Isah Biol Res (2019) 52:39
https://doi.org/10.1186/540659-019-0246-3

Biological Research

®

Check for
updates

Stress and defense responses in plant
secondary metabolites production

Tasiu Isah”

Abstract

In the growth condition(s) of plants, numerous secondary metabolites (SMs) are produced by them to serve variety

of cellular functions essential for physiological processes, and recent increasing evidences have implicated stress and
defense response signaling in their production. The type and concentration(s) of secondary molecule(s) produced by
a plant are determined by the species, genotype, physiology, developmental stage and environmental factors during

growth. This suggests the physiological adaptive responses employed by various plant taxonomic groups in cop-

ing with the stress and defensive stimuli. The past recent decades had witnessed renewed interest to study abiotic
factors that influence secondary metabolism during in vitro and in vivo growth of plants. Application of molecular
biology tools and techniques are facilitating understanding the signaling processes and pathways involved in the SMs
production at subcellular, cellular, organ and whole plant systems during in vivo and in vitro growth, with application
in metabolic engineering of biosynthetic pathways intermediates.
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Background

Because they are sessile organisms, plants have evolved
numerous mechanisms for accommodating changes
arising in their fluctuating growth conditions to enable
functional flexibility under the influence of environmen-
tal factors without affecting cellular and developmental
physiological processes [1, 2] by producing repertoire of
secondary metabolites (SMs) that play variety of roles in
response to changing environment, growth and devel-
opment [3, 4]. The changes may be induced by environ-
mental components that include local geo-climatic and
seasonal changes, external conditions of temperature,
light, humidity and developmental processes, among
others, and impact biomass production and biosynthe-
sis of plant secondary metabolites (PSMs) [4-8]. The
secondary molecules are produced occasionally in liv-
ing plant cells and do not play much of significant role
in the primary life of plants that produce them, with the
production been at low concentration commensurate
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with growth physiology of a plant species [9]. Produc-
tion of the metabolites by the plants is regarded an adap-
tive capacity in coping with stressful constraints during
challenging and changing environment of growth that
may involve production of complex chemical types and
interactions in the structural and functional stabiliza-
tion through signaling processes and pathways [10]. Vast
number of the secondary molecules are biosynthesized
from primary metabolites and accumulated in plant cells,
and the production could be induced in the in vitro con-
dition when cell cultures are treated with biotic, abiotic
elicitors and signaling molecules [6, 11-13]. For centu-
ries, humanity has exploited such physiological adjust-
ments in plants as a source of improving biosynthesis of
bioactive compounds they produce which are useful in
making drugs or direct use of the plants as herbal medi-
cine to cure diseases and ailments, and still, about 25%
of the drugs in use by the humanity are derived from
medicinal plants [14, 15]. However, more than 350,000
species are yet to be investigated on production of the
biopharmaceuticals.

In the past recent decades, studies on bioactive com-
pounds produced by the plants have shown their
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nutritional value in the form of flavors, food addition
and as biochemicals having industrial use [16—19]. Their
production by a plant species is dependent on growth
condition and physiology, and to great extent due to the
differential impact of environmental growth conditions
on metabolic pathways associated with their biosynthe-
sis. Many of the reported studies have shown variety of
ecological functions ascribed to the plant secondary
metabolism (PSM), from protection against environ-
mental stresses to defense during pathogen, insects, and
herbivores attack [20-22]. This lead to the use of con-
siderable number of elicitors of biotic and abiotic ori-
gin in improving production of the metabolites in plant
cells through the use of in vivo and in vitro growth con-
ditions manipulation, and increasing evidences from
results of the studies have established the role of oxida-
tive stress defense response in production of the PSMs
[22-27]. Further, antioxidant and anti-radical functions
have been ascribed to their production in plants, so as
to assist them in coping with oxidative stress situations
during unfavorable growth conditions of the in vivo and
in vitro that may involve participation of hydroxyl or
thiol group-containing compounds. This may involve
production of chemitypes that includes lipoic and ascor-
bic acid, o-dihydroxy group-containing flavonoids like
carotenoids, arylamines, quercetin, aliphatic and unsat-
urated fatty acids among others [10, 28, 29]. In the past
recent decades, studies have also shown that exposure of
plant cells to a stressful growth condition(s) may result
in an exchange between carbons to biomass production
for the biosynthesis of defensive plant secondary com-
pounds [30] when the stress situation is adequately rec-
ognized [6, 10, 13]. Recent evidences have shown that the
cellular stress response communications associated with
biosynthesis of the PSMs involve extensive cross-talk and
signaling processes between pathways in plant cells that
may involve participation of molecules such as salicylic
and jasmonic acids, calcium, abscisic acid, polyamines
and nitric oxides [6, 10, 11, 31]. However, the chemical
rationale of the signal transduction system involved is yet
unclear. Stress physiology related to the PSM have con-
tinued to receive considerable attention in the recent, and
increasing evidences from the many literature reports
suggests stabilizing role of the metabolites in plant cell
structures during in vivo and in vitro stress growth con-
ditions [6, 11, 27, 32, 33]. Many of the studies applied
metabolomics and transcriptomic technologies in inves-
tigating and understanding stress-associated genes and
pathways involved in biosynthesis of the PSMs in medici-
nal plants [11, 34, 35]. This in many instances involved
application of improved bioinformatics pipelines aug-
mented by increased sequenced genomes of many of the
plants and secondary compounds they produce to aid
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understanding complex processes associated with the
biosynthesis through application of many approaches in
elucidating spatial and temporal production of the bioac-
tive compounds in relations to developmental processes
and environmental regulation [34—38]. Data generated
from the metabolomics and genomic studies along with
efficient use of the technologies in biosynthetic pathways
enzymes characterization have facilitated understand-
ing processes involved in the production of many PSMs
in the recent [34-36, 39]. For instance, application of
organic synthesis coupled with the technologies have
aided characterization of complex processes involved in
the biosynthetic pathway(s) of taxol [36], carnosic acid
and forskolin [39-43] among others. However, analyti-
cal limitations that include reliable identification and
quantification, the metabolomics size of the plants and
tissue-specific variation [35] in their production still
pose considerable challenge. The available substantial
evidence(s) have indicated antioxidant and anti-radical
functions been played by the PSMs when plants are cop-
ing with oxidative stress situation during unfavorable
growth conditions of the in vivo and in vitro [44, 45].
However, there are still difficulties in ascertaining the
stress physiology and metabolic effect of their production
to specific stress factor, given the variety of simultane-
ous and interconnected effects of complex stress factors
to metabolic processes in plants, and opposing signal-
ing responses in distinct pathways that are involved in
defense response function associated with production of
the SMs in plant cells can be implicated [11, 22, 26, 27].
As a result, the approach of “carbon-based secondary
metabolites” and “source-sink carbon-nutrients balance”
which are on the premise that stress that suppresses
growth more than photosynthesis promotes accumula-
tion of the SMs hypotheses are current models used to
predict their production under stressed conditions [46,
47]. It is believed that higher production of most of the
metabolites by the plants is part of chemical defense
response system associated with increased resistance to
stress, and possible explanation to existence of variation
in defense response(s) employed by various plant taxo-
nomic groups, as reflected by the type and concentration
of the secondary metabolites (SMs) they produce [20, 22,
26, 48, 49] given that a secondary metabolite (SM) can
perform specific stress response function in plant cells
[11, 50-53]. For instance, production of sesquiterpenes
is associated with defense response system in members
of the family Solanaceae, glucosinolates-myrosinase
are produced by the Brassicaceae members, stilbenes
with the Vitaceae, isoflavones with Fabaceae while limo-
noids are produced by Rutaceae and Meliaceae [21, 26].
Hence, the possible reason production of the PSMs is at
low and varied level, and to great extent, dependent on
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the physiological and developmental stage or process in
most plants. As a result, biotechnological approach of
in vitro technology through strategies and approaches
have found application in their production [38, 54—56].
Many of the efforts put together have resulted in the
achievement(s) of higher yield in the employed produc-
tion systems (Table 1) with culture medium manipulation
the most employed approach in the recent decades [38].
This review summarizes recent trends in reported data
on the physiology of PSMs production across plant spe-
cies, cultivars, and genotypes with emphasis on relation-
ship to biosynthesis of the molecules.

Stress and defense responses in relations to the production
of plant secondary metabolites

Stress response in plants comprises repertoire of molecu-
lar, cellular cross-talk and signaling responses initiated
through the detection of specific or combined biotic or
abiotic stress effect that may result in the induction of
SM [58]. Plants immune system have evolved numerous
stress detection mechanisms that includes transmem-
brane recognition (in response to evolving pathogen
or microbial association molecular pattern), polymor-
phic NB-LRR protein production by most R-genes (to
large extent inside cell) and production of SMs to cope
with the stress situations, and thus, become remodeled
to endure the condition [59, 60]. This may be achieved
through influence on physiological processes in plant
cells, triggered by signal transduction process to accom-
modate the stimulus involving adjustments in primary
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and SM that enable regulation of cell osmotic pressure,
prevents cell components oxidation, pathogenic micro-
bial growth and infection, and deter herbivores [11, 31,
60] through biochemical and physiological processes
associated pathways regulation. Induction of the stress
may stimulate expression or repression of stress-genes
network through precise regulation that may result in the
production of functional cellular molecules to accommo-
date the stress effect [61-63] which may be in the form of
biosynthesis of osmoprotectants, detoxification enzymes,
transporters, chaperones and proteases that serve as the
first line of cellular protection [64]. In many instances,
also, the stress response involves reversible salicylic and
jasmonic acid production, ethylene and reactive oxy-
gen species (ROS) production, ion fluxes, phosphoryla-
tion, promoter elements and transcription factors [65].
Recent evidences have shown the role of regulatory pro-
teins activation and signaling molecules in regulating
signal transduction processes and expression of stress-
responsive genes as an early response that prevents cel-
lular damage and re-establish homeostatic state essential
for growth of plants during in vitro and in vivo stress
growth conditions [11, 64, 66—68]. However, knowledge
about the effect of stress on the PSM is to a large extent,
based on research efforts towards yield maximization of
bioactive constituents from herbs, spices, and medici-
nal plants through evaluating tissue or organ physiology
while understanding cellular functional role the metabo-
lites are playing in plant cells is stimulating interests, par-
ticularly on the production during in vivo and in vitro

Table 1 Some of the secondary metabolites produced in the plant cell, tissue and organ in vitro cultures

Secondary metabolite Plant source(s) In vitro production Medicinal use(s) Reference(s)
Artemisinin Artemesia annua C, SH, SE, ET, THR, UTHR  Anti-malarial [296]
Camptothecin Camptotheca acuminata, Nothapodytes C, SH, SE, THR, UTHR Anti-cancer [297-303]

nimmoniana, many members of the

family Icacinaceae, and many other

plant species from unrelated families
Codeine Papaver somniferum C, SH, SE, UTHR Sedative [304-309]
Robustagquinones Cinchona robusta C Anti-malarial, numerous bioactivities [310-313]
Securinine alkaloids Securinega suffruticosa C, SH Cytotoxicity, anti-alzheimer and many [314-316]

bioactivities

Ajmaline Rauvolfia serpentina C, SH, SE, THR, UTHR Anti-hypertension [317,318]
Diosgenin Dioscorea deltoidea C, SH, SE, THR, UTHR Steroidal precursor [319-324]
-Ephedrine Ephedra sinica, Ephedra genus members — C, SH, S, UTHR Diatary supplement [325-330]
Ellipticine Orchrosia elliptica C, SH Anti-cancer [331-333]
Bacosides Bacopa monnieri C, SH, THR Neuroprotective and many bioactivities  [334-339]
Altamisine Ambrosia tenuifolia C, SH Numerous bioactivities [340]
Matrines Sophora species C,SH Anti-cancer, many bioactivities [341]
Rosmarinic acid Salvia miltiorrhiza C, SH, SE, ET, THR, UTHR  Anti-oxidant, anti-microbial [342]
Rohitukine Dysoxylum binectariferum C,EN Anti-cancer, numerous bioactivities [343, 344]
Stevioside Stevia rebaudiana G, SH, SE Sweetener [345-349]
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growth. On the other hand, defense response system
involves production of an array of chemical, structural
and protein-based physio-molecular response(s) against
invading foreign body or organism into plants' systems
through variety of responses found in various plant taxo-
nomic groups [20, 22, 26, 69]. The defense response sys-
tem becomes activated when intra- or extracellular signal
is received by receptors in cell plasma membrane, involv-
ing their binding accompanied by signal transduction
cascade initiation that may result in de novo synthesis or
activation of transcription factors responsible for regu-
lating SMs biosynthesis genes expression [23]. This may
lead to systemic adjustment and, in many instances, a
diseased condition or even becomes regular part of phys-
iological processes [21, 31]. Of importance in the defense
response system is the perception of the stress that leads
to initiation of efficient recognition and basal defensive
mechanism for activation of different signaling cascades
associated with a given stress effect [31, 70, 71]; defensive
response may be constitutive or induced with the former
and its secondary compounds always present in plant,
and often species-specific in existence in the form of
stored compounds, precursors of active compounds that
may be easily activated in response to damage caused on
plant body or conjugated compounds [21, 72]. The lat-
ter gets initiated after the actual damage occurs on plant
body and may involve production of defensive proteins
that includes lectins and protease inhibitor(s) or produc-
tion of toxic SMs [21]. Recent understandings suggest
that induction of a defense response system may involve
wounding and recognition of elicitor compounds that
could lead to trigger of signaling pathways and result-
ant initiation of action at distant region of plant [26]. For
instance phytoalexins are produced by many plant spe-
cies in response to microbial invasion to serve defensive
response function. Similarly, production of isoflavonoid
phytoalexins in soybean and alfalfa and sesquiterpenes by
members of the family Solanaceae is another example of
their defensive function. Overall, both stress and defense
response processes stimulate metabolic changes that may
result in the biosynthesis of bioactive compounds having
pharmaceutical or nutritional value.

Plant secondary metabolites could be detected in cells
of the whole plant body but, site of biosynthesis, in most
of the cases, is restricted to an organ and transported to
different region through vascular tissues or symplastic
and apoplastic transport to the site of storage, depend-
ing on polarity of the metabolite [35, 73]. Hydrophilic
compounds that include alkaloids, glucosinolates and
tannins are stored in vacuoles or idioblasts whereas
lipophilic such as terpene-based essential oils could be
stored in thylakoid membranes or cuticles, resin ducts
and trichomes [73, 74]. The sites or storage tissues and
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structures may include leaves, shoots, roots, flowers, cal-
lus or somatic embryos and specialized accumulation
sites such as glandular trichomes, periderms, and phel-
lem among others. For instance, monoterpenes produced
by members of Labiatae are biosynthesized in secretory
cells but, become accumulated in epicuticular cavity of
glandular trichomes [75]. In the past recent decades, it
has been established that spatial and temporal change
in function related to production of the PSMs in many
storage sites could be encountered, based on the growth
physiology and developmental stage of plant species
investigated [35, 51-53, 76-79]. Thus, accumulation of
a SM in plant at higher levels could be an indicator of
high expression of genes and metabolic pathway for its
biosynthesis in cells, although translocation of a bioac-
tive compound from site of biosynthesis to storage site
plays significant role with some of the PSMs [1, 80]. For
instance, involvement of membrane transportation sys-
tem through ATP-binding cassette (ABC) transport has
been implicated in the accumulation of PSMs in many
medicinal plants [81]. In a study aimed at understanding
the kinetics of berberine production and storage in the
cell cultures of Coptis japonica, Sato et al. [82] demon-
strated concentration gradient-based uptake of the alka-
loid when added into the culture medium of cultured
cells of the species, and its subsequent accumulation in
vacuole of cells. Transport of the alkaloid involved uptake
at the levels of plasma membrane and subsequent efflux
of berberine in cytosol and into vacoular lumen at ton-
oplast levels. Recent evidences on production of some
PSMs to specific structures in plant body have also impli-
cated their protective functional role through defense
response in the growth environment [26, 73]. Of wor-
thy note is the fact that much of the above information
and understandings about the role of stress and defense
responses in PSMs production either involves applica-
tion of plant cell culture or pot experiments [83-85],
with medicinal plant Catharanthus roseus as the model
species widely investigated for production of its antican-
cer alkaloid vincristine and vinblastine [86]. Over three
decades ago, Wink [87] suggested that production and
concentration of a SMs produced by a plant species is
determined by equilibrium relationship between bio-
synthesis, storage, and degradation, based on the stage
of development as to which becomes dominant. In many
recent literature reports, it had indeed been shown that
an array of responses involving signal transduction sys-
tems and molecules with influence on tight regulation of
biosynthetic pathway(s) could be characterized in differ-
ent plant species, genotype or cultivars due to ecotype
and genetic component-dependent variations response
to the stress or defense response function during growth
condition(s) of plants. This influences SM, depending on
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the season, environmental or external triggers [8, 22, 26,
73]. For example, production of essential oils in the tri-
chome of leaves imply their defensive role against herbi-
vores or insect predators while tannins production in the
vacuoles of leaves cells located beneath epidermal sur-
face and their bitter taste deter predators [73, 88]. Over
3 decades ago, Wink [87] also opined that higher accu-
mulation of alkaloids in the seeds of most plants could be
considered a chemical defensive strategy, and for use as
source of nitrogen during germination. Competition with
microbes and other essential mineral nutrients, defensive
pathogens and herbivores attack to plants may induce
SM pathways in plant cells [21, 50]. This may involve
hypersensitive response that leads to localizing an invad-
ing pathogen by plant system at the infection site, with
phenolic-storing cells playing vital role in programmed
cell death [89, 90]. Serotonin reported from many biota is
believed to be involved in various physiological processes
in many plants through protection from environmen-
tal stresses and against pathogenic invasion, as well as a
role in scavenging ROS that leads to delayed senescence
[6, 91]. It was reported to serve protective function from
environmental stress in the reproductive tissues of young
Datura metel through antioxidant role, and exposure of
flowers to cold stress significantly enhanced the produc-
tion [92]. Polyamines, spermidine, spermine and putres-
cine found in wide range of biota are involved in variety
of physiological processes that include senescence, devel-
opment and stress responses [93]. Production of the pol-
yamines at higher cellular levels by plants is associated
with tolerance to environmental stresses. Thus, stress-
tolerant plants possess high capacity for their enhanced
biosynthesis during abiotic stress growth conditions, and
certain polyamines could act as elicitors to the produc-
tion of PSMs [93]. Xanthophyll that contains conjugated
double bonds in their long chain is involved in xantho-
phyll cycle, and performs the function of excess light
dissipation into harmless heat energy in plant cells [94]
while phenolics storing cells play a vital role in the devel-
opment of programmed cell death [90]. Although the
exogenous application of jasmonates to the plants had
been proven to cause morphological and physiological
effects, they are also associated with the production of
PSMs that form an integral part of the defense responses
[95]. Their application stimulated biosynthesis of many
SMs in the cell cultures and intact plant species [95].
Flavonoids, phenolics and polyphenolics are ascribed
significant role in plant antioxidant responses and devel-
opment, pigment and lignin biosynthesis [96]. The above
examples have shown few among the enormous SMs
and signaling molecules produced by plants in response
to the stress or defense signal function, and variation
within genotype, taxonomic group and physiology, and
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experimental technologies employed in their evalua-
tion is variable. Similarly, the metabolites perform var-
ied physiological cellular functions essential for growth
of the plants at varied degree. However, it is still difficult
to ascertain their stress and defensive function given the
poor understanding of cellular level functions and spatial
and temporal changes encountered in the production,
based on experimental approach employed. Additionally,
demarcation on the production of a specific metabolites
in response to the stress and defense response function is
difficult, and as such, ascertaining the existence of inter-
connection between primary and secondary metabolic
pathways that provide precursors to the SM pathways
in plant cells is difficult. In many recent studies, it had
been shown that SM system in plants is a response to the
stress and defensive situations that leads to an enhanced
biosynthesis of the metabolites in an integrated defense
mechanism through dynamic ways (e.g. Tables 1 and 2).
However understanding the signaling processes involved
and their interconnection with the primary metabolism
is yet unclear, and very few had been investigated in some
taxonomic groups, based on plant tissues or organs eval-
uated with rare reports on whole plant system evaluation
or cellular levels.

Literature reports in the past decades, had shown
that during in vivo growth condition of plants, adverse
environmental stress and climatic factors that includes
drought, temperature extremes (freezing and heat), light
irradiance, nutrients deficiency and soil contamination
with high concentrations of ions (metals and salts) are
main stressors that influence plant physiology (Fig. 1)
with stimulatory effect on SM in crops and medicinal
plants [6, 97-103]. Similarly, the conditions of in vitro
culture imposes a combination of stress factors to cul-
tured plant cells through pronounced change in cellu-
lar environment that may be in the form of wounding
of excised tissues, plant growth regulators (PGRs), salt
concentrations (low or high) and high or low artificial
light levels that could generate stress effects. This may
lead to the induction of SM pathways, depending on the
physiological state of plant cells [10, 55, 104]. Hence, of
all the in vitro techniques applied in PSMs production,
elicitation—which is based on the principle of stress
induction, is the most effective strategy for enhanc-
ing production of the metabolites through the use of
biotic and abiotic elicitors that promote biosynthesis of
the molecules when added into culture medium during
cultivation of plant cells, tissues and organs [13, 38, 55,
57, 105]. Further, because in coping with the in vivo and
in vitro stress challenges, plants have evolved efficient
mechanisms for recognition and adaptation to the elici-
tation, it indeed influences plant physiology and biosyn-
thesis of the metabolites. This may involve adjustments
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Table 2 Production of some plant secondary metabolites under various in vivo growth condition of plants
Secondary metabolite Plant source(s) Tissue analyzed Growth condition Reference(s)
Artemisinin Artemesia annua Whole seedling (treated and Salt, drought and water logging [350]
control)
Camptothecin Camptotheca acuminata ~ Seedlings Nitrogen, drought and anti-transpi-  [125, 128]
ration agents
Codeine Papaver somniferum Plantlets Drought stress [260]
Rosmarinic acid Salvia miltiorrhiza Leaves, roots and aclimatized Hydroponic culture [351]
plantlet shoots
Rohitukine Dysoxylum binectariferum  Seedling (roots, collar region of Normal [352]
stem and young leaves)
Stevioside Stevia rebaudiana Leaves (dried) Hydroponic culture, salt stress [353-355]
Allicin Allium sativum Whole plant Pot experiment on light effect [356]
Andrographolide Andrographis paniculata Leaves and stem Open field experiment with plant ~ [357]
populations
Resveratrol Grapes, Groundnut Leaves, shoot, roots and whole Numerous [358,359]
plant
Betalain pigments Caryophyllales members  Different plant parts Different growth condition [360]
Saikosaponins Bupleurum chinense 1-year-old plants, plants Drought, watering and re-watering, [294, 361]
fertilization
Hyoscyamine and scopolamine  Atropa belladonna extracts  32-week-old dried root Irrigation in greenhouse experi- [362]
ment
Capsaicin Capsicum sp. Fruits Salinity-induced stress [363]
Sennosides Cassia augustifolia Pre-, post and flowering plants Pot culture experiment [364]
Indole alkaloids Catharanthus roseous Leaves Greenhouse under binary stress- [365]
induced condition
Asiaticoside and madecassoside  Centella asiatica Leaves (post-harvest) Low temperature and water [366]
dehydration
Valepotriates Valeria species All organs Normal growth condition (Iran) [367]
Rutin Dimorphandra mollis All plant parts at different growth Normal, drought, flooding and [368]
stages salinity
Furanocoumarins Bituminaria bituminosa Leaves dry matter and fruits Field conditions and hydroponics  [369]
Glycyrrhyzin Glycyrrhyza glabra Plants at seedling and adult stage,  Drought stress [370]
stolons
Zealexins and kauralexins Maize Roots Drought stress [371]

in photosynthetic rates, stomatal conductance and tran-
spiration (in vivo), cell wall architecture, membrane sys-
tems, alterations in cell cycle and division rates (Fig. 1)
with overall effect on general growth to fine-tune physi-
ology and metabolism of bioactive compounds [106,
107]. It may involve expression or repression of gene
regulatory network in response to the stress effect(s)
[61-63] to confer tolerance at cellular levels by producing
tolerance-associated molecules essential for regulation
of signal transduction systems and stress responses [64,
68]. For example, production of flavonoids and cinnamic
acid derivatives during drought-induced stress tolerance
in cotton suggests their high efficiency in ROS scaveng-
ing [108] while isoprenes production due to heat-induced
stress indicates their effective oxygen quenching antioxi-
dant capacity in reed plants [109-111] Phenylamides are
produced for efficient quenching of singlet oxygen radi-
cals in plant cells during stress [112] while phenylamines

accumulation in tobacco and bean due to abiotic stress
suggests their antioxidant role [10, 113, 114]. Flavonoids,
terpenoids, and volatile secondary metabolites provide
color and scent properties to plants, which entails repel-
lent and attraction effects on insects and herbivores,
while toxins could be involved in plant-plant allelo-
pathic effects [10, 115]. Generally, during both stress and
defense response in plant cells, the fixed carbon through
photosynthesis becomes allocated to SM with an overall
effect on growth inhibition (Fig. 1), and synergistic effect
may be encountered in some plant systems [20, 116].
For instance, biosynthesis of phenylpropanoid SMs in
tobacco showed regulated control by carbon—nitrogen
status and the production was confirmed by gene expres-
sion studies [117]. Combined effects of pest with the abi-
otic stress promoted production of SMs in cotton [118]
while combination of wounding with water-induced
stresses showed synergistic action in the production
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Fig. 1 In their natural and in vitro growth conditions, plants encounter variety of stresses and biotic disturbances which leads to the initiation
of stress and defense responses mediated by signaling processes and pathways involving repertoire of molecules to perform cellular functions
essential for physiological processes. The physiological processes impact primary metabolism that provides biosynthetic intermediates for
secondary metabolism, with concomitant effect on biomass and bioactive compounds biosynthesis. This generally depends on the species,
genotype and cultivar as well as the stage of development and physiological state of the plant investigated

of phenylpropanoid SMs in carrot [119]. However, this
depends on the sampled plant species, cultivation season,
genotype and cultivar investigated [7, 8, 101, 120, 121].
The differences can be ascribed to the cellular receptor
specificity, subcellular localization of ROS production,
specific and regulation of MAPK activities, existence of
differences in the activation of genes and product of their
expression among plant species, genotypes and cultivars,
and in relations to the inducing environmental factors
[24, 122, 123].

