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ABSTRACT

Medicinal plants that produce various secondary metabolites are quite
useful to us owing to their anti-microbial properties, presence of huge
amounts of anti-oxidants, cytotoxic nature, and various other medically
significant properties. Medicinal plants, therefore, serve as raw materials
for modern pharmaceutical medicines and several herbal medical
supplements. Expansion and advancement of growing medicinal plants
on large scale has flourished over the last few years. However, prolonged
environmental changes have made medicinal plants susceptible to
numerous abiotic stresses. On being exposed to abiotic stresses chiefly
light (quality and quantity), extreme temperature conditions, water stress

salt content in the soil, medicinal plants undergo several changes
physiologically and their chemical composition also gets altered. To
combat the effects of abiotic stress, several mechanisms at morphological,
anatomical, biochemical, and molecular levels are adapted by plants,
which also include a change in the production of the secondary
metabolites. However, plants cannot cope with extreme events of stress
and eventually die. Several strategies stress such as the use of endophytes,
chemical treatment, and biotechnological methods have therefore been
introduced to help the plants tolerate the period of extreme stress.
Moreover, nano bionics is also being developed as new technology to help
plants survive stressful conditions.

(drought or flooding), nutrients available, presence of heavy metals and
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1. Introduction

For thousands of years, medicinal plants have served as a source of treatment in local communities across the globe. Medicinal
plants function as storehouses of secondary metabolites (SMs) i.e., they have evolved to produce a wide spectrum of SMs that
are not implicated straightforwardly in primary processes of plant growth and development, and are produced in response to
some kind of stress. SMs comprise of a group of bioactive compounds that are chiefly formed from primary metabolites and are
not directly responsible for growth of plant and its development (Kumar et al. 2022). SMs differ from one plant to another and
one species to another and generally their levels rise during periods of high stress (Taiz & Zeiger 2006). A number SMs produced
by medicinal plants are beneficial to us owing to their anti-microbial properties, presence of huge amounts of anti-oxidants,
cytotoxic nature, and other properties that are medically quite significant.

Several modern pharmaceutical medicines and several herbal medical supplements that are obtained from medicinal plants
are based on these SMs. Plants that belong to families like Apiaceae, Rutaceae, Asteraceae, Hypericaceae, Papaveraceae,
Ginkgoaceae, Lamiaceae, Zingiberaceae, Rhamnaceae, Rubiaceae, and Solanaceae produce rich SMs that provide the majority
of pharmaceutical medicines (Gurib-Fakim 2006). Table 1 shows the secondary metabolites produced by a few medicinal plants
and their uses. SMs produced by medicinal plants play several roles in plants such as being exclusive sources for pharmaceuticals,
like food supplements, flavoring agents, and other industrial materials.

Many phenolic compounds like flavonoids are effective antioxidants and can also serve as free radical scavengers. Some
phenolics like quercetin and silybinare known for their anti-inflammatory and anti-hepatotoxic properties respectively, while a
few like genistein and daidzein possess phyto-estrogenic activity, and some such as naringenin are insecticidal (Gotawska et al.
2014). Alkaloids also exhibit a wide range of pharmacological properties such as stimulator of respiration and relaxation,
analgesic, local anesthesia, vasoconstriction, muscle relaxation, hyper and hypotensive. Many alkaloids are severely toxic and
can be used as insecticides for instance nicotine and anabasine (Hoffmann 2003). Few saponins also exhibit antitumor,
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spermicidal, sedative, and analgesic properties while some saponins show anti-inflammatory properties. Monoterpenes and other
volatile terpenes also have several medicinal uses. For instance, camphor and menthol are used as counter-irritants analgesics
and anti-itching agents.

Therefore, for drug development, numerous SMs are being taken into account (Sanchita & Sharma 2018). Concomitantly,
the introduction, expansion, and advancement of research on herbal substances have flourished over the last few years. To date,
millions of people across the globe devour herbal medicines for several medical problems. However, prolonged environmental
changes have made medicinal plants susceptible to numerous abiotic stresses. The most significant abiotic stresses are drought,
temperature extremes, heavy metal toxicity, salinity, light intensity, UV radiation, nutrient deficiency, etc. On being exposed to
environmental stresses, medicinal plants undergo several changes physiologically and their chemical composition also gets
altered. Abiotic stresses induce detoxification systems of plants which include enhanced production of the antioxidant enzymes
like superoxide dismutase, catalase, ascorbate peroxidase and glutathione peroxidase (Hasanuzzaman et al. 2012). Phenolic
compounds like flavonoids and lignin precursors are found to accumulate in plants as a reaction to abiotic stresses and are
therefore considered as the basic mechanisms of scavenging Reactive Oxygen Species (ROS). Plants on being exposed to
environmental stresses also begin synthesizing SMs, which a have significant role in adaptive during conditions of stress. In this
review, we have summarized the information on the defense mechanism adopted by medicinal plants at the time of stress, a
consequence of abiotic stresses on secondary metabolites made by plants, and approaches to overcome environmental stress in
plants.

Table 1- Secondary metabolites produced by few medicinal plants and their uses

S.No  Medicinal plant Metabolites produced Medicinal properties Reference
Acanthospermolgalactoside, - .
Acanthospermum caryophyllene. cafeic acid, cis-cis- Anti-cancer, anti-microbial, anti- Edewor & Olajire
1 hispidum : - : : (2011)
germacranolides, flavones, inflammatory, anti-allergic.
melampolides,
2 Alpinia officinarum Dla}rylheptapmds Alp.m.o[ds, Tooth Qecay, gbnormal mensuration, Abubakar et al. (2018)
officinaruminane, officinin A abdominal pain, flatulence, inflammation
3 Artemisia annua L. Artemisinin, artemetin, , cirsilineol, Anti-malarial, anti-inflammatory, anti- \(/;Igitzf;ers & Towler
casticin, chrysoplenetin cancer
4 Atropa belladonna L. Atropine, hyoscyamine, hyoscine Anti-spasmodic, mydriatic Okigbo et al. (2008)
Cymbopogon Citral, B-myrcene . . Boukhatem et al.
5 flexuosus Anti-inflammatory, anti-fungal, analgesic (2014)
Foeniculum vulgare Furo.cou.marl'ns, Antl0_X|dants, cardiac stimulant, digestive, Nassaret al. (2010)
6 Mill isopimpinellinkaempferol, psoralen, vermifuge
quercetin, xanthotoxin
Matricaria - . - . R .
7 chamomilla Herniarin, umbelliferone Anti-inflammatory, spasmolytic, anti-biotic ~ Eliasova et al. (2004)
8 Mentha piperita Hesperidin, menthone, menthol, Anti-tumour, carminative, spasmolytic, anti-  Zhao et al. (2018)
Linn. didymin, buddleoside, diosmin diabetic
9 Ocimum sanctum Eugenol, rosmarinic acid, carvacrol, Anti-cancer, antio-xidants anti-diabetic, (Pzrglagih & Gupta
oleanolic acid cardio protective, analgesic, anti-spasmodic
Antifungal, antimicrobial, antioxidant, Spvridonoulou et al
10  Origanumonites Carvacrol and thymol insecticidal, hepatoprotective, and cytotoxic (nglg) P ’
activity
11 Panax ginsen Ginsenosides Anti-tumour, anti-inflammatory and Razgonova et al.
g g antioxidant properties, and anti-apoptotic (2019)
Alkaloids, fatty acids, flavonoids, ygSOL:?;:fallnsgtérl]:f(lj?:g?;:trlo&,ozzncer,
12 Plantago lanceolata glycosides, polyphenols, tannins, oSpIraiory sy - ' Abate et al. (2022)
LA . circulation, reproductive system, and
terpenoids, iridoid, and polysaccharides S
digestive organs
antiyperensive, pepto-protective, ani-  DETAOUT &
13 Piper nigrum Linn Piperine P Ve, Nepato-protective, ar Ahmad (2014)
allergic, appetizer, anti-histaminic, anti-
flatulant
Used to treat epilepsy, insomnia, hysteria,
14 Scutellaria orientalis Balcalln_, balcaleln: wogonin, anX|er_, dfallrlur_n trer_nens, bronchitis, Sherman et al. (2022)
melatonin, serotonin, viscidulin hepatitis, jaundice, diarrhea, dysentery,
thrombosis, hypertension and cancer
Carvacrol, geraniol, linalool terpineol, Respiratory d|§e_ases, especially chronic
15 Thymus vulgaris thymol cough, bronchitis, and asthma, vascular Hossain et al. (2022)
! problems, diseases of the urinary tract, teeth '
pain and indigestion
16 Withania somnifera Withanine, withanolides, withananine, Anti-oxidant, amnesia, anti-inflammatory, Brant (2016) ; Bharti

somnine, somniferine,

anti-neoplastic, anti-fibrotic, cardiovascular

et al. (2016)
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2. Biochemical mechanisms adopted by plants for abiotic stresses tolerance

