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Abstract

The effects of cobalt (Co) and zinc (Zn) on the growth of Rehmannia glutinosa, as well as its antioxidant
activity, total phenolic and flavonoid contents (TPC and TFC), targeted polyphenolic compounds, and
molecular dynamics simulations were studied. The results revealed that exposure to 0.01 to 0.1 ppm Zn
in the growth medium increased plant height, average number of leaves, and root length. Higher
concentrations of Zn had deleterious effects, and lower concentrations of Co (0.01 and 0.1 ppm)
significantly inhibited growth, as indicated by the retardation and reduction in root length, plant height,
and leaf numbers. Higher concentrations of Co (1 ppm) cause early defoliation, necrosis, and plant death.
The highest concentration of Zn (1 ppm) caused a significant decrease in Chl a concentration compared
to the other concentrations and the control plants. Lower concentrations of Zn and Co (0.01 ppm)
showed elevated radical-scavenging activity compared with that of the control plants. Maximum TPC and
TFC were achieved at 0.01 ppm of Zn, while a higher concentration of TPC and TFC was obtained with
0.1 ppm of Co. Furthermore, catalase and ascorbate peroxidase activity were significantly affected by Zn
and Co. The targeted phenolic compounds were analyzed by LC-MS-MS in the Zn- and Co-treated and
control plants. Finally, to evaluate the stability of phytochemicals with high binding affinities and docking
scores, a 100-ns molecular dynamic simulation was performed. These findings suggest that exposure to
high concentrations of Zn- and Co-contaminated soils may affect the growth and metabolism of R.
glutinosa.

Key Message

The effects of cobalt and zinc on Rehmannia glutinosa development, antioxidant activity, total phenolic
and flavonoid contents, targeted polyphenolic compounds, and molecular dynamics simulations were
examined.

Introduction

Rehmannia glutinosa Libosch (Family: Scrophulariaceae), a perennial herb, is an important medicinal
herb used in Korea, China, and Japan. Fresh, dried, and steamed tuberous roots are traditionally used to
treat various health problems including diabetes, insomnia, hypertension, sedation, and hematological
conditions. They contain active agents that affect the immune, nervous, circulatory, and cardiovascular
systems as well as bone metabolism (Zhang et al. 2008). These activities are attributed to the presence
of various phytochemicals, including iridoid glycosides, such as aucubin, catalpol, loganin,
phenylethanoid glycosides, polysaccharides, phenolic acids, and rehmannoside A (Wang et al. 2016).
Catalpol is an active biochemical compound in R. glutinosa that reduces bleeding, prevents liver damage,
boosts sex hormone levels, and balances blood sugar levels (Huang et al. 2022).

Heavy metal contamination of agricultural lands is a major environmental issue that threatens
ecosystems (Munir et al. 2022). Depending on their presence and concentration, metals can either benefit
or harm plants (Rashid et al. 2023). The concentrations of these heavy metal ions in soils are heavily
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affected by anthropogenic sources such as sewage sludge, industrial waste, dust smelters, phosphate
fertilizers, and natural processes (Briffa et al. 2020). Improperly disposed mine tailings, the dispersion of
these metals by heavy rainfall, and anthropogenic activities are the primary sources of water and soil
pollution that degrades cultivated land and the environment in Korea (Yun et al. 2020). Thus, high
concentrations of these toxic metals continuously enter water sources consumed by animals and
humans and have become a major ecological and environmental concern (Mitra et al. 2022). Exposure of
plant species to high concentrations of heavy metals causes excessive generation of ROS through
Haber—Weiss reactions or by imposing oxidative stress, disruption of the electron transport system,
interaction with the antioxidant system, and disruption of the uptake of essential elements
(Hasanuzzaman et al. 2020).

Adequate zinc levels are critical for optimal plant development because they regulate secondary
metabolism and physiology, and enhance stress tolerance (Fan et al. 2021). Moreover, the absorption of
an appropriate amount of zinc enhances the growth parameters of plants by enhancing the antioxidant
activity and potassium concentration, and reducing the phosphorus and sodium concentrations (Wang et
al. 2015). However, the accumulation of excessive amounts of Zn can induce stress and inhibit yield,
growth, and development, while decreasing the levels of photosynthetic pigments, thus leading to plant
death (Akladious and Mohamed 2017). The accumulation of heavy metals reduces carbon assimilation,
which triggers an increase in the photosynthetic electron flux to molecular oxygen, and increases the
production of hydrogen peroxide, superoxide, and hydroxyl radicals (Stohs and Bagchi 1995). Higher ROS
levels can damage cellular macromolecules, including pigments, proteins, lipids, and DNA, and are rapidly
scavenged by antioxidant enzymes (Sridhar et al. 2020).

