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ABSTRACT

Ornamental crops particularly cut flowers are considered sensitive to heavy metals (HMs) induced
oxidative stress condition. Melatonin (MLT) is a versatile phytohormone with the ability to mitigate abiotic
stresses induced oxidative stress in plants. Similarly, signaling molecules such as hydrogen sulfide (H,S)
have emerged as potential options for resolving HMs related problems in plants. The mechanisms
underlying the combined application of MLT and H,S are not yet explored. Therefore, we evaluated the
ability of individual and combined applications of MLT (100 uM) and H,S in the form of sodium hydro-
sulfide (NaHS), a donor of H,S, (1.5 mM) to alleviate cadmium (Cd) stress (50 mg L") in stock (Matthiola
incana L.) plants by measuring various morpho-physiological and biochemical characteristics. The results
depicted that Cd-stress inhibited growth, photosynthesis and induced Cd-associated oxidative stress as
depicted by excessive ROS accumulation. Combined application of MLT and H,S efficiently recovered all
these attributes. Furthermore, Cd stress-induced oxidative stress markers including electrolyte leakage,
malondialdehyde, and hydrogen peroxide are partially reversed in Cd-stressed plants by MLT and H,
S application. This might be attributed to MLT or H,S induced antioxidant plant defense activities, which
effectively reduce the severity of oxidative stress indicators. Overall, MLT and H,S supplementation,
favorably regulated Cd tolerance in stock; yet, the combined use had a greater effect on Cd tolerance
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than the independent application.

Introduction

Ornamental crops are susceptible to heavy metals (HMs), hence
global expansion of these metals may hamper the horticulture and
ornamental sectors.'” Cadmium, one of the potential harmful
metals that enters into the soils from industrial and agricultural
sources, is considered hazardous, harmful, and toxic.> It is water
soluble and mobile in nature.* Plants do not require Cd and
excessive amounts of Cd in plants may impair their metabolic
activities.” Plants have developed different adaptive mechanisms
including redox homeostasis, extracellular barriers in the cell wall,
biosynthesis of chelates, and the transmission of secondary signals
(such as hormonal, metabolic, hydrogen sulfide, and nitric oxide
to deal with Cd stress).*” Plants exposed to Cd have a number of
abnormalities, including stunted development, chlorosis of the
leaf, and disruption of several critical biological processes includ-
ing photosynthesis, water balance, mineral absorption, defense
enzymes, membrane stability, gene expression and DNA
structure.® Cadmium in the growing media enters through the
roots and excessive reactive oxygen species (ROS) burst happens
when it enters at an excessive rate. Numerous key cellular elements
like lipids, proteins, and DNA are severely harmed by the excessive

ROS that are the main drivers of the oxidative stress induced by Cd
stress.* The deleterious consequences of Cd stress are further
exacerbated by interfering with the intake of some crucial nutri-
ents, such as zinc and copper.”

Plants in harsh environments incorporate higher amounts of
non-enzymatic antioxidants and enzymatic antioxidants, as well as
enzymes associated with the AsA-GSH cycle in order to minimize
the harmful effects of ROS.® These protective mechanisms work in
harmony to shield the plant from oxidative stress that can harm
cells and interfere with normal physiological functions.”
Therefore, the regulation of antioxidant activity determines how
long plants can survive and at what HMs concentration.' Stock
cut flower crop was chosen for the current investigation because it
does not consistently use this strategy. Most often, the activated
defense mechanism causes growth to be stopped, which ultimately
reduces its flower quality and output. To address this, work has
been done to improve plant growth, reduce the effects of Cd stress,
and understand how Cd stress affects ornamental plants.

Chemically, melatonin (MLT) is known as N-acetyl-5-methox-
ytryptamine and is found in both plants and mammals. It is an
ecologically stable biomolecule. Using beneficial biomolecules as
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crop protectant agents might allow the plants to better tolerate
abiotic stress conditions.'' "> Plant MLT is thought to be involved
in regulating germination, photosynthesis, flowering, leaf senes-
cence, root development, carbohydrate metabolism, and circadian
rhythm as an antioxidant and growth regulator.'* Recent research
has demonstrated that MLT application on HMs stressed plants
may eliminate excess ROS and thus provide relief from the HMs
induced oxidative stress in plants that causes growth and yield
restrictions (Chen et al. 2023)."

