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The study was carried out to investigate the interactive effects of exogenous melatonin and excess amounts of
zinc and copper on the growth and physiological parameters, antioxidant defense system and nutritional
balance of cannabis seedlings. Cannabis sativa L. plants, grown under a completely randomized design, were
irrigated with complete Hoagland’s nutrient solution. CuSO4 (0, 50 and 150 uM) and ZnSO,4 (0, 50 and
100 puM) and their combinations were supplied to 21-day-old seedlings for 2 weeks. During the second week,
melatonin was added to the nutrient solution at 100 pM. Zn and Cu stress led to reduced growth and
physiological parameters, it promoted oxidative stress, changes in antioxidant enzymes activity and
imbalance of mineral nutrients in cannabis seedlings. However, melatonin alleviated the growth retardation
and physiological disorders of seedlings under normal conditions and heavy metal stress. The content of
reduced glutathione and the activity of antioxidant enzymes such as glutathione reductase and ascorbate
peroxidase were improved by melatonin. Excess amounts of zinc and copper changed the pattern of
nutritional elements distribution in cannabis seedlings. Cu and Zn caused reduced content of Fe, Ca and
K ions in shoots and roots. Melatonin treatment was able to adjust the nutrients content in metal-stressed
seedlings up to the level of the control. Exogenous melatonin reduced toxic levels of Cu and Zn in seedlings
overloaded with copper and zinc. MT also raised K, Ca and Fe concentrations in roots and shoots of seedlings
under stress. Our results support the idea that melatonin acts as a powerful antioxidant, it can also be
considered as a potent regulator of ion homeostasis in cannabis seedlings under heavy metal toxicity. Further
studies still need to investigate the alleviatory effects of melatonin under field conditions.
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INTRODUCTION

Nowadays, as a result of deposition of wastewater,
mining activities, metal smelting, industrial activ-
ities, pesticide applications and unnecessary use
of chemical fertilizers, copper (Cu) and zinc (Zn)
are introduced into the environment in large
quantities (He et al., 2005). Zn and Cu as micro-
nutrients are used in various biochemical and
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physiological pathways in plants. Zn and Cu ions
act as activators and cofactors of some vital en-
zymes in plant cells (Hansch and Mendel, 2009).
However, there is much evidence suggesting that
plants express symptoms of heavy metal toxicity
when exposed to excessive levels of Zn and Cu
(Nagajyoti et al., 2010). Chlorosis, necrosis, root
system damage (Alaoui-Sossé et al., 2004), photo-
synthesis inhibition, and cell membrane damage
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(Narula et al., 2005) are among common toxic ef-
fects of Cu and Zn in plants. Thus, exposure of
plants to high concentrations of Zn and Cu con-
siderably triggers oxidative burst and a wide
range of physiological alterations (Schutzendubel
and Polle, 2002). Zn ions cause oxidative stress
through disruption of the electron transport
chain, interaction with the antioxidant defense
system, and induction of lipid peroxidation (Bray
and Bettger, 1990). Excessive amounts of Cu sti-
mulate the oxidative stress in plants through the
generation of free radicals and production of high
levels of Reactive Oxygen Species (ROS) (Thou-
naojam et al., 2012). High amounts of ROS lead
to electron leakage, lipid peroxidation, and subse-
quent membrane injury, as well as nucleic acid
and protein damages. Plants have evolved antiox-
idant defense mechanisms to counteract ROS
toxicity, including antioxidant enzymes (e.g.,
superoxide dismutase (SOD), catalase (CAT), as-
corbate peroxidase (APX), and guaiacol peroxi-
dase (GPX)) and non-enzymatic compounds
(e.g., glutathione, ascorbic acid, a-tocopherol,
and carotenoids) (Cao et al., 2019). Toxic amounts
of zinc and copper in plants also lead to nutri-
tional imbalance of micro- and macro-nutrients
in plant tissues and organs. Zn and Cu ions at
higher contents may interfere with the uptake,
transport and accumulation of other nutritional
elements. It has been proposed that a toxic
amount of Zn decreases the absorption or translo-
cation rate of essential nutrients into plants,
which leads to mineral imbalances. High levels of
Zn in soil considerably change the absorption and
translocation of plant nutrients like Fe, Mg, K,
P and Ca. Moreover, excessive amounts of Cu alter
the absorption of other nutrients. Plants exposed
to overload of Cu are highly susceptible to the de-
ficiency of other nutritional elements, thus suffer-
ing a disturbance of essential metabolic processes
(Cayton et al., 1985). Ke et al. (2007) reported that
with an increasing content of Cu in the nutrient
solution, the concentra tions of Ca®** and Mn?*
would decline in shoots. Also, the studies by Bos-
nic et al. (2019) showed deficiencies of Fe, Zn and
Mn, following Cu toxicity in plants.
N-acetyl-5-methoxytryptamine known as
melatonin (MT) is an evolutionarily highly con-
served compound and a secondary messenger
(Dubbels et al., 1995) in plant tissues involved
in a wide range of plant developmental processes.
MT plays a vital role in coping with various abiotic
and biotic stressors in plants (Sharif et al., 2018)

such as cold, drought, radiation, extreme tem-
peratures, and chemical stresses. Positive effects
of MT on reducing oxidative damage induced by
water deficit have also been reported for Cucumis
sativus (Zhang et al., 2013), Glycine max (Ren
et al., 2019), Lupinus albus (Hernandez-Ruiz
and Arnao, 2008) and Vitis vinifera (Meng et al.,
2017). Melatonin modulates stress responsive
gene expressions and thereby regulates plant re-
sponses to abiotic stress. Furthermore, melatonin
modulates ROS/RNS function as a secondary
messenger and, therefore, activates downstream
signaling transduction pathways during plant
growth under a stress response (Arnao et al.,
2021).

