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ABSTRACT

Methyl jasmonate (MJ) is a widely occurring molecule. Since it is synthesized constitutively, its presence is
substantial to plant normal growth and development. Moreover, its elevated concentration detected under
abiotic and biotic stress conditions seems to be crucial to plant in reacting to adverse events and its ability
to survive. Because of the sophisticated biochemical machinery inside the plant body, MJ, among other
molecules, helps the plant to adopt to the surrounding environmental changes and is involved in its defense

system.
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INTRODUCTION

Methyl jasmonate called methyl jasmonic acid
(MJ) is an endogenous plant hormone belonging to
jasmonate family (JAs) [Wasternack and Strnad 2016,
Han et al. 2019] and acting in a wide range of physio-
logical processes, e.g. growth, reproduction, photosyn-
thesis and stress responses [Wasternack and Hause
2013, Dar et al. 2015, Garcia-Pastor et al. 2019]. Func-
tioning of MJ depends on a plant species, its age, and
physiological and hormonal status acting synergistical-
ly or antagonistically with i.e. auxin, ethylene (ET),
abscisic acid (ABA), salicylic acid (SA) [Cheong and
Choi 2003]. MJ is transported from upper part of
plants to roots via phloem [Dai et al. 2017]. It is
asignaling molecule participating in the intra-plant
and inter-plants communication [Das et al. 2013] and
triggering the genome instability in response to geno-
toxic stress agents [Dona et al. 2013].
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The most bioactive metabolite in jasmonic acid
(JA) signaling is (+)-7-iso-jasmonoyl-L-isoleucine
(JA-lle), the conjugate of JA and amino acid
[Wasternack and Strnad 2016]. Moreover, the crucial
regulator of jasmonate hormonal response is
jasmonate ZIM-domain (JAZ) [Staswick 2008,
Wasternack and Strnad 2016]. For exogenous appli-
cation of MJ, the primary source of this molecule was
jasmine (Jasminum grandiflorum) oil [Sembdner and
Parthier 1993]. MJ is used by fragrance and chemical
companies in fragrance mixtures with well-passed
toxicology and dermatology tests [Scognamiglio et
al. 2012].

Due to MJ importance in food and pharmaceutical
industry as an enhancer of quantity of desired mole-
cules and bioactive compounds with health-
promoting properties, we reviewed the effects of
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exogenous application of MJ in non-stressful condi-
tions and its role in alleviating the abiotic and biotic
stresses in plants.
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Fig. 1. The key reactions in MJ biosynthesis. Abbrevia-
tions: PLs — phospholipases, o-LeA — a-linolenic acid,
13-LOX - 13-lipoxygenase, 13(S)-HPOT - 13-hydropero-
xy-9,11,15-oktadecatrienoic acid, AOS - allene oxide
synthase, AOC - allene oxide cyclase, 12-OPDA — 12-0xo-
-phytodienoic acid, JA — jasmonic acid, JMT — JA carboxyl
methyltransferase, MJ — methyl jasmonate

Biosynthesis of MJ. Chemical structure of MJ
comprises a hydrocarbon ring with two functional
groups: a carbonyl group (ketone) and a methyl ester
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group (carboxylic acid) [Creelman and Mullet 1997].
MJ is biosynthesized in plants via the octadecanoid
pathway and its details are discussed in previous
reports [Cheong and Choi 2003, Wasternack 2007,
Santino et al. 2013, Dar et al. 2015]. Briefly, MJ
production starts from the action of phospholipases
(PLs) on o-linolenic acid (a-LeA; C18:3), which
is localized in chloroplast membranes. The oxy-
genation of a-LeA by 13-lipoxygenase (13-LOX)
forms 13-hydroperoxy-9,11,15-oktadecatrienoic acid
(13(S)-HPOT). Subsequently, 13(S)-HPOT is trans-
formed by allene oxide synthase (AOS) and allene
oxide cyclase (AOC) to 12-oxo-phytodienoic acid
(12-OPDA). Afterwards, 12-OPDA is reduced and
undergoes three steps of B-oxidation in peroxisomes
[Wasternack 2007, Ahmad et al. 2016], which gives
JA. Finally, as a result of catabolic action of JA car-
boxyl methyltransferase (JMT) on JA, MJ is synthe-
sized and released into the cytoplasm (Fig. 1).
An alternative, less efficient, pathway of MJ biosyn-
thesis is also detected [Wasternack 2007, Santino et
al. 2013]. Under PLs action, chloroplast membranes
release hexadecatrienoic acid (HDTA; C16:3), which
is converted in plastids by the same enzymes as in the
above mentioned pathway to dinor-12-oxo-fitodi-
enoic acid (dnOPDA). This molecule is an OPDA
structural analog and in peroxisomes it is involved
into the first pathway of MJ biosynthesis and is con-
verted to JA. The last step of JA conversion to MJ is
the same in both pathways [Wasternack 2007].