Plants react to abiotic stress at morphological, anatomical, biochemical, and molecular levels. Some mechanisms are adopted by
plants to overcome the period of stress (Figure 1). Biochemical mechanisms involve the formation of metabolites such as proling,
polyamines, terpenes, carbohydrates. As a part of biochemical response, they synthesize several secondary metabolites to survive
unfavorable environmental conditions. The most common secondary metabolites produced by medicinal plants as a part of their
mechanism to adapt to periods of stress are:

a)

b)

<)

Terpenes: Terpenes are one of the many species of SMs that are involved in the different biological processes
undergoing in plants. During stress, terpenes reduce the consequences of oxidative stress by two mechanisms: a)
reacting directly with oxidants intercellularly and b) altering ROS signaling. Amongst the various kinds of terpenes,
the membrane stabilization and direct antioxidant effects of isoprene and monoterpene minimize abiotic stress in
several plant species. In addition to having antioxidant effects, isoprenes and monoterpenes also react quickly with
ozone, thereby reducing its toxicity. Being amphipathic, isoprene can improve hydrophobic interactions that occur
between membrane proteins and lipids (Sharkey & Yeh 2001) which results in the prevention of membrane and protein
disintegration.

Phenylpropanoids: Phenylpropanoids are a highly diversified chemical class of metabolites that play a chief role in
abiotic stress management in plants. These act as chief constituents in structure formation of the secondary cell wall,
protect plants from harmful UV rays, help in ROS scavenging, act as signaling compounds, and are modulators of
auxin transportation in plants (Cheynier et al. 2013). Phenolic compounds like flavonoids or coumarins are
phenylpropanoids having one or more phenolic rings. Phenolic substances are very crucial for plants since they are
major constituents of secondary cell walls, provide antioxidant properties to plants, help in signaling and also act as
phytoalexins (Arbona & Gémez-Cadenas 2015). Phenolics have been studied to exhibit activity in response to high
intensity of light and UV-B rays. Flavonoids are a type of phenolic compounds that serve as outstanding protectants
against UV rays (Schenke et al. 2011).

Carotenoids: Carotenoids also serve as vital substances in diverse processes of plants and act as potential antioxidants
during the period of stress. They harvest light, quench and scavenge chlorophyll in triplicate state and singlet oxygen
species, scatter surplus of harmful energy and stabilize membrane during stress. The production of these metabolites
increases excessively at the time of abiotic stress (Espinoza et al. 2013) and might also be related to possessing a
protective role and stabilization of the lipids present in thylakoid membranes (Volkova et al. 2009). Additionally,
carotenoids also absorb excessive light or UV radiation (Pateraki & Kanellis 2010).
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Figurel- Effects of various abiotic stresses on plants and coping strategies adopted by them
3. Influence of abiotic stress on secondary metabolite formation by medicinal plants

The chemical interaction that takes place among plants and their surroundings is primarily conciliated through secondary
metabolite formation that helps plants to adapt during adverse environmental conditions (Table 2). Plants being influenced by
different kinds of stresses regulate the synthesis of SMs (Verma & Shukla 2015). Abiotic stresses, chiefly light (quality and
quantity), extreme temperature conditions, water stress (drought or flooding), nutrients available, presence of heavy metals, and
salt content in soil are known to extensively persuade the amount and composition of SMs produced by plants (Khan et al.2016;
Sampaio et al. 2016).

Temperature stress: Temperature serves as a key physical factor severely affecting the growth and development of plants.
Extreme temperature stress that occurs in the form of excessive heat or cold affects basic processes of medicinal plants at
biochemical, physiological as well as molecular levels. Temperature stress results in leaf senescence damages the membrane
of cells, promotes chlorophyll degradation and results in protein degradation (Pradhan et al. 2017). Medicinal plants can also
produce SMs in response to high temperatures (Verma & Shukla 2015). Though some plants have shown an increase in the
production of SMs due to high temperatures (Naghiloo et al. 2012), few studies have reported a decrease in the production
of SMs (Shibata et al. 1988). It can therefore be said that the production of SMs is dependent on plants and their species.
Several studies report the outcome of temperature stress on the content of SMs like phenolics and terpenoids. Loreto &
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Schnitzler 2010 reported that terpenes are emitted at a higher amount from plants with an increase in temperature. These
terpenes help in the stabilization of thylakoid membranes present in chloroplasts and also possess great antioxidant activity.
The ratio of formation of flavonoids namely quercetin: kaempferol has been found to increase with a decrease in temperature
in Arnica Montana plants. The roots of Panax quinquefolius were found to have an increased amount of ginsenoside during
elevated temperatures (Jochum et al. 2007). Soufi et al. (2015) demonstrated an increase in the content of chlorophyll and
carotenoid in plants of Stevia rebaudiana which were exposed to high temperature than control plants that were grown at
lower temperatures. Vashisth et al. (2018) demonstrated that exposure of Artemisia annua to cold stress improved the
accretion of artemisinin as a result of up regulation of genes that are concerned in its biosynthesis. Chan et al. (2010) studied
how temperature affects anthocyanin production by Melastoma malabathricum and reported that higher amounts got
accumulated when the temperature was low (2042 °C) than in higher temperature conditions (26+2 °C and 29+2 °C).

Drought stress: This is a majorly significant abiotic stress that dramatically affects plant growth and yield. The condition of
drought is a result of inadequate rainfall and constant loss of water through transpiration and evaporation as a result of which,
the amount of available water in the soil decreases (Jaleel et al. 2007). Several studies report that drought stress affects the
production of SMs in medicinal plants. Drastically increased concentration of betulinic acid, flavonoids, and phenolic
substances was found in Hypericum brasiliense during conditions of drought (Azharet al. 2011). Yang & Li (2011) found
raised amounts of anthraquinones, chlorogenic acids, and flavonoids in the leafy area of Myrica lubra during a situation of
medium water stress condition. Liu et al. (2011) gave an account of the increased content of salvianolic acid B and decreased
content of tanshinone I1A in the roots of the plant Salvia miltiorrhiza. The production of oleanolic, rosmarinic, as well as
ursolic acids increases when Prunella vulgaris is exposed to moderately dry conditions (Chen et al. 2011). Disclosure to
drought stress in a moderate amount might help the accumulation of baicalin in Scutellaria baicalensis (Cheng et al. 2018).
Drought stress is also known to enhance the quality of SMs like artemisinin in plants of Artemisia. Betulinic acid, quercetin,
and rutinare also produced in increased amounts in Hypericum brasiliense plants during drought conditions (Verma & Shukla,
2015). Increased production of SMs like phenolics, alkaloids, and terpenoids during stress prevents the production of ROS
thereby protecting medicinal plants (Radasci et al. 2010). Thus, drought affected areas can be exploited for growing medicinal
plants, which can provide dual benefits a) higher production of secondary metabolites, b) exploitation of drought pretentious
land.