Cobalt is generally present at low concentrations but is in high demand in the steel, cement, and paint
industries, and it is used extensively in chemical fertilizer production (Sridhar et al. 2020). The presence
of this hazardous heavy metal is high in industrial sewage sludge (95.2 mg/kg) and metropolitan sewage
sludge (22.9 mg/kg) in Korea (Lim et al. 2006). In addition to nitrogen fixation in leguminous plants,
cobalt has no other direct biological or physiological role (Hu et al. 2021). However, it is important to note
that elevated levels of Co can lead to DNA damage via oxidative stress (Angelé-Martinez et al. 2023).
Moreover, they can damage cells, increase the production of ROS in plants, alter enzymatic activity,
impede the absorption of vital nutrients, including phosphorus, sulfur, iron, calcium, manganese, zinc, and
copper; hinder photosynthesis; disrupt stomatal conductance, carbon uptake, transpiration rate, chlorosis,
and necrosis; and induce chlorosis and necrosis (Sachdev et al., 2021). Elevated concentrations of cobalt
induce a decline in various growth parameters of Raphanus sativus, including chlorophyll, shoot length,
root length, and total leaf area (Jayakumar et al. 2007). Furthermore, an overabundance of cobalt in
Vigna radiata results in diminished activities of antioxidant enzymes, as well as reductions in the
concentrations of plant sucrose, amino acids (Jayakumar et al. 2008), and nutrients in Lycopersicon
esculentum (Jayakumar et al. 2013). According to Jayakumar et al. (2009), cobalt concentrations that
fall within the range of 0.01-1.00 pg/g dry matter are deemed to be safe for the growth and development
of plants. Concentrations that exceed this threshold are considered deleterious to plant growth and
development.
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Hasanuzzaman et al. (2020) report that the antioxidant system significantly mitigates the detrimental
effects of reactive oxygen species (ROS) on numerous biochemical pathways and other vital biological
processes. Plants have evolved an intricate antioxidant system comprising peroxidase (Pe), superoxide
dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), and superoxide dismutase (SOD) to
prevent oxidative damage. These enzymes protect cellular macromolecules from heavy metals, and exert
significant resistance to oxidative stress (Rajput et al. 2021). Moreover, plants exhibit non-enzymatic
antioxidant responses, such as phenolic compounds, tocopherols, glutathione, ascorbate, and thiols,
which are essential for protecting cellular components from ROS (Hasanuzzaman et al. 2020). Certain
phytochemicals, including phenolic compounds, function as excellent ROS scavengers in plants exposed
to various abiotic stressors. In particular, phytochemicals such as flavonoids can protect against heavy
metal stress by chelating transition metals (Goncharuk and Zagoskina 2023). Moreover, the exposure of
plants to abiotic stresses, such as heavy metals, affects the accumulation of phenolic metabolites in
plant tissues. These compounds have various plant functions during acclimation, in response to
excessive heavy metals. Muszyska et al. (2019) reported that they efficiently scavenge reactive oxygen
species (ROS) and bind metal ions via hydroxyl and carboxyl groups. Several studies have shown that R.
glutinosa root-stock production is affected by disease, low tuber yield, poor rootstock quality, and
environmental conditions (Lee et al. 2011). Molecular dynamics (MD) simulation is an effective and cost-
effective computational method that enables the prediction of plant biomolecular structures, reaction
processes, and binding patterns between substances. Furthermore, it can simulate alterations in the local
configurations, functional groups, and bond energies of the biomolecules. These capabilities are highly
valuable for investigating the mechanisms underlying plant resistance to abiotic stresses (Wu et al.
2023). We hypothesized that R. glutinosa can survive and resist zinc- and cobalt-induced stress, thereby
enabling plant species to survive. Currently, there is a lack of information regarding the impact of Zn and
Co on the growth, development, and physiology of R. glutinosa. These data would be valuable for the
development of variable cultivation methods that can improve the yields and functional properties of R.
glutinosa. The objective of this study was to examine the variations in phenolic compound composition,
antioxidant responses, and toxicological behaviors of R. glutinosa in response to varying concentrations
of Zn and Co. Finally, a 100-ns molecular dynamic simulation was conducted using phytochemicals that
exhibited strong binding affinities and docking scores to assess the stability of the phytochemicals
identified in the R. glutinosa extracts.

Materials and methods
Chemicals

Cobalt chloride (CoCl,) and zinc sulfate (ZnS0,4.7H,0) were obtained from Daejung Chemicals and
Metals Company, Ltd., (Shiheung, Korea). The pH of the Zn and Co solutions prepared with ZnS0,.7H,0
and CoCl,, respectively, was adjusted to 5.75. All analytical standards utilized in this investigation were

procured from Sigma Chemical Co. (St. Louis, MO, USA) and analytical grade. The methanol used in the
extraction process was acquired from J.T. Baker (Philadelphia, NJ, USA).
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Plant growth conditions and heavy metal treatments

R. glutinosa seeds were obtained from the Bioherbal Research Institute of Kangwon National University,
Korea. The seeds were washed for 15 minutes under running tap water. They were surface sterilized for
50 seconds in 70% ethanol. After rinsing with sterilized distilled water, the seeds were allowed to soak in
5% sodium hypochlorite and two drops Tween 20 for 10 min. The seeds were then rinsed six times with
sterile distilled water. In a full-strength Murashige and Skoog (MS) medium, surface-sterilized seeds were
incubated at 25-28°C for 16 hours under 36 mol m=2 s~ light intensity from cool-white, fluorescent
lights. Half-strength MS medium was used to support germinated plantlets. The pH of all media (MS and
1/2 MS) was adjusted to 5.8 before adding 8 g/L plant agar. All media were autoclaved at 120°C for 20
min. After four weeks in 1/2 MS medium, the plantlets of R. glutinosa were removed and planted in 1/2
MS medium supplemented with sucrose (30 g/L), agar (8 g/L), and different concentrations of zinc and
cobalt (0.01, 0.1, 0.5, and 1 ppm). The control was a heavy-metal-free basal MS medium. Set at 5.6 for
5.8 with 0.1 N HCI and NaOH, the samples were autoclaved at 121°C for 15 min. Six weeks were spent in
a sterile culture environment at 25-28°C under a 16-hour photoperiod (36 mol m~2 s light intensity
from cool white, fluorescent lights). Fresh weight, plant height, leaf number, leaf area, leaf yield, root
number, and root length were recorded.