To counteract Cd stress, a relatively new research domain
focused on innovative signaling molecules has attracted a lot of
attention.'” The use of signaling molecules as soil, plant or seed
application has been investigated as a potential remedy for the
detrimental effects of HMs toxicity on plants.'® Application of
HS,S is reported to improve the heavy metal tolerance in crop
plants such as tomato'® and tomato'’ etc. Notably, numerous
studies have demonstrated that MLT can regulate plant growth
and HMs stress responses through interactions with other
signaling molecules such as H,S.'"** The interactive effects of
MT and H,S were evaluated by Haghi et al.*® and found that
MLT and H,S interaction provided relief from lead (Pb) induced
oxidative stress in safflower plants by reducing the Pb uptake
and regulating the ascorbate-glutathione cycle.'® evaluated that
H,S induces arsenic tolerance in pepper plants via regulating
endogenous MLT level. However, the interactive effects of MLT
and H,S on Cd tolerance in stock flower have not yet been
investigated.

There are not any reports on the combined effect of MLT
and H,S on Cd stressed stock. It was hypothesized that both
these protectants could better ameliorate Cd induced toxicity
in ornamental stock. The objectives associated with this experi-
ment were to investigate how these protectants affected physio-
biochemical aspects. This study provides a fresh perspective on
the mechanisms by which MLT and H,S combined application
can reduce Cd stress in stock.

Material and methods
In planta assay

The agricultural land top layer soil “0-25cm depth” at the
research area of the department of horticultural sciences,
faculty of agriculture and environment, The Islamia
University of Bahawalpur, Pakistan, was collected for the
experiment. Collected soil was sieved (2 mm pore size), and
kept in open air for drying before being analyzed. Soil pH and
electrical conductivity (EC) were evaluated using McLean’s
technique,®’ and Page et al.,** respectively. According to
Bouyoucos’ method,” the hydrometer was used to assess the
soil textural analysis. Soil organic content was determined via
an established method by Walkley and Black,** as well as total
Cd concentration by following Soltanpour.>® The results of the
soil initial characterization are presented in Table 1.

Experimental setup

A pot study was started under natural environmental condi-
tions. Healthy and uniform seeds of stock (Matthiola incana L
cv. PanAmerican) were obtained from a local seed distributor

Table 1. Physicochemical characteristics of soil used as a growing media in pot
experiment.

Parameters Value
Texture Sandy loam soil
Sand 49%

Silt 33%

Clay 18%

pH 7.2
Organic matter 0.65%
Electric conductivity (dS m™") 2.11

Total Cd (mg Kg™) 0.15

(Sunny Seeds Company) in Lahore, Pakistan. Seeds were ster-
ilized for 15 min using 4% (w/v) sodium hypochlorite. Seeds
were then washed with distilled water four times and germi-
nated in seedling trays filled with peat and perlite (70:30 v/v)
based growing media. Seedlings (7 d old) were transferred into
the pots filled with 3 kg of soil. The soil was drenched with 50
mg L' of Cd 15 d after transplanting. Cadmium nitrate was
used as Cd source. This concentration was chosen following
the morpho-physiological results of our initial experiment
(Data not shown). After 4 d of Cd treatment, H,S and MLT
(Sigma-Aldrich, St. Louis, MO, USA) that were chosen based
on the results of the preliminary experiment, were applied to
the plants. Treatment details: CK (Control); Cd (50 mg L™,
Cd+ H,S (50 mg L™ +1.5 mM sodium hydrosulfide (NaHS),
a donor of H,S), Cd+MLT (Cd 50 mg L™ +100 uM melatonin)
and Cd+H,S+MLT (Cd 50 mg L™ +1.5mM NaHS +100 uM
melatonin). NaHS application by root irrigation and simulta-
neous MT foliar spraying was applied at four d intervals, while
the nutrient solution pH was adjusted to 6.5. Hoagland solu-
tion (0.5X) was used to irrigate the ornamental stock seedlings.