Stress and defensive response initiators

in relations to the plant secondary metabolism
Defense response mechanism(s) involve specific modifi-
cation in the state of metabolic gene expression network
which effect protein synthesis to modulate associated pri-
mary and SM pathways. The variety of biotic and abiotic
stresses encountered by plants during in vitro and in vivo
growth conditions impact physiological processes [124]

with triggering effect on biosynthesis of PSMs (Fig. 1;
Tables 1 and 2). In the past recent decades, reported stud-
ies on the plant defense response(s) system(s) in relations
to the SM induction are on hypersensitive response, PR
synthesis, systemic acquired resistance and production of
phytoalexins [20, 21, 24, 26]. Abiotic stress factors have
received more comprehensive investigations due to the
ease at which their effect on plant physiology and SM can
be studied when compared to the biotic, although few
studies have explored their combinations [11, 101, 124].
For instance, exposure to the biotic and abiotic stresses
(in the form of temperature, nutrition, cutting, light,
PGRs and water) and during developmental processes,
in relations to their stimulatory effect on camptothecin
(CPT) biosynthesis were comprehensively investigated in
Camptotheca acuminata [125-128]. The role of nicotine
and caffeine as strong insecticides in tobacco and coffee
plants have also been studied through their accumulation
or secretion in cells [72, 129]. Production of anthocyanins
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can be stimulated by treating the plant sources with
sugar and nutrients deficiency, pathogen attack, wound-
ing, high light intensity, ultraviolet and blue light radia-
tions [6, 130]. Seasonal variation influenced production
of sesquiterpenes, lactones, and phenolics in the leaves
and stem of Tithonia diversifolia and correlation with
the amount of rainfall and temperature changes were
established [131]. Extensively studied phenyl propanoids
on their biological activities and biosynthesis have been
reported to be involved in plant defense responses, in
addition to structural components formation in plants
(e.g. lignin synthesis essential for cell wall formation)
and abiotic stress tolerance [82, 132]. The above metab-
olites and many reported others could serve as markers
of stress or defense response function been employed by
a plant species, variety or cultivar under a given growth
condition, and could be a base for search of novel bioac-
tive compounds produced by plant system(s) in response
to changing conditions of the in vitro or in vivo growth.

Nutrition

In the condition of plant growth, exposure of cells, tissues
or organs to nutritional stress may result in the accu-
mulation of osmo-protectants to stabilize photosystem
II complex, enzymes, and proteins structure, maintain
membrane integrity and ROS scavenging [11] with pos-
sible marked effect on biomass and SMs production [47,
124]. Recent studies have shown that mineral nutrients
may enhance or suppress growth, and biomass produc-
tion exerts effect on SM modulated by growth condition
and environmental factors, depending on the status (high
or low concentration) and species or genotype physiology
and developmental stage of plant studied [8, 124, 133].
For instance, micro nutrients availability may impact pro-
duction of bioactive compounds through effect(s) on bio-
synthetic pathways as activators of enzymes while macro
nutrients such as carbon and nitrogen have particular rel-
evance for biomass and SMs biosynthesis [24]. Nitrogen
may influence growth and development through primary
and SM, and a link could be established between the two
metabolic pathways through phenylalanine ammonia
lyase (PAL), explaining the influence on the production
of flavonoids in plants due to higher PAL activity [134—
136]. Phosphorus, a part of energy-rich molecules such
as ADP and ATP is involved in primary metabolism in
plants, and its deficiency could induce anthocyanins pro-
duction accompanied with decreased development [47,
137]. Magnesium plays several functions in plants that
include ATP synthesis, CO, fixation, chlorophyll forma-
tion and assimilation of photosynthetic products, gen-
eration of ROS and photooxidation of leaf tissues, and
as part of chlorophyll structure. Its deficiency may result
in an increased production and accumulation of active
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oxygen species in plant cells that may effect production
of carotenoids [47, 138]. For phytochemicals whose pro-
duction in plants is influenced by sulfur (S) availability,
fertilization in deficient ones enhances production while
stimulatory effect could not be found in S-sufficient ones
[139]. Specific micro nutrients that play cellular redox
function that include Cu, Fe, Mo, and Mn may serve as
factors for some PSMs biosynthetic pathways [24, 25].
For instance, Cu plays important roles in many oxyge-
nases and oxidases that play an essential role in second-
ary metabolic pathways, as in putrescine and cadaverine
biosynthesis where it inhibited the activity of diamine
oxidase [24, 140]. Hence, optimizing mineral nutrition
of medicinal plants during hydroponics, aeroponics and
in vitro cell culture pose considerable challenge given the
supra-optimal effect of nutrients supply on growth and
SMs production [24, 47, 124, 141]. For instance, appli-
cation of aeroponic and hydroponic culture systems of
Withania somnifera differentially influenced biomass and
Withaferin A production but, hydroponics was the most
effective [142]. However, differential production of the
PSMs can be encountered in the hydroponic growth con-
dition, based on plant species, variety, genotype and cul-
ture conditions [47, 124]. For instance, in a recent study
using shoot cultures of H. perforatum grown in non-
aerated liquid medium systems, higher shoot growth,
phenolic compounds, and hypericin production were
achieved under total and partial immersion over paper
bridge support cultivation system [143].

In many recent literature reports, the most employed
strategy in studying the effect(s) of nutrition to PSM
involves experiment(s) on physiological changes induced
by in vivo growth condition through evaluation of
metabolites profile in response to supra or suboptimal
concentration of nutrients, and involves evaluating their
influence on growth, development, and biosynthesis of
the PSMs [47, 124, 144]. This offers a “snap shot” about
the effect of nutritional priming to plant physiology that
involves stress or defense response function. For exam-
ple, Nitrogen, Phosphate, Potassium, and Sulfur-induced
stresses influenced the biosynthesis of phenylpropa-
noids and phenolics in several plant species studied [6,
97, 133, 144, 145]. Production of CPT in the leaves of
Camptotheca acuminata seedlings showed variation in
response to different forms of nitrogen sources [128].
Significant higher phenolic compounds were accumu-
lated by the leaves of Olea europaea trees subjected to
boron deficiency when compared to the semi-hydroponic
cultures [146]. Calcium, a ubiquitous signaling mol-
ecule involved in many signal transduction pathways in
plant cells had been shown to become elevated in cel-
lular levels in response to light, salinity, drought and
cold stresses of the in vivo growth conditions [147] and
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influence in vitro morphogenesis [148, 149]. Variation in
nitrogen source and ratio showed influence on biomass
and azadirachtin production in cell suspension cultures
of neem variety with up to 1.5-fold enhanced production
in the extracellular, whereas reduction in phosphate level
in the culture medium reduced the intracellular levels
[150]. The omission of nitrate in the culture medium of
Chrysanthemum cinerariaefolium during a second phase
of culture induced increase in Pyrethrin production by
twofold [151] while root cultures of Morus alba grown in
medium that contained lower NH,"/NOj ration resulted
in greater production of rutin compared to the higher
[152]. In Catharanthus roseous, salinity stress along with
the nitrogen sources influenced antioxidants activity
and indole alkaloids production [153]. The above exam-
ples have shown the complex and differential cross-talk
in secondary metabolic pathways signaling associated
with stress and defense response function influenced
by nutritional state of plants during in vivo and in vitro
growth conditions. Nutritional priming-based in vivo
and in vitro experimental approaches were the most
employed in influencing gene expression of the metabolic
pathways in the studies, and effect metabolites biosyn-
thesis profile through enhanced SM with beneficial effect
on resource-use efficiency of the plants. In many of the
reported studies, higher production of the secondary
compounds contributed in preventing damage caused by
the production of free-radicals associated with nutrition-
based stress and defense response function, evidenced
by changes in biochemical profile of the analyzed tissues.
Molecular biology tools and metabolites profile tech-
niques were also employed in investigating the meta-
bolic expression of the plants in response to stress and
defensive response functions induced by the nutrition.
Macro and micro nutrients influenced SM, and optimal
nutrition can enable plants cope with nutritional stress
situations induced by biotic and abiotic factors, as well
as during defensive signaling function that have influence
on yield of the metabolites. A nutritional state that main-
tains suitable C/N balance combined with appropriate
growth condition of plants that includes light condition
and intensity, plant physiology, genotype and age are key
determinants for accumulation of PSMs under nutrition-
influenced stress and defense response function.

Drought

Drought, typically associated with high photoinhibi-
tion and temperature stresses, is among abiotic stresses
that exert great affect on plant growth and development.
It occurs due to water deficiency when their availability
become reduced to critical levels accompanied by high
solar radiation and temperatures [6, 154, 155]. This may
cause many changes in physiology and biochemistry
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of plants, including arrest of cell growth and photosyn-
thesis with an enhanced respiration [156]. Thus, may
affect biosynthetic pathways for the production of PSMs
through provision of precursors or intermediates from
the primary metabolism. In many recent reports, it had
been shown that exposure of plants to the drought pro-
moted higher production of various classes of SMs that
include terpenes, complex phenols, and alkaloids during
in vitro and in vivo growth through the induction of ionic
or osmotic stress [32, 46, 157—-159]. However, in most
of the reported cases, the increase was accompanied by
decreased biomass production [27, 46]. Such cases are
exemplified in Hypericum brasilience and Pisum sati-
vum where concentration and amount of phenolic com-
pounds biosynthesized were drastically enhanced when
the plants were grown under drought stress in compari-
son to the control [160, 161]. In a similar report on the
biosynthesis of terpenes in Salvia officinalis, higher bio-
mass loss was accompanied by elevated levels in the pro-
duction of monoterpenes [162]. Oxidative stress caused
by the drought promoted biosynthesis of flavonoids
[163], and was implicated in protecting plants grown in
soils rich in toxic metals such as aluminum [25, 163-169]
while production of shikonin, tocopherol and digitoxin
in plant cell cultures were influenced by treatment of
the producing plants with Ca?* and its chloride, Fe’,
MnSO, and cadmium [170-173] in differential manner.
Drought-induced stress enhanced production of SMs in
the leaves of willow plants [174] while decreased produc-
tion of saponins was encountered in Chenopodium qui-
noa when grown under low water deficit [175].

The drought condition can be mimicked in the in vitro
plant cell culture by media manipulation, encapsulation-
dehydration methods or cryopreservation approaches,
and both have proved efficient in promoting SM in many
plant systems [176, 177]. In many recent studies it had
been shown that composition of the culture medium
that includes nutrients, carbon sources and osmotic sta-
bilizers can be manipulated to create in vitro drought
conditions, with effect on metabolic processes that may
lead to biomass and SMs accumulation [101, 177, 178].
For instance, media nutrients manipulation influenced
biomass and CPT production in Nothapodytes nim-
moniana [179, 180] and Ophiorrhiza mungos [181]. The
strength of the culture medium nutrients influenced phe-
nolic compounds profile of Bellis perennis calli through
the induction of antioxidant system due to increased
stress condition [182]. AgNO; or CdCl, stress enhanced
production of tropane alkaloids (hyoscyamine and sco-
polamine) in treated hairy root cultures of Brugmansia
candida [105].

Cryopreservation, a technique by which plant cells, tis-
sues, organs and extracellular matrix or other biological
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constructs liable to be damaged due to unregulated
chemical kinetics becomes preserved through cooling at
very low temperatures has proved efficient in the conser-
vation of many herbaceous and woody plants for the pro-
duction of secondary compounds [183-186]. Exposure of
the plant cells, tissue or organ to cryopreservation may
induce changes that include desiccation, osmotic injury
and low temperature-induced stresses [186]. The tech-
nique was found ineffective in the production of phenols
but, enhanced the biosynthesis of flavonoids in the cryo-
preserved and regenerated species of Hypericum [184,
186] while Rhodiola crenulata calli showed enhanced
survival when pre-treated with 0.1 pM melatonin [187].
When Taxus chinensis cell suspension culture were cryo-
preserved for up to 30 days, good recovery of the cultures
with retained stability in paclitaxel biosynthetic capac-
ity was observed in comparison to cultures maintained
through regular subculture [188]. On the other hand,
cryopreservation of H. tetrapterum shoot cultures did
not alter biosynthesis of phenol but enhanced the yield
of flavonoids, with effect on growth, biochemical and cel-
lular processes [184, 186]. The shoot tip of H. perforatum
cryopreserved showed genetic stability with sustained
production of hypericin after recovery of meristems, and
at levels similar to the unfrozen control [189, 190]. Vitrifi-
cation and encapsulation-dehydration techniques of cry-
opreservation applied to the Dioscorea deltoidea resulted
in high frequency regeneration of plantlets with stabil-
ity in diosgenin content as the control [191]. The use of
minimal growth conservation coupled with genomic
DNA methylation manipulation sustained paclitaxel
production in the cell cultures of T. media that showed
decreased yield upon repeated subculture [192]. Expres-
sion of foreign genes and enzymatic activity of SMs bio-
synthesis were maintained after cryopreservation of
Papaver somniferum cell cultures [193]. Generally, stress
and defense-associated SMs biosynthetic response var-
ies with the state of plant growth, and effect of drought
on SMs profile could be associated with biomass accu-
mulation through changes in growth and developmental
physiology. Thus a shift between vegetative and genera-
tive plant growth physiology may be encountered, with
impact on source-sink metabolic state of a plant during
in vivo or in vitro growth and an overall effect on metabo-
lites profile. Approaches that enhance metabolites profile
and concentration through elevated biosynthesis of the
compounds could compensate for lower yield encoun-
tered with most plant species. In recent years, application
of irrigation systems manipulation in the in vivo growth
[124], and PGRs alone or in combination with signal-
ing molecules manipulation during in vitro culture have
found application in enhancing SM of plants. However,
the impact and efficiency of enhancing productivity of
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the PSM using the approaches varies with species and
experimental system employed [101], given the varied
impact they have on primary metabolism pathways and
developmental processes that are still difficult to evalu-
ate at cellular level in plants. In this context, evaluating
the growth characteristic and metabolite profile is an
alternative way for deducing the impact of drought to
SM in plants, which is the current approach employed in
most of the reported literature. Although drought nega-
tively impact plant growth through biomass production
in most of the reported experimental plant systems, it
indeed enhances SM. Thus could be an explanation to
the higher natural product profile and yield encountered
with plants grown in tropics or in vitro cultures subjected
to the elicitation of biosynthesis using biotic or abiotic
stressors.

Temperature

Among the harmful abiotic stresses that impact plants
survival in temperate climate is low temperature, and
species adapted to the condition adjusts metabolic pro-
cesses to increase levels of cryo-protectants essential for
tolerance during the autumn [180]. Varying temperatures
of the in vivo and in vitro condition under which plants
are grown impact metabolic processes and ontogeny,
and higher may induce premature senescence of leaves,
with impact on PSM [5]. For instance, temperatures and
phenological stage impacted SMs production in Rho-
diola rosea clones [194] and elevated levels combined
with heavy metal stress promoted SM with synergistic
action implicated [195]. Light and temperatures showed
synergistic action on the production of SMs in the callus
cultures of Helicteres isora [196]. Production of polyam-
ines and subsequent formation of phenylamides had been
shown to occur in bean and tobacco when subjected
to heat shock and water stress, with the phenylamides
ascribed ROS-scavenging function during the stress
[10, 113, 114]. Similarly, thermal treatments slightly
decreased the production of carotenoids produced by the
Brassicaceae members [5] while elevated levels promoted
leaf senescence and root SM in Panax quinquefolius
[197]. Cold stress promoted the production of phenolics
and their subsequent incorporation in plant cell wall as
suberin or lignin [198] while tree adaptation to the cold
climate was associated with the production of chloro-
genic acid at high levels [199]. Sometimes variations in
temperatures may have multiple effects on the expression
of metabolic processes involved in the production of SMs
through regulation, permeability and intracellular reac-
tions rate in plant cell, tissue and organs by influencing
physiology and metabolism of the plants. This may have
marked effect on growth, cytodifferentiation and produc-
tion of the molecules [5, 35]. For example, low and higher
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temperatures showed influence on SMs production in
somatic embryos of Eleutherococcus senticosus through
provoking oxidative stress that was more prominent at
higher temperature over the lower [200]. The tempera-
tures along with light quality influenced the production
of ginsenosides in hairy root culture of Panax ginseng
[201] while cell cultures of Melastoma malabathricum
incubated at low temperatures produced higher biomass
and anthocyanins than those grown under the higher
[202]. Changes in temperatures of incubation influenced
SMs production in the callus cultures of Brassica napus
through induction of oxidative stress, as confirmed by
antioxidant enzymes activity [203]. It influenced accu-
mulation of flavolignans in the hairy root cultures of Sily-
bum marianum, with acid pH proving the most efficient
when combined with the treatments [204]. The growth of
hairy root cultures of Stevia rebaudiana was affected by
increase in temperature of incubation conditions while
the increment enhanced production of stevioside up to
certain levels [205]. Hence, each plant species, cultivar
or genotype have specific optimal temperature ranges
for physiological functions that includes biosynthesis of
the SMs, and deviation from those ranges could impact
biomass and biosynthesis of the SMs. Thus, variations in
yield of the metabolites could be encountered across sea-
sons and regions of the world during in vivo growth of
a specific plant species, cultivar or genotype, and could
in turn be mimicked in the in vitro cultures by media
manipulating/cultural conditions, the basis through
which many in vitro-based SM enhancement strategies
have been developed.

Light

Plant species or even cultivars vary in their physiologi-
cal response to light condition exposure in the form of
photoperiod or short duration(s) associated with SMs
production during in vivo and in vitro growth conditions
[101]. Solar radiations reaching the earth surface encom-
passes UV-A, UV-B, photosynthetic active and infrared
but, only small proportion of UV-B that forms the most
energetic component of day light spectrum is used by
plants for growth and development, depending on the
exposure wavelength and interaction with environmen-
tal signals [206]. The light is also regarded among limit-
ing factors that affect growth and development in plants
during both in vivo and in vitro conditions, and can affect
SMs production, depending on species or genotype, stage
of development, light type, and exposure duration [101,
207]. For example, accumulation of SMs under different
temperatures, light intensities, and phonological cycle
during greenhouse growth of H. perforatum showed
variability for each of the specific compounds evaluated
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[208]. Phenotypic plasticity associated with the light and
nutrients condition influenced biomass and iridoid gly-
cosides accumulation in Plantago lanceolata offsprings
[209]. Its quality influenced growth and flavonoids pro-
duction in Hyptis marrubioides seedlings cultivated
in vitro with red light as the most effective for plant
growth and leaves production while blue and white for
the promotion of rutin accumulation [210]. Exposure of
American ginseng plants to the sunlight at longer dura-
tion promoted higher ginsenoside production in roots
than those exposed to shorter period of direct sunlight
treatments [211]. In Catharanthus roseus, exposure to
UV-B light significantly impacted biosynthesis of vincris-
tine and vinblastine, which are effective anti-lymphoma
and leukemia drugs currently in use [212]. Intensity and
duration of the light exposure influenced biomass and
CPT content yield of C. acuminata seedlings, and was
confirmed by the expression of genes that participate
in its biosynthesis [213]. In the same species, enhanced
expression of Tryptophan decarboxylase 1 (TDC1) was
regulated by chemical defense systems while TDC2 acts
as an integral part of the process induced during chal-
lenge imposed by a pathogen [214]. Light conditions
showed substantial effect on SM in the shoot cultures of
Scutellaria lateriflora with blue light been the most effec-
tive, and relationship with PGRs was established [215]. Its
various spectral levels influenced caulogenesis, biomass
and SMs production, and were dependent on the stage of
calli growth [216]. Exposure of Peucedanum japonicum
callus cultures to the different light spectra provided by
light-emitting diode sources showed their influence on
calli proliferation and the number of somatic embryos
differentiated, as well as SMs biosynthesis, with red and
blue light as the most effective [217]. Light and dark
conditions of incubation showed substantial effect on
biomass and SMs production, based on the culture dura-
tion of Artemisia absinthium cell suspension cultures
[218]. It stimulated gingerol and zingiberene production
in Zingiber officinale callus cultures [219] while the type
influenced CPT biosynthesis in C. acuminata seedlings
[220, 221]. Biosynthesis of artemisinin in the hairy root
cultures of Artemisia annua was influenced by the light
irradiation [222], and white light affected the production
of taxol and baccatin III in the cell cultures of Taxus cus-
pidata [223]. Elicitation of Eurycoma longifolia calli with
UV radiation resulted in the production of compact calli
with elevated levels of alkaloids biosynthesis over the
control [224]. It is apparent that the influence of light on
plant growth and SM is multi-faceted and dependent on
the species investigated [101] during in vivo or in vitro
growth stage(s), and physiological state of tissue or organ
evaluated, more importantly spectral level of the light
source.
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Secondary metabolites production as salinity
tolerance mechanism in plants

Anthropogenic activities that promote soil salinization
are enlarging the percentage of worlds salinized land
mass and have impact on the survival of medicinal plants
as well as availability of the bioactive compounds they
produce [1]. Genotypic plasticity of the plants in chang-
ing and challenging environment of in vitro and in vivo
saline growth conditions enable them produce repertoire
of SMs essential for survival under the physiological per-
turbation, and varies with species, genotype and salinity
stress levels. Physiological, biochemical, morphological
and biosynthesis impact of the salinity on plant natural
products profile through induction of oxidative stress
and defense response pathways involves production of
ROS which plays essential role in altering PSM in medici-
nal plants [225-227], and is increasingly understood due
to advances in application of molecular profiling and
finger printing techniques in many plants and natural
products they produce [132]. Considerable progresses
have been made on the identification and characteriza-
tion of different salt stress-induced responses associated
with PSMs production and their mechanism of accumu-
lation in number of medicinal and crop plants [1, 132,
228]. Salinity-induced stress leading to the secondary
metabolic pathways induction may also be initiated by
drought that causes accumulation of solutes at higher
levels through osmotic adjustment. At initial stages of
the salinity-induced stress, ability of roots to absorb
water becomes drastically reduced. This may lead to loss
of water due to osmotic stress mediated by accumula-
tion of salts at higher levels in plant and soil [226, 229,
230]. Consequently, physiological changes that interrupt
membrane functional stability, redox homeostasis and
nutrients balance becomes affected, with overall effect on
primary metabolism that provide precursors to SM path-
ways and stomatal function [132, 226, 231, 232] that are
connected to metabolic changes associated with PSMs
biosynthesis which may sometimes involve circadian
rhythm response [231]. Tolerance to the salinity-induced
stress is the ability of a plant species to sustain cellular
metabolic processes through systemic adjustment in
physiological processes [225]. In such plants, physiologi-
cal changes that include salt exclusion and sequestra-
tion, tolerance to accumulated ions and restricted loss
in K*, water homeostasis and osmotic adjustment con-
trol, along with growth and enlargement modification
through biochemical expression are commonly encoun-
tered [232-235]. In the case of extremophiles which are
adapted to the saline growth conditions, they pre-adapt
by increasing the levels of SMs biosynthesis induced by
salinity stress, and decrease in their production and salt-
stress levels negatively affects physiological processes
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[234]. Thus, determining impact of salinity on plant phys-
iology involves studying many physiological variables and
their interactions over time.