Effect of heavy metals on photosynthetic pigment
concentrations

In order to isolate carotenoids and chlorophyll (Chl a, Chl b), fresh leaf samples (0.5 g) of R. glutinosa,
both treated and control, were homogenized in 10 mL of acetone at 80% concentration. Ten minutes at
4°C, homogenized samples were centrifuged at 1,968 x g. Following this, a cuvette was utilized to capture
2 mL of the supernatant for subsequent use. The absorbance values of chlorophyll a, chlorophyll b, and
carotenoids were determined at 663, 645, and 479 nanometers, respectively, utilizing a UV-VS
spectrophotometer (UV-1800; Shimadzu, Kyoto, Japan) in accordance with the methodology suggested
by Lichtentaler and Wellburn (1985). The concentrations of photosynthetic pigments in the extracts were
determined using the following equation:

Chlorophyll a (Chl a) = (12.7 [Agg3] = 2.69 [Ag4s5] (1)
Chlorophyll b (Chl b) = (21.50 [Ag4s] - 5.10 [Aggsl (2)

Carotenoids (car) = (1000 [A470] - 1.82 Chl a - 85.02 Chl b] / 198 (3)
Electrolyte leakage

The uppermost fully expanded leaf discs (2 g) of the treated and control R. glutinosa were collected,
immediately cut into segments (2 cm), and rinsed slowly (1 x g) in deionized water using a rotary Orbit
Shaker (Lab-Line, Dubuque, USA) at room temperature to remove the surface-adhered electrolytes from
the leaf surfaces. After 24 hours of incubation at 15°C, leaf discs were placed in sealed 5 mL Eppendorf
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tubes containing 4 mL of deionized water. After 30 minutes of immersion in a boiling water bath at 95°C
to extract all electrolytes, the samples were chilled to 25°C. The electrical conductivities of the cooled
samples were measured using a digital conductometer (Digimed DM-3, Digicron, Sdo Paulo, Brazil). EL
(electrode leakage) was determined applying the subsequent equation:

EL (%) = (EC,/ EC,) x 100

The variables EC1 and EC2 represent the initial and final electrical conductivities, respectively.

Antioxidant Enzyme Assay

As described by Aebi (1984), the CAT assay measures the variation in the amount of H,0, caused by the
presence of CAT (EC 1.11.1.6) in the test samples, which indicates the potency of the activator/inhibitors.
A 0.1 mL aliquot of the extraction solution was introduced into a 1.9 mL reaction buffer, which was
composed of 67 mM sodium potassium phosphate and had a pH of 7.4. The reaction mixture was
subsequently incubated at 37°C for 15 minutes. Following this, 1.2 mL of 0.6% H,0, was introduced into
the reaction mixture. By measuring absorbance at 240 nm for two minutes, the decomposition of H,0,
was ascertained. Under the conditions of the assay, one unit (U) of catalase activity was defined as the
quantity of enzyme that caused an absorbance change of 0.001 per minute.

The activity of APX (EC 1.11.1.11) was assessed using the absorbance decrease of oxidized ascorbate as
a metric, in accordance with the procedure outlined by Nakano and Asada (1981). At the outset, a
solution comprising 0.2 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mM ascorbic acid (C¢HgOg), 50
mM potassium phosphate (pH 7.0), 2% hydrogen peroxide (H,0,), and 0.1 mL of enzyme extract were
combined in a volume of 3 mL. At 290 nanometers, the absorbance of the reaction products was
quantified utilizing a UV-1800 Shimadzu UV-VS spectrophotometer. A change in absorbance per minute
of 0.001 was utilized to denote one unit of enzyme activity in the assay conditions.

Lipid peroxidation

MDA formation was used as an indicator for lipid peroxidation in accordance with the procedure outlined
by Heath and Packer in 1968. The final value was obtained by subtracting the nonspecific absorbance at
600 nm from the amount of MDA-TBA complex as measured at 532 nm. Triples of each plant extract
were utilized for analysis.

Effect of Zn and Co on total phenolic contents (TPC) and total flavonoid contents (TFC) in R. glutinosa

Preparation of plant extracts

Twenty-four hours after collection, the young leaves of the treated and control R. glutinosa plants were
desiccated at room temperature. In a blender, the desiccated samples were subsequently ground. After
combining 2 g of the pulverized sample with 80% MeOH, the resulting homogenate was stirred for 24
hours at room temperature (25°C). Debris was extracted from the homogenate by filtration through a
Buchner funnel and filter paper. Following a 40°C rotary vacuum evaporation with a solvent lyophilizer
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(SB-1300, Shanghai Eyela Co. Ltd., China), the solvents were lyophilized with a freeze dryer (PVTFD 300R,
lIShinBioBase, Yangju, Gyeonggi, Republic of Korea). 100 mL of 80% MeOH was used to dissolve residual
extracts, which were then stored at 4°C until further use.

TPC

The TPC of R. glutinosa was determined as previously described (Singleton and Rossi, 1965). Briefly, R.
glutinosa extracts (100 pL) were dissolved in 50 pL of Folin-Ciocalteu (1000 ppm). The mixture was then
incubated at room temperature in the dark for flve minutes. The mixture was then supplemented with 100
pL of a 20% (w/v) sodium carbonate (Na,CO3) solution. Following an additional 30 minutes of
incubation at room temperature, the absorbance of the mélange was quantified at 765 nm utilizing a UV-
VIS spectrophotometer (UV-1800, Shimadzu). A standard curve was constructed by utilizing solutions of
gallic acid ranging from 0 to 250 mg/L. Using the following formula, TPC values are expressed in gallic
acid equivalents (GAE) of the dry matter (DM) of the sample (ug/g dry weight):

y =0.3208x - 0.3208,

The variables x and y denote the absorbance at 765 nm and the quantity of gallic acid equivalent
(ug/mL).