The signaling pathway of MJ is partially known
[Wasternack and Hause 2013, Reyes-Diaz et al.
2016, Wasternack and Strnad 2016]. The concentra-
tion of MJ in plants varies depending on a tissue type,
phenological stage and external stimuli [Vick and
Zimmerman 1984]. The highest MJ levels are detect-
ed in reproductive tissues and flowers, whereas lower
— in mature leaves and roots [Lorbeth et al. 1992].
Endogenous levels of MJ are systemically or locally
regulated [Senthil-Nathan 2019] and can reach up to
95 ug g™t FW [Preston et al. 2004].

Selected groups of molecules produced under
MJ application. The MJ supplementation improves
growth and development of plant, modulates levels of
endogenous phytohormones, and induces the synthe-
sis of bioactive compounds [Santino et al. 2013,
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Ramirez-Estrada et al. 2016]. In plants growing under
adverse conditions, such as abiotic stress of salinity,
temperature or presence of heavy metals, and biotic
stress of pathogen attack and insect-driven wounding,
MJ affects the whole plant physiology and biochem-
istry [Dar et al. 2015].

Secondary metabolites under MJ application.
Secondary metabolites (SMs) contribute the plant
adaptation to the changes in the surrounding envi-
ronment and play a crucial role in the plant defense
system [Natella et al. 2016]. MJ used exogenously
regulates SMs in agriculturally [Avila-Juarez et al.
2017] and pharmacologically important plants
[Ramirez-Estrada et al. 2016].

In crops, the level and composition of SMs differs
among plants, e.g. MJ at 0.1 pM elevated quercetin
level in tomato [Horbowicz et al. 2011], whereas MJ
at 300 uM enhanced resveratrol content in strawberry
[Wang et al. 2007]. In Fagopyrum esculentum, 1 uM
MJ did not change the level of caffeic, gallic, ferulic
and coumaric acids or quercetin content [Horbowicz
et al. 2011]. Among glucosinolates (GLs), MJ raised
accumulation of two of them in broccoli sprouts —
neoglucobrassicin and glucobrassicin [Natella et al.
2016]. MJ can also promote anthocyanin production
in Brassica juncea and B. oleracea [Natella et al.
2016, Xie et al. 2019].

Some scientists declare that usually 100-200 uM
MJ stimulates production of different SMs, especially
those important in pharmaceutical research, i.e. alka-
loids, terpenoids, flavonoids and phenylopropanoids
[Ramirez-Estrada et al. 2016, Gai et al. 2019, Ji et al.
2019]. Exogenous addition of MJ accelerates produc-
tion of podophyllotoxin in Podophyllum genus, gin-
senoides in Panax ginseng, taxane in Taxus spp.,
hyoscyamine and scopolamine in Hyoscyamus niger,
stilbenes and resveratrol in Vitis vinifera, artemisin in
Artemisia annua [Ramirez-Estrada et al. 2016].
Moreover, the MJ treatment enhances the accumula-
tion of bioactive metabolites in Codonopsis pilosula,
especially polysaccharide, B-D-fructose-butanol gly-
coside, polyacetylene like lobetyolin, and terpenoid,
atractylenolide 11 [Ji et al. 2019].

Pathogenesis-related proteins. Pathogenesis-
related (PR) proteins, classified into 17 families, are
quite a diverse group of proteins appearing in plants.

https://czasopisma.up.lublin.pl/index.php/asphc

Some of the PR proteins may be MJ dependent
[Pluskota et al. 2019] and could be synthesized con-
stitutively [Misra et al. 2016] or appear during devel-
opment in a specific tissue [Lotan et al. 1989], while
others are produced under pathological conditions
[Peng et al. 2017, Butt et al. 2019]. PR proteins might
be induced by various abiotic and biotic stresses [Van
Loon et al. 2006]. PR proteins can be secreted inside
the host’s infected cells as well as outside the host
[Hong and Hwang 2002, He et al. 2013].