Over the past recent decades, physiological and molec-
ular effect of salinity-induced stress on growth and pro-
duction of important PSMs in crop species have been
investigated. In the case of medicinal plants, the informa-
tion is still lacking, especially variable stress and defense
responses associated with their production [103, 225,
226, 228, 236-239]. Significant number of PSMs, classi-
fied as terpenoids and steroids, phenolics and flavonoids
and alkaloids have been reported to be produced,
involved or become activated in cellular stress and
defense response function influenced by saline condition
of plant growth physiology [228, 240, 241]. For example,
production of aromatic compounds (e.g., alkaloids, iso-
prenoids and phenols) and phenylpropanoids-derived
compounds (e.g., tannins, flavonoids and hydroxycinna-
mate esters) at higher levels is regarded to be mediated
by salinity stress and free-radical scavengers which con-
stitutes an adaptation to the condition in SMs-producing
plants [228, 236]. Important physiological changes that
determines survival of a plant species and production of
the metabolites under the saline growth conditions of the
in vitro or in vivo includes osmotic adjustment that
involves production and accumulation of cellular
osmolytes (polyols, proline, sugar alcohols, pinitol, glu-
cosinolates and glycine betaine, etc.) and soluble sugars
(glutamate, sorbitol, mannitol, oligosaccharides, fructans
and sucrose, etc.) [225, 228, 242, 243]. Biochemical mark-
ers for the salinity stress tolerance includes accumulation
of cellular osmolytes (e.g. polyamines, proline, soluble
sugars and glycine betaine), partly for the role they play
in maintaining stability of membrane and other cellular
structures [225, 244]. High production or expression of
antioxidant system (enzymatic and non-enzymatic) to
sustain cellular function crucial for physiological stability
of plants under the saline growth condition could also be
used as marker of salinity stress-induced PSM. Phenolics
are produced by many plant species for protection
against biotic or abiotic stress growth condition(s) and
their accumulation correlates with antioxidant capacity
of plants in number of species [245-247]. However, the
effect of salinity on PSM induction, with respect to
expression of the above changes have been evaluated in
most cases in medicinal plant systems through studying
changes in carbon and oxidative metabolism, nutrition
and ionic accumulation which translates into decreased
growth and development, and impair physiological pro-
cesses associated with PSMs production [225]. The effect
could be short or long-term; reduction in water uptake,
osmotic stress and lowering in external water potential
are regarded as short-term while ions-induced toxicity
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due to inability to properly compartmentalize ions are
long-term effects [226]. Thus, exposure to salinity stress
may serve as elicitor to SM to serve protective role on
cells from oxidative injury that may be caused by accu-
mulation of ions at cellular and subcellular levels, thereby
reduce its toxicity effect [248]. For instance, polyols that
includes sorbitol and mannitol, glycinebetaine, fructans
and trehalose sugars and proline, among others, play an
osmolyte role in cells through alleviating stress arising
due to exposure to the salinity stress in growth condition
of plants by elevating their levels of production and gen-
eration of higher or “over supply” of reducing equivalents
[249]. Their production at higher levels under the condi-
tion may be induced by alteration(s) in cellular ion
uptake, transport and balance, hormone and antioxidant
metabolism, osmoregulation and other stress signaling
critical for adaptation to the salinity stress [132]. For hal-
ophytes that spend substantial part of their life cycle
under salinity stress—at least 200 mM NaCl (Flowers
et al. 2008), cellular osmotic pressure is “high enough” to
enable them sufficient water uptake in the saline environ-
ment, and at the same time, produce secondary metabo-
lites under such physiological condition through variety
of mechanisms [226]. In the halophytes, salinity levels
may cause cellular dehydration through ions accumula-
tion (mainly Na™ and Cl7) that in turn results in osmotic
stress induction arising from water removal from the
cytoplasm, with resultant effect on reduction in vacuolar
and cytosolic volumes as well as PSMs biosynthesis [250].
Leaf cells of these plants are able to remove Na™ and Cl~
from the cytosol, followed by their sequestration in vacu-
ole through displacement of nutrient ions that includes
Ca'™, K* and nitrate which negative affect plant survival
[237, 251]. According to Briens and Larher [252], halo-
phytes could be classified into three physiotypes based on
the compounds they accumulate when grown in saline
condition. (1) Those that produce soluble carbohydrates
and/or polyols at higher levels with a low water-soluble
nitrogenous compounds, (2) Those that accumulate high-
level water soluble nitrogenous compounds than non-
structural carbohydrates, and (3) Plants accumulating
both nitrogenous and carbohydrate solutes, with the first
been most quantitatively dominant in the reported litera-
ture. Even among halophytes and in accordance with
Shelford’s law of tolerance, variation in tolerance to the
salinity stress levels are encountered due to differences in
tolerance range for a given physiological function of a
plant species, variety or cultivar, determined by genetic
make up [253]. For instance, in calli of Solanum nigrum,
exposure to the salinity stress levels resulted in correlated
enhancement on production of solasodine and proline
for its tolerance [254]. In Sesuvium portulacastrum,
exposure to salinity of 800 mM NaCl impaired
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physiological processes through production of SMs and
other biochemical changes, with strong antioxidant
capacity playing vital role under the extreme saline con-
dition for its survival [255] that in the case of other spe-
cies could strongly impede physiological processes or
death of plants [226]. In number of medicinal plants,
drought-induced salinity had been implicated in
enhanced SM through alterations in plant growth physi-
ology in differential manner, based on plant species, gen-
otype and cultivar investigated [256-258]. Thus,
accession-dependent variation in production of the PSMs
and antioxidant capacity during exposure to the salinity
stress of in vivo or in vitro growth condition of plants
could be attributed to differential response to sustainable
growth condition [228, 256, 259]. For instance, Szabd
et al. [260] examined the effect of 5 days drought on alka-
loids production in Papaver somniferum with narkotine,
codeine and morphine detection peak been higher after
short exposure duration, possibly due to the influence of
salinity on cellular function through metabolic biochemi-
cal pathways essential in maintaining cellular stability
similarly also reported in Catharanthus roseus [261].
Exposure to differential salinity stress levels resulted in
stimulatory effect on biosynthesis of oleuropein and phe-
nols at higher levels in leaves over other tissues of four
Olea europaea cultivars in differential manner [262]. Tis-
sue-dependent enhancement in the production of poly-
phenols in response to the salinity stress have been
reported in many plant species [255, 263]. In summary,
literature reported studies about effect of salinity on SMs
production using the approach of ecological metabo-
lomics and in vitro culture systems have helped in eluci-
dating differences between salt-sensitive and tolerant
species, as well as their diversity pattern in botanical
kingdom, and have application in development of crops
capable of adapting to the condition, particularly in tropi-
cal areas where the levels of soil salinization is on the
increasedue to climate change and anthropogenic activi-
ties. Over the past recent decades, primary metabolism-
based biochemical changes in expression levels are main
markers used in generating data associated with PSMs
production in most reported experiment results. This
have helped in furthering knowledge about plants' salt-
stress physiological response and adaptation over time in
many species, cultivars and genotypes. Thus, knowledge
on plant salt-tolerance and signaling networks is benefi-
cial in developing salt-tolerant plants through metabo-
lomic, genomic, transcriptomic and proteomic
approaches, particularly when performed in complemen-
tary and integrative manner with biosynthetic pathways
elucidation. This have also been of significant benefit in
understanding salinity stress-induced complex responses
at molecular, cellular and whole plant physiological levels



Isah Biol Res (2019) 52:39

associated with SMs production in different plants spe-
cies. However, synergistic influence of salinity-induced
stress with other environmental growth conditions on
SMs production in medicinal plants are poorly under-
stood. Understanding salinity-associated changes in
receptors, sensors and signal transduction signaling sys-
tems, the molecules involved in long-distance transmem-
brane ions transport will be key to elucidating the
intra- and intercellular molecular interactions associated
with plants' salinity tolerance responses, as well as
genetic engineering for development of salt-tolerant crop
and medicinal plants.

Application of global metabolic analysis using
LC-MS in deciphering abiotic stress tolerance
mechanisms associated with plant secondary
metabolites production

It is generally accepted that plant metabolome—the com-
plete set of low molecular metabolites produced in cells,
tissues and organs of a plant species, cultivar or genotype
at set time and under certain condition of growth and
development, modulates processes at macro molecular
levels through providing integrated functional view of
plant via application of many analysis techniques [264—
266]. This has been made possible by the application
of metabolomic analysis which have facilitated global
profiling and characterization of large number of SMs
produced by many plant species under variety of envi-
ronmental growth conditions [83, 267, 268], with abiotic
stress tolerance mechanism of crop and medicinal plants
been the most investigated [60, 265, 266, 269]. Metabo-
lomics-based techniques such as phytometabolomics,
lipidomics and sensomics, among others, have facilitated
the unraveling of many metabolic pathways, understand-
ing of the biosynthesis of metabolites having differential
bioactivity that becomes up or down-regulated in expres-
sion due to stressful growth condition of plants and sig-
nal transduction transmission in cells. The metabolomic
analysis of a plant samples can performed in situ [264,
265] for a targeted and non-targeted metabolites charac-
terization [4, 249, 268]. Recent developments in genome
selection have revealed many encoded potentials of plant
species on the production of diverse bioactive com-
pounds of therapeutic use, particularly those produced
at low levels and difficult to detect by standard methods
[268, 270-272]. In this context, deciphering gene func-
tion under the stress and defense responses functions
via biochemical kinetics essential for SMs production
and consequential instrumental profiling needs holistic
approach, so as to effectively gain good understanding
of the impact of environment on PSM in challenging and
changing environment of plants' growth conditions [268,
272, 273]. This becomes necessary due to similarities in
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cellular and biochemical physiological changes that may
be induced by change in gene expression and SM when
a medicinal or crop plant species is subjected to simi-
lar or varied environmental stress levels [268, 274, 275],
depending on the stage of development, plant species,
genotype or cultivar investigated [4, 242, 266, 273, 275].
Despite the wide application of genomic, transcriptomic
and proteomic approaches in deciphering molecular
mechanisms of the PSMs biosynthesis and accumula-
tion in several of the crop and medicinal plant species,
information(s) about their production is still limited [60,
167, 237, 267-269, 272]. Thus, understanding the molec-
ular mechanism of their production will be key to explor-
ing maximal application as pharmaceuticals or herbal
drugs, fragrances, flavors or spices due to the production
in most cases in rare or endangered plant species, the
high cost of the fine chemicals and low production, in
addition to limitations in genomic information essential
for the analysis.

Metabolites analysis could be performed based on mass
spectrometry (MS) that involves recognition and quan-
tification of plant secondary compound(s) in sample.
It could be carried out in precise way to gain informa-
tion about nature of a compound produced via ioniza-
tion using positive and negative ion mode [276] that may
involve the use of time-of-flight (TOF) and quadruple or
ion trap analyzers [277]. The MS system may be hyphen-
ated to chromatographic techniques but, the method
chosen for an ionization and type of analyzer used in
mass spectrometer during the chosen analysis determines
detection efficiency of a system used. In the course of MS
analysis, ionized molecules are measured and value of
mass to charge ration of the produced ions from a sample
are separated either in analyzer at accuracy of one mass
unit, high and low-resolution mass spectra or to the 4th
decimal point. A high-resolution mass analyzer enables
researcher make conclusion(s) on elemental composi-
tion of ions that got detected in mass spectra, which is
then beneficial in studies aimed at characterizing struc-
ture of a bioactive compound [269]. Thus, in the case of
protonated or deprotonated molecule(s), molecular mass
and elemental composition of a molecule(s) in m/z val-
ues could be estimated. The product ion or fragments
registered in the MS spectra provides additional informa-
tion or data about structure of an analyzed compound,
and degree of unambiguous identity is dependent on the
MS system employed. Among the highly used MS inter-
faces employed in the analysis of PSMs based on atmos-
pheric pressure ionization strategies include atmospheric
pressure photo-ionization, electrospray ionization, and
atmospheric pressure ionization techniques. Overall,
the MS system separates metabolites based on m/z ratio
of their ions in sample, and comprises of an ionization
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chamber for ionization of component molecules, mass
analyzer that separates ions by their m/z through appli-
cation of electromagnetic fields and detector that record
m/z. In the case of liquid chromatography (LC)-MS,
capability of physical separation using LC is coupled with
mass detection and analysis capacity of MS when analyz-
ing PSMs in sample. In such most recent and advanced
technique in use for plant metabolomics analysis, which
is based on the principle of mobile and stationary phases,
an interface that effectively channel separated compo-
nents from an LC column (through pressured mobile
phase) into MS ion source that analyze its components
under vacuum operation are set up for the analysis. The
solvent to be used for the LC-MS metabolomic analysis
should (preferably) be dissolved in solvent similar to the
high-performance liquid chromatography (HPLC) sys-
tem eluent. Thus, the interface facilitates LC—MS transfer
of maximum amount of an analyte by removing portion
of mobile phase used, and at the same time preserve
chemical identity of chromatographic analysis product
without interfering with the efficiency of ionization and
MS system vacuum efficiency. Because the library used
for structural identification of a compounds in a sample
using the LC-MS are less developed, the use of instru-
ment-type-dependent mass spectra, fragmentation pat-
tern of MS, retention time shift (based on LC column
used) are met with challenges when comparing structure
identification results for compound. LC-MS system has
been among the most employed technique in stress-
induced metabolome changes evaluation in plants [278],
and among the most employed LC-MS technique is
reverse phase column due to its ease in separating major-
ity of PSMs, determined by column packing particle size
and internal diameter among other characteristics. In
ultra high pressure liquid chromatography (UPLC)-MS,
chromatographic resolution is improved through reduc-
tion in diameter of column packing material [279].
Metabolic analysis can be targeted to a bioactive com-
pound or untargeted; in the case of untargeted metabo-
lomic analysis, it can be performed to profile or monitor
quantitative and qualitative change in composition of a
biological sample material that was not obtained from
different environmental growth condition of plant or in
plants subjected to variety of stresses [4]. In such anal-
ysis, sample preparation involves extracting biologi-
cal material using appropriate water-organic or organic
solvent(s), followed by MS analysis using high-resolution
analyzers through direct sample infusion into ionization
chamber or chromatographic separation before the MS
analysis [280, 281]. For targeted analysis, the prepared
material sampled could be enriched with certain but
defined compounds, so as to achieve utmost sensitivity of
phytochemicals present in a prepared biological material
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under analysis using MS analyzer. Because of the lower
ionization competition that may exist between metabo-
lites present in sample, dynamic range of the MS instru-
ment and ion source should be adequately addressed
for proper interpretation of data registered through the
identification results and statistical data obtained. Fur-
ther, critical in the metabolomic analysis of plant phy-
tochemistry is the confidence in accuracy of compound
identification, based on chemical analytical technique
employed [282-284]. By using bioinformatic analysis, it
is possible to make a good comparison of data obtained
from different objects, so as to visualize its correlation
with data obtained using other OMICS approaches [285].
Through the application of metabolome and genome
wide studies, Kusano et al. [286] and Matsuda et al.
[287] succeeded in characterising flavon glycosides and
many bioactive compounds in rice, and highlighted the
metabolome potentials in a single plant species when
adequately studied using combination of techniques.
Metabolomics data generation using MS integrated with
genomics and transcriptomics have also helped in deci-
phering many biological processes in Arabidopsis [288,
289], highlighting the complexity in metabolic profile
of a single species in real time. Through the use of MS-
based metabolomics, possible biomarkers for assisted
breeding of barley cultivars resistant to Fusarium head
blight were successfully characterized, with flavonoids
and phenylpropanoid metabolites as the highly expressed
plant secondary compounds [290, 291]. MS techniques
have also found application in imaging metabolomics for
which the metabolites arrangement in cell or tissue could
be deciphered. For example, recent advances in appli-
cations of this technique in microbial studies using the
imaging MS have made it possible to measure interac-
tions in microbial colonies that produce SMs [292, 293],
and at the same time determine and visualize spatial dis-
tribution of these metabolites in the colonies analyzed.
In a study on metabolic interaction between colonies of
Streptomyces coelicolor and Bacillus subtilis, Yang et al.
[294] applied MALDI-TOF-imaging MS and succeeded
in characterizing chemical identity and spatial distribu-
tion of compounds produced by the interacting and indi-
vidual colonies through metabolic interaction between
colonies of the two species when grown in proximity on
agar plates. Despite this and many more other MS appli-
cations, many challenges still exists. The use of biologi-
cal and molecular structural techniques in characterizing
metabolite markers when combined with metabolomics
will prove of significant benefit in deciphering plant met-
abolic response to stress and defensive situations in the
in vitro and in vivo growth conditions. However, chal-
lenges need to be effectively addressed for efficiency in
metabolic profiling and analysis. Critical among them is
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the insufficiency of MS analysis in getting detailed iden-
tification (that may involve structural elucidation) of
bioactive compound(s) in a plant sample but, sufficient
information for annotation and identification of an indi-
vidual compound could be gained [272]. Another diffi-
culty is the interpretation of MS data recorded due to the
differences in ionization efficiency of an analyzed biologi-
cal compound composition, because of the differential
physicochemical properties that may cause different effi-
ciency in deprotonation or affinities in the course of elec-
trospray or atmospheric pressure chemical ionizations
applied [295] in an instrument used. Therefore, when
selecting suitable MS technique to employ and device for
plant sample analysis, ionization source and detector to
employ along with devise sensitivity should be put into
consideration, due to their influence on signals detection
for each sample run in an MS system.

Conclusion and prospects

The influence of stress and defense responses to plant
physiology associated with the biosynthesis of PSMs is
multi-faceted, and increasing evidences from recent lit-
erature reports suggest the crucial role played by stress
signal transduction system in their production. Ample
number of the studies (e.g. Tables 1 and 2) have shown
that both stress and defense responses are involved in
SM in plants, although stress is the most investigated
and understood. Because the responses are induced at
subcellular level, their study is challenging. Thus, the
use of biochemical and metabolic markers remains the
most employed approach in drawing inferences on the
impact of the stress and defense response to biomass
and SM in the growth condition of plants in most of the
reported studies using tissue or organs evaluated, rarely
with whole plant system or cellular levels. During both
responses, specific and non-specific reactions that per-
mit adjustment of resource utilization by the plants from
primary metabolism (Fig. 1) may occur, with possible
impact on biomass and SMs production. The responses
are dependent on the metabolic capacity of the studied
plant determined by the genetic background, depend-
ing on the genus, species, genotype, and cultivar inves-
tigated, environmental factors and developmental stage.
The physiological state also determines the expres-
sion of metabolic pathways for their production under
the growth condition(s) involving variety of signature-
markers expression that facilitates systemic signal trans-
duction pathways adjustment in the in vivo and in vitro
conditions. Influence of the responses in relations to the
spatial and temporal changes in the production of PSMs
in response to the signal transduction systems involved
across species, genotype and cultivars still need to be
studied. Exploring the physiological, metabolic status
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of plants in response to the stress and during defensive
stimuli could provide a rationale for application in plant
cell culture and metabolic engineering in the production
of the high-value PSMs via application of next generation
sequencing technologies and approaches.

Abbreviations

SMs: secondary metabolites; PSMs: plant secondary metabolites; SM: second-
ary metabolism; PSM: plant secondary metabolism; ROS: reactive oxygen
species; ABC: ATP-binding cassette; PAL: phenylalanine ammonia lyase; CPT:
camptothecin; TDC1: tryptophan decarboxylase 1; MS: mass spectrometry;
TOF: time-of-flight; LC: liquid chromatography; LC-MS: liquid chromatography-
mass spectrometry; HPLC: high-performance liquid chromatography; UPLC:
ultra high pressure liquid chromatography; PGRs: plant growth regulators.

Acknowledgements
Author is grateful to the department of botany, Hamdard University New
Delhi, India for providing research facilities.

Authors’ contributions
The author read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Author declare that he has consent to publish the manuscript contents.

Competing interests
The author declare that he has no competing interests.

Received: 2 October 2018 Accepted: 23 July 2019
Published online: 29 July 2019

References

1. Yang L, Wen KS, Ruan X, Zhao YX, Wei F, Wang Q. Response of
plant secondary metabolites to environmental factors. Molecules.
2018;23(4):E762. https://doi.org/10.3390/molecules23040762.

2. Arnold PA, Kruuk LE, Nicotra AB. How to analyse plant phenotypic plas-
ticity in response to a changing climate. New Phytol. 2019;222(3):1235-
41. https://doi.org/10.1111/nph.15656.

3. Kroymann J. Natural diversity and adaptation in plant secondary
metabolism. Current Opin Plant Biol. 2011;14(3):246-51. https://doi.
0rg/10.1016/),pbi.2011.03.021.

4. Berini JL, Brockman SA, Hegeman AD, Reich PB, Muthukrishnan R,
Montgomery RA, Forester JD. Combinations of abiotic factors differ-
entially alter production of plant secondary metabolites in five woody
plant species in the boreal-temperate transition zone. Front Plant Sci.
2018;9:1257. https://doi.org/10.3389/fpls.2018.01257.

5. Morison JIL, Lawlor DW. Interactions between increasing CO,
concentration and temperature on plant growth. Plant Cell Environ.
1999;22:659-82. https://doi.org/10.1046/j.1365-3040.1999.00443 x.