TFC

TFC was determined as previously described (Thiruvengadam and Chung, 2015). Briefly, R. glutinosa
extracts (500 pL) were dissolved in 100 pL of 10% aluminum nitrate [AI(NO5)5] solution and 100 pL of
potassium acetate (CH3CO,K) (1M). After 5 min, T mL NaOH (1 M) was added to the mixture at room
temperature. At ambient temperature, T mL NaOH (1 M) was added to the mixture after 5 minutes. By
comparing the absorbance of each sample to a negative at 510 nm, a UV-VS spectrophotometer (UV-
1800, Shimadzu) was utilized. The standard curve was constructed by combining quercetin solutions
ranging from 0.5 to 100 mL/L. Using the subsequent formula, TFC was represented as the quercetin
equivalent (QE) of the dry matter (DM) of the sample:

y=1.0707x -1.0183

The variables x and y denote the absorbance at 510 nm and the quantity of QE (ug/g).

Estimation of phenolic compounds by LC-MS/MS

Using an Liquid Chromatography with tandem mass spectrometry (LC-MS-MS) system and adhering to a
procedure previously documented (Ghimire et al. 2017), the composition of specific phenolic compounds
in both the treated and control R. glutinosa samples was determined. Connected to an Agilent
Technologies autosampler (Agilent 1100 series) and pumps (Agilent 1200, Palo Alto, CA, USA), the LC
system incorporated a C18 column (4.6 x 250 mm, 5 pm) for the API 2000 series mass spectrometer
(Applied Biosystems, ON, Canada). The negative-ion mode of a mass spectrometer was employed. As
operational parameters, the following were established: 70, 40, 2, and 20 psi were specified for the drying
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gas pressure, nebulizer gas pressure, collision gas pressure, and curtain gas pressure, respectively. At
350°C and 4.5 kV, respectively, the capillary voltage and drying gas temperature were maintained.
Solution A contained acetonitrile (C,H3N) in water, while solution B comprised 0.1% (v/v) formic acid
(HCOOH) in water. 10-40% B for 0-10 minutes, 40-50% B for 10—20 minutes, 50—-100% B for 20-25
minutes, 100—10% B for 25-26 minutes, and 10% B for 26—30 minutes comprised the gradient elution
used to efficiently separate the compounds. A volume of 10 L of sample was injected into the column at
a temperature of 25°C, while the mobile phase flowed at a rate of 0.7 mL/min. In multiple reaction
monitoring (MRM) phases, mass spectrometry data was acquired. Three replicates of each sample were
analyzed.

Molecular dynamics simulations

This was applied to explore the flexibility and conformational changes of the hit molecules with the
targets. It assists in identifying an appropriate ligand that functions well for the target by demonstrating
its compatibility with docked target conformations. During the simulation phase, this raises the
possibility of efficient binding by permitting molecular interactions, flexibility, and conformational
changes. The complex (ligand and target) was first constructed using the System Builder tool to
accomplish this algorithm. There are two phases in System Builder: Solvation and lons. Orthorhombics
were used in solvation to generate a boundary box shape with buffer distances of a:10.0, b: 10.0, and c:
10.0. Salt implantation and ion exclusion were similarly performed within 20 A. The complex was
constructed for further investigation by placing ions and salts. Before the system was neutralized by
adding counter ions, the protonation state of the target residues was maintained at pH 7.0. The complete
systems were then equilibrated for 100 and 300 ns at a temperature of 300 K and pressure of 1.01325
bar with 1000 frames using NPT (isothermal-isobaric) ensembles.

Effect of zinc and cobalt on antioxidant activity DPPH
method

The procedure to carry out the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay was as
previously described (Thiruvengadam et al. 2014). Briefly, a 1 mL sample of the extracted plant extracts
(with a concentration of 0.1 mg/mL) was combined with 4 mL of the DPPH methanol solution (0.004%).
After 30 minutes of incubation at room temperature in the dark, the absorbance of the reaction mixture
was determined at 517 nm utilizing a UV-VIS spectrophotometer (UV-1800, Shimadzu). The calibration
curve was plotted with a Trolox concentration of 20-1000 puM. Trolox equivalents (TE) were employed to
quantify the antiradical activity (mg/g dried weight of R. glutinosa). BHT was employed in the capacity of
positive control. The calculation for DPPH activity was as follows:

DPPH % = (AO - A1/ AO) x 100

A1, denotes the absorbance of the test sample, while A0 represents the absorbance of the control (which
comprises all reagents excluding the test compound). Triplicate of each measurement was performed.

Assessment of statistics
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The mean and standard deviation of independent replicates are used to present the data. The findings
were subjected to statistical analysis via using the method of one-way analysis of variance (ANOVA)
performed with the Statistical Package for the Social Sciences (SPSS, Version 24). The presence of
significant differences (P < 0.05) was confirmed using Duncan's multiple range test between the control
and experimental groups.

