rats. Peer] 7: e7646

Muley B, Khadabadi S and Banarase N (2009) Phytochemical constituents and pharmacological
activities of Calendula officinalis Linn (Asteraceae): a review. Tropical. J. Pharm. Res. 8: 455-
465.

Nagata T and Takebe I (1971) Plating of isolated tobacco mesophyll protoplasts on agar medium.
Planta 99: 12-20.

Nair R, Varghese SH, Nair BG, Maekawa T, Yoshida Y and Kumar DS (2010) Nanoparticulate
material delivery to plants. Plant Sci. 179: 154-163.

Nishizawa S, Sakai A, Amano Y and Matsuzawa T (1993) Cryopreservation of Asparagus officinalis
L. embryogenic suspension cells and subsequent plant regeneration by vitrification. Plant Sci.
91: 67-73.

Nowack B and Bucheli TD (2007) Occurrence, behavior and effects of nanoparticles in the
environment. Environmental Pollution 150(1): 5-22.

Obrenovic S (1990) Effect of Cu (11) D-penicillanine on phytochrome mediated betacyanin
formation in Amaranthus caudatus seedlings. Plant Phys. Biochemis. 28: 639-646.

Ogunkunle CO, Adegboye EF, Okoro HK, Vishwakarma V, AlagarsamyK and Fatoba PO (2020)
Effect of nanosized anatase TiO2 on germination, stress defense enzymes, and fruit nutritional
quality of Abelmoschus esculentus (L.) Moench (okra). Arab. J. Geosci. 13: 120.

Ohlsson AB and Berglund T (1989) Effect of high MnSO4 levels on cardenolide accumulation by
Digitalis lanata tissue cultures in light and darkness. J. Plant Phys. 135: 505-507

Omer Y and Bengi E (2013) Effects of sucrose and polyethylene glycol on hypericins content in
Hypericum adenotrichum. Eurasian J. Bio-sci. 7: 101-110.

Owis Al, Abdelwahab NS and Abul-Soad AA (2016) Elicitation of Phenolics Fromthe
Micropropagated Endangered Medicinal Plant Calligonum polygonoides L. (Polygonoaceae).
Pharmacognosy Magazine, Jul-Sep, Vol 12(47).

Pandita D and Pandita A (2021) Secondary Metabolites in Medicinal and Aromatic Plants (MAPs):
Potent Molecules in Nature’s Arsenal to Fight Human Diseases. Medicinal and Aromatic
Plants, pp 41-84.



286 Mohammad Arafa

Panis B and Lambardi M (2005) Status of cryopreservation technologies in plants (Crops and
forest trees). Proceedings of the International Workshop on ‘The Role of Biotechnology’, pp.
43-54, Villa Gualino, Turin, Italy. 5.-7. March

Paramo LA, Feregrino-Pérez AA, Guevara R, Mendoza S, and Esquivel K (2020) Nanoparticles
in agroindustry: Applications, toxicity, challenges and trends. Nanomaterials 10: 1654.

Park JM and Yoon SY (1992) Production of sanguinarine by suspension culture of Papaver
somniferum in bioreactors. J. Ferm Bioeng. 74: 292-6.

Patel H and Krishnamurthy R (2013) Elicitors in plant tissue culture. J. Pharmacogn. Phytochem. 2:
60-65.

Patil JG, Ahire ML, Nitnaware KM, Panda S, Bhatt VP, Kishor PB and Nikam TD (2013) In vitro
propagation and production of cardiotonic glycosides in shoot cultures of Digitalis purpurea L.
by elicitation and precursor feeding. Appl. Microbiol. Biotech. 97: 2379-2393.

Patra B, Schluttenhofer C, Wu Y, Pattanaik S and Yuan L (2013) Transcriptional regulation of
secondary metabolite biosynthesis in plants. Biochimica et Biophysica Acta 1829: 1236-1247
Pauwels L, Inze” D and Goossens A (2009). Jasmonate-inducible gene: What Doesit mean? Trend

Plant Sci. 14:87-91

Perez-Bermudez P, Seitz HU and Gavidia IA (2002) Protocol for rapid micropropagation of
endangered Isoplexis. In-vitro Cell Dev Biol-Plant 38: 178-82.