Salinity stress: Soil salinity is a chief problem faced worldwide that severely affects plants (Jamil et al. 2006). The use of
poor-quality water and excessive amounts of inorganic salts present in water used for irrigation are the major causes of
salinity. Medicinal plants produce SMs as defense mechanisms to survive salt stress. Plantago ovata plants growing under
saline conditions are known to have increased concentrations of alkaloids and tannins (Abd EL-Azim & Ahmed 2009),
phenolics (Verma & Shukla 2015), flavonoids, proline, and saponins (Haghighi et al. 2012). The level of ricinine in shoots
of Ricinus communis is significantly higher under saline conditions (Ali et al. 2008). The concentration of reserpine,
solasodine, and vincristine accumulated in Solanum nigrum, Catharanthus roseus, and Rauvolfia tetraphylla respectively,
was found to increase on exposure to salt stress (Bhat et al. 2008). Cik et al. (2009) found a considerable rise in the number
of phenolics like caffeic, chlorogenic, and protocatechuic acids in Matricaria chamomilla during salinity stress. The
concentration of phenolics has also been found to increase in plants of Achillea fragratissima (Abd EI-Azim & Ahmed 2009),
Mentha pulegium (Queslati et al. 2010), Nigella sativa (Bourgou et al. 2010), and Stevia rebaudiana (Rathore et al. 2014) on
treating with salt. Nigella sativa plants grown in saline conditions have been found to have an increased concentration of
apigenin, quercetin,and trans-cinnamic acid (Bourgouet al. 2010). Shahverdi et al. (2017) investigated the influence of salt
stress on Stevia rebaudiana plants and observed an increased percentage of rebaudioside-A and stevioside. Phenolic
compounds exhibit antioxidant properties that eradicate ROS produced through the condition of stress (Ksouri et al. 2007).
The production of SMs is influenced by several regulatory genes and enzymes that are formed during salinity stress and the
level production of SMs changes as per the plants require.

Light: Light is a very crucial abiotic factor responsible for the formation of secondary metabolites by medicinal plants. Light
quality (wavelength and color), quantity, and photoperiod severely influence the growth of the plant, its structure, time of
flowering, and output (Casal & Yanovsky 2005). Some plants exhibit better growth and more production of SMs on being
exposed to the higher irradiance (Zhang et al. 2015). For example, the leaves of Erigeron breviscapus developed in sunlight
contain a higher amount of scutellarin than those developed in shade (Zhou et al. 2016). Several reports also suggest
contradictory situations. For example, in Flourensia cernua plants grown at shade, the amount of borneo, b-pinene, bornyl
acetate, camphene, sabinene, I, and Z-jasmone were elevated as compared to the ones grown under sunlight (Estell et al.
2016). Barbaloin, homonataloin, and nataloin increase in amounts in Aloe mutabilis when developed in shade conditions
instead of directly available sunlight. Callus culture of Zingiber officinale was found to have more concentration of gingerol
and zingiberene when grown in presence of light (Anasori & Asghari 2008). Ultraviolet (UV) radiation can naturally stimulate
the synthesis of SMs however, in higher amounts UV-B severely damages the photosynthetic system, DNA or RNA, and
proteins and also might cause cell damage (Pell et al. 1997). Flavonoids and phenolic acids were produced in a better amount
under influence of UV-B radiation in Chrysanthemum plants (Ma et al. 2016). The outcome of UV light exposure on
production SMs is helpful in most cases however higher doses negatively affect the rate of photosynthesis, subsequently
affecting growth and development in plants (Katerova et al. 2017).
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Table 2- Effect of abiotic stress on secondary metabolite production by few plants

Abiotic stress  Plant Metabolite formed Effect Reference
Arnica montana Anthocyanins, lignin, tannins, Phenolic acids  Increase Spitaler et al. (2006)
Asparagus officinalis Flavonol quercetin-4-O-monoglucoside Increase Eichholz et al. (2012)
uv-B Astragalus compactus Anthocyanins, lignin, tannins, Phenolic acids  Increase Naghiloo et al. (2012)
Nasturtium officinale Glucosinolate Increase Reifenrath & Miiller (2007)
Aloe vera Anthocyanin, aloin Increase Hazrati et al. (2016)
Light Cgssia angust?folia Sennosidg Increase Raju et al. (2013)
intensity Erigeron breviscapus Scutellarin Increase Zhou et al. (2016)
Hypericum perforatum Naphthodianthrones and phenoliccompounds  Increase Radusiene et al.(2012)
Mahonia breviracema Essential oil, Hexadecanoic acid Increase Li et al. (2018)
Artemisia Artemisinin Increase Verma & Shukla (2015)
H. brasiliense Rutin, Quercetin, Betulinic acid Increase Verma & Shukla (2015)
Labisia pumila Total phenolics, anthocyanins Increase Jaafar et al. (2012)
Salvia officinalis Terpenes Increase Nowak et al. (2010)
Drought Scutellaria baicalensis Baicalin Increase  Cheng et al. (2018)
Thymus vulgaris Thymol Decrease  Alavi-Samani et al. (2015)
T. vulgaris Thymol, carvacrol,y-terpinene, and p-cymene  Increase Mohammadi et al.(2018)
Trachyspermum ammi Total phenolics Increase Azhar et al. (2011)
A. compactus Phenolics Increase Naghiloo et al.(2012)
Chrysanthemum Anthocyanins, a-linolenic, Jasmonic acid Decrease  Shibata et al. (1988)
High Eleutherococcus senticosus  Eleutherosides and chlorogenic acid Increase Shohael et al. (2006)
temperature H. perforatum Naphthodianthrones and phenolics Increase Radusiene et al. (2012)
H. perforatum Hyperforin Decrease  Radusiene et al. (2012)
Polygonum minus Flavonols Increase Goh et al. (2015)
Low Artem!s!a annua Artemisinin Increase Yin et gl. (2008)
temperature Artemisia tilesii Flavonoids Decrease  Havryliuk et al. (2017)
Camellia japonica Anthocyanins, o-linolenic, Jasmonic acid Increase Li et al. (2016)
Achillea fragratissima Tannin, Alkaloid Increase Abd EL-Azim & Ahmed
(2009)
Coriandrum sativum Carvacrol, Octanal; Borneol; (E)-2-Nonenal Increase Neffati & Marzouk (2008)
Salinity Coriandrum sativum y-trepine, a-Pinene; (Z)-Myroxide Decrease  Neffati & Marzouk (2008)
Origanum majorana cis-Sabinene  Hydrate; Linalyl acetate; Increase Baatour et al. (2010)
Terpinene-4-ol
Plantago ovata Flavonoids, Saponins, Proline Increase Haghighi et al. (2012)
Ricinus communis Recinine alkaloids Increase Ali et al. (2008)

1. Strategies enabling plants to tolerate the conditions of extreme stress: Though plants can cope with the conditions of
stress on their own using several mechanisms, however, extreme stress conditions severely affect the plants and lead to plant
death. Therefore, to ensure plant survival at the time of stress, several strategies are being used to increase plant stress
tolerance. Current efforts at increasing stress tolerance in plants include the use of microorganisms, chemical treatment,
biotechnological and nano-technological approaches (Figure 2).

