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Abstract

New discoveries on the benefits of bioactive compounds derived from plants have prompted the modification and enrichment of foods
and food components with the aim of promoting health benefits. The process of elicitation is beneficial as it helps trigger physiological
modifications and stimulates stress-induced protective responses in plants. This process occurs not only in plant cells but also in human
cells and can activate bioactive compounds responsible for defensive strategies which prevent the oxidation that causes
neurodegenerative heart diseases and some types of cancer. The aim of this study was to illustrate the numerous elicitors derived from
different origins which have the capacity to enhance phenolicand antioxidant propertiesin plants and shed some light on theimportance
of plant metabolomics as a powerful tool for finding information on detecting secondary metabolites, which may help in natural product
discovery. This paper reviews the literature related to the elicitation process and metabolomics, providing an evaluation of their results.
Elicitation, in both biotic and abiotic forms, is an innovative tool which activates and improves the production of secondary metabolites
in plants, though some metabolites behave differently. On the other hand, metabolomics provides insight into how these metabolites
respond to elicitation. Full exploration of these elicitors in plants will provide academic and scientific information to support the
development of functional and nutraceutical foods with the potential to improve the quality of human health and alleviate the effects
of prevalent non-communicable diseases.
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INTRODUCTION

It has been generally established that when plants are
treated with certain living (biotic) or non-living (abiotic)
factors called elicitors, they activate component function
within cells by synchronously changing primary and
secondary metabolic processes'. Not only do plants generate
different secondary metabolites to respond to environmental
changes but certain elicitors also improve the production of
metabolites and/or signal transduction?. A synergy between
the stimulators/elicitors and the metabolites produced
help the stimulated plant to overcome biological and
environmental stresses. Several plant elicitors have been
found to stimulate defence responses, while others stimulate
growth responses, leading to increase morpho-physiological
and yield parameters?.

Many studies on this topic have reported the benefits of
consuming food with an abundance of phenolics, which are
important to human health*. As reviewed by Randhir et a/>,
phenolics are secondary metabolites which are known to be
partially generated in response to the interaction between
plants and the environment. These components have
garnered attention due to their established capacity to
mitigate the risks of certain ailments and to their therapeutic
properties against tumours, viruses, microbes, inflammation,
hypotension and oxidants®.

Improving the nutritional and nutraceutical value of
plants will be greatly beneficial to human health. This can be
attained in two major ways: (1) Genetic manipulation and
(2) Modification of metabolism, by elicitors’. There have,

however been various controversies in relation to the genetic
engineering of plants, whereas modification of the chemical
composition and selected bioactivities of plant foods by
elicitorsis less costlyand more socially acceptable worldwide®.
Thus, elicitation of seeds and sprouts appears to be a
promising and innovative alternative to other biological
techniques used to enhance the yields of plant metabolites
and nutraceuticals in food*.

Both biotic and abiotic forms of elicitors exist that
stimulate metabolism and there have been many studies of
their potential use in improving seed germination. Recently,
elicitors have been intensively studied due to their ability to
enhance phenolics and antioxidants in plants. This paper will
review several types of elicitation studies that examine a wide
range of food plants with important dietary roles.

ELICITATION

Elicitation is a process of increasing the production of
secondary metabolites in plants to improve their survival and
competitiveness®, while elicitors are components that
stimulate any type of physiological response in plants'®. The
active role of secondary metabolites in the adaptations that
plants make in the face of environmental stress cannot be
overemphasized and elicitors are known to trigger
biochemical systems in plants which increase the production
of secondary metabolites'. Elicitation could thus be a low-risk
strategy to increase the presence of these compounds in
plants’. Based on their source, these elicitors can be
categorized into two groups; biotic and abiotic (Fig. 1).
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Fig. 1: Classification of elicitors based on their origin
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Plants

Elicitors

Genetic characteristics: Species and cultivar
Physiological states: Seed, sprout and mature plant
Environmental factors: Light and temperature
Agronomic conditions: Irrigation and soil fertility
Handling and storage: Transport, temperature and
moisture

Dose: Different concentrations applied
Nature: Abiotic (chemical/physical) and biotic
Method of application: Hydroponic solution
and foliar spray

Treatment interval: Short-term and long-term
(hours, days)

Bioactive compounds

Phenolic compounds
Glucosinolates
Carotenoids
Betalains
Vitamins
Others

Fig. 2: Factors influencing plant responses to bioactive compounds

Secondary metabolites produced during elicitation depend
upon the receptor (plant) itself and the type of elicitor
involved (Fig. 2). The receptor perceives the elicitor, which
leads to a variety of responses, including reversible
phosphorylation and dephosphorylation of plasma membrane
proteins and cytosolic proteins, cytosolic [Ca**] enhancement,
Cl= and K* efflux/H* influx, extra cellular alkalinisation and
cytoplasmic acidification, mitogen-activated protein kinase
(MAPK) activation, NADPH oxidase activation and the
production of reactive oxygen and nitrogen species (ROS and
RNS), early defence response gene expression, jasmonate
production, late defence response gene expression and
secondary metabolite accumulation (Fig. 3).