Pratibha G, Satyawati S and Sanjay S (2015) Biomass yield and steviol glycoside production in
callus and suspension culture of Stevia rebaudiana treated with proline and polyethyleneglycol.
Appl. Biochemis. Biotech. DOI: 10.1007/s12010-015-1616-0.

Qi S, Zhao R, Yan J, Fan Y, HuangC, Li H, Chen S, Zhang T, Kong L, ZhaoJ and Zhang J (2021)
Transcriptome and Coexpression Network Analyses Reveal New Insights into Somatic
Embryogenesis in Hybrid Sweetgum (Liquidambar styraciflua x Liquidambar formosana). Frontiers
in Plant Sci. 12, Article 751866

Radad K, Moldzio R and Rausch WD (2011) Ginsenosides and their CNS targets, CNS Neurosci.
Ther. 17: 761-768 2010/12/08. Blackwell Publishing Ltd, doi:10.1111/j.1755-5949.2010. 00208.x.

Radman R, Sacz T, Bucke C and Keshvartz T (2003) Biotehnol. Appl. Biochem. 37: 91-10.

Rai P, Kumar V and Lee S (2018) Nanoparticle-plant interaction: Implications in energy,
environment, and agriculture. Environ. Int. 119: 1-19.

Ramirez-Estrada K, Vidal-Limon H, Hidalgo D, Moyano E, Golenioswki M, Cusid'o RM and
Palazon J (2016) Elicitation, an effective strategy for the biotechnological production of
bioactive high-added value compounds in plantcell factories. Molecules 21(2): 182.

Rauwel P, Kildnal S, Ferdov S and Rauwel E (2015) A review on the green synthesis of silver
nanoparticles and their morphologies studied via TEM. Adv. Mater. Sci. Eng. 682749. doi:
10.1155/2015/682749

Reitz C (2012) Alzheimer’s disease and the amyloid cascade hypothesis: a critical review.
International Journal of Alzheimer’s Disease. Article ID 369808, 11 pages, doi: 10.1155
/2012/369808

Rehman A and John P (2022) Chapter 18-Challenges and opportunities in healthcare
biotechnology. Biotechnology in Healthcare, Applications and Initiatives. 321-342.



Promising Current Trends of Plant Biotechnology and Prospective 287

Rezaei A, Ghanati F, Behmanesh M and Mokhtari-Dizaji M (2011) Ultrasound- potentiated
salicylic acid-induced physiological effects and production of taxol in hazelnut (Corylus
avellana L.) cell culture. Ultrasound Med. Biol. 37: 1938-1947.

Rico CM, Majumdar S, Duarte-Gardea M, Peralta-Videa JR and Gardea-Torresdey JL (2011)
Interaction of nanoparticles with edible plants and Their possible implications in the food
chain. J. Agric. Food Chem. 59: 3485-3498.

Rihan HZ, Kareem F, EI-Mahrouk ME and Fuller MP (2017) Artificial Seeds (Principle, Aspects
and Applications) Agronomy 7(4): 71.

Rivero-Montejo SJ, Vargas-Hernandez M and Torres-Pacheco | (2021) Nanoparticles as Novel
Elicitors to Improve Bioactive Compounds in Plants. Agriculture 11: 134.

Roewer 1A, Cloutier N and Van der Heijden R (1992) Transient induction of tryptophan
decarboxylase (TDC) and strictosidine synthase, (SS) genes in cell suspension cultures of
Catharanthus roseus. Plant Cell Reports 11(2): 86-89.

Rogowska A and Szakiel A (2021) Enhancement of Phytosterol and Triterpenoid Production in
Plant Hairy Root Cultures-Simultaneous Stimulation or Competition? Plants 10: 2028.

Rubilar O, Rai M, Tortella G, Diez MC, Seabra AB and Duran N (2013) Biogenic nanoparticles:
copper, copper oxides, copper sulphides, complex copper nanostructures and their
applications. Biotech. Lett. 35: 1365-1375.

Sakai A and Engelmann F (2007) Vitrification, encapsulation-vitrification and Droplet vitrification:
a review. Cryo Letters 28: 151-172.

Salih AM, Al-Qurainy F, Khan S, Nadeem M, Tarroum M and Shaikhaldein HO (2022) Biogenic
silver nanoparticles improve bioactive compounds in medicinal plant Juniperusprocera in vitro.
Front. Plant Sci. 13: 962112. doi: 10.3389/fpls. 962112.