6. Ramakrishna A, Ravishankar GA. Influences of abiotic stress signals on
secondary metabolites in plants. Plant Signal Behav. 2011;6(11):1720-
31. https//doi.org/104161/psb.6.11.17613.

7. Chetri SPK, Sharma K, Agrawal V. Genetic diversity analysis and screen-
ing of high psoralen yielding chemotype of Psoralea corylifolia from
different regions of India employing HPLC and RAPD marker. Int J Plant
Res. 2013;26:88-95. https://doi.org/10.5958/].2229-4473.26.25.126.


https://doi.org/10.3390/molecules23040762
https://doi.org/10.1111/nph.15656
https://doi.org/10.1016/j.pbi.2011.03.021
https://doi.org/10.1016/j.pbi.2011.03.021
https://doi.org/10.3389/fpls.2018.01257
https://doi.org/10.1046/j.1365-3040.1999.00443.x
https://doi.org/10.4161/psb.6.11.17613
https://doi.org/10.5958/j.2229-4473.26.2s.126

Isah Biol Res

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2019) 52:39

Zykin PA, Andreeva EA, Lykholay AN, Tsvetkova NV, Voylokov AV. Antho-
cyanin composition and content in rye plants with different grain color.
Molecules. 2018;23:948. https://doi.org/10.3390/molecules23040948.
Ncube B, van Staden J. Tilting plant metabolism for improved
metabolite biosynthesis and enhanced human benefit. Molecules.
2015;20(7):12698-731. https://doi.org/10.3390/molecules200712698.
Edreva A, Velikova V, Tsonev T, et al. Stress-protective role of secondary
metabolites: diversity of functions and mechanisms. Gen Appl Plant
Physiol. 2008;34(1-2):67-78.

Rejeb IB, Pastor V, Mauch-Mani B. Plant responses to simultaneous
biotic and abiotic stress: molecular mechanisms. Plants. 2014;3(4):458-
75. https://doi.org/10.3390/plants3040458.

Caretto S, Linsalata V, Colella G, Mita G, Lattanzio V. Carbon fluxes
between primary metabolism and phenolic pathway in plant tis-

sues under stress. Int J Mol Sci. 2015;16(11):26378-94. https://doi.
0rg/10.3390/ijms161125967.

Narayani M, Srivastava S. Elicitation: a stimulation of stress in in vitro
plant cell/tissue cultures for enhancement of secondary metabo-

lite production. Phytochem Rev. 2018;16(6):1227-52. https://doi.
org/10.1007/s11101-017-9534-0.

De LucaV, Salim V, Atsumi SM, Yu F. Mining the biodiversity of plants:

a revolution in the making. Science. 2012;336:1658-61. https://doi.
org/10.1126/science.1217410.

Wurtzel ET, Kutchan TM. Plant metabolism, the diverse chemistry set
of the future. Science. 2016;353:1232-6. https://doi.org/10.1126/scien
ce.aad2062.

Raskin I, Ribnicky DM, Komarnytsky S, et al. Plants and human health in
the twenty-first century. Trends Biotechnol. 2002,20(12):522-31. https://
doi.org/10.1016/50167-7799(02)02080-2.

Hall RD, Brouwer ID, Fitzgerald MA. Plant metabolomics and its poten-
tial application for human nutrition. Physiol Plant. 2008;132(2):162-75.
https://doi.org/10.1111/j.1399-3054.2007.00989.x.

Clerici MTPS, Carvalho-Silva LB. Nutritional bioactive compounds and
technological aspects of minor fruits grown in Brazil. Food Res Int.
2011;44(7):1658-70. https://doi.org/10.1016/j.foodres.2011.04.020.
Cifuentes A. Food analysis: present, future, and foodomics. ISRN Anal
Chem. 2012. https://doi.org/10.5402/2012/801607.

Hartmann T. Plant-derived secondary metabolites as defensive chemi-
cals in herbivorous insects: a case study in chemical ecology. Planta.
2004;219:1-4. https://doi.org/10.1007/500425-004-1249-y.

Freeman BC, Beattie GA. An overview of plant defenses against patho-
gens and herbivores. Plant Health Instr. 2008. https://doi.org/10.1094/
phi-i-2008-0226-01.

KimYS, Choi YE, Sano H. Plant vaccination: stimulation of defense sys-
tem by caffeine production in planta. Plant Signal Behav. 2010;5(5):489-
93. https://doi.org/10.4161/psb.11087.

Zhao J, Davis LC, Verpoorte R. Elicitor signal transductions leading

to the production of plant secondary metabolite. Biotechnol Adv.
2005;23:283-333. https://doi.org/10.1016/j.biotechadv.2005.01.003.
Hansch R, Mendel RR. Physiological functions of mineral micronutrients
(Cu, Zn, Mn, Fe, Ni, Mo, B, Cl). Curr Opin Plant Biol. 2009;12(3):259-66.
https://doi.org/10.1016/j.pbi.2009.05.006.

Poschenrieder C, Gunsé B, Corrales |, Barceld J. A glance into aluminum
toxicity and resistance in plants. Sci Total Environ. 2008;400(1-3):356—
68. https://doi.org/10.1016/j.scitotenv.2008.06.003.

Goyal S, Lambert C, Cluzet S, Mérillon JM, Ramawat KG. Secondary
metabolites and plant defense. In: Mérillon JM, Ramawat KG, editors.
Plant defence: biological control. Netherlands: Springer; 2012. p.
109-38. https://doi.org/10.1007/978-94-007-1933-0_5.

Selmar D, Kleinwéchter M. Stress enhances the synthesis of second-
ary plant products: the impact of stress-related over-reduction on the
accumulation of natural products. Plant Cell Physiol. 2013;54(6):817-26.
https://doi.org/10.1093/pcp/pct054.

Edreva A. Generation and scavenging of reactive oxygen species

in chloroplasts: a submolecular approach. Agric Ecosyst Environ.
2005;106:119-33. https://doi.org/10.1016/j.agee.2004.10.022.

Edreva AM, Velikova V, Tsonev T. Phenylamides in plants. Russ J Plant
Physiol. 2007;54:287-301. https://doi.org/10.1134/51021443707030016.
Bryant JP, Chapin FS Il Klein DR. Carbon/nutrient balance of boreal
plants in relation to vertebrate herbivory. Oikos. 1983;40(3):357-68.
https://doi.org/10.2307/3544308.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 17 of 25

Chinnusamy V, Schumaker K, Zhu JK. Molecular genetics perspectives
on cross-talk and specificity in abiotic stress signaling in plants. J Exp
Bot. 2004;55:225-36.

de Matos Nunes J, Bertodo LOO, Da Rosa LMG, Von Poser GL, Rech SB.
Stress induction of valuable secondary metabolites in Hypericum poly-
anthemum acclimatized plants. South Afr J Bot. 2014,94:182-9. https://
doi.org/10.1016/j.5ajb.2014.06.014.

Szabé K, Radécsi P, Rajhart P, Ladanyi M, Németh E. Stress-induced
changes of growth, yield and bioactive compounds in lemon balm cul-
tivars. Plant Physiol Biochem. 2017;119:170-7. https://doi.org/10.1016/j.
plaphy.2017.07.019.

Sharma S, Shrivastava N. Renaissance in phytomedicines: promising
implications of NGS technologies. Planta. 2016;244(1):19-38. https://
doi.org/10.1007/500425-016-2492-8.

Rai M, Rai A, Kawano N, et al. De novo RNA sequencing and expression
analysis of Aconitum carmichaelii to analyze key genes involved in the
biosynthesis of diterpene alkaloids. Molecules. 2017;22:2155. https://
doi.org/10.3390/molecules22122155.

Croteau R, Ketchum RE, Long RM, Kaspera R, Wildung MR. Taxol biosyn-
thesis and molecular genetics. Phytochem Rev. 2006;5(1):75-97. https://
doi.org/10.1007/511101-005-3748-2.

Bjarnholt N, Li B, D'Alvise J, Janfelt C. Mass spectrometry imag-

ing of plant metabolites: principles and possibilities. Nat Prod Rep.
2014;31:818-37. https://doi.org/10.1039/C3NP70100..

Isah T, Umar S, Mujib A, et al. Secondary metabolism of pharmaceuticals
in the plant in vitro cultures: strategies, approaches, and limitations to
achieving higher yield. Plant Cell Tiss Organ Cult. 2018;132(2):239-65.
https://doi.org/10.1007/511240-017-1332-2.

Mafu S, Zeribe P. Plant diterpenoid metabolism for manufacturing

the biopharmaceuticals of tomorrow: prospects and challenges.
Phytochem Rev. 2018;17(1):113-30. https://doi.org/10.1007/s1110
1-017-9513-5.

Scheler U, Brandt W, Porzel A, et al. Elucidation of the biosynthe-

sis of carnosic acid and its reconstitution in yeast. Nat Commun.
2016;7:12942. https://doi.org/10.1038/ncomms12942.

Ignea C, Athanasakoglou A, loannou E, et al. Carnosic acid biosynthesis
elucidated by a synthetic biology platform. Proc Natl Acad Sci USA.
2016;113:3681-6. https://doi.org/10.1073/pnas.1523787113.

Ignea C, loannou E, Georgantea P, et al. Production of the forskolin pre-
cursor 11b-hydroxy-manoyloxide in yeast using surrogate enzymatic
activities. Microb Cell Fact. 2016;15:46. https://doi.org/10.1186/51293
4-016-0440-8.

Pateraki I, Andersen-Ranberg J, Jensen NB, et al. Total biosynthe-

sis of the cyclic AMP booster forskolin from Coleus forskohlii. Elife.
2017,6:€23001. https://doi.org/10.7554/elife.23001.

Grace SG, Logan BA. Energy dissipation and radical scavenging by plant
phenylpropanoid pathway. Philos Trans R Soc Lond B. 2000;355:1499—
510. https://doi.org/10.1098/rstb.2000.0710.

Gould KS, McKelvie J, Markham KR. Do anthocyanins function as
antioxidants in leaves? Imaging of H,0, in red and green leaves after
mechanical injury. Plant Cell Environ. 2002;25:1261-9. https://doi.org/1
0.1046/j.1365-3040.2002.00905 X.

Niinemets U. Uncovering the hidden facets of drought stress: second-
ary metabolites make the difference. Tree Physiol. 2015;36(2):129-32.
https://doi.org/10.1093/treephys/tpv128.

Luciano AJ, Irineo TP, Virginia OVR, et al. Integrating plant nutrients and
elicitors for production of secondary metabolites, sustainable crop pro-
duction and human health: a review. Intl J Agric Biol. 2017;19(3):391-
402. https://doi.org/10.17957/1JAB/15.0297.

Robbins MP. Functions of plant secondary metabolites and their exploi-
tation in biotechnology. Eur J Plant Pathol. 2000;106(5):488. https://doi.
org/10.1023/A:1008748518738.

Siemens DH, Shannon H, Ragan M. Cost of defense in the context

of plant competition: Brassica rapa may grow and defend. Ecol.
2002;83(2):505-17. https://doi.org/10.2307/2680031.

Mazid M, Khan TA, Mohammad F. Role of secondary metabolites in
defense mechanisms of plants. Biol Med. 2011;3(2):232-49.

Koricheva J, Barton K. Temporal changes in plant secondary metabo-
lite production. In: lason G, Dicke M, Hartley S, editors. The ecology
of plant secondary metabolites: from genes to global processes.


https://doi.org/10.3390/molecules23040948
https://doi.org/10.3390/molecules200712698
https://doi.org/10.3390/plants3040458
https://doi.org/10.3390/ijms161125967
https://doi.org/10.3390/ijms161125967
https://doi.org/10.1007/s11101-017-9534-0
https://doi.org/10.1007/s11101-017-9534-0
https://doi.org/10.1126/science.1217410
https://doi.org/10.1126/science.1217410
https://doi.org/10.1126/science.aad2062
https://doi.org/10.1126/science.aad2062
https://doi.org/10.1016/S0167-7799(02)02080-2
https://doi.org/10.1016/S0167-7799(02)02080-2
https://doi.org/10.1111/j.1399-3054.2007.00989.x
https://doi.org/10.1016/j.foodres.2011.04.020
https://doi.org/10.5402/2012/801607
https://doi.org/10.1007/s00425-004-1249-y
https://doi.org/10.1094/phi-i-2008-0226-01
https://doi.org/10.1094/phi-i-2008-0226-01
https://doi.org/10.4161/psb.11087
https://doi.org/10.1016/j.biotechadv.2005.01.003
https://doi.org/10.1016/j.pbi.2009.05.006
https://doi.org/10.1016/j.scitotenv.2008.06.003
https://doi.org/10.1007/978-94-007-1933-0_5
https://doi.org/10.1093/pcp/pct054
https://doi.org/10.1016/j.agee.2004.10.022
https://doi.org/10.1134/S1021443707030016
https://doi.org/10.2307/3544308
https://doi.org/10.1016/j.sajb.2014.06.014
https://doi.org/10.1016/j.sajb.2014.06.014
https://doi.org/10.1016/j.plaphy.2017.07.019
https://doi.org/10.1016/j.plaphy.2017.07.019
https://doi.org/10.1007/s00425-016-2492-8
https://doi.org/10.1007/s00425-016-2492-8
https://doi.org/10.3390/molecules22122155
https://doi.org/10.3390/molecules22122155
https://doi.org/10.1007/s11101-005-3748-2
https://doi.org/10.1007/s11101-005-3748-2
https://doi.org/10.1039/C3NP70100J
https://doi.org/10.1007/s11240-017-1332-2
https://doi.org/10.1007/s11101-017-9513-5
https://doi.org/10.1007/s11101-017-9513-5
https://doi.org/10.1038/ncomms12942
https://doi.org/10.1073/pnas.1523787113
https://doi.org/10.1186/s12934-016-0440-8
https://doi.org/10.1186/s12934-016-0440-8
https://doi.org/10.7554/elife.23001
https://doi.org/10.1098/rstb.2000.0710
https://doi.org/10.1046/j.1365-3040.2002.00905.x
https://doi.org/10.1046/j.1365-3040.2002.00905.x
https://doi.org/10.1093/treephys/tpv128
https://doi.org/10.17957/IJAB/15.0297
https://doi.org/10.1023/A:1008748518738
https://doi.org/10.1023/A:1008748518738
https://doi.org/10.2307/2680031

Isah Biol Res

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

(2019) 52:39

Cambridge: Cambridge University Press; 2012. p. 34-55. https://doi.
0rg/10.1017/cbo9780511675751.004.

Moore BD, Andrew RL, Kilheim C, Foley WJ. Explaining intraspecific
diversity in plant secondary metabolites in an ecological context.
New Phytol. 2014;201(3):733-50. https://doi.org/10.1111/nph.12526.
Gobbo-Neto L, Bauermeister A, Sakamoto HT, et al. Spatial and
temporal variations in secondary metabolites content of the Brazilian
Arnica Leaves (Lychnophora ericoides Mart., Asteraceae). J Braz Chem
Soc. 2017;28(12):2382-90. https://doi.org/10.21577/0103-5053.20170
092.

Isah T. Natural sources of taxol. Br J Pharm Res. 2015;6(4):214-27.
https://doi.org/10.9734/BJPR/2015/16293.

Isah T. Adjustments to the in vitro culture conditions and associated
anomalies in plants. Acta Biol Cracov Ser Bot. 2015;57(2):9-28. https
://doi.org/10.1515/abcsb-2015-0026.

Isah T. Rethinking Ginkgo biloba L.: medicinal uses and conservation.
Pharmacogn Rev. 2015;9(18):140. https://doi.org/10.4103/0973-
7847.162137.

Isah T. Production of camptothecin in the elicited callus cultures

of Nothapodytes nimmoniana (J. Graham) Mabberly. Chem Papers.
2017;71(6):1091-106. https://doi.org/10.1007/511696-016-0056-9.
Wink M. Plant breeding: importance of plant secondary metabolites
for protection against pathogens and herbivores. Theor Appl Genet.
1988,75(2):225-33. https://doi.org/10.1007/bf00303957.

Jones JDG, Dangl JL. The plant immune system. Nature.
2006;444:323-9. https://doi.org/10.1038/nature0528.

Dawid C, Hille K. Functional metabolomics—a useful tool to charac-
terize stress-induced metabolome alterations opening new avenues
towards tailoring food crop quality. Agronomy. 2018;8(8):138. https://
doi.org/10.3390/agronomy8080138.

Shinozaki K, Yamaguchi-Shinozaki K. Gene networks involved in
drought stress response and tolerance. J Exp Bot. 2007;58(2):221-7.
https://doi.org/10.1093/jxb/erl164.

Delano-Frier JP, Aviles-Arnaut H, Casarrubias-Castillo K, et al. Tran-
scriptomic analysis of grain amaranth (Amaranthus hypochondriacus)
using pyrosequencing: comparison with A. tuberculatus, expression
profiling in stems and in response to biotic and abiotic stress. BMC
Genomics. 2011;12:363. https://doi.org/10.1186/1471-2164-12-363.
Grativol C, Hemerly AS, Ferreira PC. Genetic and epigenetic regula-
tion of stress responses in natural plant populations. Biochim
Biophys Acta. 2012;1819(2):176-85. https://doi.org/10.1016/j.bbagr
m.2011.08.010.

Fraire-Veldzquez S, Balderas-Herndndez VE. Abiotic stress in plants and
metabolic responses. In: Vahdati K, Leslie C, editors. Abiotic stress-plant
responses and applications in agriculture. New York: InTech Open Sci-
ence; 2013. p. 25-48. https://doi.org/10.5772/54859.

Stratmann J. Ultraviolet-B radiation co-opts defense signaling path-
ways. Trends Plant Sci. 2003;8:526-33. https://doi.org/10.1016/j.tplan
t5.2003.09.011.

Wang XQ, Yang PF, Liu Z, et al. Exploring the mechanism of Physcom-
itrella patens desiccation tolerance through a proteomic strategy. Plant
Physiol. 2009;149(4):1739-50. https://doi.org/10.1104/pp.108.131714.
Peleg Z, Apse MP, Blumwald E. Engineering salinity and water stress
tolerance in crop plants: getting closer to the field. Adv Bot Res.
2011,57:405-43. https://doi.org/10.1016/B978-0-12-387692-8.00012-6.
Krasensky J, Jonak C. Drought, salt, and temperature stress-induced
metabolic re-arrangements and regulatory networks. J Exp Bot.
2012;63(4):1593-608. https://doi.org/10.1093/jxb/err460.

Bennett RN, Wallsgrove RM. Secondary metabolites in plant

defense mechanisms. New Phytol. 1994;127(4):617-33. https://doi.
0rg/10.1111/).1469-8137.1994.t002968.X.

Abou Qamar S, Luo H, Laluk K, Mickelbart VM, Mengiste T. Crosstalk
between biotic and abiotic stress responses in tomato is mediated by
an AIMT transcription factor. Plant J. 2009;58:1-13.

Andreasson E, Ellis B. Convergence and specificity in the Arabidopsis
MAPK nexus. Trends Plant Sci. 2010;15:106-13.

Harborne JB. Role of secondary metabolites in chemical defense
mechanisms in plants. Ciba Found Symp. 1990;154:126-34.
Acamovic T, Brooker JD. Biochemistry of plant secondary metabolites
and their effects in animals. Proc Nutri Soc. 2005;64(3):403-12. https://
doi.org/10.1079/PNS2005449.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

Page 18 of 25

Wiermann R. Secondary plant products and tissue differentiation. In:
Conn EE, editor. The biochemistry of plants, vol. 7. New York: Academic
Press; 1981. p. 85-116.

Lange BM, Croteau R. Genetic engineering of essential oil production
in mint. Curr Opin Plant Biol. 1999;2(2):139-44. https://doi.org/10.1016/
$1369-5266(99)80028-4.

Metlen KL, Aschehoug ET, Callaway RM. Plant behavioral ecology:
dynamic plasticity in secondary metabolites. Plant Cell Environ.
2009;32(6):641-53. https://doi.org/10.1111/}.1365-3040.2008.01910.x.
Kooke R, Keurentjes JJB. Multi-dimensional regulation of metabolic
networks shaping plant development and performance. J Exp Bot.
2011;63(9):3353-65. https://doi.org/10.1093/jxb/err373.

Grace O.The ecology of plant secondary metabolites: from genes to
global processes. In: lason GR, Dicke M, Hartley SE, editors. The Cana-
dian field-naturalist, vol. 126. Cambridge: Cambridge University; 2012.
p. 178. https://doi.org/10.1111/b0j.12013.

lason GR, O'Reilly-Wapstra JM, Brewer MJ, Summers RW, Moore BD. Do
multiple herbivores maintain chemical diversity of Scots pine monoter-
penes? Philos Trans R Soc B: Biol Sci. 2012;366(1569):1337-45. https://
doi.org/10.1098/rstb.2010.0236.

Shoji T, Yamada Y, Hashimoto T. Jasmonate induction of putrescine
N-methyltransferase genes in the root of Nicotiana sylvestris. Plant Cell
Physiol. 2000;41(7):831-9. https://doi.org/10.1093/pcp/pcd001.

Yazaki K. ABC transporters involved in the transport of plant secondary
metabolites. FEBS Lett. 2006;580(4):1183-91. https://doi.org/10.1016/].
febslet.2005.12.009.

Sato H, Tanaka S, Tabata M. Kinetics of alkaloid uptake by cultured cells
of Coptis japonica. Phytochem. 1993,34.697-701.

Breitling R, Ceniceros A, Jankevics A, Takano E. Metabolomics for
secondary metabolite research. Metabolites. 2013;3(4):1076-83. https:.//
doi.org/10.3390/metabo3041076.

Al-Gabbiesh A, Kleinwéchter M, Selmar D. Influencing the contents of
secondary metabolites in spice and medicinal plants by deliberately
applying drought stress during their cultivation. Jordan J Biol Sci.
2015;147(3379):1-10.

Guerriero G, Berni R, Mufoz-Sanchez J, et al. Production of plant sec-
ondary metabolites: examples, tips and suggestions for biotechnolo-
gists. Genes. 2018;9(6):309. https://doi.org/10.3390/genes9060309.
Almagro L, Fernandez-Pérez F, Pedrefio M. Indole alkaloids from
Catharanthus roseus: bioproduction and their effect on human health.
Molecules. 2015;20(2):2973-3000. https://doi.org/10.3390/molecules2
0022973.

Wink M. Physiology of the accumulation of secondary metabolites with
special reference to alkaloids. Cell culture and somatic cell genetics of
plants, vol. 4. Cambridge: Academic press Inc.; 1987. p. 17-42.

Ralphs MH, Gardner, Pfister JA. Toxophenology and grazing risk models
of tall larkspur. In: Acamovic T, Stewart CS, Pennycott TW, editors. Poi-
sonous plants and related toxins. Wallingford, Oxon: CAB International;
2004. p. 575-81.

Heath MC. Hypersensitive response-related death. Plant Mol Biol.
2000;44:321-34. https://doi.org/10.1023/A:1026592509060.

Beckman GH. Phenolic-storing cells: keys to programmed cell death
and periderm formation in wilt disease resistance and in general
defense responses in plants? Physiol Mol Plant Pathol. 2000;57:101-10.
https://doi.org/10.1006/pmpp.2000.0287.

Ramakrishna A, Giridhar P, Ravishankar GA. Phytoserotonin: a review.
Plant Signal Behav. 2011;6:800-9.

Murch SJ, Alan AR, Cao J, Saxena PK. Melatonin and serotonin in flowers
and fruits of Datura metel L. J Pineal Res. 2009;47:277-83. https://doi.
org/10.1111/5.1600-079X.2009.00711.