Some plant hormones have also been defined as elicitors
because of their capacity to induce the genetic expression of
various photosynthetic pathways. This review focused
particularly on studies of elicitation in plants that aimed at
enhancing their nutrition with the specific aim of stimulating
the production of phenolics and antioxidants. The review
investigated the use of both living and non-living (i.e., biotic
and abiotic) elicitors.

Abiotic elicitation: Abiotic elicitation involves triggering the
synthesis of phytochemical compounds in plants using
chemical or physical stimuli. Abiotic elicitors are derived from
non-living sources that can be categorized into i) Physical
factors and ii) Compounds®. These elicitors have been
tested individually and in combination, in water culture
(hydroponics) or sprays and at different growth stages or even
after harvesting'>. This section reviews studies on the effects
of abiotic elicitors on the bioactivities of different plant
species.
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Inorganic salts: Some antioxidant compounds have been
enhanced by halo-elicitation in several plant species with
NaCl, NaNO;, MnSO,, MgCl,, K;PO, and KNO; salts being the
mostcommonly used to boost phytochemical and antioxidant
properties'*. Forexample, Daiponmak et a/'> reported that the
total phenolic content, antioxidant capacity and cyanidin-3-
glucoside content all significantly increased in the leaves of
Thai rice cultivars grown for 16 days and subjected to 11 days
atasalinity of 60 nM NaCl. Furthermore, positive end products
of osmopriming were correlated with the recovery and
upsurge of nucleic acids, improved amalgamation of proteins
and the repair of membranes’®.

Inaddition, enzymes responsible for antioxidation such as
ascorbate peroxidase (APX) and catalase (CAT), which play a
key role in scavenging reactive oxygen species (ROS), have
been reported to increase in rice grown under saline
conditions'”. Some other heavy metal salts such as AgNO; or
CdCl, have also been found to frequently activate the
synthesis of phytoalexin as in the case of Brugmansia candida
(angel's trumpet) where overproduction of two tropane
alkaloids, scopolamine and hyoscyamine, was elicited'™.
Additionally, the rare-earth metal lanthanum significantly
enhanced the production of paclitaxel (Taxol) (280% X normal
yield) in an /n vivo experiment involving T7axus spp.".
Paclitaxel is a diterpenoid compound found in the bark of
Taxus trees and is recognized by the Food and Drug
Administration (FDA) to play a role in curing ovarian and
breast cancer®.

Sound waves: Sound wave technology has been applied to
different plants and plant development has been successfully
controlled by sound waves with various frequencies,
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Fig.3: Diagram representing the potential responses of plant cells to elicitation. R: Receptor, PL: Phospholipase, MAPKs: Mitogen
activated protein kinases, ROS: Reactive oxygen species, RNS: Reactive nitrogen species, TF: Transcription factors

pressures, times of exposure and distances from the source?'.
The lowest frequency class in the acoustic spectrum is
infrasound, which has been used in various diagnostic and
therapeutic applications. Acoustic waves at frequencies
greater than 20 kHz are known as ultrasound and this
frequency has been widely used in medical practice for more
than 50 years as both a diagnostic and a therapeutic tool.
Recently, its potential for food production has attracted
research interest. These sounds can interact with biological
tissues through thermal and mechanical processes?>?*. The
effects of sound waves have been studied on several plants.
For example, a study of Actinidia chinensis (kiwi fruit)
revealed that root activity was stimulated and moreover, the
total length and root number increased. In addition, the
capacity of soluble proteins together with superoxide
dismutase (SOD) activity in the plant increased when it was
exposed to sound waves with a frequency of 1 kHz at 100 dB.
However, those indexes decreased when the sound waves
exceeded 1 kHz at 100 dB*?, Other studies have also been
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carried out on chrysanthemum (Dendranthema morifolium)
calluses?’, chlorella (Chlorella  pyrenoidosa)?®*, onion
(Allium cepa L.)* and sea grass (7halassia testudinum)?'.