Biological: This method of ensuring plant survival at the time of severe abiotic stress in plants includes the introduction of
plants with endophytes. Endophytes are microbes that live in roots, stems, leaves, and seeds of healthy plants without
showing any negative effects on physiological plant functions and also not resulting in any disease. Endophytes help plants
in adapting to unfavorable conditions and during stress conditions that limit their growth. During severe conditions, plants
develop symbiotic relationships with these microorganisms, which is helpful to both partners. The main functions of these
microorganisms which confer resistance to stress in plants are hormone production such as cytokinins, gibberellins, indole-
3-acetic acid (IAA), siderophore formation, phosphate solubilization, nutrient uptake, and antagonism to pathogens.
Endophytes can stimulate chemical or physical modifications that confer plant protection. Several reports have confirmed
that plant growth-promoting fungi (PGPF) can provide aid in escalating tolerance of plants against different environmental
stresses such as cold, heat, drought, salinity, and heavy metals (Khan et al. 2012).

i. Chemical treatment: Chemical treatment mostly involves seed priming. Priming is a technique where plant seeds are

chemically treated to provide them protection from unfavorable situations. Chemical substances as priming agents came
into use only after they were established to appreciably perk up the ability of plants to bear situations not favorable to them
(Irani & Todd 2018). Chemical substances like hydrogen peroxide (H20>), hydrogen sulfide (H»S) and nitric oxide (NO)
are generally used for priming and can provide abiotic stress resistance to plants (Jinet al. 2017; Liang et al. 2018). The
seeds are treated with these chemicals before sowing which confers increased tolerance of plants to abiotic stress, without
inhibiting plant development (Shi et al. 2014). These compounds might confer priming effects from their signaling functions
at the cellular level and or from transcriptional and post-translational regulation (Savvides et al. 2016). Seed priming
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increases the percentage of seed germination, decreases the time taken by seeds to germinate and improves the growth of
seeds during unfavorable environmental conditions.

Biotechnological: Modifying the regulatory genes like protein kinases and phosphatase that protect plants from abiotic
stress or bringing change in transcription factors is an approach that efficiently improves the capacity of plants to resist
stress by modulation of stress signals and regulation of several downstream genes. The most suitable approach used to
improve abiotic stress tolerance in plants requires strengthening the internal systems by interfering with the sensors and
signaling/ regulative elements (i.e. kinases, phosphatases, transcription factors) or genes and effectors (e.g. antioxidant
producing enzymes, heat-shock proteins, osmoprotectants synthesizing enzymes) (Reguera et al. 2012).In plants, several
protocols have been proposed that develop abiotic stress resistance depending on the enzymes that can produce metabolites
having solubility, serve as membrane lipid synthesizers, antioxidant producers, act as protein protectants, and transporters
(YYang et al. 2018). For instance, Proline dehydrogenases (ProDH) and A1-pyrroline-5-carboxylate synthetases (P5CS) are
known to confer stress tolerance to plants through regulation of the synthesis of proline. It is an important area of research
to identify chief regulators or sensors that acclimatize stress upstream and tolerate abiotic stress.

Strategies to enhance abiotic stress management in medicinal plants

Plant
nanobionics

Biotechnol

Biological Chemical .
ogical

#5x
'8ty
f.‘\f?‘p.

A -}

Use of Use of chemical Modifying the Use of nanoparticles
microorganisms agents expressions of

like endophytes for seed priming genes

Figure 2- Strategies enhancing the ability of plants to tolerate abiotic stress
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iv. Plant Nanobionics: Plant nanobionics is a field of plant science that investigates how nanoparticles (NPs) interact with
plant systems to produce novel functions. NPs have sizes ranging from 1 to 100 nanometers and have a high surface energy
and surface-to-volume ratio, which increases their reactivity and other biological activity thereby making them quite
efficient for a number of purposes. NPs also have the potential to protect plants from a variety of abiotic stresses. Abiotic
stresses make photosynthesis particularly sensitive; nevertheless, NMs have been shown to preserve the photosynthetic
system and promote photosynthesis by reducing oxidative and osmotic stress (Siddiqui et al. 2014). NPs are also being
intensively studied for their ability to help medicinal plants to accumulate valuable secondary metabolites (Paramo et al.
2020). Silver NPs (AgNPs) were observed to augment the ability to bear drought stress in Thymus daenensis and Thymus
vulgaris L. along with enhanced germination and increased length of roots during 200 mM saline conditions (Ghavam
2019). Spraying Iron oxide (Fe;O3z) NPs in plants of Dracocephalum moldavica L. under salt stress (100 mM of NaC1)
noticeably improved the canopy, enhanced the rate at which SMs were formed and also improved the antioxidant enzymatic
activities (Moradbeygi et al. 2020). Besides, for this plant, Fe,O3 NPs can also serve as a basis of Fe supply to this plant.
Application of FesO4 NPs can also assuage toxicity induced by Cd and Pb in the leaves of coriander plants (Fahad et al.
2020). Titanium dioxide (TiO2) NPs have also been studied for their effects on plants. Verbascum sinuatum plants on being
treated with TiO, were able to alleviate negative effects of exposure to artificial drought and increased the number of
pigments assimilated due to stimulation of antioxidant defence systems (Karamian et al. 2020). In contrast to this, the
amount of pigments assimilated in the leaves of Dracocephalum moldavica plants were reduced significantly when treated
with TiO2 NPs of size 10 ppm (Mohammadi et al. 2016). Additionally, applying 10 ppm TiO2 NPs on the leaves of
Dracocephalum moldavica L. plants growing in drought conditions resulted in enhanced dry mass of the shoot and EO
content. Plants growing in water deficient conditions in presence of 10 ppm TiO2 NPs, showed higher concentrations of
proline and lower amount of H,O, signifying that TiO, NPs are capable of diminishing oxidative damages caused by water
deficiency. Under salinity stress, the use of silicon nanoparticles has been demonstrated to have promising impacts on
physiological and morphological aspects of basil vegetative properties. Treating basil with silicon nanoparticles and silicon
fertilizer, showed a considerable improvement in growth metrics, chlorophyll content, and proline level under salt stress
(Kaltech et al. 2014). Reduced Na+ ion concentration, possibly by lowering Na+ ion absorption by plant tissues, is a
possible approach used by silica nanoparticles to ameliorate salinity stress in plants (Saxena et al. 2016).

4. Conclusions

For thousands of years, secondary metabolites produced by medicinal plants have served as raw materials for the production of
pharmaceutical compounds and treatment of several diseases by local communities across the globe. Plants produce SMs as a
defence mechanism to combat the conditions of environmental stress. Stresses might lead to change in the quality of the SMs
produced by plants along with their quantity. The modification in the quantity and quality of SMs synthesized by plants during
stress conditions varies from plant to plant. From the present overview it can be concluded that the production of secondary
metabolites can be optimized in plants by exposing them to different kinds of stresses. However, it is extremely necessary to
understand that plants can deal with stresses only to a certain extent and extreme stress events lead to the death of plants.
Therefore, to protect the plants from the conditions of extreme stress, several biological, chemical and biotechnological methods
can be used. In addition to these well known methods, plant nano bionics has also emerged as a new method that helps plants in
tolerating or managing stresses. This field is still in its infancy and requires extensive research before being introduced to field
conditions.