Thirty-day Lilium spp. seedlings subjected to foliar
application of MJ stimulated PR4 synthesis [Wang et al.
2017]. Antifungal potential of MJ against Fusarium
oxysporum in maize leaves was manifested by PR gene
expression [Butt et al. 2019]. A PR10 gene isolated
from Saccharum was involved in plant defense respons-
es to pathogenic fungus, Sporisorium scitamineum and
25-uM MJ stimulation [Peng et al. 2017]. On the other
hand, MJ deficiency did not limit the induction of PR1
protein upon chilling [Goyal et al. 2016].

MJ and oxidative stress. MJ mitigates strength
of oxidative stress by activating the antioxidant
system to scavenge the reactive oxygen species
(ROS), such as hydroxyl radicals (OH"), superoxide
radicals (O,") and hydrogen peroxide (H,0,) [Dar
et al. 2015]. Production of antioxidant enzymes,
such as superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), guaiacol pe-
roxidase (GPX) [Hanaka et al. 2016, 2018] inhibits
the oxidation of cell biomolecules - lipids, proteins,
carbohydrates and DNA. For example, results of in
vivo and in vitro experiments on Arabidopsis thali-
ana suggest that MJ influences the oxidative stress
through regulating the gene expression and enzy-
matic activity [Maksymiec and Krupa 2002]. In the
leaves of A. thaliana, an elevation of H,O, level was
induced after application of MJ through the root
system. Activities of SOD and APX increased at
1 uM MJ and decreased at 100 uM MJ. CAT activi-
ty lowered proportionally to MJ concentration. The
content of ascorbic acid and dehydroascorbate at
1 uM MJ was similar to that for the control, but at
higher concentrations, it was elevated due to a high-
er ascorbate accumulation [Maksymiec and Krupa
2002]. Moreover, MJ enhanced activity of antioxi-
dant enzymes in leaves of Zea mays, but in roots its
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activity remained mainly similar to control values
[Hanaka et al. 2018].

Cross-functional role of MJ during plant growth
and development. MJ takes part in different stages
of plant growth and development, i.e. seed germina-
tion, root growth, tuber formation, flowering and
fertility, fruit maturation and senescence [Wasternack
and Hause 2013].

Light. Plant development may be light-driven in
a MJ signaling pathway [Kazan and Manners 2011].
In fact, light quality affects both development and
defense. Far-red (FR) light-enriched environment
(red (R) : FR < 1) promotes shade avoidance syn-
drome in shade-intolerant species. For example,
FR light represses the JA-responsive fungal defense
genes and the biosynthesis of JA-responsive insect
defense compounds — phenolics, and simultaneously
activates the transcription of insect defense genes
[Kazan and Manners 2011].

Seed germination. MJ inhibited germination of
dormant seeds and cooperated with ABA in the
jasmonate receptor, Coronatine Insensitive 1 (COI1)-
-independent manner [Dave et al. 2011]. Exogenous
800 uM MJ treatment inhibited the germination and
post-germination growth of Astragalus membra-
naceus [Yang et al. 2018]. It decreased the weight of
mobilized seed reserves and seed reserves utilization
efficiency, detained the mobilization of proteins and
lipids leading to exceeded consumption of carbon
energy. It changed the fatty acid composition in coty-
ledons, with decreasing the double bond index and
average carbon chain length [Yang et al. 2018].
On the other hand, there are the opposite reports, in
which MJ promotes dormancy release, for example in
Triticum aestivum and is correlated with a transient
increase in JA content and expression of JA biosyn-
thesis genes [Xu et al. 2016].

In fact, the effect of MJ on seed germination and
vigor is dose-dependent as was presented in re-
search on the Oryza sativa being improved by 2.5
mM MJ and reduced by 5 mM MJ [Sheteiwy et al.
2018]. Moreover, during the germination of Sola-
num lycopersicum seeds, expression of one of the
PR proteins, NP24, is mediated independently by
MJ and ET. The production of NP24 protein in the
endosperm cells is probably a step in the prepara-
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tion to a possible pathogen attack [Pluskota et
al. 2019].