Melatonin regulates antioxidant-related
genes which are involved in different hormone sig-
naling pathways. Transcriptome analysis showed
that melatonin improves plant tolerance to abiotic
stressors through the regulation of downstream
signaling component and the expression genes
involved in ABA-dependent pathways and
DREB/CBF, HSF, SOS mechanisms (Zhang et al.,
2013; Murch and Saxena, 2002; Shi et al., 2016).
Melatonin has been shown to have protective ef-
fects against stress conditions through the hor-
monal cross-talk between melatonin and other
plant hormones such as auxin, abscisic acid, sal-
icylic acid, ethylene and jasmonic acid. Moreover,
melatonin treatment enhances the expressions of
heat shock proteins (HSP), leading to heat stress
tolerance. On the other hand, melatonin is able to
interact with nitric oxide (NO), leading to produc-
tion of superoxide anion (O,") and peroxynitrite
anion (ONOQ) (Tiwari et al., 2022). Melatonin, as
a bio-stimulator, has also protective effects
against biotic stresses and pathogen attacks,
probably through the activation of mitogen-acti-
vated proteinase kinases and heat shock proteins
(Wang et al., 2018).

Among all plant growth regulators, MT has
the highest antioxidant capacity and is recognized
as a biological stimulant with very intense antiox-
idant activities (Korkmaz et al., 2017). MT and its
derivates regulate biological systems not only
through the direct elimination of free radicals,
but also through limiting the chemical activity of
toxic metals (Flora et al., 2013; Romero et al.,
2014). MT and its precursors have been reported
to be able to bind to several toxic metals such as
Al, Cd, Cu, Pb and Fe (Limson et al., 1998) and
thereby prohibit heavy metal toxic actions in plant
tissues. Electrochemical studies have shown that



MT binds to both Cu®* and Cu'*, and protects
plant cells against free radical damage (Parmar
et al., 2002). The application of MT to the cauli-
flower plant enhanced its vegetative growth and
survival when exposed to high Cu concentrations
(Zhang et al., 2017). Pomyk et al. (2008) found
that MT pretreatment protects red cabbage seed-
lings against the toxicity of Cu ions. According to
Cao et al. (2019), Cu toxicity in cucumber plants
could be alleviated by MT through improved Cu
sequestration, carbon metabolism, and ROS .

Based on the existing reports, we assumed
that the exogenous application of MT might be
effective in improving the heavy metal tolerance
of cannabis seedlings. Cannabis (Cannabis sati-
va), belonging to the family Cannabinaceae, has
been used as a hyper accumulator species for dif-
ferent toxic trace metals such as Pb, Cd, Mg, Cu,
Cr, and Co (Raman et al., 2017). However, the
decontamination capacity of hemp plants re-
quires verification. Although numerous stu-
dies have examined the effects of MT on heavy
metal stress in plants, few have investigated the
MT effects on the plant nutritional balance under
heavy metal stress in horticultural crops. The
mineral nutrition of higher plants is of fundamen-
tal importance to agriculture. To provide an in-
sight into the role of MT in nutrients balance
adjustment under heavy metal excess, in this re-
search we estimated the contents of Cu, Zn, Fe,
Mg, Mn, Ca and K in both shoots and roots of
cannabis seedlings. The influence of MT on the
growth and physiological parameters of cannabis
seedlings subjected to excess amounts of Zn and
Cu, was also studies. The antioxidant responses
of seedlings such as glutathione, catalase, guaia-
col peroxidase, ascorbate peroxidase and glu-
tathione reductase were investigated by MT
treatment.

MATERIALS AND METHODS

This research was conducted at the Graduate Uni-
versity of Advanced Technology. The experiment
was carried out on a completely randomized fac-
torial design with three replications. Seeds of can-
nabis (Cannabis sativa L.) cv. Mashhad provided
from Pakan Bazr Company (Isfahan, Iran) were
sterilized by immersing in 0.1% (w/v) sodium hy-
pochlorite solution for five min and rinsed exten-
sively with distilled water. Cannabis seeds were
planted in pots (17.5 cm diameter X 15 cm height)
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filled with acid-washed sandy soil under green-
house conditions. The plants were irrigated with
complete Hoagland's nutrient solution on alter-
nate days until they grew enough to withstand
high levels of copper and zinc. Three weeks after
seed germination and the growth of the seedlings,
CuSOy, (0; as control, 50 uM; as a mild stress, and
150 uM; as a severe stress), ZnSO,4 (0; as control,
50 uM; as a mild stress, and 100 uM, as a severe
stress) and ZnSO,4+CuSO, combinations at all
concentrations were added into irrigation nutri-
ent solutions and the treatment was continued
for two weeks. Melatonin was applied into irriga-
tion solutions at 0 and 100 uM (MT solved in dis-
tilled water) to treat the cannabis seedlings during
the second week of metal treatment. One of the
seedlings in each pot was harvested and used
for measurements of growth parameters such as
fresh weight, dry weight, root length and shoot
length. A fully expanded third leaf of the samples
was used to measure relative water content, ion
leakage and other physiological and biochemical
parameters.