Acknowledgements
Authors are thankful towards CSIR and Scientist in Charge, CIMAP, Pantnagar

References

Abate L, Bachheti R K, Tadesse M G & Bachheti A (2022). Ethnobotanical Uses, Chemical Constituents, and Application of Plantago
lanceolata L. Journal of Chemistry 22: 1532031.https://doi.org/10.1155/2022/1532031

Abd EI-Azim W M & Ahmed S T H (2009). Effect of salinity and cutting date on growth and chemical constituents of Achillea fragratissima
Forssk, under RasSudr conditions. Research Journal of Agriculture and Biological Sciences 5(6): 1121-1129

Abubakar | B, Malami I, Yahaya Y & Sule S M (2018). A review on the ethnomedicinal uses, phytochemistry and pharmacology of Alpinia
officinarum Hance. Journal of ethnopharmacology 224: 45-62.DOI: 10.1016/j.jep.2018.05.027

Alavi-Samani S M, Kachouei M A & Pirbalouti A G (2015). Growth, yield, chemical composition, and antioxidant activity of essential oils
from two thyme species under foliar application of jasmonic acid and water deficit conditions. Horticulture Environment and Biotechnology
56(4): 411-420.D0I:10.1007/s13580-015-0117-y

Ali R M, Elfeky S S & Abbas H (2008). Response of salt stressed Ricinus communis L. to exogenous application of glycerol and/or aspartic
acid. Journal of Biological Sciences 8(1): 171-175. DOI: 10.3923/jbs.2008.171.175

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

Arbona V & Gomez-Cadenas A (2015). Metabolomics of disease resistance in crops. Current Issues in Molecular Biology 19:13-29

Azhar N, Hussain B, Ashraf Y M & Abbasim K'Y (2011). Water stress mediated changes in growth, physiology and secondary metabolites of
desi ajwain (Trachyspermum ammi). Pakistan Journal of Botany 43(9): 15-19

358


https://doi.org/10.1155/2022/1532031
https://doi.org/10.1016/j.jep.2018.05.027
https://doi.org/10.1007/s13580-015-0117-y
https://dx.doi.org/10.3923/jbs.2008.171.175

Punetha et al. - Journal of Agricultural Sciences (TarimBilimleriDergisi), 2022, 28(3): 351-362

Baatour O R, Kaddour W, Wannes A, Lachaal M & Marzouk B (2010). Salt effects on the growth, mineral nutrition, essential oil yield and
composition of marjoram (Origanum majorana). Acta Physiologiae Plantarum 32(1): 45-51.DOI: 10.1007/s11738-009-0374-4

Bharti V K, Malik J K & Gupta R C (2016). Ashwagandha: Multiple health benefits. Nutraceuticals Efficacy, Safety and Toxicity pp. 717-733

Bhat M A, Ahmad S, Aslam J, Mujib A & Mahmooduzzfar (2008). Salinity stress enhances production of solasodine in Solanum nigrum L.
Chemical and Pharmaceutical Bulletin 56(1): 17-21.DOI: 10.1248/cpb.56.17

Boukhatem M N, Ferhat M A, Kameli A, Saidi F &Kebir H T (2014). Lemon grass (Cymbopogon citratus) essential oil as a potent anti-
inflammatory and antifungal drugs. Libyan Journal of Medicine 9(1):25431.DOI: 10.3402/1jm.v9.25431

Bourgou S, Kchouk M E, Bellila A &Marzouk B (2010). Effect of salinity on phenolic composition and biological activity of Nigella sativa.
Acta Horticulturae 853: 57-60. DOI: 10.17660/ActaHortic.2010.853.5

Brant S M G (2016). Nutraceuticals in hepatic diseases. Nutraceuticals Efficacy, Safety and Toxicity pp. 87-99

Casal J J &Yanovsky M J (2005). Regulation of gene expression by light. The International Journal of Developmental Biology 49: 501-
511.Doi: 10.1387/ijdb.051973jc

Chan L K, Koay S S, Boey P L & Bhatt A (2010). Effects of abiotic stress on biomass and anthocyanin production in cell cultures of Melastoma
malabathricum. Biological Research 43: 27-135. PMID: 21157639 http://dx.doi.org/10.4067/S0716-97602010000100014

Chen Y, Guo Q, Liu L, Liao L & Zhu Z (2011) Influence of fertilization and drought stress on the growth and production of secondary
metabolites in Prunella vulgaris L. Journal of Medicinal Plants Research 5: 1749-1755

Cheng L, Han M, Yang L M, Yang L, Sun Z & Zhang T (2018). Changes in the physiological characteristics and baicalin biosynthesis
metabolism of Scutellaria baicalensis Georgi under drought stress. Industrial Crops & Products 122: 473-
482.https://doi.org/10.1016/j.indcrop.2018.06.030

Cheynier V, Comte G, Davies KM, Lattanzio V & Martens S (2013). Plant phenolics: recent advances on their biosynthesis, genetics, and
ecophysiology. Plant Physiology and Biochemistry 72: 1-20.https://doi.org/10.1016/j.plaphy.2013.05.009

Cik J K, Klejdus, B, Hedbavny J & Backor M (2009). Salicylic acid alleviates NaCl-induced changes in the metabolism of Matricaria
chamomilla plants. Ecotoxicology 18(5): 544-554.DOI: 10.1007/s10646-009-0312-7

Damanhouri Z A & Ahmad A (2014). A review on therapeutic potential of Piper nigrum L. (Black pepper): The king of spices. Medicinal and
Aromatic Plants 3:161.D0I:10.4172/2167-0412.1000161

Edewor T | & Olajire A A (2011). The flavones from Acanthospermum hispidum DC and their antibacterial activity. International Journal of
Organic Chemistry1:132-141.DOI: 10.4236/ijoc.2011.13020

Eichholz I, Rohn S, Gamm A, Beesk N, Herppich W B, Kroh L W, Ulrichs C & Huyskens-Keil S (2012). UV-B-mediated flavonoid synthesis
in white asparagus (Asparagus officinalis L.). Food Research International 48(1):196-201.https://doi.org/10.1016/j.foodres.2012.03.008

Eliasova A, Repcak M &Pastirova A (2004). Quantitative changes of secondary metabolites of Matricaria chamomilla by abiotic stress.
Zeitschriftfiir Naturforschung C 59(7-8):543-548. DOI: 10.1515/znc-2004-7-817

Espinoza A, San Martin A, Lopez-Climent M, Ruiz-Lara S, Gomez-Cadenas A & Casaretto J A (2013). Engineered drought-induced
biosynthesis of a-tocopherol alleviates stress-induced leaf damage in tobacco. Journal of Plant Physiology 170: 1285-1294.DOI:
10.1016/j.jplph.2013.04.004

Estell R E, Fredrickson E L & James D K (2016). Effect of light intensity and wavelength on concentration of plant secondary metabolites in
the leaves of Flourensia cernua. Biochemical Systematics and Ecology 65: 108-114.https://doi.org/10.1016/j.bse.2016.02.019

Fahad Balouch A, Agheem M H, Memon S A, Baloch A R, Tunio A, Abdullah, Pato A H, Jagirani M S & Panah P (2020). Efficient mitigation
of cadmium and lead toxicity in coriander plant utilizing magnetite (FesO4) nanofertilizer as growth regulator and antimicrobial agent.
International Journal of Environmental Analytical Chemistry 1-12.https://doi.org/10.1080/03067319.2020.1776861

Ghavam M (2019). Effect of silver nanoparticles on tolerance to drought stress in Thymus daenensis Celak and Thymus vulgaris L. in
germination and early growth stages. Environmental Stresses in Crop Sciences 12: 555-566. DOI 10.22077/escs.2018.788.1287

Goh H H, Khairudin K, Sukiran N A, Normah M N & Baharum S N (2015). Metabolite profiling reveals temperature effects on the VOCs
and flavonoids of different plant populations. Plant Biology 18:130-139.DOI: 10.1111/plb.12403

Gotawska S, Sprawka I, Lukasik I &Gotawski A (2014). Are naringenin and quercetin useful chemicals in pest-management strategies? Journal
of Pest Science 87(1):173-180 doi: 10.1007/s10340-013-0535-5.