Drought: Previous studies of the effect of drought on
plants have revealed its effects on antioxidant enzyme
activities and oxidative stress. Two genotypes of wheat
(7riticum aestivum L.), namely, Heshanhtou (HST, drought
resistant) and Longchun 15 (LC15, drought susceptible),
subjected to osmotic stress for 2 days demonstrated a rise in
lipid peroxidation SOD and CAT activities®2. Another study on
barley (Hordeum vulgare L.) showed that SOD activity was
improved in a drought-tolerant genotype subjected to
increasing drought for 12 days®. The results of a study on
Populus cathayana showed that watering at 25, 40, 40, 40 and
25% of field capacity amplified the actions of CAT, SOD, POD,
APX and glutathione reductase (GR), with increased values of
37,714,778, 92.8 and 29%, respectively, compared with
those at 100% field capacity. In contrast, 40, 75, 75, 75 and



Pak. J. Nutr, 17 (9):411-420, 2018

55% gave values of 5.6, 112.3, 130.4, 115.4 and 55% of those
at 100% field capacity, respectively, when evaluated in
Populus kangdingensis®*. To further affirm the findings
from the previous studies, water stress-resistant and water
stress-susceptible  genotypes of Kentucky bluegrass
(Poa pratensis)were exposed to progressive drought for 18
and 22 days and the APX gene expression was observed to
increase®,

Brine mineral water: Brine mineral water (BMW) generally
refers to seawater at depths equal to those at which
photosynthesis occurs®®. This water contains an abundance of
minerals such as Ca, Sr,Mn, Zn, Fe, Cu, Ni,V and Se and is more
similar to human body fluids than is deep sea water (DSW)*’.
Moon et a/® observed that in Rehmannia glutinosa plants
treated with BMW, the £, APX gene was stimulated with 5%
BMW after 48 h and PAL gene transcription advanced
appreciably at 5% BMW after both 1and 48 h. Additionally, the
gene expression responsible for rbcL was higher when treated
with BMW compared with control plants.

Osmo-elicitation: This is a process in which osmotic solutions
having low water potential are used in improving secondary
metabolite production in plants. The most commonly used
substances are inorganic salts, polyethylene glycol (PEG),
mannitol and glycerol™. A study on rice seedlings subjected
to mild and severe osmotic stress using PEG (6000) at -0.5 and
-2.0 Mpa for 24 h revealed that SOD and APX expression
increased consistently with increases in the severity of water
stress, but CAT declined. Sharma and Durbey* reported that
osmo-elicitation enhanced the activation and synthesis of
some enzymes that catalyze the catabolic reaction and
mobilization of stored substances. These occurrences have
been addressed in various species in which there was an
increase in CAT expression, most notably in Arabidopsis*® and
sunflower (Helianthus annuus L)* and in CAT activity, such
as in maize seeds*. In sunflower seeds elicited by PEG (6000)
at -2 Mpa, there was an increase in SOD, CAT and GR activity
as a result of metabolic actions®*#%. Higher SOD and POD
activity were recorded when rye seeds were treated with 30%
PEG (6000) for 24 h*.

Hormonal elicitation: This process involves subjecting seeds
or plant materials to various hormones, such as salicylic acid,
ascorbate, kinetin, etc, which help to promote the
development and improvement of seedlings. There are
various plant hormones which act as elicitors. The most
commonly used plant hormones are salicylic acid and
jasmonicacid, which areimportant signals for the expressions
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of genes. Salicylic acid is useful in regulating resistance to
some fungal, viral and bacterial pathogens, whereas jasmonic
acid regulates protein synthesis via the octadecanoid
pathway?. In the report by Wang and Zheng“, treating young
red and black varieties of raspberry fruits with 0.01 mM methyl
jasmonate (MeJA) led to an increase in their levels of
anthocyanins and phenolic compounds.

Biotic elicitation: Biotic elicitors are compounds generated
within living organisms, either from pathogens or the plant
itself°. The earliest biotic elicitors were discovered in the early
1970s and since then, there has been a great deal of evidence
for compounds derived from pathogens which induce
resistance feedback in both whole plants and cultures from
plant cells. Examples include some compounds among the
lipo-and glycoproteins or oligosaccharides. Albersheim etal¥’
were thefirst toisolate oligosaccharides thatactivated arange
of genes responsible for defence. The following sections
provide examples of biotic elicitors and their role in the
production of secondary metabolites in plants.