Gill SS, Tuteja N. Polyamines and abiotic stress tolerance in plants. Plant
Signal Behav. 2010;5:26-33. https://doi.org/10.4161/psb.5.1.10291.
Demmig-Adams B. Linking xanthophy!l cycle with thermal energy dissi-
pation. Photosynth Res. 2003;76:73-80. https://doi.org/10.1023/A:10249
02927403.

van der Fits L, Memelink J. ORCA3, a jasmonate-responsive transcrip-
tional regulator of plant primary and secondary metabolism. Science.
2000,289:295-7. https://doi.org/10.1126/science.289.5477.295.
Bhattacharya A, Sood P, Citovsky V. The roles of plant phenolics in
defence and communication during Agrobacterium and Rhizobium


https://doi.org/10.1017/cbo9780511675751.004
https://doi.org/10.1017/cbo9780511675751.004
https://doi.org/10.1111/nph.12526
https://doi.org/10.21577/0103-5053.20170092
https://doi.org/10.21577/0103-5053.20170092
https://doi.org/10.9734/BJPR/2015/16293
https://doi.org/10.1515/abcsb-2015-0026
https://doi.org/10.1515/abcsb-2015-0026
https://doi.org/10.4103/0973-7847.162137
https://doi.org/10.4103/0973-7847.162137
https://doi.org/10.1007/s11696-016-0056-9
https://doi.org/10.1007/bf00303957
https://doi.org/10.1038/nature0528
https://doi.org/10.3390/agronomy8080138
https://doi.org/10.3390/agronomy8080138
https://doi.org/10.1093/jxb/erl164
https://doi.org/10.1186/1471-2164-12-363
https://doi.org/10.1016/j.bbagrm.2011.08.010
https://doi.org/10.1016/j.bbagrm.2011.08.010
https://doi.org/10.5772/54859
https://doi.org/10.1016/j.tplants.2003.09.011
https://doi.org/10.1016/j.tplants.2003.09.011
https://doi.org/10.1104/pp.108.131714
https://doi.org/10.1016/B978-0-12-387692-8.00012-6
https://doi.org/10.1093/jxb/err460
https://doi.org/10.1111/j.1469-8137.1994.tb02968.x
https://doi.org/10.1111/j.1469-8137.1994.tb02968.x
https://doi.org/10.1079/PNS2005449
https://doi.org/10.1079/PNS2005449
https://doi.org/10.1016/s1369-5266(99)80028-4
https://doi.org/10.1016/s1369-5266(99)80028-4
https://doi.org/10.1111/j.1365-3040.2008.01910.x
https://doi.org/10.1093/jxb/err373
https://doi.org/10.1111/boj.12013
https://doi.org/10.1098/rstb.2010.0236
https://doi.org/10.1098/rstb.2010.0236
https://doi.org/10.1093/pcp/pcd001
https://doi.org/10.1016/j.febslet.2005.12.009
https://doi.org/10.1016/j.febslet.2005.12.009
https://doi.org/10.3390/metabo3041076
https://doi.org/10.3390/metabo3041076
https://doi.org/10.3390/genes9060309
https://doi.org/10.3390/molecules20022973
https://doi.org/10.3390/molecules20022973
https://doi.org/10.1023/A:1026592509060
https://doi.org/10.1006/pmpp.2000.0287
https://doi.org/10.1111/j.1600-079X.2009.00711
https://doi.org/10.1111/j.1600-079X.2009.00711
https://doi.org/10.4161/psb.5.1.10291
https://doi.org/10.1023/A:1024902927403
https://doi.org/10.1023/A:1024902927403
https://doi.org/10.1126/science.289.5477.295

Isah Biol Res

97.

98.

99.

100.

102.

104.

105.

106.

107.

108.

109.

1.

112,

114.

115.

(2019) 52:39

infection. Mol Plant Pathol. 2010;11(5):705-19. https://doi.org/10.111
1/).1364-3703.2010.00625 X.

Dixon RA, Paiva NL. Stress-induced phenylpropanoid metabolism. Plant
Cell. 1995;7(7):1085. https://doi.org/10.1105/tpc.7.7.1085.

Rogerio AP, S&-Nunes A, Faccioli LH. The activity of medicinal plants and
secondary metabolites on eosinophilic inflammation. Pharmacol Res.
2010;62(4):298-307. https://doi.org/10.1016/j.phrs.2010.04.005.
Shiringani RP, Shimelis HA. Yield response and stability among cowpea
genotypes at three planting dates and test environments. Afr J Agric
Res. 2011,6(14):3259-63.

Wink M. Modes of action of herbal medicines and plant secondary
metabolites. Medicines. 2015;2(3):251-86. https://doi.org/10.3390/
medicines2030251.

Ghosh S, Watson A, Gonzalez-Navarro OF, et al. Speed breeding in
growth chambers and glasshouses for crop breeding and model plant
research. Nat Protoc. 2018;13(12):2944-63. https://doi.org/10.1038/
541596-018-0072-z.

El-Hendawy S, Al-Suhaibani N, Elsayed S, et al. Combining biophysical
parameters, spectral indices and multivariate hyperspectral models for
estimating yield and water productivity of spring wheat across different
agronomic practices. PLoS ONE. 2019;14(3):e0212294.

El-Hendawy SE, Al-Suhaibani NA, Hassan WM, et al. Evaluation of wave
lengths and spectral reflectance indices for high-throughput assess-
ment of growth, water relations and ion contents of wheat irrigated
with saline water. Agric Water Manag. 2019;212:358-77. https://doi.
0rg/10.1016/jagwat.2018.09.009.

Zavattieri MA, Frederico AM, Lima M, Sabino R, Arnholdt-Schmitt B.
Induction of somatic embryogenesis as an example of stress-related
plant reactions. Electroni J Biotechnol. 2010;13(1):12-3. https://doi.
0rg/10.2225/vol13-issue1-fulltext-4.

Angelova Z, Georgiev S, Roos W. Elicitation of plants. Biotechnol
Biotechnol Equip. 2006;20(2):72-83. https://doi.org/10.1080/13102
818.2006.10817345.

Chinnusamy V, Zhu J, Zhu JK. Salt stress signaling and mechanisms

of plant salt tolerance. Genet Eng. 2006;27:141-77. https://doi.
0rg/10.1007/0-387-25856-6_9.

Atkinson NJ, Urwin PE. The interaction of plant biotic and abiotic
stresses: from genes to the field. J Exp Bot. 2012;63(10):3523-43. https.//
doi.org/10.1093/jxb/ers100.

Yildiz-Aktas L, Dagnon S, Gurel A, Gesheva E, Edreva A. Drought
tolerance in cotton: involvement of non-enzymatic ROS-scavenging
compounds. J Agron Crop Sci. 2009;195(4):247-53. https://doi.
0rg/10.1111/j.1439-037X.2009.00366.X.

Loreto F, Velikova V. Isoprene produced by leaves protects photosyn-
thetic apparatus against ozone damage, quenches ozone products,
and reduces lipid peroxidation of cellular membranes. Plant Physiol.
2001;127:1781-7. https://doi.org/10.1104/pp.010497.

Velikova V, Edreva A, Loreto F. Endogenous isoprene protects
Phragmites australis leaves against singlet oxygen. Physiol Plant.
2004;122:219-25. https://doi.org/10.1111/j.0031-9317.2004.00392.x.
Velikova V, Pinelli P, Loreto F. Consequences of inhibition of isoprene
synthesis in Phragmites australis leaves exposed to elevated tempera-
tures. Agric Ecosyst Environ. 2005;106:209-17. https://doi.org/10.1016/j.
agee.2004.10.009.

Velikova V, Edreva A, Tsonev T, Jones HG. Singlet oxygen quench-

ing by phenylamides and their parent compounds. Z Naturforsch.
2007;62:833-8. https://doi.org/10.1515/znc-2007-11-1211.

Edreva A, Yordanov |, Kardjieva R, Hadjiiska E, Gesheva E. Expression

of phenylamides in abiotic stress conditions. Bulg J Plant Physiol.
1995;21:15-23.

Edreva A, Yordanov |, Kardjieva R, Gesheva E. Heat shock responses of
bean plants: involvement of free radicals, antioxidants and free radical/
active oxygen scavenging systems. Biol Plant. 1998;41:185-91. https:.//
doi.org/10.1023/A:1001846009471.

Hadacek F. Secondary metabolites as plant traits: current assessment
and future perspectives. Crit Rev Plant Sci. 2002;21:273-322. https://doi.
0rg/10.1080/0735-260291044269.

Seigler DS. Plant secondary metabolism. Boston: Kluwer Academic
Publishers; 1998. p. 193-7.

Fritz C, Palacios-Rojas N, Feil R, Stitt M. Regulation of secondary metabo-
lism by the carbon-nitrogen status in tobacco: nitrate inhibits large

118.

119.

120.

122.

123.

124.

125.

126.

127.

129.

130.

133.

Page 19 of 25

sectors of phenylpropanoid metabolism. Plant J. 2006;46(4):533-48.
https://doi.org/10.1111/j.1365-313X.2006.02715 .

Wang Q, Eneji AE, Kong X, Wang K, Dong H. Salt stress effects on
secondary metabolites of cotton in relation to the gene expression
responsible for aphid development. PLoS ONE. 2015;10(6):e0129541.
https://doi.org/10.1371/journal.pone.0129541.

Becerra-Moreno A, Redondo-Gil M, Benavides J, et al. Combined effect
of water loss and wounding stress on gene activation of metabolic
pathways associated with phenolic biosynthesis in carrot. Front Plant
Sci. 2015;6:837. https://doi.org/10.3389/fpls.2015.00837.

Gouvea DR, Gobbo-Neto L, Sakamoto HT, et al. Seasonal variation in
the major secondary metabolites present in extract of Eremanthus
mattogrossensis Less (Asteraceae: Vernonieae) leaves. Quim Nova.
2012;35(11):2139-45. https://doi.org/10.1590/50100-404220120011000
07.

Shamloo M, Babawale EA, Furtado A, et al. Effects of genotype and tem-
perature on accumulation of plant secondary metabolites in Canadian
and Australian wheat grown under controlled environments. Sci Rep.
2017;7(1):9133. https://doi.org/10.1038/541598-017-09681-5.

Mittler R, Vanderauwera S, Gollery M, van Breusegem F. Reactive
oxygen network of plants. Trends Plant Sci. 2004,9:490-8. https://doi.
0rg/10.1016/j.tplants.2004.08.009.

Pedley KF, Martin GB. Role of mitogen-activated protein kinases in plant
immunity. Curr Opin Plant Biol. 2005;8:541-7. https://doi.org/10.1016/].
pbi.2005.07.006.

Savvas D, Gruda N. Application of soilless culture technologies

in the modern greenhouse industry—a review. Euro J Hortic Sci.
2018;83(5):280-93. https://doi.org/10.17660/eJHS.2018/83.5.2.

Feng JC, Zhang YJ, Yang T-Z. Effect of low-temperature stress on
membrane lipid peroxidation and concentration of free-proline in
Camptotheca acuminata seedling. For Res. 2002;15(2):197-202.

Feng JC, Zhang YJ, Zhang QJ, Li S-L, Hu Z. The effects of drought stress
and anti-transpiration agent treatment on some physiological indexes
of Camptotheca acuminata and its camptothecin content. J Henan
Agric Univ. 2002;36(2):137-42.

Li ZH, Liu ZJ. Effects of benzyladenine and naphthalene acetic acid on
growth and camptothecin accumulation in Camptotheca acumi-

nata seedlings. J Plant Growth Regul. 2003;22:205-16. https://doi.
0rg/10.1007/500344-003-0015-x.

Sun SQ, Yan SF. Effects of nitrogen forms on camptothecin content and
its metabolism-related enzymes activities in Camptotheca acuminata
seedlings. China J Chin Mater Med. 2008;33(3):1519-23.

Bouwmeester HJ, Matusova R, Zhongkui S, Beale MH. Second-

ary metabolite signaling in host-parasitic plant interactions. Curr

Opin Plant Biol. 2003;6(4):358-64. https://doi.org/10.1016/51369
-5266(03)00065-7.

Winkel-Shirley B. Flavonoid biosynthesis, a colorful model for genet-
ics, biochemistry, cell biology, and biotechnology. Plant Physiol.
2001;26:485-93. https://doi.org/10.1104/pp.126.2.485.

Sampaio BL, Edrada-Ebel R, Da Costa FB. Effect of the environment on
the secondary metabolic profile of Tithonia diversifolia: a model for
environmental metabolomics of plants. Sci Rep. 2016;6:29265. https://
doi.org/10.1038/srep29265.

Gupta B, Huang B. Mechanism of salinity tolerance in plants: physiologi-
cal, biochemical, and molecular characterization. Intl J Genomics. 2014.
https://doi.org/10.1155/2014/701596.

Hassan A. Effects of mineral nutrients on physiological and biochemical
processes related to secondary metabolites production in medicinal
herbs. Med Arom Plant Sci Biotechnol. 2012;6(1):105-10.

Gifford ML, Dean A, Gutierrez RA, Coruzzi GM, Birnbaum KD. Cell-
specific nitrogen responses mediate developmental plasticity. Proc
Natl Acad Sci USA. 2008;105:803-8. https://doi.org/10.1073/pnas.07095
59105.

Lillo C, Lea US, Ruoff P. Nutrient depletion as key factor for manipulating
gene expression and product formation in the different branches of
flavonoid pathway. Plant Cell Environ. 2008;31:587-601. https://doi.org/
10.1111/j.1365-3040.2007.01748 x.

Giorgi A, Mingozzi A, Madeo M, Speranza G, Cocucci M. Effect of nitro-
gen starvation on the phenolic metabolism and antioxidant properties
of yarrow (Achillea collina Becker ex Rchb.). Food Chem. 2009;114:204—
11. https://doi.org/10.1016/j.foodchem.2008.09.039.


https://doi.org/10.1111/j.1364-3703.2010.00625.x
https://doi.org/10.1111/j.1364-3703.2010.00625.x
https://doi.org/10.1105/tpc.7.7.1085
https://doi.org/10.1016/j.phrs.2010.04.005
https://doi.org/10.3390/medicines2030251
https://doi.org/10.3390/medicines2030251
https://doi.org/10.1038/s41596-018-0072-z
https://doi.org/10.1038/s41596-018-0072-z
https://doi.org/10.1016/j.agwat.2018.09.009
https://doi.org/10.1016/j.agwat.2018.09.009
https://doi.org/10.2225/vol13-issue1-fulltext-4
https://doi.org/10.2225/vol13-issue1-fulltext-4
https://doi.org/10.1080/13102818.2006.10817345
https://doi.org/10.1080/13102818.2006.10817345
https://doi.org/10.1007/0-387-25856-6_9
https://doi.org/10.1007/0-387-25856-6_9
https://doi.org/10.1093/jxb/ers100
https://doi.org/10.1093/jxb/ers100
https://doi.org/10.1111/j.1439-037X.2009.00366.x
https://doi.org/10.1111/j.1439-037X.2009.00366.x
https://doi.org/10.1104/pp.010497
https://doi.org/10.1111/j.0031-9317.2004.00392.x
https://doi.org/10.1016/j.agee.2004.10.009
https://doi.org/10.1016/j.agee.2004.10.009
https://doi.org/10.1515/znc-2007-11-1211
https://doi.org/10.1023/A:1001846009471
https://doi.org/10.1023/A:1001846009471
https://doi.org/10.1080/0735-260291044269
https://doi.org/10.1080/0735-260291044269
https://doi.org/10.1111/j.1365-313X.2006.02715.x
https://doi.org/10.1371/journal.pone.0129541
https://doi.org/10.3389/fpls.2015.00837
https://doi.org/10.1590/S0100-40422012001100007
https://doi.org/10.1590/S0100-40422012001100007
https://doi.org/10.1038/s41598-017-09681-5
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1016/j.pbi.2005.07.006
https://doi.org/10.1016/j.pbi.2005.07.006
https://doi.org/10.17660/eJHS.2018/83.5.2
https://doi.org/10.1007/s00344-003-0015-x
https://doi.org/10.1007/s00344-003-0015-x
https://doi.org/10.1016/S1369-5266(03)00065-7
https://doi.org/10.1016/S1369-5266(03)00065-7
https://doi.org/10.1104/pp.126.2.485
https://doi.org/10.1038/srep29265
https://doi.org/10.1038/srep29265
https://doi.org/10.1155/2014/701596
https://doi.org/10.1073/pnas.0709559105
https://doi.org/10.1073/pnas.0709559105
https://doi.org/10.1111/j.1365-3040.2007.01748.x
https://doi.org/10.1111/j.1365-3040.2007.01748.x
https://doi.org/10.1016/j.foodchem.2008.09.039

Isah Biol Res

137.

138.

139.

140.

142.

143.

144.

146.

147.

148.

149.

150.

152.

153.

154.

156.

158.

(2019) 52:39

Wu P, Ma L, Hou X, et al. Phosphate starvation triggers distinct altera-
tions of genome expression in Arabidopsis roots and leaves. Plant
Physiol. 2003;132:1260-71. https://doi.org/10.1104/pp.103.021022.
Cakmak I, Yazici AM. Magnesium: a forgotten element in crop produc-
tion. Better Crops. 2010;94:23-5.

Matula J, Zukalova H. Sulphur concentrations and distribution in three
varieties of oilseed rape in relation to sulfur fertilization at vegetative
stages. Rostl Vyroba. 2001;47:1-6.

Cona A, Rea G, Angelini R, Federico R, Tavladoraki P. Functions of
amine oxidases in plant development and defense. Trends Plant Sci.
2006;11:80-8. https://doi.org/10.1016/j.tplants.2005.12.009.

Hayden AL. Aeroponic and hydroponic systems for medicinal herb,
rhizome, and root crops. HortScience. 2006;41(3):536-8.

von Bieberstein P, Xu YM, Gunatilaka AL, Gruener R. Biomass production
and withaferin a synthesis by Withania somnifera grown in aeroponics
and hydroponics. HortScience. 2014;49(12):1506-9.

Savio LEB, Astarita LV, Santarém ER. Secondary metabolism in micro-
propagated Hypericum perforatum L. grown in a non-aerated liquid
medium. Plant Cell Tissue Organ Cult. 2012;108(3):465-72. https://doi.
org/10.1007/s11240-011-0058-9.

Chishaki N, Horiguchi T. Responses of secondary metabolism in plants
to nutrient deficiency. Soil Sci Plant Nutr. 1997;43(1):987-91. https://doi.
0rg/10.1080/00380768.1997.11863704.

Chalker-Scott L, Fnchigami LH. The role of phenolic compounds in
plant stress responses. In: Paul HL, editor. Low-temperature stress physi-
ology in crops. Boca Raton: CRC Press Inc,; 1989. p. 67-79.

Liakopoulos G, Karabourniotis G. Boron deficiency and concentra-
tions and composition of phenolic compounds in Olea europaea
leaves: a combined growth chamber and field study. Tree Physiol.
2005;25(3):307-15. https://doi.org/10.1093/treephys/25.3.307.

Tuleja N, Mahajan S. Calcium signaling network in plants: an overview.
Plant Signal Behav. 2007;2(2):79-85.

Arruda SCC, Souza GM, Almeida M, Gongalves AN. Anatomical and
biochemical characterization of the calcium effect on Eucalyptus
urophylla callus morphogenesis in vitro. Plant Cell Tissue Organ Cult.
2000;63(2):142-54. https://doi.org/10.1023/A:1006482702094.

Giridhar ARP, Ravishankar GA. Indoleamines and calcium channels influ-
ence morphogenesis in in vitro cultures of Mimosa pudica L. Plant Sig-
nal Behav. 2009;4(12):1136-41. https://doi.org/10.4161/psb.4.12.10101.
Sujanya S, Devi BP, Sai |. In vitro production of azadirachtin from cell
suspension cultures of Azadirachta indica. J Biosci. 2008;33(1):113-20.
Rajasekaran T, Ravishankar GA, Venkataraman LV. Influence of nutrient
stress on pyrethrin production by the cultured cells of pyrethrum
(Chrysanthemum cinerariaefolium). Curr Sci. 1991;60:705-7.

LeeY, Lee DE, Lee HS, et al. Influence of auxins, cytokinins, and nitrogen
on production of rutin from callus and adventitious roots of the white
mulberry tree (Morus alba L.). Plant Cell Tissue Organ Cult. 2011;105:9—-
19. https://doi.org/10.1007/511240-010-9832-3.

Misra N, Gupta AK. Effect of salinity and different nitrogen sources

on the activity of antioxidant enzymes and indole alkaloid content in
Catharanthus roseus seedlings. J Plant Physiol. 2006;163(1):11-8. https://
doi.org/10.1016/},jplph.2005.02.011.

Xu Z, Zhou G, Shimizu H. Plant responses to drought and re-water-

ing. Plant Signal Behav. 2010;5:649-54. https://doi.org/10.4161/
psb.5.6.11398.

Yuan ZQ, Wang BX, Gao BQ, et al. Film mulch with irrigation and rainfed
cultivations improves maize production via efficient water use in
Melkassa, Ethiopia 2018.

Mashilo J, Odindo AO, Shimelis HA, Musenge P, Tesfay SZ, Magwaza LS.
Drought tolerance of selected bottle gourd [Lagenaria siceraria (Molina)
Standl] landraces assessed by leaf gas exchange and photosyn-

thetic efficiency. Plant Physiol Biochem. 2017;120:75-87. https://doi.
org/10.1016/j.plaphy.2017.09.022.

Quan NT, Anh LH, Khang DT, et al. Involvement of secondary metabo-
lites in response to drought stress of rice (Oryza sativa L.). Agriculture.
2016;6(2):23. https://doi.org/10.3390/agriculture6020023.

Afzal SF, Yar AK, Ullah RH, et al. Impact of drought stress on active
secondary metabolite production in Cichorium intybus roots. J Appl
Environ Biol Sci. 2017;7(7):39-43.

Piasecka A, Sawikowska A, Kuczynska A, et al. Drought-related sec-
ondary metabolites of barley (Hordeum vulgare L.) leaves and their

160.

161.

162.

163.

164.

165.

166.

167.

170.

174.

175.

176.

178.

179.

Page 20 of 25

metabolomic quantitative trait loci. Plant J. 2017,89(5):898-913. https://
doi.org/10.1111/tpj.13430.

Nogués S, Allen DJ, Morison JIL, Baker NR. Ultraviolet-B radiation effects
on water relations, leaf development and photosynthesis in droughted
pea plants. Plant Physiol. 1998;117:173-81. https://doi.org/10.1016/j.
indcrop.2008.02.005.

de Abreu IN, Mazzafera P. Effect of water and temperature stress on the
content of active constituents of Hypericum brasiliense Choisy. Plant
Physiol Biochem. 2005;43(3):241-8. https://doi.org/10.1016/j.plaph
y.2005.01.020.

Nowak M, Manderscheid R, Weigel H-J, Kleinwachter M, Selmar D.
Drought stress increases the accumulation of monoterpenes in sage
(Salvia officinalis), an effect that is compensated by elevated carbon
dioxide concentration. J Appl Bot Food Qual. 2010;83:133-6.
Nakabayashi R, Mori T, Saito K. Alternation of flavonoid accumula-

tion under drought stress in Arabidopsis thaliana. Plant Signal Behav.
2014;9(8):229518. https://doi.org/104161/psb.29518.

Sharma P, Dubey RS. Modulation of nitrate reductase activity in rice
seedlings under aluminium toxicity and water stress: role of osmolytes
as enzyme protectant. J Plant Physiol. 2005;162(8):854-64. https://doi.
0rg/10.1016/j,jplph.2004.09.011.