MICRO- AND MACRO-NUTRIENT MEASUREMENTS

The dried leaves were ground to powder using
a mortar and pestle. Ground samples (0.5 g per
replicate) were made up to 10 ml with nitric acid.
After 24 h this solution was boiled to remove any
acidic gases, then filtered into a 50 ml volumetric
flask and filled up to 50 ml with deionized water.
Ions were determined in these sample solutions
using Atomic absorption spectroscopy equipped
with the flame technique. All equipment was ob-
tained from Varian Techron Pty. Limited, Mul-
grave, Victoria, Australia. Standard solutions for
Cu, Zn, Fe, Mg, Mn, Ca and K were used to calcu-
late calibration curves. All the chemicals used
were of analytical reagent grade.

RELATED WATER CONTENT (RWC)

To establish RWC, leaf fresh weight, turgid weight
(held 5 hours in deionized water) and the leaf dry
weight (72 hours at 70°C) were measured. Relative
water content was calculated using the following
formula (Mullan and Pietragalla, 2012):

Fresh Weight — Dry Weight

x100
Torgid weight— Dry weight
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CELL MEMBRANE STABILITY INDEX (MSI)

We used the electrolyte leakage technique to eval-
uate the membrane stability index of cells. The
percentage of ion leakage was measured accord-
ing to Lutts et al. (1996), using the following equa-
tion. L1 in the equation is ion leakage recorded for
0.3 g leaf fresh weight kept in 20 ml distilled water
at 25°C for 24 hours. After addition of 20 ml dis-
tilled water to the former aliquot and autoclave at
120°C for 20 min, the ion leakage of cooled sam-
ples was recorded as L2.

L1

x 100)

PHOTOSYNTHETIC PIGMENTS

To measure Chl, and Chl;, and their ratio, 0.2 g of
frozen leaves were extracted in 15 ml of 80% acet-
one, based on the method described by Lich-
tenthaler (1987). The absorbance of the infiltrate
solute was read by a spectrophotometer at 646.8,
663.2 and 470 nm. Using the following equations,
Chl, and Chl;, contents were measured based on
ng/g fresh weight, and the Chl,/Chl,, ratio was
recorded in this study.

Chl, = 12.25 A663.2 - 2.79 A646.8

Chl, = 21.21 A646.8 - 5.1 A663.2

HYDROGEN PEROXIDE

The hydrogen peroxide content was measured
using the method described by Velikova et al.
(2000). 0.5 g frozen leaf tissue was homogenized
in 0.1% trichloroacetic acid (TCA) in an ice bath.
The extract was centrifuged (Centrifuge 5804R,
Germany from Eppendorf) at 1500 Xg for
10 min. 0.5 ml supernatant was added to 0.5 ml
potassium buffer (10 mM, pH 7) and 1 ml KI 1 M.
The absorbance was read at 390 nm. The hydro-
gen peroxide concentration was calculated using
the extinction coefficient 0.28 M 'cm™.

LIPIDS PEROXIDATION

The content of malondialdehyde (MDA) was mea-
sured as the lipid peroxidation index, according to
Hodges et al. (1999). 0.2 g of fresh leaf tissues was
extracted in 5 ml of 0.1% TAC and centrifuged in
5000 Xxg for 5 min. 5 ml of 0.5% thiobarbituric
acid (TBA) in 20% TCA acid was added to 1 ml

supernatant. The mixture was heated at 95°C for
30 min. Then test tubes were immediately cooled
in an ice bath and centrifuged at 5000 xg for
10 min. The absorbance of the solutes was read
at 523 nm. The absorbance of non-specific pig-
ments was determined at 600 nm, deducted from
the former value. The extinction coefficient of
1.55x105 M cm™! was used to measure MDA
content. The results were expressed based on mi-
cro molar MDA in fresh weigh.

TOTAL, OXIDIZED AND REDUCED GLUTATHIONE

Griffith's (1980) method was used to measure the
amount of total, oxidized and reduced glutathione.
For glutathione extraction, 0.5 g of the plant's aer-
ial parts was first thoroughly ground in a mortar
containing 2 ml of 2% metaphosphoric acid. The
homogenate was then centrifuged at 5500 xg at
4°C for 20 min. 100 pl supernatants was added
to the test tube containing 700 ul NADPH
(0.3 mM), 100 pl DTNB (6 mM) and 100 pl distilled
water. After 3-4 min, 10 pl glutathione reductase
was added. The sample absorption was read at
412 nm and the total glutathione content was re-
corded in milligrams per gram fresh weight, calcu-
lated using the glutathione standard curve.

To measure the oxidized glutathione content,
100 ul of the extract was added to the test tube
containing 2 ul 2-vinyl pyridine and kept at room
temperature for one hour. Afterwards, 700 pl
NADPH (0.3 mM), 100 ul DTNB (6 mM) and
10 pl glutathione reductase were added to the ali-
quot and the sample absorption was read at
412 nm. Oxidized glutathione was calculated
using a standard curve and recorded in milligram
per gram fresh weight. The amount of reduced
glutathione was obtained by subtracting the oxi-
dized glutathione from the total glutathione con-
tent (Griffith, 1980).

ANTIOXIDANT ENZYME EXTRACTION
AND ACTIVITY DETERMINATION

For enzyme extraction and activity assays, frozen
samples were extracted in 50 mM potassium
phosphate buffer (pH = 7) containing 1 mM phenyl
methane sulfonyl fluoride (PMSF), 1 mM sodium
ethylene di-amine tetra-acetic acid (Na,EDTA),
and 1% (m/v) polyvinyl pyrrolidone (PVP). Leaf
extracts were centrifuged at 15000 xg at 4°C for
15 min, and the supernatants were used for esti-
mation of the protein content and enzyme activ-



ities. The total protein content was estimated ac-
cording to the method of Bradford (1976) using
bovine serum albumin as a standard.