Elicitation with fish protein hydrolysates (FPH), lactoferrin
(LF) and oregano extract (OE): Randhir et a/*® and Shetty*
reported that elicitation of fava bean (Vicia faba) seeds with
fish protein hydrolysates (FPH), lactoferrin (LF) and oregano
extract (OE) enhanced the production of phenolic antioxidants
with the ability to quench free radicals. Fava bean seedlings
are abundant in levo dihydroxy phenylalanine (L-DOPA), the
precursor of dopamine that is used in the treatment of
Parkinson’s disease. These elicitors were found to stimulate
the phenylpropanoid pathway through the pentose
phosphate and shikimate pathway and enhance the synthesis
of phenolics. The L-DOPA content present in fava beans
demonstrated a 40% increase following elicitation by LF, while
elicitation with FPH and OE resulted in a 20% increase
compared to an untreated control. The highest stimulation in
the L-DOPA content was observed on day 2 for fava beans
treated with 2 m L' of FPH, which recorded a value 100%
higher than that of the control seedlings.

Ulvan (a sulphated polysaccharide sourced from the green
alga Ulva fasciata): Ulvan, combined with exogenous elicitors
extracted from the cell walls of fungi e.g., chitin fragment®’,
oligomers and polymers of chitosan®' or oligoglucans®, is
known to enhance antioxidant activities in plants. According
to study carried out by Paulert et a/>, pre-treating wheat cells
with ulvan and chitin led to a five- to six-fold increase in
oxidative bursts, whereas ulvan and chitosan only doubled the
response. The H,0, synthesis elicited by chitin and chitosan
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increased by 150 and 80 times, respectively. Another
advantage of pre-treating entire plants with ulvan alone was
an appreciable decrease in the severity of the symptoms of
Blumeria graminisin wheat (by 45%) and in barley (by 80%).

Plant growth promotingrhizobacteria (PGPR): Many studies
have shown that fungi or pathogenic bacteria or other natural
elicitors can trigger the production of secondary metabolites
with pharmacological activity>*>”. Manero et a/*® reported that
among the terpenes, cardenolides are known to be presentin
highly productive varieties of Digitalis lanata growing under
controlled conditions. These cardenolides were increased by
strains from the rhizosphere of uncultivated populations of
Digitalis.Nine PGPR strains were tested on soybean seedlings
and resulted in differential alterations of isoflavones (IF) with
four behaviours based on changes in daidzein and genistein
IF families®®. Additionally, six rhizobacterial strains were tested
on Hypericum perforatum seedlings, leading to a statistically
significant increase in hypericin and a moderate as well as
significant increase in pseudohypericin,

Arachidonic acid: Arachidonic acid (AA; 5, 8, 11, 14-cis-
eicosatetraenoic acid) is identified with the omega-6-set of
polyunsaturated fatty acids that cannot be synthesized by
animals and humans but are vital to their health and thus
should be added to their diet. Dedyukhina et a/s' evaluated
the role of AA as an elicitor on potato, tomato, sugar beet and
vine plants and showed that it was able to increase the plants’
resistance to diseases. However, the study found that high
concentrations of AA (over 10> M) induced necrosis of plant
tissues and the accumulation of antimicrobial compounds
(phytoalexins), whereas low AA concentrations (1077-10~7 M)
elicited systemic and prolonged resistance to
phytopathogenic infections in a way that is analogous to that
of the immunization process.

Yeast: In the report of Mu et a/% three-months-old
Lycoris chinensis sprouts were elicited by a yeast elicitor (YE)
at0.15 g L™", which enhanced the galantamine (GAL) content
by approximately 1.62 times over the control. Additionally, the
maximum level of lycorine, which was 1.38 times higher than
that observed in the control, was attained in the sprouts on
the 10th day when elicited by 0.01 g L~ YE.