Results
Effects of zinc and cobalt on plant development

All zinc-treated plants were grown until the end of the treatment period. At low Zn concentrations (0.01
ppm), the growth of R. glutinosa was initially promoted by Zn (Table 1). Application of 0.01-0.5 ppm zinc
to the growth medium increased the average plant height. Similarly, 0.01-0.1 ppm of zinc in the growth
medium improved the fresh weight, number of leaves and root length. However, higher concentrations of
Zn had deleterious effects on the growth of R. glutinosa; the average root length, root number, and leaf
number decreased significantly with increasing concentrations of Zn (> 0.5 ppm) compared to the control
(Fig. TA-E). A nearly 50% reduction in the FW of R. glutinosa was noticed after treatment with 1 ppm Zn
(Fig. 2). At 0.01 ppm, cobalt showed no significant difference in fresh weight or root number than control
plants. However, lower levels of cobalt (0.01 and 0.1 ppm) significantly inhibited the growth of R.
glutinosa, as indicated by the retardation and reduction in root length, plant height, leaf number, and node
number (Fig. 3). Plants treated with lower concentrations (0.01-0.1 ppm) of Co grew until the end of the
treatment. Higher concentrations of cobalt (0.5-1.0 ppm) caused early defoliation, necrosis, and plant
death (Fig. 4A-E).

Effects of zinc and cobalt on photosynthetic pigments

Among all treatments, the chlorophyll concentration in the R. glutinosa leaves varied significantly (P <
0.05) (Fig. 5). Chlorophyll a (Chl a) concentration decreased significantly at the highest zinc
concentration (1 ppm) in comparison with the control plants and the other treatments (0.01, 0.1, and 0.5
ppm). A noticeable reduction was observed in chlorophyll b (Chl b) concentrations after treatment with 1
ppm zinc (Fig. 5), followed by the other treatments and control plants. However, lower doses of zinc
(0.01-0.1 ppm) had no significant effect on carotenoid concentrations in R. glutinosa. The total
carotenoid concentrations in the treated R. glutinosa decreased with increasing cobalt concentration. In
this study, the color of growing R. glutinosa leaves transformed quickly from green to yellow, and foliar
chlorosis followed by necrosis appeared within a week of transplanting R. glutinosa plants to a medium
containing a high concentration (1 ppm) of cobalt (Fig. 5).

Antioxidant activity of plant extracts

The variance in zinc concentration in the growth medium had an impact on the DPPH activity of R.
glutinosa, as indicated in Table 1. The radical scavenging activity of zinc-exposed R. glutinosa ranged
from 11.84 to 25.72%. Treatment with 0.07 ppm zinc resulted in the highest DPPH activity compared to
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the control (16.36%). A negative trend was observed when the concentration of zinc in the growth
medium increased. The lowest DPPH scavenging activity was observed for 1 ppm Zn (8%). Cobalt at 0.01
and 0.1 ppm significantly increased the DPPH radical scavenging activity (20.71% and 23%, respectively)
compared to the control.

Total phenolic content (TPC) and total flavonoid content
(TFC)

TPC of the whole-plant extract of R. glutinosa was determined using the linear regression equation of the
gallic acid standard calibration curve. The total phenolic content of R. glutinosa varied with different zinc
concentrations in the growth medium (Table 1). TPC of different plant parts ranged from 1.08 + 0.09 to
5.14+£0.11 mg GAE/g dry sample. In the pre-sent study, 0.07 ppm zinc in the growth medium reduced the
TPC content to 5.14 mg GAE/g. The TFC of different plant parts ranged from 2.03 £+ 0.03 t0 3.89 + 0.06
mg QE / g dry sample. A higher TFC (3.89 mg GAE/g) was observed in plants exposed to growth medium
containing 0.071 ppm zinc. A further increase in cobalt concentration lowered TPC compared to the other
cobalt treatments and control plants. TFC increased and peaked (4.04 + 0.05 mg QE/g) at 0.1 ppm cobalt.
Similarly, lower cobalt concentrations (0.01 ppm) produced lower TFC (1.71 £ 0.02 mg QE/g). However,
the TPC content of R. glutinosa treated with 0.01 ppm cobalt did not differ significantly from that of the
control plants.

Lipid peroxidation

The MDA levels in R. glutinosa exposed to different concentrations of Zn and Co are shown in

Figs. 7A&B. In the present study, there was a significant difference in MDA levels between the treated and
control plants. The MDA level remained unaffected at 0.01 and 0.1 ppm zinc administration compared to
the control plants. A further increase in zinc concentration in the growth medium increased MDA levels.
Higher MDA levels were observed with 1 ppm zinc. Lower concentrations of cobalt (0.01 ppm) resulted in
increased MDA accumulation compared with that in the control plants. Treatments with 0.07 ppm cobalt
increased the MDA level; however, no statistical difference was observed compared with the control.

Effect of zinc on CAT and APX activity

The activities of antioxidant enzymes, including CAT and APX, in zinc-treated R. glutinosa were measured
across all treatments (Fig. 8A&B). The relative CAT activity of R. glutinosa plants treated with lower
concentrations of zinc (0.01 and 0.1 ppm) decreased compared to that of control plants. This trend
varied when the zinc concentration in the growth medium was increased. There was no significant
difference in CAT activity between the control and R. glutinosa grown in medium containing 0.5 ppm of
zinc. In contrast, a relatively higher CAT activity was observed at 1.0 ppm of zinc. The APX activity of R.
glutinosa was significantly affected by zinc treatment. APX activity in zinc-treated plants was higher than
that of the control plants. The activity was slightly higher in R. glutinosa grown at 0.01 ppm zinc than in
that grown at 0.1 ppm zinc; however, this difference was not significant. Higher concentrations of zinc
(0.5-1.0 ppm) resulted in higher APX activity in R. glutinosa.
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Effect of cobalt on CAT and APX activity