Sarmah DK, Borthakur M and Borua PK (2010) Artificial seed production Fromencapsulated
PLBs regenerated from leaf base of Vanda coerulea Grifft. ex. Lindl.- an endangered orchid
Current Sci. 98(5): 10.

Shirsat R, Kengar A and Rai A (2021) In-vitro Callogenesis and Screening of Antimicrobial Activity
of Callus and Seed of Caesalpiniabonducella F.: A Threatened Medicinal Plant of Western Ghats.
J. Pharma. Res. Int. 33(31A): 76-89.

Siddiqui MH and Al-Whaibi MH (2014) Role of nano-SiO2 in germination of tomato
(Lycopersicum esculentum seeds Mill). Saudi J. Biol. Sci. 21: 13-17.

Siddiqui MH, Al-Whaibi MH and Mohammad F (2015) Nanotechnology and Plant Sciences:
Nanoparticles and Their Impact on Plants; Springer International Publishing: Cham,
Switzerland 978, 303p

Silveira JMFJ Da, Borges IDC, Buainain AM (2005) Biotecnologia e agricultura:da ci “encia e
tecnologia aos impactos da inovac, ~ao. Sa~ o Paulo em Perspect. 19: 101-14.

Simdes C, Albarello N, de Castro TC and Mansur E (2012) Production of Anthocyanins by Plant
Cell and Tissue Culture Strategies. Biotechnological Production of Plant Secondary
Metabolites 67-86

Singh OS, Pant NC, Laishram L, Tewari M, Dhoundiyal R, Joshi K and Pandey C (2018) Effect of
CuO nanoparticles on polyphenols content and Antioxidant activity in Ashwagandha
(Withania somnifera L. Dunal). J. Pharmacogn. Phytochem. 7: 3433-3439.



288 Mohammad Arafa

Sivanandhan G, Dev G, K, Jeyaraj M, Rajesh M, Arjunan A, Muthuselvam M, Manickavasagam
M, Selvaraj N and Ganapathi A (2013) Increased production of withanolide A,withanone, and
withaferin A in hairy root cultures of Withania somnifera (L.) Dunal elicited with methyl
jasmonate and salicylic acid. Plant Cell Tiss. Organ Cult. 114: 121-129.

Soliman MS, Elhalafawi K, Ibrahim IA, Mahrous E and Bekhit M (2018) Evaluation of In Vitro
Germination and Callus Induction for Antimicrobial Activities of Jatropha curcas L. Res. J.
Appl. Biotechnol. 4(2): 104-124.

Sonja GS, Oliver T, Stéphane M, Alain D, Claude J and Daniel H (2014) Effects of polysaccharide
elicitors on secondary metabolite production and antioxidant response in Hypericum perforatum
L. shoot cultures. Scientific World J. 11: 609-649.

Squire R (1992) Memory and the hippocampus: a synthesis from findings with rats, monkeys and
humans. Psychol. Rev. 99: 195-231.

Srikar SK, Giri DD, Pal DB, Mishra PK and Upadhyay SN (2016) Green synthesis of silver
nanoparticles: a review. Green Sustain. Chem. 6: 34-56.

Srivastava RK (2018) Application of Agricultural Biotechnology for High Nutritious Food
Products. Annals of Agric. Crop Sci. 3(2).

Srivastava P, Singh M and Chaturvedi R (2020) Chapter30-Herbal medicine and biotechnology
for the benefit of human health. Animal Biotechnology (Second Edition), Models in Discovery
and Translation, pages 613: 629

Su R, Sujarani M, Shalini P and Prabhu N (2019) A Review on Bioreactor Technology Assisted
Plant Suspension Culture. Asian J. Biotechnol. Bio. Technol. 5(3): 1-13.

Thimmaraju BN and Ravishankar GA (2004) In situ and ex situ adsorption and recovery of
betalains from hairy root cultures of Beta vulgaris. Biotechnol. Progress. 20: 777-85.
PMID:15176882. DOI:10.1021/bp0300570.

Titanji VPK, Amambua AN and Ngemenya M (2015) Applications of Biotechnology Techniques to
the Study of Medicinal Plants. African J. Medicine and Medical Sci. 36: 23-9.