CATALASE

The catalase (CAT; E.C. 1.11.1.6) activity was mea-
sured according to the modified method of Dhind-
sa et al. (1981). The reaction mixture consisted of
50 mM potassium phosphate buffer (pH 7.0),
15 mM H50,, and 100 pl of enzyme extract. The
rate of H,O, decomposition was followed by mea-
suring the decrease in absorbance at 240 nm. The
activity of enzyme was expressed as enzyme unit
per milligram of protein. One CAT unit decomposes
1 mM Hs0O, within a min (Velikova et al., 2000).

GUAIACOL PEROXIDASE

The guaiacol peroxidase (GPX; E.C. 1.11.1.7) ac-
tivity was determined in a reaction mixture con-
taining 50 mM potassium phosphate (pH 7.0),
0.3% (v/v) HyOo, 1% (v/v) guaiacol and 200 pl of
the enzyme extract by a method derived from Ple-
wa et al. (1991). Using the spectrophotometric
method, the guaiacol oxidation followed at
470 nm for three min (Plewa et al., 1991). An ex-
tinction coefficient of 25.5 mM 'cm™! was used for
estimation of the tetraguaiacol content in the
samples. One unit of GPX oxidizes one micromole
of guaiacol for one min.

ASCORBATE PEROXIDASE

The ascorbate peroxidase (APX; E.C. 1.11.1.11)
activity was assayed by monitoring absorbance
decline due to ascorbic acid oxidation at 290 nm
(Nakano and Asada, 1987). The reaction mixture
contained 50 mM potassium phosphate buffer
(pH 7), 0.5 mM ascorbic acid, 0.1 mM H50, and
150 pl enzyme extract. The activity of APX was
calculated using an extinction coefficient
2.8 mM 'ecm™. One unit of APX activity was de-
fined as the amount of enzyme that decomposed
one micromole ascorbic acid per min.

GLUTATHIONE REDUCTASE

The activity of the glutathione reductase (GR; E.C.
1.6.4.2) was determined following the decrease in
absorbance at 340 nm associated with the oxida-
tion of NADPH (Foyer and Halliwell, 1976). The
reaction mixture contained 100 mM sodium phos-
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phate buffer (pH 7.8), oxidized glutathione (GSSG)
0.5 mM, NADPH 0.1 mM and 50 pl of enzymatic
extract. One unit of GR was defined as the
amount of enzyme that oxidized 1 pM of NADPH
per min.

STATISTICAL ANALYSIS

Significant differences in the growth characteris-
tics, physiological and biochemical parameters,
and macro- and micro-nutrients were analyzed
following a 3-way analysis of variance. The means
of groups were compared by Duncan’s test using
the statistical software SPSS version 18.0. All sta-
tistical tests were screened for significant varia-
tions at P < 0.05.

RESULTS

Three-way ANOVA confirms the significant effects
of MT and metal factors separately and their inter-
actions on almost all parameters studied in this
research project (except for leaf calcium concen-
trations) at the significance level of 5% and 1%.

MINERAL NUTRIENT CONTENTS

Figures 1 and 2 illustrate mean comparison of
mineral concentrations in shoots and roots of
seedlings, respectively, in the presence of MT.

The results of Cu and Zn impact on mineral
nutrition showed that excess amounts of zinc and
copper disturb mineral compositions in shoots and
roots of cannabis seedlings. The effect of Cu and Zn
on root and shoot systems of cannabis seedlings
can be briefly and comprehensively presented as
follows. Cu stress at both concentrations caused
higher Cu accumulation but lower concentrations
of Zn, Fe, Mg, Ca and Mn (at Cu 150 uM) in shoots.
On the other hand, Cu exposure caused higher Cu,
Zn, Mg, Ca contents and decreased amounts of Fe,
K and Mg (at Cu 150 uM) in roots of cannabis seed-
lings. Cu 50 pM and Cu 150 pM resulted in 29%
and 23% reduction in the calcium content of
shoots, respectively (Fig. 1f).

Zn stress exhibited a different impact on
mineral composition of seedlings. Zn exposure at
both excess levels caused higher Zn and Cu ions
and also decreased the amounts of Fe, Mg, Mn,
and K in cannabis shoots. However, Zn exposure
reduced Fe and K contents and raised Cu, Zn, Mg,
Mn, and Ca accumulations in roots. Zn 50 pM and
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Fig. 1. Effects of MT, Cu and Zn interactions on Cu (a), Zn (b), Fe (¢), Mg (d), Mn (e), Ca (f) and K (g)
accumulation in shoots of cannabis seedlings. Columns with the same letters do not show significant
differences based on Duncan’s test (p < 0.05). The vertical bar represents the standard error of the mean.
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Fig. 2. Effects of MT, Cu and Zn interactions on Cu (a), Zn (b), Fe (c), Mg (d), Mn (e), Ca (f) and K (g)
accumulation in roots of cannabis seedlings. Columns with the same letters do not show significant differences
based on Duncan’s test (p < 0.05). The vertical bar represents the standard error of the mean.
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100 pM treatment reduced Ca concentration 2.7
and 1.2-fold compared to the control (Fig. 1f). Ex-
cess amounts of Zn and Cu, when applied to-
gether, caused a higher accumulation of Cu and
Zn in shoots and roots while their combination re-
duced the amount of Fe, Mn, and K in both roots
and shoots. Our results also showed that Cu
50 pM and 150 pM reduced Mg concentration in
cannabis shoots 2-fold and 3.9-fold, respectively.
On the other hand, 150 pM Cu + 100 pM Zn re-
duced the magnesium accumulation in the canna-
bis shoot approximately 4.4-fold (Figs. 1 and 2).
Interestingly, MT treatment showed a regula-
tory effect on mineral composition of seedlings ex-
posed to Cu and Zn. As it was mentioned before,
Cu accumulation significantly increased in roots of
seedlings exposed to different concentrations of
both Cu and Zn, when used separately and to-
gether. However, in the presence of MT, Cu accu-
mulation was significantly reduced in shoots. MT
reduced the shoot Cu concentration in the seed-
lings exposed to 150 pM Cu + 50 pM Zn 2-fold
(Fig. 1a). MT treatment also decreased Zn accumu-
lation in shoots and roots of the seedlings exposed
to extra amounts of Zn and Zn + Cu (Figs. 1b and
2b). Moreover, MT treatment significantly adjusted
iron content in roots and shoots up to control
plants, particularly in seedlings exposed to simul-
taneous excess amounts of Cu and Zn (Figs. 1c
and 2c¢). MT treatment caused elevated amount of