Shoot and root development. Depending on the
timespan of MJ (10 uM) stimulation, it produced no
effect (1-h pre-incubation) or elevated leaf area, sim-
ultaneously reducing the shoot fresh weight (FW)
(24-h pre-incubation) in Phaseolus coccineus. More-
over, at 10 uM MJ, the length of the main root was
inhibited, but root FW was stimulated [Hanaka et al.
2015]. The JA-induced root growth inhibition seems
to occur preferentially via modulation of the effects
of auxin in root growth and development [Waster-
nack and Hause 2013].

Under osmotic stress, MJ at 2.5 mM improved the
growth parameters of Oryza sativa seedlings, e.g.
root and shoot length, FW and dry weight (DW)
[Sheteiwy et al. 2018]. Similar effects were achieved
in Glycine max after foliar spray with 20 uM MJ and
resulted in the increase in shoot length, shoot and
root FW and DW [Mohamed and Latif 2017].

Tuberization. The process of tuberization is af-
fected by many internal and external factors, such as
nitrogen levels, hormones, temperature and light.
Among several plant growth regulators, such as gib-
berellins (GA), cytokinins, ABA and jasmonates
involved in the regulation, MJ significantly controls
tuberization in Solanum tuberosum [Sohn et al.
2011]. MJ at concentrations from 0.2 to 20 uM in-
duced in vitro tuberization in various potato cultivars
that differed greatly in ripening time. The lower tu-
berizing response of late-maturing cultivars to MJ
was observed, which could be provoked by high
levels of endogenous GA. However, extremely late-
maturing cultivar showed high tuberization in re-
sponse to MJ. These results suggest that also
jasmonates are the crucial factors determining the
ripeness [Koda and Kikuta 2001].

Flowering. In Oryza sativa, external MJ applica-
tion (40 uM — 4 mM) induces floret opening and the
numbers of opening florets are correlated with the
concentration applied [Zeng et al. 1999], suggesting
that the JA signaling pathway is involved in this pro-
cess [Xiao et al. 2014]. The activity of promoter
(PvMADS56) was enhanced by exogenous MJ and
ABA and may be a multifunctional gene that regu-
lates the flowering time and is involved in the identity
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of floral organs and leaves in bamboo in response to
ABA and MJ [Liu et al. 2016].

Fruit maturation. The quality of fruit and vege-
tables in pre- and postharvest time might be signifi-
cantly enhanced by MJ treatment, especially im-
portant to the marketing period [Reyes-Diaz et al.
2016]. MJ action provokes accumulation of bioac-
tive compounds, e.g. total phenolics and anthocya-
nin concentration, as a result of elevated phenylala-
nine ammonialyase (PAL) activity [Garcia-Pastor et
al. 2019]. Furthermore, MJ raises the level of lipo-
philic antioxidant compounds — carotenoids and
vitamin E [Serrano et al. 2018, Garcia-Pastor et
al. 2019].

MJ applied as pre- and postharvest treatments, af-
fects the fruit ripening and quality parameters at har-
vest and during the storage [Garcia-Pastor et al.
2019]. For example, MJ applied exogenously at
230 uM to strawberry (Fragaria x ananassa) fruits
promoted ripening, which was 5 days earlier com-
pared to the control conditions [Han et al. 2019].
MJ treatment enhanced expression of genes related to
the fruit ripening, i.e. pigment (anthocyanin) and
sugar metabolism genes, as well as fruit softening
and hormone synthesis (JA)-related genes. Also,
overexpression of FaAOC and FaAOS (JA
biosynthesis genes) promoted the fruit maturation.
Reverse results with inhibition of fruit ripening were
detected at 400 uM MJ [Han et al. 2019]. Similarly,
MJ at 100 uM efficiently accelerated table grape
(Vitis vinifera) ripening and elevated the content of
antioxidant compounds, i.e. total phenolics and an-
thocyanin concentration. Oppositely, 5 and 10 mM of
MJ inhibited berries ripening and reduced their
weight, volume and grapevine yield [Garcia-Pastor et
al. 2019].