Saccharomyces cerevisiae (SC) and Salix daphnoides bark
(SD) extracts: Recently, metabolomics has been gaining
attention; it has not only been utilized by plant breeders to
improve plant yield and quality but also been used in
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functional foods and nutraceuticals to analyze and quantify
the secondary metabolites in plant systems. Information
derived from metabolomics may help to provide insights
into how secondary metabolite-producing systems react
to chemical and biological stimuli. This in turn can offer a
medium forinvestigating the biological mechanism of natural
products, newlyisolated antibiotics and chemotherapeutics as
aresultof the metabolomic changes generated within treated
organisms®3,

Secondary metabolites and metabolomics: Metabolomics
can be defined as a study that entails all aspects of small
molecules contained in a biological system and gives a
precise measurement of the secondary metabolite production
detected within a selected organism®, Secondary metabolites
are regarded as small biomolecules that are non-essential for
the life of the organism producing them?®,

These metabolites provide several types of survival
benefits to the organism producing them. For example,
metabolites can act as a metabolic defence mechanism (e.g.,
plant flavonoids and alkaloid toxins), protecting plants against
environmental stress, e.g., pigments and osmoprotectants.
Several secondary metabolites have been of huge significance
to humans as some are used over an extended period as
active drug ingredients in medicine. For example, many
antibiotics, antitumor agents and antivirals are derived from
secondary metabolites, as are antipyretics such as aspirin,
hallucinogens such as lysergic acid diethylamide (LSD),
cholesterol-lowering drugs such as lovastatin®55, herbicides
and phytotoxins used in agriculture®” and food additives
(colouring, flavouring and sweetening agents)®.

However, secondary metabolites are regarded as
biosynthetic end-products that, contrary to primary
metabolites, are capable of accumulating at higher levels than
the fluxes shown in central metabolism. Therefore, researchers
may say that relatively abundant secondary metabolites are
suitable for comparative metabolomics workflows®.

Methodologies and instrumentations of plant
metabolomics seem to be developing rapidly, though
precise and exhaustive analysis of the whole metabolome
of a biological system appears currently impossible®. There
have been extensive analyses of mixtures that are
extremely complex and are enhanced through a series of
integrated technologies and methodologies, for example,
non-destructive  NMR (Nuclear Magnetic Resonance
spectroscopy) and Mass Spectrometry (MS)-based methods
including GC-MS (Gas Chromatography-MS), LC-MS (Liquid
Chromatography-MS) and CE-MS (Capillary Electrophoresis-
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MS) and FI-ICR-MS  (Fourier Transform lon Cyclotron
Resonance-MS)’®”!. These methods have proven their
potential utility in plant metabolomic studies in several plant
species, including tomato, rice, wheat and maize’?73,

Nonetheless, there appears to be an indelible limitation
of each of the analytical platforms and as a result, combining
approaches in metabolomic analysis is gradually gaining
attention.

Further studies in metabolomics should focus more on
the following: (1) Improving the metabolomics platform in
order to facilitate the precise, effective identification and
quantification of various metabolites (emphasis on secondary
metabolites) and accurate interpretation of data generated
from rapid incorporation with other omics platforms and
(2) All-encompassing probing into molecularand biochemical
mechanisms of metabolomic differences in plants by using
both non-targeted and targeted approaches. These
recommendations will help expand and enrich the
understanding of plant metabolism for better crop yield,
quality and health benefits.

Looking beyond: Over the last decade, interest in functional
foods has been rising as greater numbers of people become
more anxious about their nutrition and diets. The food
industry continues to seek new and exceptional ingredients,
thereby, creating an increased demand for functional food
compounds. It is, therefore, a matter of the utmost priority to
identify naturally occurring compounds or collections of them
and toinvestigate claims for their therapeutic properties. Thus,
the use of both biotic and abiotic elicitors should be regarded
as a strategy complementing breeding programmes, or even
as an alternative to employing genetic modifications.
Elicitation stress induced in a short-term, controlled, pre or
post-harvest setting presents a promising tool which can be
applied by the fresh produce industry to boost the
nutraceutical contents of their products. However, in the
production of new or improved plants, functional property
approval are vital to ensure the safety of substances
introduced into food materials for human consumption.
Although biotic and abiotic elicitors may provide new
prospects for averting certain diseases, monitoring their
effects in clinical trials is therefore essential for the health and
safety of consumers.

CONCLUSION

Elicitation, whether biotic or abiotic, applied alone or in
combination with other approaches, is a strategy which offers
many potential benefits through enhancing phytochemicals
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in foods. When analyzed and quantified through plant
metabolomics, the products and ingredients produced
through elicitation could lead to the development of
functional foods or nutraceuticals, potentially providing
numerous benefits to improving basic nutrition as well as
health benefits.
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This study examines the economically affordable and
natural elicitation process of plants as well as the importance
of metabolomics in detecting and quantifying metabolites
that are potentially beneficial forimproving plant quality and
human health. This study will help researchers to uncover
critical areas of plant metabolomics that researchers have not
yet been able to explore. Thus, new theories on both plant
elicitation and metabolomics may be proposed.
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