Vegetative features

Plants were carefully uprooted at termination, washed with
distilled water to remove soil, and separated into shoots and
roots. Materials were dried in an electric oven for 2 days, and
dry weights of roots and shoots were recorded using an electric
balance.

Photosynthetic pigments and leaf gas exchange

Fresh leaf material was promptly chopped into 0.5 cm? pieces
using scissors, and samples (=0.5 g per plant) were extracted
with 10 mL 80% (v/v) acetone after holding them at 4°C for 12
h. Centrifugation of the extract was done at 10,000 g for 10 min
at room temperature. Spectrophotometric absorbance was
measured at 645, and 663 nm to evaluate the Chl g, and Chl
b, respectively. Chlorophyll was evaluated following the for-
mula devised by:*°

o Chl, = (13.95 X Ages —6.88 X Agqo) X 0.01/leaf fresh weight
° Chlb = (24.96 X A649 -7.32 % A665) X 0.0I/Ieaf fresh Welght

Leaf gas exchange (LGE) was measured on four fully expanded,
mature, and healthy leaf blades from six plants of a treatment
between 9.00 am and 11.00 am, using an infrared gas analyzer.



Soluble sugar (SS) and total soluble protein (TSP) contents
in leaves

Soluble sugar content were determined 4 d before termination
of experiment following the methodology of Frohlich and
Kutschera.”” Leaf samples (0.5 g) were put into test tubes con-
taining 10 mL of distilled water, incubated and brought to the
level of 25 mL. Of the collected supernatant, 0.5 mL was mixed
with 0.5 mL anthrone, 1.5 mL distilled water, and 5 mL sulfuric
acid. Solutions were analyzed for SS in a spectrophotometer at
620 nm. Total soluble proteins were evaluated in the leaves
following the methodology narrated by Bradford.*®

Cadmium concentration in shoot and root

Cadmium concentration in the shoot and root samples was
measured using inductively coupled plasma mass spectrometry
following Ahmed et al.*

Proline determination

Ninhydrin-oriented methodology was followed to quantify leaf
free-proline concentration.’ Briefly, 0.5 g fresh sample was put
into 10 mL of 3% (w/v) sulfo-salicylic acid. Of this, 2.0 mL
solution was added into 2.0 mL of acid ninhydrin (1.26 g nin-
hydrin +20 mL 6 M ortho-phosphoric acid +30 mL glacial
acetic acid) and 2.0 mL of glacial acetic acid. After incubation
for 60 min at 80°C, samples were immediately transferred to an
ice bath to end the reaction. Toluene (4.0 mL) was then put
into the mixture and mixed vigorously. The chromophore was
detached from the aqueous phase. Absorbance was measured
at 520 nm.

Oxidative stress markers

The methodology of Dionisio-Sese and Tobita®" was followed to
evaluate the electrolyte leakage (EL) in leaves. Fresh leaf samples
(approximately 200 mg) were chopped separately (<1 cm),
placed in distilled water (20 mL) with caps, and incubated in
a water bath at 35°C for 2 h. An electrical conductivity meter was
used to measure the first electrical conductivity reading (EC1).
Each specimen was again autoclaved at 121°C for 20 min and
cooled to 25°C for measuring final electrical conductivity (EC2).
EL (%) = (EC1/EC2) x 100 was used to calculate the EL. For
measuring MDA and H,0,, fresh samples of 0.5 g of the leaves
were taken. MDA and H,O, contents were evaluated following
the approaches mentioned in Hodges et al.’*> and Patterson
et al.,” respectively.

Determination of defense enzymes activity

Fresh leaf samples (0.5 g) were homogenized in a chilled mor-
tar and pestle containing 5mL of ice-cold 50 mM sodium
phosphate buffer, pH 7.8, containing 2% (w/v) polyvinylpyrro-
lidone and 1.0 mM EDTA. The homogenate was then centri-
fuged at 10,000 g at 4°C for 20 minutes. SOD activity was
determined using supernatant stored at 20°C following the
methodology by van Rossum et al.** CAT and POD were
determined according to Chance and Maehly.”® APX activity
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was determined following Nakano and Asada.>® To determine
PPO activity, the methodology mentioned in Worthington
Enzyme Manual was followed Decker.”” The activity of PAL
was measured spectrophotometrically following Zucker”® and
altered by Pendharkar and Nair.>® For PAL, 0.3 mL leaf extract
was merged with 1.35 mL of 200 uM borate buffer and 1.35 mL
of 30 mM of phenylalanine and incubated. In this mixture, 0.2
mL of 5 N HCI was put in order to terminate the reaction. The
activity of PAL was noted at 270 nm.