Mg in shoots under Cu and Zn + Cu exposure,
while it reduced Mg accumulation in roots in these
treatment groups (Figs. 1d and 2d). Likewise, MT
application inverted the effects of metal exposure
on Mn concentrations in shoots and roots. MT
caused a reduction of Mn concentrations in roots
and shoots of seedlings exposed to 50 pM Cu,
50 pM Zn, 100 pM Zn and their interactions, but
it also enhanced Mn concentration in seedlings re-
ceiving 150 mM Cu and Cu 150 mM combined
with Zn overloads (Figs. 1le and 2e). MT treatment
significantly increased Ca and K accumulation in
cannabis shoots receiving extra amounts of Cu
and Zn (Figs. 1 and 2f). Therefore, similar to other
minerals such as Mg, Mn and Fe, melatonin treat-
ment was able to neutralize toxic effects of Zn and
Cu on mineral composition of Ca and K ions.

GROWTH PARAMETERS

The results presented in Table 1, compare growth
parameters of seedlings exposed to excess
amounts of Cu, Zn and their interactions before
and after MT treatment. Our results showed that
Zn 100 pM and Cu 50 pM and 150 pM and con-
comitant use of Cu and Zn significantly reduced
growth indices including seedlings’ fresh weight,
seedlings’ dry weight, and root and shoot length,
confirming the toxic effect of the applied metal
concentrations.

TABLE 1. Effects of MT, Cu and Zn interactions on shoot fresh weight, shoot dry weight, shoot length and root
length. Different letters show significant differences based on Duncan’s test (p < 0.05).

Root length Shoot length Shoot FW Shoot DW Melatonin Treatment
(cm/plant) (cm/plant) (g/plant) (g/plant) (uM) (uM)
36.80+£0.62 f 27.43+£1.20 h 4.87+0.35 cd 1.21+0.07 c MT O
ZnOCuoO

47.16£0.30 a 60.63+£1.20 a 8.13x1.13 a 2.34+0.42 a MT 100
42.90+£0.70 ¢ 30.53+1.02 g 4.72+0.19 d 1.21+0.07 ¢ MT O

Zn50Cu0
44.93+0.41 b 55.80£2.19 b 6.85+0.41b 1.92+0.05 b MT 100
23.7340.351 20.23+1.65 jk 1.65+0.10g 0.46+0.03 e MT O

Zn 100 Cu O
40.83+0.85 d 40.83+1.23 d 5.36+0.42 cd 1.35+0.12 ¢ MT 100
26.10+0.43 k 18.16+1.13 kl 1.54+0.05 g 0.38+0.00 e MT O

Zn 0 Cu 50
43.66+0.35 ¢ 47.061£2.48 c 5.6320.31 ¢ 1.40£0.06 c MT 100
19.70+0.55 n 17.8310.60 1 1.46+£0.02 g 0.36+0.01ef MT O

Zn 0 Cu 150
30.33+0.65 i 21.43+0.77 j 2.79+0.49 f 0.79+0.04 d MT 100
32.86+0.66 h 20.50+0.91 j 1.99+0.27g 0.52+0.07 e MT O

Zn 50 Cu 50
39.33£1.46 ¢ 36.66+0.70 e 5.24+0.75 cd 1.31+0.21 ¢ MT 100
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Root length Shoot length Shoot FW Shoot DW Melatonin Treatment
(cm/plant) (cm/plant) (g/plant) (g/plant) (uM) (uM)
19.66+0.40 n 16.13+0.25 Imn 1.40+0.01 g 0.33+0.01 ef MT O
Zn 100 Cu50
34.93+0.65 g 33.93+1.90 f 5.02+0.18 cd 1.24+0.06 c MT 100
16.50+£0.88 o 15.20+0.81mn 1.33+0.03 g 0.31+0.00 ef MT O
Zn 50 Cu 150
27.90+0.49 j 24.73+1.60 i 3.61+0.49 e 0.91+0.10d MT 100
14.36+0.66 p 14.33+0.65 n 1.28+0.03 g 0.12+0.16 MT O
Zn 100 Cu 150
22.46+0.98 m 16.96+0.45 Im 1.69+0.20 g 0.30£0.01 ef MT 100

Fresh weight and dry weight of seedlings re-
ceiving excess amounts of Cu or Zn were consid-
erably increased by MT treatment. MT also
caused 38% longer shoots and 36% longer roots
in seedlings which were treated with both 150 pM
Cu and 50 pM Zn. However, contrary to higher
metal concentrations, it seems that MT functions
better on growth parameters under mild or mod-
erate stress conditions (Table 1).