Gonzélez-Santana IH, Marquez-Guzman J, Cram-Heydrich S, Cruz-
Ortega R. Conostegia xalapensis (Melastomataceae): an aluminum
accumulator plant. Physiol Plant. 2012;144(2):134-45. https://doi.org/10
J111/.1399-3054.2011.01527 .

Abate E, Hussien S, Laing M, Mengistu F. Aluminium toxicity tolerance
in cereals: mechanisms, genetic control and breeding methods. Afr J
Agric Res. 2013;8(9):711-22.

Yang ZB, Rao IM, Horst WJ. Interaction of aluminium and drought stress
on root growth and crop yield on acid soils. Plant Soil. 2013,;372(1-2):3—
25. https://doi.org/10.1007/511104-012-1580-1.

Al Hassan M, Chaura J, Donat-Torres MP, Boscaiu M, Vicente O.
Antioxidant responses under salinity and drought in three closely
related wild monocots with different ecological optima. AoB Plants.
2017;9(2):pIx009. https://doi.org/10.1093/acbpla/plx009.
Bojorquez-Quintal E, Escalante-Magana C, Echevarria-Machado |, Mar-
tinez-Estévez M. Aluminum, a friend or foe of higher plants in acid soils.
Front Plant Sci. 2017,8:1767. https://doi.org/10.3389/fpls.2017.01767.
Mizukami H, Konoshima M, Tabata M. Effect of nutritional factors on shi-
konin derivative formation in Lithospermum callus cultures. Phytochem.
1977;16:1183-6. https://doi.org/10.1016/5S0031-9422(00)94356-5.
Ohlsson AB, Berglund T. Effect of high MnSO, levels on cardenolide
accumulation by Digitalis lanata tissue cultures in light and dark-
ness. J Plant Physiol. 1989;135:505-7. https://doi.org/10.1016/S0176
-1617(89)80112-9.

Cetin ES, Babalik Z, Hallac-Turk F, Gokturk-Baydar N. The effects of
cadmium chloride on secondary metabolite production in Vitis

vinifera cv. cell suspension cultures. Biol Res. 2014;47(1):47. https://doi.
org/10.1186/0717-6287-47-47.

Yazaki K. Lithospermum erythrorhizon cell cultures: present and future
aspects. Plant Biotechnol. 2017;34(3):131-42. https://doi.org/10.5511/
plantbiotechnology.17.0823a.

Larson RA. The antioxidants of higher plants. Phytochem. 1988;27:969-
78. https://doi.org/10.1016/0031-9422(88)80254-1.

Soliz-Guerrero JB, de Rodriguez DJ, Rodriguez-Garcia R, Angulo-
Sanchez JL, Mendez-Padilla G. Quinoa saponins: concentration and
composition analysis. In: Janick J, Whipkey A, editors. Trends in new
crops and new uses. Alexandria: ASHS Press; 2002. p. 110.

Seitz U, Reuff |, Reinhard E. Cryopreservation of plant cell cultures.

In: Neumann KH, Barz W, Reinhard E, editors. Primary and secondary
metabolism of plant cell cultures. Berlin: Springer; 1985. p. 323-33.

Cho JS, Chun SH, Lee SJ, Kim IH, Kim DI. Development of cell line pres-
ervation method for research and industry producing useful metabo-
lites by plant cell culture. Biotechnol Bioprocess Eng. 2000;5(5):372-8.
van der Molen KM, Raja HA, El-Elimat T, Oberlies NH. Evaluation of
culture media for the production of secondary metabolites in natural
products screening program. AMB Express. 2013;3(1):71. https://doi.
org/10.1186/2191-0855-3-71.

Thengane SR, Kulkarni DK, Shrikhande VA, Joshi SP, Sonawane KB,
Krishnamurthy KV. Influence of medium composition on callus
induction and camptothecin(s) accumulation in Nothapodytes


https://doi.org/10.1104/pp.103.021022
https://doi.org/10.1016/j.tplants.2005.12.009
https://doi.org/10.1007/s11240-011-0058-9
https://doi.org/10.1007/s11240-011-0058-9
https://doi.org/10.1080/00380768.1997.11863704
https://doi.org/10.1080/00380768.1997.11863704
https://doi.org/10.1093/treephys/25.3.307
https://doi.org/10.1023/A:1006482702094
https://doi.org/10.4161/psb.4.12.10101
https://doi.org/10.1007/s11240-010-9832-3
https://doi.org/10.1016/j.jplph.2005.02.011
https://doi.org/10.1016/j.jplph.2005.02.011
https://doi.org/10.4161/psb.5.6.11398
https://doi.org/10.4161/psb.5.6.11398
https://doi.org/10.1016/j.plaphy.2017.09.022
https://doi.org/10.1016/j.plaphy.2017.09.022
https://doi.org/10.3390/agriculture6020023
https://doi.org/10.1111/tpj.13430
https://doi.org/10.1111/tpj.13430
https://doi.org/10.1016/j.indcrop.2008.02.005
https://doi.org/10.1016/j.indcrop.2008.02.005
https://doi.org/10.1016/j.plaphy.2005.01.020
https://doi.org/10.1016/j.plaphy.2005.01.020
https://doi.org/10.4161/psb.29518
https://doi.org/10.1016/j.jplph.2004.09.011
https://doi.org/10.1016/j.jplph.2004.09.011
https://doi.org/10.1111/j.1399-3054.2011.01527.x
https://doi.org/10.1111/j.1399-3054.2011.01527.x
https://doi.org/10.1007/s11104-012-1580-1
https://doi.org/10.1093/aobpla/plx009
https://doi.org/10.3389/fpls.2017.01767
https://doi.org/10.1016/S0031-9422(00)94356-5
https://doi.org/10.1016/S0176-1617(89)80112-9
https://doi.org/10.1016/S0176-1617(89)80112-9
https://doi.org/10.1186/0717-6287-47-47
https://doi.org/10.1186/0717-6287-47-47
https://doi.org/10.5511/plantbiotechnology.17.0823a
https://doi.org/10.5511/plantbiotechnology.17.0823a
https://doi.org/10.1016/0031-9422(88)80254-1
https://doi.org/10.1186/2191-0855-3-71
https://doi.org/10.1186/2191-0855-3-71

Isah Biol Res

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

(2019) 52:39

foetida. Plant Cell Tissue Organ Cult. 2003;72(3):247-51. https://doi.
0rg/10.1023/A:1022392929406.

Karwasara VS, Dixit VK. Culture medium optimization for camptothecin
production in cell suspension cultures of Nothapodytes nimmoniana (J.
Grah.) Mabberley. Plant Biotechnol Rep. 2013;7(3):357-69. https://doi.
org/10.1007/s11816-012-0270-z.

Deepthi S, Satheeshkumar K. Effects of major nutrients, growth regula-
tors and inoculum size on enhanced growth and camptothecin pro-
duction in adventitious root cultures of Ophiorrhiza mungos L. Biochem
Eng J. 2017;117:198-209. https://doi.org/10.1016/j.bej.2016.10.016.
Cingdz G, Karakas FP. The effects of nutrient and macronutrient stress
on certain secondary metabolite accumulations and redox regulation
in callus cultures of Bellis perennis L. Turkish J Biol. 2016;40(6):1328-35.
https://doi.org/10.3906/biy-1603-73.

Lambardi M, Benelli C, De Carlo A. Cryopreservation as a tool for the
long-term conservation of woody plant germplasm: development of
the technology at the CNR/IVALSA institute of Florence. The Role of
Biotechnology. 2005; Villa Gualino, Turin Italy. p. 5-7.

Brunakova K, Cellarova E. Conservation strategies in the genus Hyperi-
cum via cryogenic treatment. Front Plant Sci. 2016;7:558. https://doi.
0rg/10.3389/fpls.2016.00558.

Janska A, Marsik P, Zelenkova S, Ovesna J. Cold stress and acclimation—
what is important for metabolic adjustment? Plant Biol. 2010;12:395-
405. https://doi.org/10.1111/.1438-8677.2009.00299 x.

Georgieva E, Petrova D, Yordanova Z, Kapchina-Toteva V, Cellarova E,
Chaneva G. Influence of cryopreservation on antioxidative activity of
in vitro cultivated Hypericum species. Biotechnol Biotechnol Equip.
2014;28(5):863-70. https://doi.org/10.1080/13102818.2014.946805.
Zhao'Y, Qi L, Wei-Ming Wang W, Saxena PK, Chun-Zhao Liu C.
Melatonin improves the survival of cryopreserved callus of Rhodiola
crenulata. J Pineal Res. 2011;50:83-8. https://doi.org/10.1111/j.1600-
079X.2010.00817 x.

Kim SI, Choi HK, Son JS, et al. Cryopreservation of Taxus chinensis sus-
pension cell cultures. Cryo Lett. 2001;22(1):43-50.

Urbanova M, Kosuth J, Cellarova E. Genetic and biochemical analysis
of Hypericum perforatum L. plants regenerated after cryopreserva-

tion. Plant Cell Rep. 2006;25:140-7. https://doi.org/10.1007/50029
9-005-0050-0.

Skyba M, Urbanova M, Kapchina-Toteva V, et al. Physiological, biochemi-
cal and molecular characteristics of cryopreserved Hypericum perfora-
tum L. shoot tips. Cryo Lett. 2010;31:249-60.

Dixit-Sharma S, Ahuja-Ghosh S, Mandal BB, Srivastava PS. Metabolic
stability of plants regenerated from cryopreserved shoot tips of
Dioscorea deltoidea—an endangered medicinal plant. Scientia Hortic.
2005;105(4):513-7. https://doi.org/10.1016/j.scienta.2005.02.011.

Li LQ, Li XL, Fu CH, Zhao CF, Yu LJ. Sustainable use of Taxus media cell
cultures through minimal growth conservation and manipulation of
genome methylation. Process Biochem. 2013;48(3):525-31. https://doi.
0rg/10.1016/j.prochio.2013.01.013.

Elleuch H, Gazeau C, David H, David A. Cryopreservation does not affect
the expression of a foreign sam gene in transgenic Papaver somniferum
cells. Plant Cell Rep. 1998;18:94-8.

Thomsen MG, Galambosi B, Galambosi Z, Uusitalo M, Mordal R,
Heinonen A. Harvest time and drying temperature effect on secondary
metabolites in Rhodiola rosea. Acta Hortic. 2012;955:243-52. https://doi.
org/10.17660/ActaHortic.2012.955.35.

Zhao YH, Jia X, Wang WK, Liu T, Huang SP, Yang MY. Growth under
elevated air temperature alters secondary metabolites in Robinia pseu-
doacacia L. seedlings in Cd-and Pb-contaminated soils. Sci Total Envi-
ron. 2016;565:586-94. https://doi.org/10.1016/j.scitotenv.2016.05.058.
Joshi N. Influence of light and temperature on secondary metabolite
accumulation in callus cultures of Helicteres isora L. IOSR J Environ Sci
Toxicol Food Technol. 2015;1(1):2319-99.

Jochum GM, Mudge KW, Thomas RB. Elevated temperatures increase
leaf senescence and root secondary metabolite concentration in

the understory herb Panax quinquefolius (Araliaceae). Am J Bot.
2007;94:819-26. https://doi.org/10.3732/aj.94.5.819.

Griffith M, Yaish MW. Antifreeze proteins in overwintering plants: a

tale of two activities. Trends Plant Sci. 2004;9(8):399-405. https://doi.
0rg/10.1016/j.tplants.2004.06.007.

199.

200.

202.

203.

204.

205.

206.

207.

208.

209.

212.

213.

214,

215.

216.

Page 21 of 25

Pérez-llzarbe J, Herndndez T, Estrella I, Vendrell M. Cold storage of apples
(cv. Granny Smith) and changes in phenolic compounds. Zeitschrift fur
Lebensmitteluntersuchung und-Forschung A. 1997;204(1):52-5. https
://doi.org/10.1007/5002170050036.

Shohael AM, Ali MB, Yu KW, Hahn EJ, Paek KY. Effect of temperature on
secondary metabolites production and antioxidant enzyme activities
in Eleutherococcus senticosus somatic embryos. Plant Cell Tissue Organ
Cult. 2006;85(2):219-28. https://doi.org/10.1007/511240-005-9075-x.

Yu KW, Murthy HN, Hahn EJ, Paek KY. Ginsenoside production by hairy
root cultures of Panax ginseng: influence of temperature and light
quality. Biochem Eng J. 2005;23(1):53-6. https://doi.org/10.1016/j.
bej}.2004.07.001.

Chan LK, Koay SS, Boey PL, Bhatt A. Effects of abiotic stress on biomass
and anthocyanin production in cell cultures of Melastoma malabathri-
cum. Biol Res. 2010;43(1):127-35. https://doi.org/10.4067/50716-97602
010000100014,

Hura K, Rapacz M, Hura T, Zur |, Filek M. The effect of cold on the
response of Brassica napus callus tissue to the secondary metabolites
of Leptosphaeria maculans. Acta Physiol Plant. 2015;37(2):13. https://doi.
org/10.1007/s11738-014-1751-1.

Rahimi S, Hasanloo T. The effect of temperature and pH on biomass
and bioactive compounds production in Silybum marianum hairy root
cultures. Res J Pharmacogn. 2016;3(2):53-9.

Kumari M, Chandra S. Secondary metabolite production in transformed
cultures: Stevioside glycosides production from Stevia rebaudiana

hairy root cultures. In: Kumari M, Chandra S, editors. Transgenesis and
secondary metabolism: part of the series reference series in phyto-
chemistry. Berlin: Springer International Publishing; 2016. p. 1-19. https
://doi.org/10.1007/978-3-319-27490-4_1-1.

Caldwell MM, Ballaré CL, Bornman JF, et al. Terrestrial ecosystems,
increased solar ultraviolet radiation and interactions with other climatic
change factors. Photochem Photobiol Sci. 2003;2:29-38. https://doi.
0rg/10.1039/b700019g.

Isah T, Umar S. Influencing in vitro clonal propagation of Chonemorpha
fragrans (moon) Alston by culture media strength, plant growth regula-
tors, carbon source and photoperiodic incubation. J For Res. 2018. https
///doi.org/10.1007/511676-018-0794-3.

Radusiené J, Karpavi¢iené B, Stanius Z. Effect of external and internal
factors on secondary metabolites accumulation in St. John's worth. Bot
Lith. 2012;18(2):101-8. https://doi.org/10.2478/v10279-012-0012-8.
Miehe-Steier A, Roscher C, Reichelt M, Gershenzon J, Unsicker SB. Light
and nutrient-dependent responses in secondary metabolites of Plan-
tago lanceolata offspring are due to phenotypic plasticity in experimen-
tal grasslands. PLoS ONE. 2015;10(9):e0136073. https://doi.org/10.1371/
journal.pone.0136073.

Pedroso RCN, Branquinho NAA, Hara AC, et al. Impact of light quality
on flavonoid production and growth of Hyptis marrubioides seedlings
cultivated in vitro. Rev Brasil Farmacogn. 2017,27(4):466-70. https://doi.
0rg/10.1016/j.bjp.2016.12.004.

Li TSC, Mazza G, Cottrell AC, Gao L. Ginsenosides in roots and leaves of
American ginseng. J Agric Food Chem. 1996;44(3):717-20. https://doi.
0rg/10.1021/jf950309f.

Binder BY, Peebles CA, Shanks JV, San KY. The effects of UV-B stress on
production of terpenoid indole-alkaloids in Catharanthus roseus hairy
roots. Biotechnol Prog. 2009;25:8615. https://doi.org/10.1002/btpr.97.
HuY,Yu W, Song L, et al. Effects of light on the production of campto-
thecin and expression of key enzyme genes in seedlings of Camp-
totheca acuminate Decne. Acta Physiol Plant. 2016;38:65. https://doi.
org/10.1007/511738-016-2084-z.

Lorence A, Nessler CL. Molecules of interest camptothecin, over four
decades of surprising findings. Phytochem. 2004,65:2735-49.

Kawka B, Kwiecien I, Ekiert H. Influence of culture medium composition
and light conditions on the accumulation of bioactive compounds

in shoot cultures of Scutellaria lateriflora L. (American Skullcap) grown
in vitro. Appl Biochem Biotechnol. 2017;183:1414-25. https://doi.
0rg/10.1007/512010-017-2508-2.

Ahmad N, Rab A, Ahmad N. Light-induced biochemical variations in
secondary metabolite production and antioxidant activity in callus
cultures of Stevia rebaudiana (Bert). J Photochem Photobiol B Biol.
2016;154:51-6. https://doi.org/10.1016/jjphotobiol.2015.11.015.


https://doi.org/10.1023/A:1022392929406
https://doi.org/10.1023/A:1022392929406
https://doi.org/10.1007/s11816-012-0270-z
https://doi.org/10.1007/s11816-012-0270-z
https://doi.org/10.1016/j.bej.2016.10.016
https://doi.org/10.3906/biy-1603-73
https://doi.org/10.3389/fpls.2016.00558
https://doi.org/10.3389/fpls.2016.00558
https://doi.org/10.1111/j.1438-8677.2009.00299.x
https://doi.org/10.1080/13102818.2014.946805
https://doi.org/10.1111/j.1600-079X.2010.00817.x
https://doi.org/10.1111/j.1600-079X.2010.00817.x
https://doi.org/10.1007/s00299-005-0050-0
https://doi.org/10.1007/s00299-005-0050-0
https://doi.org/10.1016/j.scienta.2005.02.011
https://doi.org/10.1016/j.procbio.2013.01.013
https://doi.org/10.1016/j.procbio.2013.01.013
https://doi.org/10.17660/ActaHortic.2012.955.35
https://doi.org/10.17660/ActaHortic.2012.955.35
https://doi.org/10.1016/j.scitotenv.2016.05.058
https://doi.org/10.3732/ajb.94.5.819
https://doi.org/10.1016/j.tplants.2004.06.007
https://doi.org/10.1016/j.tplants.2004.06.007
https://doi.org/10.1007/s002170050036
https://doi.org/10.1007/s002170050036
https://doi.org/10.1007/s11240-005-9075-x
https://doi.org/10.1016/j.bej.2004.07.001
https://doi.org/10.1016/j.bej.2004.07.001
https://doi.org/10.4067/S0716-97602010000100014
https://doi.org/10.4067/S0716-97602010000100014
https://doi.org/10.1007/s11738-014-1751-1
https://doi.org/10.1007/s11738-014-1751-1
https://doi.org/10.1007/978-3-319-27490-4_1-1
https://doi.org/10.1007/978-3-319-27490-4_1-1
https://doi.org/10.1039/b700019g
https://doi.org/10.1039/b700019g
https://doi.org/10.1007/s11676-018-0794-3
https://doi.org/10.1007/s11676-018-0794-3
https://doi.org/10.2478/v10279-012-0012-8
https://doi.org/10.1371/journal.pone.0136073
https://doi.org/10.1371/journal.pone.0136073
https://doi.org/10.1016/j.bjp.2016.12.004
https://doi.org/10.1016/j.bjp.2016.12.004
https://doi.org/10.1021/jf950309f
https://doi.org/10.1021/jf950309f
https://doi.org/10.1002/btpr.97
https://doi.org/10.1007/s11738-016-2084-z
https://doi.org/10.1007/s11738-016-2084-z
https://doi.org/10.1007/s12010-017-2508-2
https://doi.org/10.1007/s12010-017-2508-2
https://doi.org/10.1016/j.jphotobiol.2015.11.015

Isah Biol Res

217.

218.

220.

222.

223.

224.

225.

226.

227.

228.

229.

230.

232.

233.

234

235.

(2019) 52:39

Chen CC, Agrawal DC, Lee MR, et al. Influence of LED light spectra on
in vitro somatic embryogenesis and LC-MS analysis of chlorogenic
acid and rutin in Peucedanum japonicum Thunb.: a medicinal herb.
Bot Stud. 2016;57(1):9. https://doi.org/10.1186/540529-016-0124-z.
Ali M, Abbasi BH. Light-induced fluctuations in the biomass accumu-
lation, secondary metabolites production and antioxidant activity in
the cell suspension cultures of Artemisia absinthium L. J Photochem
Photobiol B Biol. 2014;140:223-7. https://doi.org/10.1016/jjphotobiol
.2014.08.008.

Anasori P, Asghari G. Effects of light and differentiation on gin-

gerol and zingiberene production in the callus culture of Zin-

giber officinale Rosc. Planta Med. 2009;75(09):59-63. https.//doi.
0rg/10.1055/5-0029-1234839.

Dai SJ,Wang Y, Yan X, Ma M. Effects of color films on growth and
camptothecin content in the leaves of Camptotheca acuminata
seedlings. Acta Ecol Sin. 2004;24(5):869-75.

Hu'Y, Yu W, Song L, et al. Effect of light on production of camptoth-
ecin and expression of key enzyme genes in seedlings of Campto-
theca acuminate Decne. Acta Physiol Plant. 2006;38:65. https://doi.
0rg/10.1007/s11738-016-2084-z.

Liu CZ, Guo C,Wang Y, Ouyang F. Factors influencing artemisinin pro-
duction from shoot cultures of Artemisia annua L. World J Microbiol
Biotechnol. 2003;19(5):535-8.

Fett-Neto AG, Pennington JJ, DiCosmo F. Effect of white light on
taxol and baccatin lll accumulation in cell cultures of Taxus cuspidata
Sieb & Zucc. J Plant Physiol. 1995;146(5-6):584-90. https://doi.
org/10.1016/50176-1617(11)81918-8.

Parikrama R, Esyanti RR. Effect of UV elicitation on callus growth,
alkaloid and terpenoid contents in Eurycoma longifolia Jack. Int J Adv
Chem Eng Biol Sci. 2014;1(1):12-5. https://doi.org/10.15242/1JACE
BS.C1113054.

Parihar P, Singh S, Singh R, Singh VP, Prasad SM. Effect of salinity stress
on plants and its tolerance strategies: a review. Environ Sci Poll Res.
2015;22(6):4056-75. https://doi.org/10.1007/511356-014-3739-1.

Xu C, Tang X, Shao H, Wang H. Salinity tolerance mechanism of
economic halophytes from physiological to molecular hierarchy for
improving food quality. Curr Genom. 2016;17(3):207-14. https://doi.
org/10.2174/1389202917666160202215548.

Manuka R, Karle SB, Kumar K. OsWNK9 mitigates salt and drought
stress effects through induced antioxidant systems in Arabidopsis.
Plant Physiol Rep. 2019. https://doi.org/10.1007/540502-019-00448
-W.

Sytar O, Barki S, Zivcak M, Brestic M. The involvement of different
secondary metabolites in salinity tolerance of crops. In: Kumat V, edi-
tor. Salinity responses and tolerance in plants, vol. 2. Berlin: Springer
International Publishing AG, part of Springer Nature; 2018. p. 21-48.
https://doi.org/10.1007/978-3-319-90318-7_2.

Munns R. Comparative physiology of salt and water stress.

Plant Cell Environ. 2002;25(2):239-50. https://doi.org/10.104
6/j.0016-8025.2001.00808 x.

Adak S, Roy A, Das P, Mukherjee A, Sengupta S, Majumder AL. Soil
salinity and mechanical obstruction differentially affects embryonic
root architecture in different rice genotypes from West Bengal. Plant
Physiol Rep. 2019. https://doi.org/10.1007/540502-019-00450-2.
Chaves MM, Pereira JS, Maroco J, et al. How plants cope with

water stress in the field? photosynthesis and growth. Ann Bot.
2002;89(7):907-16. https://doi.org/10.1093/acb/mcf105.