Gurib-Fakim A (2006). Medicinal plants: traditions of yesterday and drugs of tomorrow. Molecular Aspects of Medicine 27(1): 1-93. DOI
10.1016/j.mam.2005.07.008

Haghighi Z, Modarresi M &Mollayi S (2012). Enhancement of compatible solute and secondary metabolites production in Plantago ovate
Forsk. by salinity stress. Journal of Medicinal Plants Research 6(18): 3495-3500. DOI: 10.5897/JMPR12.159

Hasanuzzaman M, Hossain M A, da Silva J A T & Fujita M (2012). Plant responses and tolerance to abiotic oxidative stress: antioxidant
defenses is a key factor. In: Bandi V, Shanker AK, Shanker C, Mandapaka M (eds) Crop stress and its management: perspectives and
strategies, Springer, Berlin, pp. 261-316

Havryliuk O, Matvieieva N, Tashyrev O &Yastremskaya L (2017). Influence of cold stress on growth and flavonoids accumulation in Artemisia
tilesii “hairy” root culture. Agrobiodiversity 163-167.http://dx.doi.org/10.15414/agrobiodiversity.2017.2585-8246.163-167

Hazrati S, Tahmasebi-Sarvestani Z, Modarres-Sanavy SAM, Mokhtassi-Bidgoli A & Nicola S (2016). Effects of water stress and light intensity
on chlorophyll fluorescence parameters and pigments of Aloe vera L. Plant Physiology and Biochemistry 106:141-
148.https://doi.org/10.1016/j.plaphy.2016.04.046

Hoffmann D (2003). Medical Herbalism: The Science and Practice of Herbal Medicine. Healing Arts Press One Park Street, Rochester,
Vermont

Hossain M A, Alrashdi Y B A & Al Touby S (2022). A review on essential oil analyses and biological activities of the traditionally used
medicinal plant Thymus vulgaris L. International Journal of Secondary Metabolite 9(1):103-111.https://doi.org/10.21448/ijsm.1029080

Irani S & Todd C D (2018). Exogenous allantoin increases Arabidopsis seedlings tolerance to NaCl stress and regulates expression of oxidative
stress response genes. Journal of Plant Physiology 221: 43-50.DOI: 10.1016/j.jplph.2017.11.011

Jaafar H Z, Ibrahim M H & Mohamad F N F (2012). Impact of soil field water capacity on secondary metabolites, phenylalanine ammonia-
lyase (PAL), maliondialdehyde (MDA) and photosynthetic responses of Malaysian kacipfatimah (Labisia pumila Benth). Molecules 17(6):
7305-7322.https://doi.org/10.3390/molecules17067305

Jaleel C A, Manivannan P, Sankar B, Kishorekumar A, Gopi R & Somasundaram R (2007). Induction of drought stress tolerance by
ketoconazole in Catharanthus roseus is mediated by enhanced antioxidant potentials and secondary metabolite accumulation. Colloids and
Surfaces B: Biointerfaces 60: 201-206. doi: 10.1016/j.colsurfb.2007.06.010.

359


https://doi.org/10.1248/cpb.56.17
https://doi.org/10.3402/ljm.v9.25431
http://dx.doi.org/10.17660/ActaHortic.2010.853.5
https://doi.org/10.1016/j.indcrop.2018.06.030
https://doi.org/10.1016/j.plaphy.2013.05.009
https://doi.org/10.1007/s10646-009-0312-7
https://doi.org/10.4172/2167-0412.1000161
http://dx.doi.org/10.4236/ijoc.2011.13020
https://doi.org/10.1016/j.foodres.2012.03.008
http://dx.doi.org/10.1515/znc-2004-7-817
https://doi.org/10.1016/j.jplph.2013.04.004
https://doi.org/10.1016/j.bse.2016.02.019
https://doi.org/10.1080/03067319.2020.1776861
https://dx.doi.org/10.22077/escs.2018.788.1287
https://doi.org/10.1111/plb.12403
https://doi.org/10.1016/j.mam.2005.07.008
https://doi.org/10.1016/j.plaphy.2016.04.046
https://doi.org/10.21448/ijsm.1029080
https://doi.org/10.1016/j.jplph.2017.11.011
https://doi.org/10.3390/molecules17067305

Punetha et al. - Journal of Agricultural Sciences (TarimBilimleriDergisi), 2022, 28(3): 351-362

Jamil M, Lee D B, Jung K'Y, Lee S C & Rha E S (2006). Effect of salt (NaCl) stress on germination and early seedling growth of four
vegetables species. Journal of Central European Agriculture 7(2): 273-282

JinZ, Wang Z, Ma Q, Sun L, Zhang L, Liu Z, Liu D, Hao X & Pei Y (2017). Hydrogen sulfide mediates ion fluxes inducing stomatal closure
in response to drought stress in Arabidopsis thaliana. Plant Soil 419: 141-152. https://doi.org/10.1007/s11104-017-3335-5

Jochum G M, Mudge K W & Thomas R B (2007). Elevated temperatures increase leaf senescence and root secondary metabolite concentration
in the understory herb Panax quinquefolius (Araliaceae). American Journal of Botany 94: 819-826.doi: 10.3732/ajb.94.5.819

Karamian R, Ghasemlou F & Amiri H (2020). Physiological evaluation of drought stress tolerance and recovery in Verbascum sinuatum plants
treated with methyl jasmonate, salicylic acid and titanium dioxide nanoparticles. Plant Biosystems 154: 277-
287.https://doi.org/10.1080/11263504.2019.1591535

Katerova Z, Todorova D & Sergiev | (2017). Plant Secondary Metabolites and Some Plant Growth Regulators Elicited by UV Irradiation,
Light And/or Shade. Medicinal Plants and Environmental Challenges pp. 97-121. DOI:10.1007/978-3-319-68717-9_6

Khan A L, Hamayun M, Hussain J, Kang S M & Lee | J (2012). The newly isolated endophytic fungus Paraconiothyrium sp. LK1 produces
ascotoxin. Molecules 17: 1103-1112.doi: 10.3390/molecules17011103

Khan M N, Mobin M, Abbas Z K & AL Mutairi K A (2016). Impact of varying elevations on growth and activities of antioxidant enzymes of
some medicinal plants of Saudi Arabia. Acta Ecologica Sinica 36:141-148. doi:10.1016/j.chnaes.2015.12.009

Ksouri R, Megdiche W, Debez A, Falleh H, Grignon C & Abdelly C (2007). Salinity effects on polyphenol content and antioxidant activities
in leaves of the halophyte Cakile maritima. Plant Physiology and Biochemistry 45: 244-249.https://doi.org/10.1016/j.plaphy.2007.02.001

Kumar D, Punetha A, Verma P P S & Padalia R C (2022). Micronutrient based approach to increase yield and quality of essential oil in aromatic
crops. Journal of Applied Research on Medicinal and Aromatic Plants 26: 10036. https://doi.org/10.1016/j.jarmap.2021.100361

Li Q, Lei S, Du K, Li L, Pang X, Wang Z, Wei M, Fu S, Hu L & Xu L (2016). RNAseq based transcriptomic analysis uncovers a-linolenic
acid and jasmonic acid biosynthesis pathways respond to cold acclimation in Camellia japonica. Scientific Reports 6(1): 1-
13.https://doi.org/10.1038/srep36463

Li Y Q, Kong D X, Liang H L & Wu H (2018). Alkaloid content and essential oil composition of Mahonia breviracema cultivated under
different light environments. Journal of Applied Botany and Food Quality 91:171-179. DOI: https://doi.org/10.5073/JABFQ.2018.091.023

Liang Y, Zheng P, Li S, Li K Z & Xu H N (2018). Nitrate reductase-dependent NO production is involved in HzS-induced nitrate stress
tolerance in tomato via activation of antioxidant enzymes. Scientia Horticulturae 229: 207-
214.https://doi.org/10.1016/j.scienta.2017.10.044

Liu H, Wang X, Wang D, Zou Z & Liang Z (2011). Effect of drought stress on growth and accumulation of active constituents in Salvia
miltiorrhiza Bunge. Industrial Crops and Products 33: 84-88.https://doi.org/10.1016/j.indcrop.2010.09.006

Loreto F & Schnitzler J P (2010). Abiotic stress and induced BVOCs. Trends in Plant Science 15(3): 154-
166.DOI:https://doi.org/10.1016/j.tplants.2009.12.006