PHYSIOLOGICAL PARAMETERS

Excess amounts of Cu, Zn and their concomitant
application, significantly influenced cell mem-
brane integrity in terms of electrolyte leakage (EL)
and relative water content (RWC) of leaves. Cu 50
and 150 pM caused 88% and 126% reduction in
relative water content, respectively, when com-
pared to the control. MT application caused im-
provement of physiological parameters (Fig. 3a-c).
MT significantly caused higher membrane stability
of cells and the leaf water content in seedlings ex-
posed to excess amounts of Cu and Zn. With MT
application, MSI increased almost two-fold in seed-
lings exposed to 50 uM Cu and 50 uM Zn. MT
treatment increased the ratio of Chl,/Chl, in seed-
lings exposed to metal treatments.

OXIDATIVE STRESS INDICES

Excessive amounts of Cu and Zn increased H50,
content in cannabis seedlings (p < 0.01). 150 pyM
Cu increased hydrogen peroxide accumulation
and lipid peroxidation by 46% and 22%, respec-
tively. The accumulation of H,O5 and the level of
MDA were also elevated by 33% and 8%, respec-
tively, in response to Zn 100 pM exposure. Hydro-
gen peroxide and lipid peroxidation levels were
reduced by the application of MT in control seed-
lings as well as Cu and Zn treatment (Fig. 4).

ANTI-OXIDATIVE RESPONSES

As it is shown in Fig. 5, different concentrations of
Cu and Zn, separately and their combination, in-
creased the total and reduced glutathione con-
tent, compared to the control (p £ 0.01).
However, MT application caused even a higher to-
tal glutathione content in seedlings receiving ex-
tra amounts of Cu and Zn (p £ 0.01). MT reduced
oxidized glutathione by 17% in seedlings exposed
to Cu 150 pM + Zn 50 pM (Fig. 5).

Statistical analysis showed that CAT and GPX
activities increased by overloads of Cu and Cu
+ Zn (Fig. 6a). However, Zn 50 pM and 100 pM
reduced GPX activity comparing to the control.
Based on Duncan’s test, MT treatment signifi-
cantly (p £ 0.05) reduced catalase and GPX activ-
ities in seedlings under excessive amounts of Zn
and higher levels of Cu (Fig. 6b). The activity of
APX and GR, two main enzymes involved in ascor-
bate-glutathione cycle, was also influenced by Cu
and Zn and their interactions. Both Zn and Cu
stress enhanced APX and glutathione reductase
activities (p < 0.01) in cannabis seedlings, as
compared to the control (Fig. 6¢,d). A combination
of Cu 150 pM + Zn 100 pM increased the activity
of GR 4.8-fold, compared to the control. However,
MT treatment had also an enhancement effect on
the activity of APX in seedlings affected by Zn and
Cu stress. Likewise, MT treatment increased the
GR activity in both control and metal-treated
seedlings (Fig. 6d).

DISCUSSION

Cannabis sativa is reported to be a high biomass-
producing plant with the capability of heavy me-
tals accumulation in roots and shoots, therefore it
was introduced as a good candidate for phytoreme-
diation of metal contaminations (Bona et al.,
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Fig. 3. Effects of MT, Cu and Zn interactions on membrane stability index (MSI]) (a), relative water content
(RWC) (b), and chlorophyll,/chlorophyll;, ratio (¢). Columns with the same letters do not show significant
differences based on Duncan’s test (p < 0.05). The vertical bar represents the standard error of the mean.

Fig. 4. Effects of MT, Cu and Zn interactions on MDA content (a), and H,O5 content (b). Columns with the same
letters do not show significant differences based on Duncan’s test (p < 0.05). The vertical bar represents the
standard error of the mean.
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Fig. 5. Effects of MT, Cu and Zn interactions on total glutathione (a), oxidized glutathione (b), and reduced
glutathione (c) of cannabis leaves. Columns with the same letters do not show significant differences based on
Duncan’s test (p < 0.05). The vertical bar represents the standard error of the mean.

2007). In this research, we studied the interactive
effects of exogenously applied MT with excess
amounts of Zn and Cu on the growth, mineral
nutrition, and antioxidant responses in cannabis
(C. sativa L.) seedlings. Copper (Cu) and zinc (Zn)
are essential nutrients when present in lesser
amounts. These elements play roles in various
metabolic and physiological processes in plants,
although in excessive amounts these exert detri-
mental effects. Cu and Zn toxicity in plants might
be due to the induction of oxidative stress com-
bined with pronounced disturbances in the nutri-
ent absorption (Yruela, 2009). Our results showed
that Cu and Zn accumulation significantly in-
creased in roots and shoots of seedlings exposed
to different concentrations of Cu and Zn. How-
ever, it seems that MT has an important influence
on both nutrient content and partitioning in

shoots and roots. MT treatment considerably de-
creased Cu and Zn accumulation in shoots and
roots of the seedlings exposed to extra amounts
of these elements.

Excess amounts of Cu and Zn had consider-
able impact on accumulation of other nutrients in
shoots and roots. Both Zn and Cu exposure de-
creased Fe, Mg, Mn, Ca and K content in shoots
and Fe, Mn, and K content in roots, while in-
creased Ca content in roots.