Statistical analysis

Eight replicates were used in the study. For statistical analysis,
one-way analysis of variance (ANOVA) was carried out, fol-
lowed by LSD test. Graphs were prepared using GraphPad
Prism 8.

Results
Vegetative traits

Results demonstrated that shoot and root dry weight under
Cd stress was significantly lower (55% and 32%) than that
of control plants (Figure la, b). However, supplementation
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Figure 1. Exogenous MLT (melatonin) and H,S (hydrogen sulfide) individual and
combined application effect on shoot dry weight (a), and root dry weight (b) of
ornamental stock seedlings grown under Cd (cadmium) stress. Data are mean +
SE of six replicates (n = 6). Significant differences are revealed via lowercase letters
above the bars (at p < 0.05), based on LSD test.
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of MLT, H,S alone, or their combination to Cd stressed
plants significantly improved the shoot dry weight by 35%,
47% and 58%, respectively, compared with Cd-stressed
plants (Figure la). Similarly, root dry mass was increased
by 25%, 22% and 40% in response to the MLT, H,S alone
or their combination to stressed plants than control
(Figure 1b). Overall, MLT and H,S supplementations
recovered the Cd-stressed induced reduction in plant
growth compared to Cd-stressed control plants.

Photosynthetic pigments and leaf gas exchange traits

Chlorophyll a, chlorophyll b, and total chlorophyll were
markedly decreased by 51%, 19% and 41%, respectively,
under Cd stress (Figure 2a—c). Application of MLT, H,S and

e
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0.6 b b
be

0.21

Chlorophyll a (mg g™ FW) ~
[
~

0.0

o

Total Chl (mg g'] FW)

Pn (umol m? s‘l)

their combination improved the chlorophyll a (42%, 61% and
46% respectively), chlorophyll b (58%, 60%, and 71% respec-
tively), and total chlorophyll (50%, 61%, and 61% respectively)
in comparison to Cd-treated plants (Figure 2a—c).

Leaf gas exchange traits including net photosynthesis rate (Pn)
and stomatal conductance (Gs) were markedly decreased by 67%
and 49% respectively, under Cd stress (Figure 2d,e). Application
of MLT, H,S and their combination improved the Pn (35%, 44%
and 62% respectively), and Gs (34%, 44%, and 54% respectively),
in comparison to Cd-treated stock plants (Figure 2d,e).

Total soluble sugars, proteins and cadmium uptake

Exposure to Cd significantly increased the level of total soluble
sugars and protein compared to non-stressed plants (Figure 3a,b).
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Figure 2. Exogenous MLT (melatonin) and H,S (hydrogen sulfide) individual and combined application effect on different photosynthetic pigments and gas exchange
parameters (A—E) of ornamental stock seedlings grown under Cd (cadmium) stress. Data are mean + SE of eight replicates (n = 8). Significant differences are revealed via
lowercase letters above the bars (at p < 0.05), based on LSD test.
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Figure 3. Exogenous MLT (melatonin) and H,S(hydrogen sulfide) individual and combined application effect on leaf total soluble sugars (a), total soluble proteins (b),
shoot and root cadmium concentration (c, d) of ornamental stock seedlings grown under Cd (cadmium) stress. Data are mean + SE of eight replicates (n = 8). Significant
differences are revealed via lowercase letters above the bars (at p < 0.05), based on LSD test.