Ma C H, ChuJ Z, Shi X F, Liu C Q & Yao X Q (2016). Effects of enhanced UV-B radiation on the nutritional and active ingredient contents
during the floral development of medicinal chrysanthemum. Journal of Photochemistry and Photobiology B: Biology 158: 228-
234.https://doi.org/10.1016/j.jphotobiol.2016.02.019

Mohammadi H, Esmailpour M & Gheranpaye A (2016). Effects of TiO2 nanoparticles and water-deficit stress on morpho-physiological
characteristics of dragonhead (Dracocephalum moldavica L.) plants. Acta agriculturae  Slovenicais 107:385-
396.D0I:10.14720/aas.2016.107.2.11

Mohammadi H, Ghorbanpour M & Brestic M (2018). Exogenous putrescine changes redox regulations and essential oil constituents in field-
grown Thymus vulgaris L. under well-watered and drought stress conditions. Industrial Crops and Products 122: 119-
132.https://doi.org/10.1016/j.indcrop.2018.05.064

Moradbeygi H, Jamei R, Heidari R &Darvishzadeh R (2020). Investigating the enzymatic and non-enzymatic antioxidant defense by applying
iron oxide nanoparticles in Dracocephalum moldavica L. plant under salinity stress. Scientia Horticulturae 272:
109537 .https://doi.org/10.1016/j.scienta.2020.109537

Naghiloo S, Movafeghi A, Delazar A, Nazemiyeh H, Asnaashari S &Dadpour M R (2012). Ontogenetic variation of total phenolics and
antioxidant activity in roots: leaves and flowers of Astragalus compactus Lam. (Fabaceae). Bioimpacts 2(2):105-109.DOI:
10.5681/bi.2012.015

Nassar M |, Aboutabl E S A, Makled Y A, El-Khrisy E D A & Osman A F (2010). Secondary metabolites and pharmacology of Foeniculum
vulgare Mill. Subsp. Piperitum. Revistalatino americana de quimica 38:2

Neffati M &Marzouk B (2008). Changes in essential oil and fatty acid composition in coriander (Coriandrum sativum L.) leaves under saline
conditions. Industrial Crops and Products 28:137-142.https://doi.org/10.1016/j.indcrop.2008.02.005

Nowak M, Manderscheid R, Weigel H J, Kleinwachter M & Selmar D (2010). Drought stress increases the accumulation of monoterpenes in
sage (Salvia officinalis), an effect that is compensated by elevated carbon dioxide concentration. Journal of Applied Botany and Food
Quality 83:133-136

Okigho R N, Eme U E & Ogbogu S (2008). Biodiversity and conservation of medicinal and aromatic plants in Africa. Biotechnology and
Molecular Biology 3(6):127-134

Paramo L A. Feregrino-Perez AA, Guevara R, Mendoza S & Esquivel K (2020). Nanoparticles in agroindustry: Applications, toxicity,
challenges, and trends. Nanomaterials 10: 1654.doi: 10.3390/nan010091654

Pateraki | & Kanellis A K (2010). Stress and developmental responses of terpenoid biosynthetic genes in Cistus creticus subsp. creticus. Plant
Cell Reports 29:629-41.https://doi.org/10.1007/500299-010-0849-1

Pell E J, Schlagnhaufer C D& Arteca R N (1997). Ozone induced oxidative stress: mechanism of action and reaction. Physiologia Plantarum
100: 264-273. https://doi.org/10.1111/j.1399-3054.1997.th04782.x

Pradhan J, Sahoo S K, Laloltra S & Sarma R S (2017). Positive impact of abiotic stress on medicinal and aromatic plants. International Journal
of Plant Science 12(2): 309-313. DOI: 10.15740/HAS/1JPS/12.2/309-313

Prakash P & Gupta N (2005). Therapeutic uses of Ocimum sanctum Linn (Tulsi) with a note on eugenol and its pharmacological actions: a
short review. Indian Journal of Physiology and Pharmacology 49(2):125-131

Queslati S, Karray-Bouraoui N, Attia H, Rabhi M, Ksouri R &Lachaal M (2010). Physiological and antioxidant responses of Mentha pulegium
(Pennyroyal) to salt stress. Acta Physiologiae Plantarum 32(2): 289-296.https://doi.org/10.1007/s11738-009-0406-0

Radasci P, Inotai K, Sarosi S, Czovek P, Bernath J & Nemeth E (2010). Effect of water supply on the physiological characterstics and
production of basil (Ocimum basilicum L). European Journal of Horticultural Science 75:193-197

360


https://doi.org/10.1080/11263504.2019.1591535
http://dx.doi.org/10.1007/978-3-319-68717-9_6
https://doi.org/10.1016/j.plaphy.2007.02.001
https://doi.org/10.5073/JABFQ.2018.091.023
https://doi.org/10.1016/j.scienta.2017.10.044
https://doi.org/10.1016/j.indcrop.2010.09.006
https://doi.org/10.1016/j.tplants.2009.12.006
https://doi.org/10.1016/j.jphotobiol.2016.02.019
http://dx.doi.org/10.14720/aas.2016.107.2.11
https://doi.org/10.1016/j.indcrop.2018.05.064
https://doi.org/10.1016/j.scienta.2020.109537
https://doi.org/10.5681/bi.2012.015
https://doi.org/10.1016/j.indcrop.2008.02.005
https://doi.org/10.1111/j.1399-3054.1997.tb04782.x
http://dx.doi.org/10.15740/HAS/IJPS/12.2/309-313

Punetha et al. - Journal of Agricultural Sciences (TarimBilimleriDergisi), 2022, 28(3): 351-362

Radusiene J, Karpaviciene B &Stanius Z (2012). Effect of external and internal factors on secondary metabolites accumulation in St. John’s
Worth. Botanica Lithuanica 18(2): 101-108. DOI: 10.2478/v10279-012-0012-8

Raju S, Shah S &Gajbhiye N (2013). Effect of light intensity on photosynthesis and accumulation of sennosides in plant parts of senna (Cassia
angustifolia Vahl.). Indian Journal of Plant Physiology 18:285-289. DOI: 10.1007/s40502-013-0038-7

Rathore S, Singh N & Singh S K (2014). Influence of NaCl on biochemical parameters of two cultivars of Stevia rebaudiana regenerated in
vitro. Journal of Stress Physiology and Biochemistry 10(2): 287-296

Razgonova M P, Veselov V V, Zakharenko A M, Golokhvast K S, Nosyrev A E, Cravotto G &Spandidos DA (2019). Panax ginseng
components and the pathogenesis of Alzheimer's disease. Molecular Medicine Reports 19(4): 2975-2998.
https://doi.org/10.3892/mmr.2019.9972

Reguera M, Z Peleg & E Blumwald (2012). Targeting metabolic pathways for genetic engineering abiotic stress-tolerance in crops. Biochimica
et Biophysica Acta 1819: 186-194.DOI: 10.1016/j.bbagrm.2011.08.005

Reifenrath K & Miiller C (2007). Species-specific and leaf-age dependent effects of ultraviolet radiation on two Brassicaceae. Phytochemistry
68(6): 875-885. DOI: 10.1016/j.phytochem.2006.12.008

Sampaio B L, Edrada-ebel R, Batista F & Costa D (2016). Effect of the environment on the secondary metabolic profile of Tithonia diversifolia:
a model for environmental metabolomics of plants. Scientific Reports 6: 1-11. https://doi.org/10.1038/srep29265

Sanchita A & Sharma (2018). Gene Expression Analysis in Medicinal Plants under Abiotic Stress Conditions. Plant Metabolites and Regulation
under Environmental Stress pp. 407-414.D0I:10.1016/B978-0-12-812689-9.00023-6

Savvides A, Ali S, Tester M & Fotopoulos V (2016). Chemical priming of plants against multiple abiotic stresses: Mission possible? Trends
in Plant Science 21: 329-340.DOI: 10.1016/j.tplants.2015.11.003