CAT and APX activities in cobalt-treated R. glutinosa are shown in Figs. 9A&B. In this study, CAT and APX
activities of R. glutinosa were significantly affected by cobalt treatment. CAT activity of R. glutinosa was
increased at treatment with 0.1 ppm of cobalt compared to control plants. Similarly, CAT activity was
slightly higher in R. glutinosa grown under 0.01 ppm cobalt compared to the control. However, this
difference was not statistically significant. APX activity was slightly lower in R. glutinosa grown under 0.1
ppm cobalt and was not significantly different compared to control plants. APX activity decreased at 0.01
ppm cobalt compared to that in the control plants. Thus, APX activity of R. glutinosa was significantly
affected by cobalt treatment. A higher positive and significant correlation was observed between
antioxidant enzyme activity and TPC and TFC. A positive correlation was also observed between CAT,
TPC,and TFC (r=0.959, P<0.05; and r=0.783, P < 0.01, respectively). Similarly, a positive correlation was
observed between APX and TPC and TFC (r=0.951, P<0.05, and r=0.755, P<0.01, respectively),
indicating that antioxidant enzyme activities were primarily mediated by phenolic acids (Table 2).

Effect of zinc and cobalt on electrolyte leakage

Electrolyte leakage (EL) in R. glutinosa treated with different concentrations of Zn and Co is shown in
Figs. 1T0A&B. The relative EL declined at all zinc concentrations compared with that of the control plants.
This parameter did not change significantly when the zinc concentration was increased from 0.01 to 0.1
ppm. The highest membrane EL was observed in the control plants. Furthermore, the EL of R. glutinosa
increased under all studied cobalt concentrations compared that with of the control plants. An increased
cobalt concentration (0.1 ppm) resulted in an excessive increase in EL. In this study, Pearson’s correlation
coefficient (r) analysis revealed a strong and positive correlation between the EL, TPC, and TFC of the leaf
extracts of R. glutinosa (r=0.951, P<0.05; and r=0.755, P <0.01, respectively), indicating that phenolic
compounds contributed to resistance against Zn and Co (Table 2).

Effect of zinc and cobalt on the phenolic compounds
composition in R. glutinosa

We investigated the differences in phenolic compounds in R. glutinosa grown under Zn and Co stress.
The phenolic compound concentrations and compositions were quantified using LC-MS/MS (Tables 3
and 4). The quantification of specific phenolic compounds presents in 80% methanolic extracts of R.
glutinosa was achieved by isolating and estimating their retention times in relation to the standard
reference compounds. A summary of the phenolic composition of R. glutinosa is presented in Table 4.
Lower zinc concentrations increased phenolic compound concentrations. Lutein, p-coumaric acid, and
apigenin are the phenolic compounds that are most prevalent in R. glutinosa. The use of 0.01-0.5 ppm
zinc led to a greater increase in apigenin levels compared to the control plants. There were no statistically
significant variations in the concentrations of p-coumaric acid, pelargonidin chloride, acetyl glycitin, or
caffeic acid. Similarly, as cobalt concentrations in the growth medium increased, so did apigenin
concentrations; nevertheless, this disparity did not reach statistical significance. No notable variations
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were detected in the levels of pelargonidin chloride and acetyl glycitin with respect to the different
concentrations of cobalt. Luteolin was detected in all the treated plants, however completely lacking in
the control plant. Similarly, ferulic acid was detected only in the control plants and was absent in the
treated plants.

Molecular dynamics simulations of phytochemicals in R.
glutinosa

To examine the stability of the observed phytochemicals in R. glutinosa extracts, phytochemicals that
showed potent docking scores with binding affinities in molecular docking were used in a molecular
dynamic simulation for 100ns.

Luteolin as a phytochelatin synthase stimulant

MD simulations of luteolin with the phytochelatin synthase complex revealed that luteolin was more
stable throughout the simulation trajectory. It had a significant RMSD value of less than 2.4 A (Fig. 11a).
However, it deviated in some places, particularly at 3—5ns, 9-12ns and 25-30ns. However, it was stable in
the range of 30ns-100ns. On the other hand, the RMSF plot revealed that the residues SER 58, MET 59,
GLN 60, PHE 61, VAL 62, THR 63, ILE 76, ASN 80, TYR 92, TYR 95, VAL 97, GLN 100, ASP 101, LYS 138,
LYS 140, ASN 142, GLN 155, GLU158, ASN 159, ASN 165, ARG 204, PHE 236, SER 238, LYS 239, and THR
240 were the mobile regions in the loop regions of phytochelatin synthase (Fig. 11b and Table 5). Of
these, MET 59 was the most highly mobilized residue in Phytochelatin synthase, showing fluctuation up
to 1.18 A (Fig. 11b). The interaction fraction plot revealed that the majority of connections were formed
by hydrogen bonds. It also had three hydrophobic contacts and two ionic contact fractions, as shown
(Fig. 11c). The interaction plot MD simulation revealed that polar residues, such as ASN 142, THR 63,
GLN 155, and GLN 100, have the highest binding affinities to luteolin. Specifically, THR63 and GLN 100
had covalent interactions with binding percentages of 46% and 84%, respectively, and 70% and 30%,
respectively, while ASN 142 and ASN 155 showed binding percentages of 64% and 55%, respectively. In
addition, two interactions with binding percentages of 32% and 30% were observed for the charged
residue LYS 140 and the hydrophobic residue TYR 92, respectively (Fig. 11d). It is important to note that
luteolin exhibits 88% intramolecular interactions.