It has been reported that the inhibitory effect
of zinc and copper ions on micro- and macro-nu-
trients uptake and translocations could be due to
the competition for the same sites for absorption
into the plant root. It has been shown that Zn
toxicity leads to iron (Fe) deficiency, due to preven-
tion of Fe transfer from the root to the shoot.
However, the effect of MT on the balance of micro-
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Fig. 6. Effects of MT, Cu and Zn interactions on CAT (a), GPX (b), APX (¢), and GR (d) activities. Columns with
the same letters do not show significant differences based on Duncan’s test (p < 0.05). The vertical bar

represents the standard error of the mean.

and macro-nutrient was observed in this study.
Based on our results, it seems that MT, when ap-
plied exogenously, can counteract the negative ef-
fect of toxic amounts of zinc and copper on micro-
and macro-nutrients accumulation in cannabis
seedlings. Since the contents of Cu, Zn and Mn
were increased by Cu and Zn stress, MT treat-
ment reduced Cu, Zn, Mn concentrations in seed-
lings’ shoots under the same conditions.
Moreover, MT caused an increase of Fe, Mg, Ca
and K contents in seedlings’ shoots under Cu
and Zn stress. MT treatment also significantly ele-
vated magnesium accumulation under excess
amounts of Cu and Zn + Cu. Furthermore, MT
reduced Cu, and Ca contents and increased Fe

and K contents in roots of cannabis exposed to
extra amounts of Cu and Zn. The ability of the
hemp plant to tolerate heavy metals is assumed
to be related to the activation of genes involved in
stress tolerance (Ahmad et al., 2016). The phytor-
emediation capability of cannabis plants has been
reported earlier, however based on our results, it
cannot be claimed that in cannabis this capability
is strong. Interestingly, our results showed that
MT application regulates nutrients partitioning
between roots and shoots of cannabis. Therefore,
the results of the present study suggest that MT
application could be considered as a candidate for
phytoremediation strategies. The melatonin-
mediated improvement of mineral uptake, and
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MT-induction of the gene expression of mineral
transporters were reported before (Arnao and Her-
nandez-Ruiz, 2014). However, to confirm this hy-
pothesis in cannabis plants, further investigation
and additional studies are needed. Hodzi¢ et al.,
(2019) observed changes in Ca and Mg concentra-
tions of the pre-treated lemon balm (Melissa offi-
cinalis L.) plants with exogenous 0.1 mM
melatonin and increased levels of zinc and cad-
mium. Their observations referring to MT impact
on Cd and Zn uptake and translocation by lemon
balm plants made them propose that melatonin
can be used for phytoremediation purposes
(Hodzi¢ et al., 2019). It has been reported that
K accumulation is higher in MT-treated Bermuda
grass plants compared with those of non- MT
treated plants (Chen et al., 2017). The induced
transcripts of K' transporting genes by exogenous
MT treatment in Bermuda grass were described
as the main reason for K accumulation (Chen
et al., 2017). Potassium plays an important role
in plant development including osmotic regula-
tion, activation of numerous enzymes, and pro-
tection of electrical potential gradients in cell
membranes. Potassium also protects water con-
tent in plants (Wang et al., 2013). Thus, besides
induction of oxidative stress and lipid peroxida-
tion, the impaired MSI and reduced RWC ob-
served in this study might be as a result of
K depletion under Cu and Zn toxic conditions.

Calcium is known as an important factor for
physiological and biochemical processes in plant
cells, such as integrity of membranes and cell
walls, organization of photosynthetic organelles
in photosystem II, as well as the stomata move-
ment adjustment (Klimecka and Muszynska,
2007). Therefore, improved RWC and biomass
production could be a resultant of MT impact on
calcium accumulation and balance.

An overall reduction of plant biomass, inhibi-
tion of root growth, chlorosis, bronzing, and ne-
crosis are usually reported symptoms of Cu and
Zn stress, due to increased production of reactive
oxygen species and harmful interactions at the
cellular level (Yruela, 2009). The results of the
present research showed that excessive amounts
of Cu and Zn significantly affect almost all growth
parameters in cannabis seedlings confirming the
toxicity of the applied concentrations. Moreover,
the combined exposure to the two examined me-
tals showed synergistic toxicity symptoms on sev-
eral parameters (e.g., ratio of chlorophylls, RWC
and hydrogen peroxide content), at higher doses.
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These results could be due to Cu and Zn competi-
tion for uptake of nutritional elements such as Ca
in shoots, but not always at a similar rate. How-
ever, 100 uM MT application significantly reduced
the susceptibility of cannabis seedlings to da-
mages caused by Cu and Zn excess. Exogenous
MT application considerably increased plant bio-
mass and longitudinal growth of the seedlings.
Similar to our results, MT applications on barley,
wheat, sweet cherry, and rice, have been reported
to improve the growth parameters such as root
and shoot growth and also seed germination, to
enhance redox homeostasis, rhizogenesis and
root formation, as well as leaf growth (Sharif et al.,
2018). The foliar application of melatonin on apple
caused increment of the photosynthetic rate,
mono-saccharides, sucrose, starch, and sorbitol
(Arnao et al., 2021). These results generally sup-
port the idea that MT acts as a signaling molecule
which is responsible for physiological responses
stimulating plant growth, through improvement
of metabolic pathways and photosynthesis, under
stress conditions (Debnath et al., 2019).