Saxena R, Tomar R S & Kumar M (2016). Exploring nanobiotechnology to mitigate abiotic stress in crop plants. Journal of Pharmaceutical
Sciences and Research 8(9): 974

Schenke D, Béttcher C & Scheel D (2011). Crosstalk between abiotic ultraviolet-B stress and biotic (flg22) stress signalling in Arabidopsis
prevents flavonol accumulation in favor of pathogen defense compound production. Plant Cell and Environment 34:1849-1864.DOI:
10.1111/j.1365-3040.2011.02381.x

Shahverdi M A, Omidi H & Tabatabaei S J (2017). Effect of nutri-priming on germination indices and physiological characteristics of stevia
seedling under salinity stress. Journal of Seed Science 39: 353-362.https://doi.org/10.1590/2317-1545v39n4172539

Sharkey T D &Yeh S (2001). Isoprene emission from plants. Annual Review of Plant Biology 52: 407-436. DOI:
10.1146/annurev.arplant.52.1.407

Sherman S H & Joshee N (2022). Current status of research on medicinal plant Scutellaria lateriflora: A review. Journal of Medicinally Active
Plants 11(1): 22-38 https://doi.org/10.7275/shxv-wb39

Shi H, Jiang C, Ye T, Tan D-X, Reiter R J, Zhang H, Liu R & Chan Z (2014). Comparative physiological, metabolomic, and transcriptomic
analyses reveal mechanisms of improved abiotic stress resistance in bermuda grass [Cynodon dactylon (L). Pers.] by exogenous melatonin.
Journal of Experimental Botany 66: 681-694.DOI: 10.1093/jxb/eru373

Shibata M, Amano M, Kawata J &Uda M (1988). Breeding process and characteristics of ‘Summer Queen’, a spray-type chrysanthemum.
Bulletin of the National Research Institute of Vegetables, Ornamental Plants and Tea SeriesA 2: 245-255

Shohael AL M, Ali M B, Yu K, Hahn E &Paek K (2006). Effect of temperature on secondary metabolites production and antioxidant enzyme
activities in  Eleutherococcus  senticosus somatic embryos. Plant Cell Tissue and Organ Culture 85:219-
228.https://doi.org/10.1007/s11240-005-9075-x

Siddiqui M H, Al-Whaibi M & Faisal AAAlsahli (2014). Nano-silicon dioxide mitigates the adverse effects of salt stress on Cucurbita pepo
L. Environmental Toxicology and Chemistry 33: 2429-2437.DOI: 10.1002/etc.2697

Soufi S, Rezgui S &Bettaeib T (2015). Early effects of chilling stress on the morphological and physiological status of pretreatedStevia
rebaudiana Bert. seedlings. Journal of New Sciences, Agriculture and Biotechnology 14(5): 467-472

Spitaler R, Schlorhaufer P D, Ellmerer E P, Merfort I, Bortenschlager S, Stuppner H &Zidorn C (2006). Altitudinal variation of secondary
metabolite  profiles in  flowering heads of Arnica montanacv. ARBO. Phytochemistry 67(4): 409-417.DOI:
10.1016/j.phytochem.2005.11.018

Spyridopoulou K, Fitsiou E, Bouloukosta E, Tiptiri-Kourpeti A, Vamvakias M, Oreopoulou A &Chlichlia K (2019). Extraction, chemical
composition, and anticancer potential of Origanumonites L. essential oil. Molecules 24(14):
2612.https://doi.org/10.3390/molecules24142612

Taiz L & Zeiger E (2006). Plant physiology. Sinauer Associates Inc., Sunderland, Massachusetts, USA.

Vashisth D, Kumar R, Rastogi S, Patel V K, Kalra A, Gupta M M, Gupta AK & Shasany A K (2018). Transcriptome changes induced by
abiotic stresses in Artemisia annua. Scientific Reports 8: 3423. https://doi.org/10.1038/s41598-018-21598-1

Verma N & Shukla S (2015). Impact of various factors responsible for fluctuation in plant secondary metabolites. Journal of Applied Research
on Medicinal and Aromatic Plants 2:105-113. doi:10.1016/j.jarmap.2015.09.002

Volkova L, Tausz M, Bennett L T & Dreyer E (2009). Interactive effects of high irradiance and moderate heat on photosynthesis, pigments,
and tocopherol in the tree-fern Dicksonia antarctica. Functional Plant Biology 36:1046. https://doi.org/10.1071/FP09098

Weathers P J & Towler M J (2012). The flavonoids casticin and artemetin are poorly extracted and are unstable in an Artemisia annua tea
infusion. Planta Medica 78(10):1024-1026.DOI: 10.1055/s-0032-1314949

Yang B & LiJ (2011). Responses of the secondary metabolites contents in the leaves of Myricarubra cv. Dongkui to light and water stress.
Journal of Henan Agricultural Sciences 40(7): 118-122

Yang L, Wu L, Chang W, Li Z, Miao M, Li Y, Yang J, Liu Z & Tan J (2018). Overexpression of the maize E3 ubiquitin ligase gene ZmAIRP4
enhances drought  stress  tolerance in Arabidopsis. Plant Physiology  and Biochemistry 123: 34-
42 .https://doi.org/10.1016/j.plaphy.2017.11.017

Yin L, Zhao C, Huang Y, Yang R Y & Zeng Q P (2008). Abiotic stress-induced expression of artemisinin biosynthesis genes in Artemisia
annua L. Chin. Journal of Applied Environmental Biology 14(1): 1-5

Zhang L X, Guo Q S, Chang Q S, Zhu Z B, Liu L & Chen Y H (2015). Chloroplast ultrastructure, photosynthesis and accumulation of secondary
metabolites in Glechoma longituba in response to irradiance. Photosynthetica 53(1): 144-153.https://doi.org/10.1007/s11099-015-0092-7

Zhao BT, KimT I, KimY H, Kang J S, Min B S, Son J K, et al. (2018). A comparative study of Mentha arvensis L. and Mentha haplocalyx
Brig. by HPLC. Natural Product Research 32(2):239-242.https://doi.org/10.1080/14786419.2017.1343325

361


http://dx.doi.org/10.2478/v10279-012-0012-8
http://dx.doi.org/10.1007/s40502-013-0038-7
https://doi.org/10.1016/j.bbagrm.2011.08.005
https://doi.org/10.1016/j.phytochem.2006.12.008
http://dx.doi.org/10.1016/B978-0-12-812689-9.00023-6
https://doi.org/10.1016/j.tplants.2015.11.003
https://doi.org/10.1111/j.1365-3040.2011.02381.x
https://doi.org/10.1590/2317-1545v39n4172539
https://doi.org/10.7275/shxv-wb39
https://doi.org/10.1093/jxb/eru373
https://doi.org/10.1002/etc.2697
https://doi.org/10.1016/j.phytochem.2005.11.018
https://doi.org/10.3390/molecules24142612
https://doi.org/10.1038/s41598-018-21598-1
https://doi.org/10.1055/s-0032-1314949
https://doi.org/10.1016/j.plaphy.2017.11.017
https://doi.org/10.1080/14786419.2017.1343325

Punetha et al. - Journal of Agricultural Sciences (TarimBilimleriDergisi), 2022, 28(3): 351-362

Zhou R, SuW H, Zhang G F, Zhang Y N &Guo X R (2016). Relationship between flavonoids and photoprotection in shade-developed Erigeron
breviscapus transferred to sunlight. Photosynthetica 54(2): 201-209.https://doi.org/10.1007/s11099-016-0074-4

2022 by the author(s). Published by Ankara University, Faculty of Agriculture, Ankara, Turkey. This is an

@ Open Access article distributed under the terms and conditions of the Creative Commons Attribution (CC
BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,

and reproduction in any medium, provided the original work is properly cited.

362


http://creativecommons.org/licenses/by/4.0/