Phytochemicals as antioxidant agents under zinc and
cobalt stress conditions

Pelargonidin chloride and ascorbate

The protein-ligand complex was subjected to MD simulations after docking, with particular emphasis on
the ligand that had the highest docking scores and binding affinities with the target. The results of the
MD simulations involving the complex of ascorbate and pelargonidin chloride revealed that the RMSD
was remarkably stable. It was stable for the first 0—5 ns. After that, the RMSD deviated by more than 3.0
A for a duration of 5-65 ns (Fig. 12a). Furthermore, the RMSD was less than 3 A, indicating that it was
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stable in the range of 65 to 100ns. On the other hand, the RMSF plot revealed that the residues GLU 11,
LYS 18, PRO 34, ILE 35, LEU 37, ARG 38, TRP 41, HIS 42, ALA 70, PRO 132, ASP 133, ALA 134, HIS 163,
THR 164, LEU 165, ARG 167, CYS 168, ARG 172, SER 173, PHE 175, GLU 176, TRP 179, LEU 203, and LEU
205 were the mobile regions in the loop regions of ascorbate (Fig. 12b and Table 6). Of these, PRO 132
was the most highly mobilized residue in ascorbate, showing fluctuation up to 1.3 A (Fig. 12b). The
ligand-protein contact plot revealed two types of contacts, namely hydrophobic and hydrogen bonds, in
which hydrogen bond contacts were found to be the predominant contacts in this complex. The
interaction plot revealed three types of contacts (backbone, side chain, and m-it stacking) with the protein
residues, namely hydrophobic, charged, and polar residues (Fig. 12c). It is known that PRO 34, GLU 11,
PHE 175, PRO 132, and HIS 163 have the strongest binding affinities, with percentages of 66%, 88%, 30%,
31%, and 33%, respectively (Fig. 12d).

Ferulic acid and superoxide dismutase

The results of the MD simulations involving the complex of ascorbate and pelargonidin chloride revealed
that RMSD was remarkably stable in the range of 0 to 40ns. Later, it became unstable in the range 40—
100 ns (Fig. 13a). On the other hand, the RMSF plot revealed that the residues TYR 2, LEU 42, VAL 53,
GLU 54, LEU 56, ILE 57, LEU 60, LYS 67, HIS 78, ALA 79, SER 82, LEU 83, LYS 86, SER 148, MET 151, ARG
200, and LYS 205 were mobile regions in the loop regions of superoxide dismutase (Fig. 13b and

Table 7). Of these, LYS 67 was the most highly mobilized residue in superoxide dismutase, showing
fluctuation up to 1.45 A (Fig. 13b). The ligand-protein contact plot shows three types of contact: hydrogen
bonds, hydrophobic, and ionic contact (Fig. 13c). The interaction plot revealed hydrogen bond contacts
between the functional groups of ferulic acid and residues (polar, charged, and hydrophobic). The
interaction plot MD simulation revealed that residues, such as SER 148, ARG 200, and TYR 2, have strong
binding affinities with ferulic acid. Specifically, ARG 200 had covalent interactions with binding
percentages of 86% and 100%, respectively, and SER 148 and TYR 2 had strong binding affinities with
percentages of 90 and 91%, respectively (Fig. 13d).

Discussion
Effects of zinc and cobalt on plant growth

Plants require sufficient amounts of trace elements for normal metabolic functions (Andresen et al.,
2018). However, excess amounts of these elements in the soil can have deleterious effects and are toxic
to plant growth (Seregin and Kozhevnikova, 2006). Zn and Co have long been known as essential
elements in plants (Marreiro et al., 2014). These metals accumulate in the soil through several
anthropological activities, including sewage disposal and industrial waste. In addition to their beneficial
effects on plant life, certain elements have been found to have adverse consequences at elevated
concentrations. In the present study, considerable differences in all growth parameters were observed in
R. glutinosa exposed to different concentrations of Zn and Co. The improvement in average plant height,
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leaf count, and root length in response to reduced Zn concentrations indicated that lower Zn
concentrations are advantageous for the development and growth of R. glutinosa. However, R. glutinosa
growth parameters, including plant height, fresh weight, leaf count, node count, root length, and root
count, were significantly (P <0.05) perturbed by increased Zn concentrations of 1 ppm. In this study,
characteristics such as sluggish growth, growth retardation, and defoliation were common features of R.
glutinosa plants grown under high Zn concentrations (0.5-1.0 ppm). A reduction in the level of Zn within
the growth medium has been consistently shown to enhance growth parameters, including grain yield
and leaf cell membrane stability in rice (Tufail et al., 2018). Furthermore, higher concentrations of Zn can
replace the Mg cofactor in chlorophyll, thereby altering the composition of chlorophyll and limiting
photosynthesis and plant development (Hajihashemi et al., 2020). In this study, higher concentrations of
cobalt (1 ppm) had a more deleterious effect on the growth of R. glutinosa than zinc did. The major
symptoms of R. glutinosa under higher cobalt concentrations were stunted growth and necrosis, which
could be associated with cobalt toxicity due to its higher accumulation in R. glutinosa plants. Moreover, a
decrease in plant height under cobalt stress has been previously reported in Vigna mungo (L.)
(Jayakumar and Vijayarengan, 2006). This study corroborates the findings for Vigna radiata (Tewari et
al., 2220) and Solanum lycopersicum (Gopal et al., 2003; Chatterjee and Chatterjee, 2003). Excessive
amounts of heavy metals such as cobalt have the potential to hinder cellular division at the tips of roots
(Dovgaliuk et al., 2001), obstruct the growth of recently divided cells in the elongation zone of roots (Yuan
and Huang, 2016), and obstruct the transportation and absorption of nutrients, water, and minerals in
plants (Vijayarengan, 2004). These effects may contribute to the diminished fresh weight and stunted
height of the plants.