The results obtained from measurements of
physiological parameters generally support the
influence of excess concentrations of Zn and
Cu, used in this study. However, our results
showed higher Chl,/Chl, ratio in MT treated
plants. These results indicate that exogenously
applied MT is able to alleviate Zn and Cu toxic
effects on photosynthesis, probably through
chlorophyll maintenance, which in turn causes
improved growth parameters. The chlorophyll-
protective efficacy of melatonin was also reported
in seedlings of pistachio subjected to cold stress
(Barand et al., 2020). There is some evidence that
supports the idea that MT mediated enhance-
ment in photosynthesis is accompanied by the
reduced catabolism of chlorophyll molecules
and down-regulation of genes favoring the pro-
cess of senescence (Sharma and Zheng, 2019).
Therefore, melatonin-mediated regulation of
genes involved in photosynthetic pigments bio-
synthesis could be one of the reasons for the
changes in Chla/Chlb ratio, which was observed
in our study. However, further studies are still
needed to draw more accurate conclusions about
MT impact on metabolism of photosynthetic pig-
ments. It seems that MT can protect chlorophyll
molecules as antioxidants since our results
showed a reduced MDA content, membrane leak-
age, and hydrogen peroxide content in MT-treated
plants under Cu and Zn stress.
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Generally, in this study, MT-treated plants
performed better resistance against Cu and Zn
stresses, probably due to adjustment of antioxi-
dant enzyme activities, which could be relevant
to reduced H,O5 content and MDA production in
plants treated with MT. The high activities of anti-
oxidant enzymes under stress are necessary for
plants to defend themselves against ROS damage.
Antioxidant enzymes in plants include superoxide
dismutase (SOD), catalase (CAT), ascorbate perox-
idase (APX), and guaiacol peroxidase (GP). Plants
use this defense system to counteract the effects
of oxidative stress caused by heavy metals. The
SOD enzyme converts superoxide radicals to
H50,. However, high H,O, content is toxic to cells,
so it is necessary to remove it from them. CAT,
APX, and GPX are involved in detoxifying pro-
cesses of HyO5 conversion into water and oxygen.
These processes entail maintaining a balance be-
tween the antioxidant systems and ROS content.
Melatonin is a strong antioxidant compound
which has the ability to adjust free radicals such
as superoxide anion, hydrogen peroxide, and mal-
ondialdehyde, leading to membrane stability in
plants under normal and stress conditions. MT
increased glutathione levels and induction of gene
expression of antioxidant enzymes such as SOD,
CAT, guacol and ASC peroxidases(Arnao et al.,
2021). Hodzi¢ et al. (2019) reported that MT pre-
treatment of leaves in Valeriana officinalis in-
duced alternation in SOD iso-enzyme profiles
and activities as well as POD activity in plants
treated with Zn and Cd.

Our data on antioxidant enzyme activities
confirm the previous reports which stated that
MT has significant roles in scavenging of reactive
oxygen and in enhancing activities of antioxidant
enzymes, mainly glutathione reductase and glu-
tathione peroxidase (Fischer et al., 2013). Melato-
nin and some of its metabolites are known as
endogenous free radical scavengers and antioxi-
dants (Zhang, 2013), which may directly scavenge
H50,. Presumably, one important function of mel-
atonin, along with CAT, GPX and APX, may be
maintaining intracellular H,O5 concentrations at
steady-state levels (Zhang et al., 2017). H,O, ac-
cumulation was inhibited by exogenous melato-
nin, which may have resulted from direct ROS
scavenging by melatonin and enhanced CAT,
GPX and APX activities. Therefore, these results
confirm the role of melatonin as a free-radical sca-
venger and an antioxidant. These findings also
show that MT can stimulate antioxidant enzymes

to protect plant tissues from oxidative damage.
However, the physiological and molecular me-
chanism by which exogenous melatonin enhances
heavy metal tolerance of plants needs further re-
search.

Glutathione (GSH) turns into glutathione dis-
ulfide (GSSG), through the activity of glutathione
peroxidase and decomposition of HyO5 (Dringen
and Hamprecht, 1997, Zhao et al., 2016). In the
current study, total and reduced glutathione were
significantly increased by MT. It seems that MT
makes a balance between antioxidant enzymes
activity and active radical production that re-
duces MDA content and maintains MSI and rela-
tive water content in cells of cannabis seedlings.
In accordance with our results, Cen et al. (2020)
reported that MT pretreatment caused decreasing
activity of glutathione peroxidase while the rela-
tive expression levels of antioxidant enzymes such
SOD, CAT and APX genes were up-regulated un-
der normal conditions and in salt-stressed alfalfa
plants. It should be noted that the exact mechan-
ism of MT impact on the antioxidant defense sys-
tem still requires further studies. These data
confirm the role of MT in protecting photosynth-
esis in cannabis plants.

CONCLUSIONS

Our results demonstrate that cannabis has a great
potential to regulate Cu, and Zn content when
their amounts are excessive. The results show
that MT treatment caused alleviated growth retar-
dations and oxidative stress of cannabis seedlings
under conditions of excessive amounts of Cu and
Zn by adjusting ion homeostasis, scavenging
ROS, increasing of GSH and regulating antioxi-
dant enzyme activity. Therefore, MT may poten-
tially be used to protect cannabis plants against
Zn and Cu stress. Besides, considering the re-
markable role of MT in nutritional balance and
ion homeostasis of nutritional elements, this
compound can be applied as a bio-stimulator
and also a homeostasis factor of nutritional ele-
ments in plants. However, there are still many
questions about the role of melatonin in the
mineral nutrient uptake, metal transporter gene
expression and their content, and its regulatory
effect on nutrient partitioning in plant cells. The
role of MT as an active component in modulation
of the nutrient content and phytoremediation
technology still need more consideration.
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