The main idea of postharvest MJ treatment is re-
duction of stress-induced injuries, e.g. chilling stress,
mechanical damage or pathogen infections [Garcia-
Pastor et al. 2019, Wang et al. 2019] and positive
impact on quality parameters, e.g. color, firmness,
weight, soluble solids content associated with health
benefits via antioxidant activity, like vitamin C pro-
duction at 1 mM and 10 uM MJ [Akan et al. 2019].
Moreover, the promotion of climacteric and non-
climacteric fruit ripening in the presence of MJ is

https://czasopisma.up.lublin.pl/index.php/asphc

driven by ET increase [Serrano et al. 2018, Garcia-
Pastor et al. 2019].

Transport of nitrogen. Exogenous application of
MJ to Oryza sativa seedlings led to reduced nitrogen
(N) uptake in roots and reduced translocation of N
from roots to leaves. In turn, shoots treated with MJ
resulted in a remobilization of endogenous N from
leaves to roots. Roots MJ-treated also increased N
accumulation in roots, but did not influence the N
accumulation in leaves [Wu et al. 2019].

Guard cells. Involvement of ABA in stomatal
closure is a well-established knowledge, but MJ
participation emerged recently [Saito et al. 2009,
Munemasa et al. 2011]. In the closure of guard cells,
MJ signaling depends not only on alkalization of
cytosolic pH, which is necessary for ROS and NO
production, but also on elevation in concentration of
a second messenger, cytosolic Ca?*, caused by activa-
tion of slow-type anion channels [Saito et al. 2009,
Munemasa et al. 2011]. In guard cells, MJ signaling
is regulated by calcium dependent protein kinase and
by two NAD(P)H oxidases [Munemasa et al. 2011].

Senescence. After induction of senescence in
leaves of Solanum lycopersicum, the patterns of
chlorophyll degradation of hormonal and photo-
morphogenic mutants were not significantly differ-
ent in comparison with control. Moreover, there
was no significant change in lipid peroxidation
measured as malondialdehyde (MDA) concentra-
tion, as well as CAT, APX, and glutathione reduc-
tase activities in the hormonal mutants. The results
suggest that JA do not participate in light signaling
pathway during the leaf senescence-induced oxida-
tive stress [Carvalho et al. 2013]. Also, application
of 10 uM MJ promoted the loss of chlorophyll
corresponding with the chloroplast degradation in
Avena sativa leaves. MJ decreased primarily cellu-
losic polysaccharides, but not hemicellulosic ones
[Miyamoto et al. 2013]. Senescence was also stimu-
lated in Ipomoea nil cotyledon after 100 pM MJ
application [Wilmowicz et al. 2016]. Moreover,
SA (1-50 uM) delayed the senescence promoted by
50 uM MJ in Arabidopsis thaliana leaves [Ji et
al. 2016].

Conversely to the above statements, MJ at 5 mM
lowered the ET production and delayed Solanum
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melongema fruit senescence. Fruit quality during
storage was improved by reduction of calyx brown-
ing and weight, firmness and anthocyanin loss.
Moreover, MJ lowered the total phenolics content
[Fan et al. 2016]. Also, pool of chlorophylls and ca-
rotenoids did not change after 10 uM MJ application
to Phaseolus coccineus plants [Hanaka et al. 2015].

MJ in abiotic stress response. The physiological
mechanisms governing the plant responses to stress
factors, e.g. salinity, drought, extreme temperatures
and chemical pollution suggest that they must be
perceived by plant as both osmotic and oxidative
stresses [Santino et al. 2013].

For example, under osmotic stress induced by
polyethylene glycol, 2.5 mM MJ treatment improved
the photosynthetic parameters of Oryza sativa seed-
lings, e.g. net photosynthetic rate (Pn), stomatal con-
ductance (Gs), intercellular CO, concentration (Ci)
and transpiration rate (Tr), chlorophyll content, pho-
tochemical efficiency of PSII (Fv/Fm), water poten-
tial, water use efficiency (WUE) and relative water
content (RWC), but decreased the electrolyte leak-
age. The proline content was significantly increased
under osmotic stress not only in the presence of 2.5
and 5 mM MJ, but also without MJ application
[Sheteiwy et al. 2018].