Consequently, supplementation with MLT, H,S further increased
the levels of these compared to Cd stressed plants. Combined
supplementation with MLT and H,S provided the maximum
increase (Figure 3a,b). Plants grown under Cd stress had the
highest uptake of Cd in both shoot and root tissues (Figure 3c,d).
Cd content was significantly decreased in the shoot and roots of
plants treated with MLT and H,S individual supplementation
(Figure 3c,d), and the maximum reduction of Cd uptake in both
tissues (52% and 78%) respectively was noted, in response to
combined supplementation with MLT and H,S (Figure 3c,d).
Opverall, application of MLT or H,S decreased the translocation
of Cd in stock plant tissues.

Oxidative stress markers

Exposure to Cd significantly increased the level of oxidative
stress markers including EL, MDA, and H,0, compared to non-
stressed plants (Figure 4a,c,d). Supplementation with MLT, H,
S decreased the level of these oxidative stress markers compared
to non-treated plants and combined supplementation with MLT
and H,S provided the maximum decrease in EL, MDA, and H,
O, by 73%, 45% and 64%, respectively (Figure 4a,c,d). Proline
level was higher in Cd treated plants compared to control
(Figure 4b). Supplementation of the combination of MLT and
H,S further improved the level of proline than the untreated Cd
stressed plants (Figure 4b).

Antioxidant enzyme activities

Defense-related antioxidants including APX, CAT, SOD, PAL,
POD, and PPO were determined in stock leaves (Figure 5 a—f).
Introduction of Cd to ornamental stock remarkably increased
the activity of antioxidants such as SOD by 28%, CAT by 52%,
APX by 48%, PAL by 39%, POD by 71%, and PPO by 9%,
compared to non-stressed plants (Figure 5a-f). We observed
significant increase in the level of SOD (41%, 51% and 65%),
PAL (10%, 35% and 59%), POD (37%, 25% and 53%), PPO
(4%, 20% and 29%), CAT (23%, 17% and 48%), and APX (22%,
28% and 43%) under MLT, H,S and their combined applica-
tion respectively, as compared with Cd-stressed plants
(Figure 5 a—f).

Discussion

Soils contaminated with trace elements are considered toxic
and hazardous for the growth and development of plants.'’ Cd
is extremely noxious, and its presence in agricultural soils has
grown due to human activities. Its exposure and uptake in
plant cells causes oxidative burst, which disrupts vital cellular
functions. The use of phytohormones to increase plant resis-
tance against HMs stress is an effective method that causes no
environmental pollution Haider et al.** Melatonin as
a powerful biostimulant and antioxidant is considered as
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Figure 4. Exogenous MLT (melatonin) and H,S (hydrogen sulfide) individual and combined application effect on EL (electrolyte leakage; a), proline b, MDA (malondialde-
hyde; c), and H,0, (hydrogen peroxide; d) of ornamental stock seedlings grown under Cd (cadmium) stress. Data are mean + SE of eight replicates (n = 8). Significant
differences are revealed via lowercase letters above the bars (at p < 0.05), based on LSD test.

a natural treatment to manage HMs stress in plants.'>'®**>

Parallelly, the use of signaling molecules such as H,S, is also
recognized as a powerful mitigator strategy against HMs stress
in plants. During the current investigation, stock plants
exposed to Cd stress had lower biomass, which was associated
with Cd accumulation, which resulted in chlorophyll degrada-
tion. Individual applications of MLT or H,S alleviated the Cd-
induced decrease in plant biomass and they acted synergisti-
cally. The results are similar to the findings of Altaf et al.*’ and
Kaya et al.,'"® where the authors observed an increase in bio-
mass in response to the individual applications of MLT or H,
S. Similarly, the application of MLT and H,S is reported to
enhance the growth of plants grown under Cd stress
condition.**** The improvement in the plant biomass in
response to the application of H,S and MLT is strongly linked
with the antioxidative ability of MLT and the unique properties
of H,S.