Tonelli M, Pellegrini E, D’Angiolillo F, Nali C, Pistelli L and Lorenzini G (2015) Ozone-elicited
secondary metabolites in shoot cultures of Melissa officinalis L. Plant Cell Tiss. Organ Cult. 120:
617-629.

Tran QH, Nguyen VQ and Le A (2012) How helpful is nanotechnology in agriculture? Advances
in Natural Sciences: Nanosci. Nanotechnol. 3(3): 1-10.

Tripathi DK, Singh S, Singh S, Pandey R, Singh VP, Sharma NC, Prasad SM, Dubey NK and
Chauhan DK (2017) An overview on manufactured nanoparticles in plants: Uptake,
translocation, accumulation and phytotoxicity. Plant Physiol. Biochem. 110: 2-12.

Tripathi L and Tripathi JN (2003) Role of biotechnology in medicinal plants. Tropical J. Pharma.
Res. 2(2): 243-253.

Upaganlawar AB, Wankhede NL, Kale MB, Umare MD, Sehgal A and Singh S (2021)
Interweaving epilepsy and neurodegeneration: vitamin E as a treatment approach. Biomed.
Pharmacother. Elsevier Masson. 143. 112146.10.1016/J.BIOPHA.2021.112146

Vom Endt D, Kijne JW and Memelink J (2002) Transcription factors controlling plant secondary
metabolism: what regulates the regulators? Phytochem 61: 107-114.

Wang X, Yang X, Chen S, Li Q, Wang W, Hou C and Wang S (2016) Zinc Oxide nanoparticles
affect biomass accumulation and photosynthesis in arabidopsis. Front. Plant Sci. 6: 1243.



Promising Current Trends of Plant Biotechnology and Prospective 289

Wawrosch C and Zotchev SB (2021) Production of bioactive plant secondary metabolites through
in vitro technologies-status and outlook. Appl. Microbiol. Biotech. 105: 6649-6668.

Wungsintaweekul J, Choo-malee J, Charoonratana T and Niwat N (2012) Methyl jasmonate and
yeast extract stimulate mitragynine production in Mitragyna speciosa (Roxb.) Korth Shoot Cult.
Biotech. Lett. 34: 1945-1950.

Xu A, Zhan JC and Huang WD (2015) Effects of ultraviolet C, methyl jasmonate and salicylic acid,
alone or in combination, on stilbene biosynthesis in cell suspension cultures of Vitis vinifera L.
cv. Cabernet Sauvignon Plant Cell Tiss. Organ Cult. 122: 197-211.

Yan A and Chen Z (2019) Impacts of silver nanoparticles on plants: A focus on the phytotoxicity
and underlying mechanism. Int. J. Mol. Sci. 20: 1003.

Yancheva S, Georgieva L, Badjakov L, Dincheva I, Georgieva M, Georgiev V and Kondakova V
(2019) Application of bioreactor technology in plant propagation and secondary metabolite
production. J. Cent. European Agricul. 20(1): 321-340.

Yashveer S, Singh V, Kaswan V, Kaushik A and Tokas J (2015) Green biotechnology,
nanotechnology and biofortification: perspectives on novel environment friendly crop
improvement strategies. Biotech. Genet. Eng. Revie. 30(2): 113-126.

Youssef NM, Taha LS and Abd El-Khalek SN (2021) Secondary Metabolites Characterization of in
Vitro Propagated Antigonon leptopus Cultures. Egypt. J. Chem. 64(2): 923-932.

Yuan Y, Huang L, Cui G, Mao Y and He X (2008) Effect of gibberellins and its Synthetic inhibitor
on metabolism of tanshinones. Chinese J. Experimen. Tradit. Medical Formul. 6: 002.

Zahra S, Mehrnaz K, Gholamreza A and Mustafa G (2015) Improvement of atropine production
by different biotic and abiotic elicitors in hairy root cultures of Datura metel. Turkish J. Biolog.
39:111-118.

Zakaria RA, Hour MH and Zare N (2011) Callus production and regeneration of the medicinal
plant Papaver orientale. African J. Biotechnol. 10(54): 11152-11156.

(Manuscript received on 25 October, 2024; revised on 22 December, 2024)