Salt stress. Salinity influences £7% of the world’s
area [Talebi et al. 2018] and more than 20% of culti-
vated land worldwide [Sadeghipour 2017]. High
concentrations of salt (predominantly NaCl) in the
plant environment are the reason of hyperosmotic
shock manifested as the inhibition of water uptake,
decrease of water potential and finally its poor avail-
ability and drought stress [Santino et al. 2013, Talebi
et al. 2018]. As a consequence, oxidative stress and
imbalance of nutrients and ions appear [Santino et al.
2013]. All agents together yield the reduction of plant
growth and crops productivity.

The data show that under specific conditions,
MJ can aggravate or ameliorate the salt stress. For
example, in two almond rootstocks supplemented
with 25-50 pM MIJ alleviated the effects of salt
stress, increasing shoot and root DW, activity of anti-
oxidant enzymes, Pn and membrane integrity
[Tavallali and Karimi 2019]. On the other hand, se-
vere stress in Arabidopsis plants under combined
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action of 100 mM NaCl and 20 uM MJ was shown
[Chen et al. 2017].

In turn, seeds of cowpea (Vigna unguiculata)
soaked in 50 UM MJ showed an increased salinity
tolerance by enhancing the accumulation of proline,
soluble sugars, protein and chlorophyll contents and
also improving RWC and Pn [Sadeghipour 2017].
In Brassica oleracea under saline conditions
(150 mM NacCl), 25 uM MJ also improved the water
relation parameters (osmotic and water potentials,
and root hydraulic conductivity), and increased GLs
content [Hassini et al. 2017]. Similarly, application of
250 uM MJ to Fragaria x ananassa reduced the
injuries caused by salt stress (30 and 60 mM NacCl),
possibly through promoting the K" accumulation,
decreasing the electrolyte leakage and Na* contents
in leaves, and elevated proline content [Faghih et al.
2019]. Foliar application of 500 uM MJ to Ocimum
basilicum also reduced the negative effects of salt
stress. At a salinity level of 30 mM NacCl, foliar ap-
plication of MJ raised the essential oil content: linal-
ool and 1,8-cineole, whereas reduced the content of
a-cadinol, a-bergamotene, -maaliene, and eugenol.
MJ also enhanced the antioxidant activity, especially
both in control and at 60 mM of NaCl-treated plants
[Talebi et al. 2018].

Drought stress. Water stress can decrease 50% of
yield of crops in the world [Mohamed and Latif
2017]. Plants tolerate water stress by supporting tis-
sue flexibility and cell turgor and by osmotic adjust-
ment through accumulation of proper solutes (carbo-
hydrates, inorganic ions, sugar alcohols), which are
the main reason for reduction of the osmotic potential
by water inflow to the cell and regaining the turgor
pressure [Bohnert et al. 1995, Munns and Tester
2008]. MJ might help to alleviate the negative conse-
quences of drought stress in plants.

Reduction in turgor and carbon assimilation are
the main reasons of lowered root and sucrose yield in
water-stressed plants [Fugate et al. 2018]. MJ applied
prior to drought allowed plants to maintain greater
leaf RWC and higher Pn. Exogenous MJ, at 1 and
10 uM, reduced moderate and severe drought effects
on Beta vulgaris leaf RWC, Pn, Ci and WUE and
altered the drought-induced changes in proline accu-
mulation. MJ delayed dehydration and protected the
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photosynthetic apparatus from drought-induced dele-
terious effects [Fugate et al. 2018]. Similar effects
were achieved by foliar spray of Glycine max with
20 uM MJ giving the increase in concentration of
photosynthetic pigments, saturated and unsaturated
fatty acids, flavonoids, phenolic acids, sugar fraction,
and RWC and oil content in the shoots [Mohamed
and Latif 2017].

Severe drought generally inhibits the induction
of SMs by exogenous MJ in Camellia sinensis.
Furthermore, some volatile metabolites, e.g. methyl
salicylate, are more effectively induced by MJ in
severe than moderate drought-stressed plants [Scott
etal. 2019].