The reduction in the generation of photosynthetic pigments
is an early indicator of Cd stress in plants because Cd disrupts
the photosynthetic pathway, causing chlorophyll concentration
to decrease. Chlorophyll a, chlorophyll b, and total chlorophyll
as well as leaf gas exchange traits were reduced significantly in
response to Cd stress compared to the control group. Lower
pigment concentrations may be due to excessive Cd concentra-
tions in the plants, which disrupted photosynthetic efficiency,
resulting in the decrease in photosynthesis in plants (Chen et al.
2023). Supplementation of MLT and H,S alleviated the

reduction in photosynthetic pigments and leaf gas exchange
traits which are vital indicators of photosynthetic efficiency.
The use of MLT can assist to preserve the integrity of DI,
a significant element of the PSII protein, hence, increasing the
photosynthesis (Mukarram et al. 2022; Chen et al. 2023).*’ In
addition, application of these protectants might raise the accu-
mulation of mineral elements or decrease the uptake of Cd that
results in improved antioxidants and metabolism resulting in
improved photosynthetic efficiency in plants (Chen et al. 2023).
This suggests that MLT or H,S combined application could be
an ameliorative strategy to boost the photosynthetic activity in
Cd stressed plants that can increase plant biomass and ultimately
crop yield.

Osmoprotectants play a vital role in maintaining water rela-
tions and plant metabolism under normal and stressed
conditions."” Among the osmoprotectants, proline is considered
an important one as it is related to the mitigation of oxidative
stress condition in plants.® In the current study, the level of
proline increased as a result of Cd stress condition.
Supplementation of MLT or H,S further boosted the level of
proline under Cd exposure. These findings are similar to the
studies in which individual application increased the level of
proline under Cd stress conditions.*>*°

Antioxidant defense systems aid plants by scavenging the
excessive ROS production in response to abiotic stresses includ-
ing Cd stress.*'° This system mitigates the Cd induced oxidative
burst in plants.”® The present study has demonstrated that Cd



(S
wn
ot
o

w B
_d s

SOD (ug min™! g'] FW)
vl

POD (ug min”! g'1 FW)

CAT(Ug ' FW)

PLANT SIGNALING & BEHAVIOR e2331357-7

o
]
th

[}
=

i

PAL (pg min”' ¢! FW)
<

o

—_
w
<

—_
(=3
[=)

PPO (ug min”! g'l FW)
3

min”' FW)
W
=

. 200

APX (Umg
3

Figure 5. Exogenous MLT (melatonin) and H,S (hydrogen sulfide) individual and combined application effect on SOD (superoxide dismutase; a), PAL (phenylalanine
ammonia-Lyase; b), POD (peroxidase; c), PPO (polyphenol oxidase; d), CAT (catalase; e), APX (ascorbate peroxidase; f) activity of ornamental stock seedlings grown under
Cd (cadmium) stress. Data are mean + SE of eight replicates (n = 8). Significant differences are revealed via lowercase letters above the bars (at p < 0.05), based on LSD

test.

stress increased the level of oxidative stress markers, revealing
oxidative stress in the plants. The application of MLT or H,S the
level of stress markers and stimulated the activities of antioxi-
dants resulting in enhanced growth. Similar results were
observed in previous studies where MLT or H,S alone applica-
tion boosted the activities of antioxidants and reduced the level
of oxidative stress markers.*>*® These findings indicate that
MLT or H,S combination can reduce Cd toxicity in stock plant
highlighting the potential of these two protectants as a unique
alternative for boosting crop output under Cd stress. There still
remain considerable gaps in knowledge and application that
must be addressed in order to assure the safe use of these
protectants for alleviating hazardous HMs in contaminated agri-
cultural soils.

Conclusion

The current study examined the effect of using MLT or H,
S together on ornamental stock growth, physiology, and biochem-
ical characteristics under Cd stress. The use of MLT with H,S on
Cd-stressed plants improved growth metrics, photosynthesis, and
overall plant health. The rise in antioxidant enzyme activities and
decline in oxidative stress markers suggest that these protectants
can alleviate Cd-induced oxidative stress. Furthermore, MLT or
H,S decreased the Cd accumulation implying their significance in
controlling the uptake of Cd. Taken together, these findings show
that both MLT or H,S have the potential to be a useful strategy in
reducing Cd-induced damage in ornamental stock. However,
more in-depth research is needed to investigate the detailed
mechanisms and to broaden the knowledge related to the possible
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applications of both MLT or H,S for environmental remediation
in sustainable ornamental horticulture.
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