Shabala S, Cuin TA. Potassium transport and plant salt toler-

ance. Physiol Plant. 2007;133(4):651-69. https://doi.org/10.111
1/j.1399-3054.2007.01008 x.

Hamanishi ET, Barchet GL, Dauwe R, Mansfield SD, Campbell MM.
Poplar trees reconfigure the transcriptome and metabolome in
response to drought in a genotype and time-of-day-dependent
manner. BMC Genomics. 2015;16(1):329.

Sanchez DH, Lippold F, Redestig H, Hannah M, Erban A, Krdmer U,
Kopka J, Udvardi MK. Integrative functional genomics of salt acclima-
tization in the model legume Lotus japonicus. Plant J. 2008;53(6):973—
87. https://doi.org/10.1111/j.1365-313X.2007.03381 .x.

Munns R, Tester M. Mechanisms of salinity tolerance. Ann Rev Plant
Biol. 2008;59:651-81. https://doi.org/10.1146/annurev.arplant.59.03260
7.092911.

236.

237.

238.

239.

240.

241,

242.

243,

244,

245.

246.

247.

248.

249.

250.

251,

252.

253.

254,

255.

256.

Page 22 of 25

Selmar D. Potential of salt and drought stress to increase pharmaceuti-
cal significant secondary compounds in plants. Landbauforschung
Volkenrode Agric Forest Res. 2008;58(1/2):139-44.

Aghaei K, Komatsu S. Crop and medicinal plants proteomics in
response to salt stress. Front Plant Sci. 2013;4:8. https://doi.org/10.3389/
fpls.2013.00008.

El-Hendawy S, Elshafei A, Al-Suhaibani N, et al. Assessment of the salt
tolerance of wheat genotypes during the germination stage based

on germination ability parameters and associated SSR markers. J

Plant Interact. 2019;14(1):151-63. https://doi.org/10.1080/17429
145.2019.1603406.

El-Hendawy S, Al-Suhaibani N, Dewir YH, et al. Ability of modified spec-
tral reflectance indices for estimating growth and photosynthetic effi-
ciency of Wheat under saline field conditions. Agronomy. 2019,9(1):35.
https://doi.org/10.3390/agronomy9010035.

Harborne JB. Classes and functions of secondary products from plants.
In: Walton NJ, DE Brown, editors. Chemicals from plants, perspectives
on secondary plant products. London: Imperial college press; 1999. p.
1-25.

Bourgaud F, Gravot A, Milesi S, Gontier E. Production of plant secondary
metabolites: a historical perspective. Plant Sci. 2001;161(5):839-51.
https://doi.org/10.1016/5S0168-9452(01)00490-3.

Omamt EN, Hammes PS, Robbertse PJ. Differences in salinity tolerance
for growth and water-use efficiency in some amaranth (Amaranthus
spp.) genotypes. N Z J Crop Hortic Sci. 2006;34:11-22. https://doi.
0rg/10.1080/01140671.2006.9514382.

Sujata B, Kshitija S. Drought stress adaptation: metabolic adjustment
and regulation of gene expression. Plant Breed. 2013;132(1):21-32.
https://doi.org/10.1111/pbr.12004.

Martinez JP, Kinet JM, Bajji M, Lutts S. NaCl alleviates polyethylene
glycol-induced water stress in the halophyte species Atriplex halimus L.
J Expt Bot. 2005;56:2421-31. https://doi.org/10.1093/jxb/eri235.

Yi G, Lei Z, Zhong-Ji S, et al. Stomatal clustering, a new marker for
environmental perception and adaptation in terrestrial plants. Bot Stud.
2010;51:325-36.

Fu XZ, Ullah Khan E, Hu SS, Fan QJ, Liu JH. Overexpression of the betaine
aldehyde dehydrogenase gene from Atriplex hortensis enhances salt
tolerance in the transgenic trifoliate orange (Poncirus trifoliata L. Raf)).
Environ Exp Bot. 2011;74:106-13. https://doi.org/10.1016/j.envex
pbot.2011.05.006.

Abideen Z, Qasim M, Rasheed A, et al. Antioxidant activity and poly-
phenolic content of Phragmites karka under saline conditions. Pak J Bot.
2015;47(3):813-8.

Hossain MS, Persicke M, ElSayed Al, Kalinowski J, Dietz KJ. Metabo-

lite profiling at the cellular and subcellular level reveals metabolites
associated with salinity tolerance in sugar beet. J Exp Bot. 2017;,68(21—
22):5961-76. https://doi.org/10.1093/jxb/erx388.

ShulaevV, Cortes D, Miller G, Mittler R. Metabolomics for plant stress
response. Physiol Plant. 2008;132(2):199-208. https://doi.org/10.111
1/).1399-3054.2007.01025x.

Mahajan S, Tuteja N. Cold, salinity and drought stresses: an overview.
Arch Biochem Biophys. 2005;444(2):139-58. https://doi.org/10.1016/j.
abb.2005.10.018.

Wang W, Vinocur B, Altman A. Plant responses to drought, salinity

and extreme temperatures: towards genetic engineering for stress
tolerance. Planta. 2003;218:1-14. https://doi.org/10.1007/50042
5-003-1105-5.

Briens M, Larher F. Osmoregulation in halophytic higher plants: a
comparative study of soluble carbohydrates, polyols, betaines and free
proline. Plant Cell Environ. 1982,5:287-92. https://doi.org/10.1111/1365-
3040.ep11572682.

Flowers TJ, Colmer TD. Plant salt tolerance: adaptations in halophytes.
Ann Bot. 2015;115(3):327-31. https://doi.org/10.1093/aob/mcu267.
Sutkovié J, Lerl D, Ragab MGA. In vitro production of solasodine alkaloid
in Solanum nigrum under salinity stress. J Phytol. 2011;3(1):43-9.

Slama I, M'Rabet R, Ksouri R, et al. Effects of salt treatment on growth,
lipid membrane peroxidation, polyphenol content, and antioxidant
activities in leaves of Sesuvium portulacastrum L. Arid Land Res Manag.
2017;31:1-14. https://doi.org/10.1080/15324982.2017.1329759.
Mahmoudi H, Huang J, Gruber MY, Kaddour R, Lachaal M, Ouerghi Z,
Hannoufa A. The impact of genotype and salinity on physiological


https://doi.org/10.1186/s40529-016-0124-z
https://doi.org/10.1016/j.jphotobiol.2014.08.008
https://doi.org/10.1016/j.jphotobiol.2014.08.008
https://doi.org/10.1055/s-0029-1234839
https://doi.org/10.1055/s-0029-1234839
https://doi.org/10.1007/s11738-016-2084-z
https://doi.org/10.1007/s11738-016-2084-z
https://doi.org/10.1016/S0176-1617(11)81918-8
https://doi.org/10.1016/S0176-1617(11)81918-8
https://doi.org/10.15242/IJACEBS.C1113054
https://doi.org/10.15242/IJACEBS.C1113054
https://doi.org/10.1007/s11356-014-3739-1
https://doi.org/10.2174/1389202917666160202215548
https://doi.org/10.2174/1389202917666160202215548
https://doi.org/10.1007/s40502-019-00448-w
https://doi.org/10.1007/s40502-019-00448-w
https://doi.org/10.1007/978-3-319-90318-7_2
https://doi.org/10.1046/j.0016-8025.2001.00808.x
https://doi.org/10.1046/j.0016-8025.2001.00808.x
https://doi.org/10.1007/s40502-019-00450-2
https://doi.org/10.1093/aob/mcf105
https://doi.org/10.1111/j.1399-3054.2007.01008.x
https://doi.org/10.1111/j.1399-3054.2007.01008.x
https://doi.org/10.1111/j.1365-313X.2007.03381.x
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.3389/fpls.2013.00008
https://doi.org/10.3389/fpls.2013.00008
https://doi.org/10.1080/17429145.2019.1603406
https://doi.org/10.1080/17429145.2019.1603406
https://doi.org/10.3390/agronomy9010035
https://doi.org/10.1016/S0168-9452(01)00490-3
https://doi.org/10.1080/01140671.2006.9514382
https://doi.org/10.1080/01140671.2006.9514382
https://doi.org/10.1111/pbr.12004
https://doi.org/10.1093/jxb/eri235
https://doi.org/10.1016/j.envexpbot.2011.05.006
https://doi.org/10.1016/j.envexpbot.2011.05.006
https://doi.org/10.1093/jxb/erx388
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1016/j.abb.2005.10.018
https://doi.org/10.1016/j.abb.2005.10.018
https://doi.org/10.1007/s00425-003-1105-5
https://doi.org/10.1007/s00425-003-1105-5
https://doi.org/10.1111/1365-3040.ep11572682
https://doi.org/10.1111/1365-3040.ep11572682
https://doi.org/10.1093/aob/mcu267
https://doi.org/10.1080/15324982.2017.1329759

Isah Biol Res

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

2609.

270.

271.

272.

273.

274.

275.

276.

(2019) 52:39

function, secondary metabolite accumulation, and antioxidative
responses in lettuce. J Agric Food Chem. 2010;58(8):5122-30. https://
doi.org/10.1021/jf904274v.

Boestfleisch C, Papenbrock J. Changes in secondary metabolites in the
halophytic putative crop species Crithmum maritimum L., Triglochin
maritima L. and Halimione portulacoides (L.) Aellen as reaction to mild
salinity. PLoS ONE. 2017;12(4):0176303. https://doi.org/10.1371/journ
al.pone.0176303.

Hashemi A, Shahani A. Effects of salt stress on the morphologi-

cal characteristics, total phenol and total anthocyanin contents of
Roselle (Hibiscus sabdariffa L). Plant Physiol Rep. 2019;1:1. https://doi.
0rg/10.1007/540502-019-00446-y.

Jdey A, Falleh H, Jannet SB, et al. Anti-aging activities of extracts from
Tunisian medicinal halophytes and their aromatic constituents. EXCLI J.
2017;16:755-69. https://doi.org/10.17179/excli2017-244.

Szab¢ B, Tyihak E, Szabd G, Botz L. Mycotoxin and drought stress
induced change of alkaloid content of Papaver somniferum plant-

lets. Acta Bot Hung. 2003;45(3):409-17. https://doi.org/10.1556/
ABot.45.2003.3-4.15.

Jaleel CA, Manivannan P, Sankar B, Kishorekumar A, Panneerselvam R.
Calcium chloride effects on salinity-induced oxidative stress, proline
metabolism and indole alkaloid accumulation in Catharanthus roseus. C
R Biol. 2007;330(9):674-83. https://doi.org/10.1016/j.crvi.2007.07.002.
Petridis A, Therios I, Samouris G, Tananaki C. Salinity-induced changes
in phenolic compounds in leaves and roots of four olive cultivars (Olea
europaea L) and their relationship to antioxidant activity. Environ Exp
Bot. 2012;79:37-43. https://doi.org/10.1016/j.envexpbot.2012.01.007.
Parida AK, Das AB. Salt tolerance and salinity effects on plants: a review.
Ecotoxicol Environ Saf. 2005;60(3):324-49. https://doi.org/10.1016/j.
ecoenv.2004.06.010.

Dixon RA, Gang DR, Charlton AJ, et al. Application of metabolomics

in agriculture. J Agric Food Chem. 2006;54:8984-94. https://doi.
0rg/10.1021/jf061218t.

ArbonaV, Manzi M, Ollas C, Gomez-Cadenas A. Metabolomics as a

tool to investigate abiotic stress tolerance in plants. Intl J Mol Sci.
2013;14(3):4885-911. https://doi.org/10.3390/ijms14034885.

OkazakiY, Saito K. Integrated metabolomics and phytochemical
genomics approaches for studies on rice. GigaScience. 2016;5(1):11.
https://doi.org/10.1186/513742-016-0116-7.

Kim J, Buell CR. A revolution in plant metabolism: genome-enabled
pathway discovery. Plant Physiol. 2015;169(3):1532-9.

Hong J, Yang L, Zhang D, Shi J. Plant metabolomics: an indispensable
system biology tool for plant science. Int J Mol Sci. 2016;17:767. https://
doi.org/10.3390/ijms17060767.

Rodziewicz P, Swarcewicz B, Chmielewska K, Wojakowska A, Stobiecki
M. Influence of abiotic stresses on plant proteome and metabolome
changes. Acta Physiol Plant. 2014;36(1):1-19. https://doi.org/10.1007/
s11738-013-1402-y.

Gottelt M, Kol S, Gomez-Escribano JP, Bibb M, Takano E. Deletion of a
regulatory gene within the cpk gene cluster reveals novel antibacterial
activity in Streptomyces coelicolor A3(2). Microbiology. 2010;156:2343—
53. https://doi.org/10.1099/mic.0.038281-0.

Lim FY, Sanchez JF, Wang CCC, Keller NP. Toward awakening cryptic sec-
ondary metabolite gene clusters in filamentous fungi. Meth Enzymol.
2012;517:303-24. https://doi.org/10.1016/B978-0-12-404634-4.00015-2.
Piasecka A, Kachlicki P, Stobiecki M. Analytical methods for detection of
plant metabolomes changes in response to biotic and abiotic stresses.
Int J Mol Sci. 2019;20:379. https://doi.org/10.3390/ijms20020379.
Wang Y, Zeng X, Xu Q, et al. Metabolite profiling in two contrasting
Tibetan hulless barley cultivars revealed the core salt-responsive
metabolome and key salt-tolerance biomarkers. AoB Plants.
2019;11(2):021. https://doi.org/10.1093/acbpla.

Rabbani MA, Maruyama K, Abe H, Khan MA, Katsura K, Ito Y. Monitoring
expression profiles of rice genes under cold, drought, and high-salinity
stresses and abscissic acid application using cONA microarray and
RNA gel-blot analyses. Plant Physiol. 2003;133:1755-67. https://doi.
0rg/10.1104/pp.103.025742.

Said-Al Ahl HAH, Omer EA. Medicinal and aromatic plants production
under salt stress. Herba Pol. 2011;57:72-87.

Blaum K. High-accuracy mass spectrometry with stored ions. Phys Rep.
2006;425(1):1-78. https://doi.org/10.1016/j.physrep.2005.10.011.

277.

278.

279.

280.

281.

282.

283.

284,

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

Page 23 of 25

Fiehn O, Kopka J, Trethewey RN, Willmitzer L. Identification of uncom-
mon plant metabolites based on calculation of elemental compositions
using gas chromatography and quadrupole mass spectrometry. Anal
Chem. 2000,72(15):3573-80. https://doi.org/10.1021/ac991142i.

Obata T, Fernie A. The use of metabolomics to dissect plant responses
to abiotic stresses. Cell Mol Life Sci. 2012;69:3225-43. https://doi.
org/10.1007/500018-012-1091-5.

Plumb RS, Johnson KA, Rainville P, et al. UPLIC/MSF; a new approach for
generating molecular fragment information for biomarker structure
elucidation. Rapid Commun Mass Spectrom. 2006;20(13):1989-94.
https://doi.org/10.1002/rcm.2550.

Nakabayashi R, Saito K. Metabolomics for unknown plant metabolites.
Anal Bioanal Chem. 2013;405(15):5005-11. https://doi.org/10.1007/
500216-013-6869-2.

Prinsloo G, Vervoort J. Identifying anti-HSV compounds from unrelated
plants using NMR and LC-MS metabolomic analysis. Metabolomics.
2018;14(10):134. https://doi.org/10.1007/511306-018-1432-y.

Sumner LW, Amberg A, Barrett D, et al. Proposed minimum reporting
standards for chemical analysis. Metabolomics. 2007;3(3):211-21. https
://doi.org/10.1007/511306-007-0082-2.

Fuhrer T, Zamboni N. High-throughput discovery metabolomics.

Curr Opin Biotechnol. 2015;31:73-8. https://doi.org/10.1016/j.copbi
0.2014.08.006.

Viant MR, Kurland J, Jones MR, Dunn WB. How close are we to complete
annotation of metabolomes? Curr Opin Chem Biol. 2017;36:64-9. https
;//doi.org/10.1016/j.cbpa.2017.01.001.

Saito K. Phytochemical genomics—a new trend. Curr Opin Plant Biol.
2013;16(3):373-80. https://doi.org/10.1016/}.pbi.2013.04.001.

Kusano M, Yang Z, Okazaki Y, Nakabayashi R, Fukushima A, Saito K.
Using metabolomic approaches to explore chemical diversity in rice.
Mol Plant. 2014. https://doi.org/10.1093/mp/ssu125.

Matsuda F, Nakabayashi R, Yang Z, et al. Metabolome-genome-

wide association study dissects genetic architecture for generating
natural variation in rice secondary metabolism. Plant J Cell Mol Boil.
2015;81:13-23. https://doi.org/10.1111/tpj.12681.

Saito K, Matsuda F. Metabolomics for funtional genomics, systems biol-
ogy, and biotechnology. Annu Rev Plant Biol. 2010,61:463-89. https://
doi.org/10.1146/annurev.arplant.043008.092035.

Kumar R, Bohra A, Pandey AK, Pandey MK, Kumar A. Metabolomics for
plant improvement: status and prospects. Front Plant Sci. 2017;8:1302.
https://doi.org/10.3389/fpls.2017.01302.

Bollina V, Kushalappa AC, Choo TM, Dion Y, Rioux S. Identification of
metabolites related to mechanisms of resistance in barley against
Fusarium graminearum, based on mass spectrometry. Plant Mol Biol.
2011;77(4-5):355-70. https://doi.org/10.1007/511103-011-9815-8.
Kumaraswamy KG, Kushalappa AC, Choo TM, Dion Y, Rioux S. Mass
spectrometry based metabolomics to identify potential biomarkers for
resistance in barley against fusarium head blight (Fusarium gramine-
arum). J Chem Ecol. 2011;37(8):846-56. https://doi.org/10.1007/51088
6-011-9989-1.

Mhlongo MI, Piater LA, Madala NE, Labuschagne N, Dubery IA. The
chemistry of plant-microbe interactions in the rhizosphere and the
potential for metabolomics to reveal signaling related to defense prim-
ing and induced systemic resistance. Front Plant Sci. 2018,9:112. https://
doi.org/10.3389/fpls.2018.00112.

Korenblum E, Aharoni A. Phytobiome metabolism: beneficial soil
microbes steer crop plants’secondary metabolism. Pest Manag Sci.
2019;1:1. https://doi.org/10.1002/ps.5440.

Yang L, ZhaoY, Zhang Q, et al. Effects of drought-re-watering—drought
on the photosynthesis physiology and secondary metabolite pro-
duction of Bupleurum chinense DC. Plant Cell Rep. 2019. https://doi.
0rg/10.1007/500299-019-02436-8.

Kachlicki P, Piasecka A, Stobiecki M, Marczak t. Structural characteriza-
tion of flavonoid glycoconjugates and their derivatives with mass
spectrometric techniques. Molecules. 2016;21(11):1494. https://doi.
0rg/10.3390/molecules21111494.

Grech-Baran M, Pietrosiuk A. Artemisia species in vitro cultures for
production of biologically active secondary metabolites. BioTechnol J
Biotechnol Comput Biol Bionanotechnol. 2012;93(4):371-80. https://
doi.org/10.5114/bta.2012.46591.


https://doi.org/10.1021/jf904274v
https://doi.org/10.1021/jf904274v
https://doi.org/10.1371/journal.pone.0176303
https://doi.org/10.1371/journal.pone.0176303
https://doi.org/10.1007/s40502-019-00446-y
https://doi.org/10.1007/s40502-019-00446-y
https://doi.org/10.17179/excli2017-244
https://doi.org/10.1556/ABot.45.2003.3-4.15
https://doi.org/10.1556/ABot.45.2003.3-4.15
https://doi.org/10.1016/j.crvi.2007.07.002
https://doi.org/10.1016/j.envexpbot.2012.01.007
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.1016/j.ecoenv.2004.06.010
https://doi.org/10.1021/jf061218t
https://doi.org/10.1021/jf061218t
https://doi.org/10.3390/ijms14034885
https://doi.org/10.1186/s13742-016-0116-7
https://doi.org/10.3390/ijms17060767
https://doi.org/10.3390/ijms17060767
https://doi.org/10.1007/s11738-013-1402-y
https://doi.org/10.1007/s11738-013-1402-y
https://doi.org/10.1099/mic.0.038281-0
https://doi.org/10.1016/B978-0-12-404634-4.00015-2
https://doi.org/10.3390/ijms20020379
https://doi.org/10.1093/aobpla
https://doi.org/10.1104/pp.103.025742
https://doi.org/10.1104/pp.103.025742
https://doi.org/10.1016/j.physrep.2005.10.011
https://doi.org/10.1021/ac991142i
https://doi.org/10.1007/s00018-012-1091-5
https://doi.org/10.1007/s00018-012-1091-5
https://doi.org/10.1002/rcm.2550
https://doi.org/10.1007/s00216-013-6869-2
https://doi.org/10.1007/s00216-013-6869-2
https://doi.org/10.1007/s11306-018-1432-y
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1007/s11306-007-0082-2
https://doi.org/10.1016/j.copbio.2014.08.006
https://doi.org/10.1016/j.copbio.2014.08.006
https://doi.org/10.1016/j.cbpa.2017.01.001
https://doi.org/10.1016/j.cbpa.2017.01.001
https://doi.org/10.1016/j.pbi.2013.04.001
https://doi.org/10.1093/mp/ssu125
https://doi.org/10.1111/tpj.12681
https://doi.org/10.1146/annurev.arplant.043008.092035
https://doi.org/10.1146/annurev.arplant.043008.092035
https://doi.org/10.3389/fpls.2017.01302
https://doi.org/10.1007/s11103-011-9815-8
https://doi.org/10.1007/s10886-011-9989-1
https://doi.org/10.1007/s10886-011-9989-1
https://doi.org/10.3389/fpls.2018.00112
https://doi.org/10.3389/fpls.2018.00112
https://doi.org/10.1002/ps.5440
https://doi.org/10.1007/s00299-019-02436-8
https://doi.org/10.1007/s00299-019-02436-8
https://doi.org/10.3390/molecules21111494
https://doi.org/10.3390/molecules21111494
https://doi.org/10.5114/bta.2012.46591
https://doi.org/10.5114/bta.2012.46591

Isah Biol Res

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311,

312.

313.

314.

315.

316.

317.

(2019) 52:39

CiddiV, Shuler ML. Camptothecin from callus cultures of Notha-
podytes foetida. Biotechnol Lett. 2000;22:129-32. https://doi.
0rg/10.1023/A:1005666223003.

Fulzele DP, Satdive RK. Somatic embryogenesis, plant regeneration, and
evaluation of camptothecin content in Nothapodytes foetida. Vitro Cell
Dev Biol Plant. 2003;39(2):212-6. https://doi.org/10.1079/IVP2002368.
Dandin VS, Murthy HN. Enhanced in vitro multiplication of Nothapo-
dytes nimmoniana Graham using semi-solid and liquid cultures and
estimation of camptothecin in the regenerated plants. Acta Physiol
Plant. 2012;34:1381-6. https://doi.org/10.1007/511738-012-0934-x.
Chang SH, Chen FH, Tsay JY, et al. Establishment of hairy root cultures of
Nothapodytes nimmoniana to produce camptothecin. Taiwan J For Sci.
2014,29(3):193-204.

Fulzele DP, Satdive R, Kamble S, et al. Improvement of anti-cancer drug
camptothecin production by gamma irradiation on the callus cultures
of Nothapodytes foetida. Intl J Pharm Res Allied Sci. 2015;4(1):19-27.
Saito K, Sudo H, Yamazaki M, et al. Feasible production of campto-
thecin by hairy root culture of Ophiorrhriza pumila. Plant Cell Rep.
2001;20:267-71. https://doi.org/10.1007/5002990100320.