Chilling stress. Chilling stress causes the storage
problems for crops, especially those growing in trop-
ical and subtropical areas [Dar et al. 2015]. Chilling
injury (CI) in fruit gives usually off-flavor, greater
firmness in texture and browning of the skin. Pre-
harvest treatment with 1 and 2 mM MJ improved
arils color of Punica granatum fruit at harvest and
diminished the postharvest Cl. Electrolyte leakage
increased during the storage and remained higher in
control plants than in MJ-treated ones. MJ treatment
increased the concentrations of flavonoids, total phe-
nolics, and total anthocyanins, as well as antioxidant
activity of fruits [Saba and Zarei 2019]. Postharvest
MJ treatment delayed the decrease or elevated un-
saturated to saturated fatty acids ratio, thereby elevat-
ing the chilling resistance [Pareek et al. 2014]. Appli-
cation of MJ at 10 pM in loguat (Eriobotrya japoni-
ca) fruit inhibited the respiration rate, ET production
and PAL activity, glutathione content and internal
browning. Simultaneously, MJ increased the level of
sugars, organic acids (ascorbic acid), total phenolics
and flavonoids and activity of APX, glutathione perox-
idase, glutathione-S-transferase [Pareek et al. 2014].
The above data are in accordance with other results,
i.e. exogenous 10 uM MJ reduced CI of Capsicum
annuum fruit by decline in MDA level, chlorophyll
and vitamin C contents, and by enhancement of the
activities and relative gene expressions of CAT and
APX [Wang et al. 2019]. Similarly, MJ at 100 uM
reduced CI in Persea americana fruit via changes in
fatty acids content and composition and reduction of
lipoxygenase activity [Glowacz et al. 2017].

https://czasopisma.up.lublin.pl/index.php/asphc

Heavy metal stress. Heavy metals are divided in-
to essential and non-essential ones. At appropriate
concentration, essential metals are indispensable to
plants, but their exceeded values act similarly to non-
essential metals and generate toxicity [Dar et al.
2015]. Toxicity is demonstrated mainly as the series
of morphological, physiological and biochemical
changes. It was found that MJ might ameliorate Cd
and Cu stress [Maksymiec and Krupa 2007, Chen et
al. 2014, Hanaka et al. 2016]. Besides ET and
NADPH oxidase, 50 pM MJ is involved in Cu* (25,
50 or 150 pM) inhibitory effect on the roots of
Phaseolus coccineus and Zea mays. Moreover,
leaf growth reduction produced by excess of Cu?*
seemed to be strongly related to MJ in Z. mays and to
a lesser extend in P. coccineus [Maksymiec and
Krupa 2007].

Under Cu excess, MJ did not modulate the growth
parameters of P. coccineus such as leaf and root
growth, shoot and root FW. The content of chloro-
phylls and carotenoids increased with the increasing
Cu content in the leaves. Decrease in the Cu concen-
tration was partially MJ-dependent. Parameters of
chlorophyll fluorescence were quite weak indicators
of the effect induced by MJ in Cu excess [Hanaka et
al. 2015]. Furthermore, MJ modified the activities of
antioxidant enzymes and metabolites concentration
depending on the timespan of Cu stress (50 pM)
[Hanaka et al. 2016]. After short-time Cu influence,
MJ reduced the APX and elevated GPX activity in
the leaves. After long-time metal application,
MJ reduced tartrate, pyruvate, GPX activity in the
leaves, and mainly reduced SOD and CAT activities
in the roots. Application of MJ under Cu excess par-
tially elevated level of anthocyanin, but did not
change the accumulation of MDA, homoglutathione
and proline [Hanaka et al. 2016]. Exogenous MJ at
0.1 to 1 uM facilitated reduction of damages caused
by Cd in Kandelia obovata. It inhibited the transloca-
tion of metal to the leaves, which might be driven by
stomatal closure and lower transpiration produced by
exogenous MJ. Moreover, it evoked an increase in
the concentration of ascorbic acid and the activities
of CAT and APX [Chen et al. 2014].

MJ in biotic stress. Plants evolved defense mech-
anisms to cope with biotic stress, which means path-
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ogen infection [Dona et al. 2013] or insect attack
[Bruce and Pickett 2011]. Two main strategies of
plants are resistance, which involves the synthesis of
defensive compounds preventing or reducing nega-
tive effects and tolerance, which involves the storage
of nutrient reserves used for rapid recovery [Wu et
al. 2019].

MJ is involved in the stimulation of plant re-
sistance through the induced resistance (IR), the ac-
quisition of systemic acquired resistance (SAR) and
systemic wound signal (SWS) and it is able to acti-
vate defense responses in neighboring non-stressed
plants [Senthil-Nathan 2019] enabling them to pre-
pare for an upcoming stress. Precisely, MJ induces IR
in plants serving as elicitor itself (upregulating its
level) or improving the action of elicitors [Senthil-
Nathan 2019].

MJ enhanced resistance against necrotrophic and
partially biotrophic fungal species [Antico et al.
2012]. Soaking of Solanum lycopersicum seeds in
100 uM MIJ enhanced the resistance against Fusari-
um oxysporum. In the seedlings, enhanced levels of
phenolic compounds, such as SA, kaempferol and
quercetin were detected [Krol et al. 2015].

Furthermore, MJ inhibited the growth and aflatox-
in production of Aspergillus flavus [Goodrich-
Tanrikulu et al. 1995]. Similarly, MJ at 13.56 ng puL™
inhibited conidial germination in Phaseolus vulgaris
infected by Colletotrichum lindemuthianum. This
inhibition was dosage-dependent and irreversible
[Quintana-Rodriguez et al. 2015].

The exposure of endophyte-symbiotic plants of
Lolium multiflorum to MJ led to a reduction in the
concentration of loline alkaloids (i.e. N-formyllolines
and N-acetylnorlolines), consequently decreasing the
level of plant resistance to the herbivores [Bastias et
al. 2018].

Herbivorous insects use chemicals to recognize an
eligible host for feeding and reproduction. Addition-
ally, the relevant mixture and proportion of volatile
compounds is crucial in locating the right host among
other plants by insects [Bruce and Pickett 2011]. MJ
can induce expression of wound-inducible proteinase
inhibitors (PIs), which could be useful in induced
defense against insects [Howe 2004]. Overall, the
results of MJ achieved on insects may vary depend-
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ing mainly on plant phenology and sampling method,
but generally, MJ treatment contributes to plant de-
fense by attracting natural enemies of pests being the
natural pest control method for the precisely charac-
terized goal [Bayram and Tonga 2018].

Herbivore damage by chewing insects activates MJ
signaling in eliciting systemic defense in rice [Wu et
al. 2019]. MJ had repellent effects on leaf folders
[Senthil-Nathan 2019], aphids, phytophagous thrips
species and hoverfly species, the phloem feeder, the
potato aphid Macrosiphum euphorbiae [Brunissen et
al. 2010], the soybean aphid Aphis glycines and the
soybean thrips Neohydatothrips variabilis [Selig et al.
2016]. What is important, with reduced number of the
stink bug, Oebalus pugnax, also grains per panicle in
rice elevated under MJ (2 and 5 mM) treatment [Stella
de Freitas et al. 2019], but MJ application also led to
reductions in Triticum aestivum yield and plant height
[Bayram and Tonga 2018]. Simultaneously, MJ was
attractive to wheat stem sawflies, lady beetle species
[Bayram and Tonga 2018], small-flower bug Orius
spp. in cotton fields [Yu et al. 2018], and lady beetle
Chilocorus kuwanae on Diospyros kaki plants [Zhang
et al. 2009].

It is worth mentioning that in MJ-treated seed-
lings of pine (Pinus radiata and P. pinaster), lowered
damage caused by weevil was dependent on the
changing content of monoterpenes [Lundborg et al.
2019]. Furthermore, under attack of the sucking in-
sect, Trigonotylus caelestialium, application of
10 uM MJ reduced activities of antioxidant enzymes
in leaves of Z. mays, whereas elevated their activity
in roots [Hanaka et al. 2018].

CONCLUSIONS

Presented knowledge is focused on the role of MJ
in plant growth and development. Plant chemical
composition can be effectively modified by this phy-
tohormone in order to enhance the amount of desired
molecules. This kind of approach is useful and prac-
tically applied in food and pharmaceutical industries
to achieve better quality of natural products towards
producing health promoting bioactive molecules. MJ
has also a crucial role in ameliorating the adverse
changes in plants mainly caused by water scarcity,
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extreme temperatures, metal pollution, and pathogen
infection. Effects of its action are strongly dose-,
timespan- and way of application-dependent. MJ is
especially precious, because according to the U.S.
Food and Drug Administration (FDA), it is classified
as “generally recognized as safe”, which means that
this molecule is nonhazardous to human health
[FDA-EPA 2013].
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