Fulzele DP, Satdive RK, Pol BB. Untransformed root cultures of Nothapo-
dytes foetida and production of camptothecin. Plant Cell Tissue Organ
Cult. 2002;69(3):285-8. https://doi.org/10.1023/A:1015657927304.
Staba EJ, Zito S, Amin M. Alkaloid production from Papaver tissue
cultures. J Nat Prod. 1982;45(3):256-62.

Siah CL, Doran PM. Enhanced codeine and morphine production in
suspended Papaver somniferum cultures after removal of exogenous
hormones. Plant Cell Rep. 1991;10(6):349-53.

Rao SR, Tripathi U, Ravishankar GA. Biotransformation of codeine to
morphine in freely suspended cells and immobilized cultures of Spir-
ulina platensis. World J Microbiol Biotechnol. 1999;15(4):465-9.

Kassem MA, Jacquin A. Somatic embryogenesis, rhizogenesis, and
morphinan alkaloids production in two species of opium poppy.
BioMed Res Int. 2001;1(2):70-8. https://doi.org/10.1155/5111072430
1000237.

Tisserat B, Berhow M. Production of pharmaceuticals from Papaver
cultivars in vitro. Eng Life Sci. 2009;9(3):190-6.

Sarin R. Enhancement of Opium alkaloids production in callus culture
of Papaver rhoeas Linn. Ind J Biotechnol. 2003;2:271-2.

van der Heijden R, van der Leer T, Pennings EJM, Verpoorte R.

Product formation in elicited Cinchona robusta suspension cultures;
cell-free studies on the anthraquinones biosynthesis. Planta Med.
1990;56(06):617.

Schripsema J, Ramos-Valdivia A, Verpoorte R. Robustaquinones,

novel anthraquinones from an elicited Cinchona robusta suspension
culture. Phytochem. 1999;51(1):55-60. https://doi.org/10.1016/50031
-9422(98)00470-1.

Han YS, van der Heijden R, Lefeber AW, Erkelens C, Verpoorte R. Biosyn-
thesis of anthraquinones in cell cultures of Cinchona ‘Robusta’proceeds
via the methylerythritol 4-phosphate pathway. Phytochem.
2002;59(1):45-55.

Oliveira MDC, Negri G, Salatino A, Braga MR. Detection of anthraqui-
nones and identification of 1,4-naphthohydroquinone in cell suspen-
sion cultures of Rudgea jasminoides (Cham.) Mill. Arg.(Rubiaceae). Braz J
Bot. 2007;30(1):167-72.

Raj D, Kokotkiewicz A, Drys A, Luczkiewicz M. Effect of plant growth
regulators on the accumulation of indolizidine alkaloids in Securinega
suffruticosa callus cultures. Plant Cell Tissue Organ Cult. 2015;123(1):39-
45. https://doi.org/10.1007/511240-015-0811-6.

Raj D, Kokotkiewicz A, Luczkiewicz M. Production of therapeutically
relevant indolizidine alkaloids in Securinega suffruticosa in vitro shoots
maintained in liquid culture systems. Applied Biochem Biotechnol.
2015;175(3):1576-87. https://doi.org/10.1007/512010-014-1386-0.
Bienaime C, Melin A, Bensaddek L, et al. Effects of plant growth
regulators on cell growth and alkaloids production by cell cultures of
Lycopodiella inundata. Plant Cell Tissue Organ Cult. 2015;123(3):523-33.
https://doi.org/10.1007/511240-015-0856-6.

Kunakh VA, Alkhimova EG. Rauwolfia serpentina: in vitro culture and the
production of ajmaline. In: Bajaj YPS, editor. Medicinal and aromatic
plants II. Berlin: Springer; 1989. p. 398-416. https://doi.org/10.1007/978-
3-642-73617-9_22.

318.

319.

320.

321,

322.

323.

324.

325.

326.

327.

328.

329.

330.

331,

332

333.

334.

335.

336.

337.

338.

Page 24 of 25

Sudha CG, Reddy BO, Ravishankar GA, Seeni S. Production of ajmalicine
and ajmaline in hairy root cultures of Rauvolfia micrantha Hook f, a rare
and endemic medicinal plant. Biotechnol Lett. 2003;25(8):631-6. https
://doi.org/10.1023/a:1023012114628.

Alizadeh S, Mantell SH, MariaViana A. In vitro shoot culture and microtu-
ber induction in the steroid yam Dioscorea composita Hemsl. Plant Cell
Tissue Organ Cult. 1998;53(2):107-12. https://doi.org/10.1023/A:10060
36324474.

Nikam TD, Ebrahimi MA, Patil VA. Embryogenic callus culture of Tribulus
terrestris L. a potential source of harmaline, harmine and diosgenin.
Plant Biotechnol Rep. 2009;3(3):243-50.

Poornima GN, Ravishankar RV. In vitro propagation of wild yams,
Dioscorea oppositifolia (Linn) and Dioscorea pentaphylla (Linn). Afr J
Biotechnol. 2007;6(20):2348-52.

Rezaeian S. Assessment of diosgenin production by Trigonella foenum-
graecum L. in vitro condition. Am J Plant Physiol. 2011,6(5):261-8. https
///doi.org/10.3923/ajpp.2011.261.268.

Das S, Choudhury MD, Mazumder PB. In vitro propagation of genus
Dioscorea—a critical review. Asian J Pharm Clin Res. 2013;6(3):26-30.
Ciura J, Szeliga M, Tyrka M. Optimization of in vitro culture condi-

tions for accumulation of diosgenin by fenugreek. J Med Plants.
2015;3(3):22-5.

Rogers PL, Shin HS, Wang B. Biotransformation for L-ephedrine produc-
tion. In: Biotreatment, downstream processing and modelling 1997;
Berlin: Springer; p. 33-59.

O'Dowd NA, McCauley PG, Wilson G, Parnell JAN, Kavanagh TAK,
McConnell DJ. Ephedra species: In vitro culture, micropropagation, and
the production of Ephedrine and other alkaloids. In: Bajaj YPS, editor.
Medicinal and aromatic plants X; Biotechnology in agriculture and
forestry. Berlin: Springer; 1998. p. 154-93. https://doi.org/10.1007/978-
3-642-58833-4.

Garla M, Pratush A, Kumar S, Singh S, Shivani. In vitro callus induction
and shoot regeneration in Ephedra—A medicinal plant. Ann Biol Res.
2011;2(6):645-51.

Dhiman M, Sharma V, Moitra S. Somatic embryogenesis and plant
regeneration in Ephedra foliata (Boiss.); a non-coniferous gymno-
sperm. Plant Tissue Cult Biotechnol. 2010;20(2):133-43. https://doi.
0rg/10.3329/ptch.v20i2.6893.

Lodha D, Rathore N, Kataria V, Shekhawat NS. In vitro propagation

of female Ephedra foliata Boiss. & Kotschy ex Boiss.: an endemic and
threatened Gymnosperm of the Thar desert. Physiol Mol Biol Plants.
2014;20(3):375-83. https://doi.org/10.1007/512298-014-0232-8.

Hegazi GAEM, El-Lamey TM. In vitro production of some phenolic
compounds from Ephedra alata Decne. J Appl Environ Biol Sci.
2011;1(8):158-63.

Kouadio K, Chenieux JC, Rideau M, Viel C. Antitumor alkaloids in callus
cultures of Ochrosia elliptica. J Nat Prod. 1984;47(5):872-4.

Kouamo K, Creche J, Chenieux JC, Rideau M, Viel C. Alkaloid produc-
tion by Ochrosia elliptica cell suspension cultures. J Plant Physiol.
1985;118(3):277-83. https://doi.org/10.1016/50176-1617(85)80229-7.
Chenieux JC, Ramawat EG, Rideau M. Ochrosia spp.: In vitro produc-
tion of ellipticine, an antitumor agent. In: Bajaj YPS, editor. Medicinal
and aromatic plants I: biotechnology in agriculture and forestry. Berlin:
Springer; 1988. p. 448-63. https://doi.org/10.1007/978-3-642-73026-9.
Praveen N, Naik PM, Manohar SH, Nayeem A, Murthy HN. In vitro
regeneration of brahmi shoots using semisolid and liquid cultures and
quantitative analysis of bacoside A. Acta Physiol Plant. 2009;31(4):723-8.
https://doi.org/10.1007/511738-009-0284-5.

Jain M, Rajput R, Mishra A. Enhancement of secondary metabolite
biosynthesis in Bacopa monnieri: an in vitro study. Res J Recent Sci.
2013;2(1):13-6.

Talukdar A. Biosynthesis of total bacoside in the callus culture of Bacopa
monnieri (L.) Pennel from North-east India. Int J Curr Microbiol Appl Sci.
2014;3(3):140-5.

Bansal M, Kumar A, Reddy MS. Production of bacoside A, a memory
enhancer from hairy root cultures of Bacopa monnieri (L.) Wettst. J Appl
Res Med Arom Plants. 2015;2(3):92-101.

Sharma M, Ahuja A, Gupta R, Mallubhotla S. Enhanced bacoside
production in the shoot cultures of Bacopa monnieri under the influ-
ence of abiotic elicitors. Nat Prod Res. 2015;29(8):745-9. https://doi.
0rg/10.1080/14786419.2014.986657.


https://doi.org/10.1023/A:1005666223003
https://doi.org/10.1023/A:1005666223003
https://doi.org/10.1079/IVP2002368
https://doi.org/10.1007/s11738-012-0934-x
https://doi.org/10.1007/s002990100320
https://doi.org/10.1023/A:1015657927304
https://doi.org/10.1155/S1110724301000237
https://doi.org/10.1155/S1110724301000237
https://doi.org/10.1016/S0031-9422(98)00470-1
https://doi.org/10.1016/S0031-9422(98)00470-1
https://doi.org/10.1007/s11240-015-0811-6
https://doi.org/10.1007/s12010-014-1386-0
https://doi.org/10.1007/s11240-015-0856-6
https://doi.org/10.1007/978-3-642-73617-9_22
https://doi.org/10.1007/978-3-642-73617-9_22
https://doi.org/10.1023/a:1023012114628
https://doi.org/10.1023/a:1023012114628
https://doi.org/10.1023/A:1006036324474
https://doi.org/10.1023/A:1006036324474
https://doi.org/10.3923/ajpp.2011.261.268
https://doi.org/10.3923/ajpp.2011.261.268
https://doi.org/10.1007/978-3-642-58833-4
https://doi.org/10.1007/978-3-642-58833-4
https://doi.org/10.3329/ptcb.v20i2.6893
https://doi.org/10.3329/ptcb.v20i2.6893
https://doi.org/10.1007/s12298-014-0232-8
https://doi.org/10.1016/S0176-1617(85)80229-7
https://doi.org/10.1007/978-3-642-73026-9
https://doi.org/10.1007/s11738-009-0284-5
https://doi.org/10.1080/14786419.2014.986657
https://doi.org/10.1080/14786419.2014.986657

Isah Biol Res

339.

340.

341,

342.

343.

344,

345.

346.

347.

348.

349.

350.

351

352.

353.

354,

355.

(2019) 52:39

tojewski M, Krakowska A, Reczyniski W, Szewczyk A, Muszyriska B.
Analysis of elements and bacosides in in vitro shoot culture of Bacopa
monnieri. Acta Physiol Plant. 2016,38(7):1-10. https://doi.org/10.1007/
s11738-016-2182-y.

Goleniowski ME, Silva GL. Ambrosia tenuifolia Spreng (Altamisa): in vitro
culture and the production of psilostachyinolides. Med Arom Plants.
1993;5:41-53. https://doi.org/10.1007/978-3-642-58062-8_3.

Saito K, Yamazaki M, Murakoshi I. Sophora flavescens (Kurara): In vitro
culture and the production of lupin alkaloids. In: Bajaj YPS, editor.
Medicinal and aromatic plants V; Biotechnology in agriculture and
forestry. Berlin: Springer; 1993. p. 342-51. https://doi.org/10.1007/978-
3-642-58062-8.

De-Eknamkul W, Ellis BE. Rosmarinic acid: production in plant cell cul-
tures. In: Bajaj YPS, editor. Medicinal and aromatic plants I; Biotechnol-
ogy in agriculture and forestry. Berlin: Springer; 1988. p. 310-29. https.//
doi.org/10.1007/978-3-642-73026-9.

Masur U, Kumar H, Kumar A. Anti-larval effects of leaf and callus extract
of Dysoxylum binectariferum against urban malaria vector, Anopheles
stephensi. ) Nat Prod. 2014;7:147-54.

Kumara PM, Zuehlke S, Priti V, et al. Fusarium proliferatum, an endo-
phytic fungus from Dysoxylum binectariferum Hook. f, produces
rohitukine, a chromane alkaloid possessing anti-cancer activity. Antonie
Van Leeuwenhoek. 2012;101(2):323-9. https://doi.org/10.1007/51048
2-011-9638-2.

Gupta P. Plant tissue culture of Stevia rebaudiana (Bertoni): a review. J
Pharmacogn Phytother. 2013;5(2):26-33. https://doi.org/10.5897/JPP13
0258.

Bayraktar M, Naziri E, Akgun IH, et al. Elicitor-induced stevioside produc-
tion, in vitro shoot growth, and biomass accumulation in micropropa-
gated Stevia rebaudiana. Plant Cell Tissue Organ Cult. 2016;127(2):289—
300. https://doi.org/10.1007/511240-016-1049-7.

Luwanska A, Perz A, Mankowska G, Wielgus K. Application of in vitro
stevia (Stevia rebaudiana Bertoni) cultures in obtaining steviol glycoside
rich material. Herba Polonic. 2015;61(1):50-63. https://doi.org/10.1515/
hepo-2015-0010.

Mathur S, Shekhawat GS. Establishment and characterization of Stevia
rebaudiana (Bertoni) cell suspension culture: an in vitro approach for
production of stevioside. Acta Physiol Plant. 2013;35(3):931-9. https.//
doi.org/10.1007/511738-012-1136-2.

Naranjo EJ, Fernandez Betin O, Urrea Trujillo Al, Callejas Posada R,
Atehortua Garces L. Effect of genotype on in vitro regeneration of
Stevia rebaudiana via somatic embryogenesis. Acta Biol Colomb.
2016;21(1):87-98. https://doi.org/10.15446/abcv21n1.47382.

Vashisth D, Kumar R, Rastogi S, et al. Transcriptome changes induced by
abiotic stresses in Artemisia annua. Sci Rep. 2018;8(1):3423. https://doi.
0rg/10.1038/541598-018-21598-1.

Kiferle C, Lucchesini M, Mensuali-Sodi A, et al. Rosmarinic acid content
in basil plants grown in vitro and in hydroponics. Cent Eur J Biol.
2011,6(6):946-57. https://doi.org/10.2478/s11535-011-0057-1.

Kumara PM, Srimany A, Arunan S, et al. Desorption electrospray
jonization (DESI) mass spectrometric imaging of the distribution of
rohitukine in the seedling of Dysoxylum binectariferum Hook. F. PloS
ONE. 2016;11(6):20158099. https://doi.org/10.1371/journal.pone.01580
99.

Zeng J, Chen A, Li D, Yi B, Wu W. Effects of salt stress on the growth,
physiological responses, and glycoside contents of Stevia rebaudi-

ana Bertoni. J Agric Food Chem. 2013;61(24):5720-6. https://doi.
0rg/10.1021/jf401237x.

Srivastava S, Srivastava M. Morphological changes and antioxidant
activity of Stevia rebaudiana under water stress. Am J Plant Sci.
2014;5(22):3417-22. https://doi.org/10.4236/ajps.2014.522357.
Shahverdi MA, Omidi H, Tabatabaei SJ. Stevia (Stevia rebaudiana Bertoni)
responses to NaCl stress: growth, photosynthetic pigments, diterpene

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

Page 25 of 25

glycosides and ion content in root and shoot. J Saudi Soc Agric Sci.
2017;1:1. https://doi.org/10.1016/jjssas.2017.12.001.

Jeong H, Lee SH, Yun HS, Choi SR. Changes in allicin contents of garlic
via light irradiation. Korean J Food Preserv. 2013;20(1):81-7. https://doi.
0rg/10.11002/kjfp.2013.20.1.81.

Saravanan R, Khristi S, Gajbhiye NA, Maiti S. Effect of plant population
and soil moisture stress on herbage yield and andrographolide content
in Andrographis paniculata. Indian J Hortic. 2009;66(1):120-5.

Kiselev KV. Perspectives for production and application of resveratrol.
Appl Microbiol Biotechnol. 2011;90(2):417-25. https://doi.org/10.1007/
s00253-011-3184-8.

Hasan M, Bae H. An overview of stress-induced resveratrol synthesis

in grapes: perspectives for resveratrol-enriched grape products. Mol-
ecules. 2017,22(2):294. https://doi.org/10.3390/molecules22020294.
Polturak G, Aharoni A."La Vie En Rose”: biosynthesis, sources, and
applications of betalain pigments. Mol Plant. 2018;11(1):7-22. https://
doi.org/10.1016/j.molp.2017.10.008.

Zhu Z, Liang Z, Han R, Wang X. Impact of fertilization on drought
response in the medicinal herb Bupleurum chinense DC.: growth and
saikosaponin production. Ind Crops Prod. 2009;29(2-3):629-33. https://
doi.org/10.1016/j.indcrop.2008.08.002.

Baricevic D, Umek A, Kreft S, Maticic B, Zupancic A. Effect of water stress
and nitrogen fertilization on the content of hyoscyamine and scopola-
mine in the roots of deadly nightshade (Atropa belladonna). Environ Exp
Bot. 1999;42(1):17-24. https://doi.org/10.1016/50098-8472(99)00014-3.
Arrowsmith S, Egan TP, Meekins JF, Powers D, Metcalfe M. Effects of salt
stress on capsaicin content, growth, and fluorescence in a Jalapefio
cultivar of Capsicum annuum (Solanaceae). Bios. 2012;83(1):1-8. https://
doi.org/10.2478/511756-019-00237-8.

Arshi A, Abdin MZ, Igbal M. Sennoside content and yield attributes of
Cassia angustifolia Vahl. as affected by NaCl and CaCl,. Scientia Hortic.
2006;111(1):84-90. https://doi.org/10.1016/j.scienta.2006.08.006.
ZhuW, Yang B, Komatsu S, Lu X, Li X, Tian J. Binary stress induces an
increase in indole alkaloid biosynthesis in Catharanthus roseus. Front
Plant Sci. 2015;6:582. https://doi.org/10.3389/fpls.2015.00582.
Plengmuankhae W, Tantitadapitak C. Low temperature and water
dehydration increase the levels of asiaticoside and madecassoside in
Centella asiatica (L.) Urban. South Afr J Bot. 2015,97:196-203. https://doi.
0rg/10.1016/j.5ajb.2015.01.013.

Hassan E, Tayebeh R, Samaneh ET, et al. Quantification of Valerenic acid
and its derivatives in some species of Valeriana L and Centranthus longi-
florus Stev. Asian J Plant Sci. 2008;7(2):195-200. https://doi.org/10.3923/
ajps.2008.195.200.

Lucci N, Mazzafera P. Distribution of rutin in fava d'anta (Dimorphandra
mollis) seedlings under stress. J Plant Interact. 2009;4(3):203-8. https://
doi.org/10.1080/17429140802707035.

Walker DJ, Martinez-Fernandez D, Correal E, Romero-Espinar P, del Rio
JA. Accumulation of furanocoumarins by Bituminaria bituminosa in
relation to plant development and environmental stress. Plant Physiol
Biochem. 2012;54:133-9. https://doi.org/10.1016/j.plaphy.2012.03.001.
Nasrollahi V, Mirzaie-asl A, Piri K, Nazeri S, Mehrabi R. The effect of
drought stress on the expression of key genes involved in the biosyn-
thesis of triterpenoid saponins in liquorice (Glycyrrhiza glabra). Phyto-
chem. 2014;103:32-7. https://doi.org/10.1016/j.phytochem.2014.03.004.
Vaughan MM, Christensen S, Schmelz EA, et al. Accumulation of terpe-
noid phytoalexins in maize roots is associated with drought tolerance.
Plant Cell Environ. 2015;38(11):2195-207. https://doi.org/10.1111/
pce.12482.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1007/s11738-016-2182-y
https://doi.org/10.1007/s11738-016-2182-y
https://doi.org/10.1007/978-3-642-58062-8_3
https://doi.org/10.1007/978-3-642-58062-8
https://doi.org/10.1007/978-3-642-58062-8
https://doi.org/10.1007/978-3-642-73026-9
https://doi.org/10.1007/978-3-642-73026-9
https://doi.org/10.1007/s10482-011-9638-2
https://doi.org/10.1007/s10482-011-9638-2
https://doi.org/10.5897/JPP13.0258
https://doi.org/10.5897/JPP13.0258
https://doi.org/10.1007/s11240-016-1049-7
https://doi.org/10.1515/hepo-2015-0010
https://doi.org/10.1515/hepo-2015-0010
https://doi.org/10.1007/s11738-012-1136-2
https://doi.org/10.1007/s11738-012-1136-2
https://doi.org/10.15446/abc.v21n1.47382
https://doi.org/10.1038/s41598-018-21598-1
https://doi.org/10.1038/s41598-018-21598-1
https://doi.org/10.2478/s11535-011-0057-1
https://doi.org/10.1371/journal.pone.0158099
https://doi.org/10.1371/journal.pone.0158099
https://doi.org/10.1021/jf401237x
https://doi.org/10.1021/jf401237x
https://doi.org/10.4236/ajps.2014.522357
https://doi.org/10.1016/j.jssas.2017.12.001
https://doi.org/10.11002/kjfp.2013.20.1.81
https://doi.org/10.11002/kjfp.2013.20.1.81
https://doi.org/10.1007/s00253-011-3184-8
https://doi.org/10.1007/s00253-011-3184-8
https://doi.org/10.3390/molecules22020294
https://doi.org/10.1016/j.molp.2017.10.008
https://doi.org/10.1016/j.molp.2017.10.008
https://doi.org/10.1016/j.indcrop.2008.08.002
https://doi.org/10.1016/j.indcrop.2008.08.002
https://doi.org/10.1016/S0098-8472(99)00014-3
https://doi.org/10.2478/s11756-019-00237-8
https://doi.org/10.2478/s11756-019-00237-8
https://doi.org/10.1016/j.scienta.2006.08.006
https://doi.org/10.3389/fpls.2015.00582
https://doi.org/10.1016/j.sajb.2015.01.013
https://doi.org/10.1016/j.sajb.2015.01.013
https://doi.org/10.3923/ajps.2008.195.200
https://doi.org/10.3923/ajps.2008.195.200
https://doi.org/10.1080/17429140802707035
https://doi.org/10.1080/17429140802707035
https://doi.org/10.1016/j.plaphy.2012.03.001
https://doi.org/10.1016/j.phytochem.2014.03.004
https://doi.org/10.1111/pce.12482
https://doi.org/10.1111/pce.12482

	Stress and defense responses in plant secondary metabolites production
	Abstract 
	Background
	Stress and defense responses in relations to the production of plant secondary metabolites

	Stress and defensive response initiators in relations to the plant secondary metabolism
	Nutrition
	Drought
	Temperature
	Light

	Secondary metabolites production as salinity tolerance mechanism in plants
	Application of global metabolic analysis using LC–MS in deciphering abiotic stress tolerance mechanisms associated with plant secondary metabolites production
	Conclusion and prospects
	Acknowledgements
	References