Effects of zinc and cobalt on photosynthetic pigments

According to Chen et al. (2007), a significant reduction in the quantity of photosynthetic pigments and
substantial harm to chloroplasts result from zinc deficiency in the growth medium. Higher concentrations
of Zn induce structural changes in the chloroplast membranes of tea through the action of ROS produced
by oxidative stress (Li et al., 2011). According to Roa and Shekhawat (2014), higher concentrations of
zinc may decrease the concentrations of thylakoids and grana in the chloroplasts. A higher concentration
of zinc (1 ppm) drastically decreased the levels of chlorophyll a, chlorophyll b, and carotenoids in these
plants compared to those in the control group and other treatments. Furthermore, approximately 40 and
80% inhibition of carotenoid content were observed in R. glutinosa treated with 0.5 and 1.0 ppm zinc,
respectively. Carotenoids can effectively neutralize peroxyl and singlet molecular oxygen ('0,) radicals. A
reduction in the carotenoid content of R. glutinosa increases the probability of ROS accumulation
(Candan and Tarhan, 2003). Consequently, an overabundance of zinc in an organism tends to diminish
its antioxidant capabilities. The major symptoms of R. glutinosa under high-zinc treatment were stunted
growth, sluggish growth, and disruption in growth parameters. These results suggest that higher
concentrations of Zn (>1 ppm) can cause phytotoxicity in R. glutinosa and reduce the levels of
photosynthetic pigments. Subba et al. (2014) observed a dramatic reduction in stomatal conduction,
transpiration, and photosynthetic rate in zinc-treated plants. According to them, an elevated level of Zn

Page 14/35



causes a decrease in the activity of RuBisCO and other enzymes, which probably inhibits the
photosynthetic rate of mandarin orange seedlings. In this investigation, as Co concentration increased,
chlorophyll a, chlorophyll b, and carotenoids in R. glutinosa were reduced. In addition, Abdul Jaleel et al.
(2009) found that an increase in cobalt concentration inhibited the assimilation of iron into
protoporphyrin molecules, which are precursors of chlorophyll. This results in the depletion of chlorophyll
compounds in the plants. Furthermore, excess cobalt inhibits the photosynthesis rate and chlorophyll
concentrations (Hermle et al., 2007), lowers RuBisCO activity (Ahmad and Ashraf, 2012), and deteriorates
the chloroplast structure (Seregin and Kozhevnikova 2006). Previous studies have reported a significant
reduction in the chlorophyll content of cobalt-treated S. lycopersicum (Gopal et al., 2003) and Spinacia
oleracea (Pandey et al., 2009). A significant decrease in photosynthetic pigments in R. glutinosa treated
with Co (0.1 ppm) indicated that a higher concentration of Co might inhibit plant photosynthesis and
decrease the biomass of R. glutinosa.

Lipid peroxidation

MDA concentrations in stressed plants often indicate lipid peroxidation (Smirnoff, 1993). In the present
study, MDA levels remained unaffected or decreased slightly at lower zinc concentrations. A decrease in
R. glutinosa MDA concentrations under lower concentrations of zinc stress could be associated with
increased antioxidant enzyme activity, thus reducing H,0, levels and cell membrane damage. MDA levels
increased at a zinc concentration of 1 ppm in the growth medium. Similar results were reported by
mulberry and tea (Mukhopadhyay et al., 2013), indicating that higher concentrations of Zn stimulate ROS
production and impose stress on R. glutinosa plants. Lower concentrations of Co (0.01 ppm) resulted in
increased MDA accumulation, indicating cell membrane disruption (Fig. 3). These findings corroborate
those of previous studies (Pandey et al., 2009) on spinach, tomato, wheat (Bakkaus et al., 2005), and
Camellia sinensis (Mukhopadhyay et al., 2013). A notable elevation in MDA concentration indicated that
it was related to a reduction in CAT and APX activity at higher concentrations of Zn and Co. This finding
also suggests that membrane peroxidation occurred as a consequence of CAT and APX enzyme
dysfunction, leading to cellular component degradation (Monk et al., 1989). There was a negative
correlation between chlorophyll a, chlorophyll b, and carotenoid concentrations and MDA accumulation in
the zinc- and cobalt-stressed plants. As indicated by the results, the accumulation of excessive ROS under
heavy metal stress led to an increase in MDA levels. In turn, increased antioxidant enzyme activity
decreased H,0, levels and membrane injury.

Effect of zinc and cobalt on antioxidative enzymes

Plants exhibit a defense mechanism against oxidative damage induced by ROS and heavy metal stress

through the upregulation of antioxidative enzyme activity and accumulation of antioxidant compounds

(Cho and Park, 2000). Plants generate antioxidant enzymes, including SOD, CAT, and APX, to scavenge

radicals produced by biotic and abiotic stresses and to combat oxidative stress (Jiang et al., 2009). Zn

exerts protective effects against ROS by modulating membrane permeability, safeguarding critical

membranes against oxidative stress (Jan et al., 2017), detoxifying H202, enhancing nutrient and water
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absorption in plants, and augmenting root diameter (Khoshgoftarmanesh and Kalbasi, 2002). Zn plays a
crucial role in plants by facilitating the catalysis of ;02 production using NADPH found in SOD, preserving
the equilibrium between ROS production and scavenging mechanisms, and safeguarding biomembranes
(Marschner, 1995). Higher concentrations of Zn in R. glutinosa safeguarded plant cells from oxidative
injury via increased APX and CAT activities, suggesting that APX and CAT play a significant role in
scavenging ROS in R. glutinosa. Our observations agree with those of an earlier study on Fagopyrum
esculentum (Lee et al., 2013), indicating that CAT participates in ROS decomposition. Moreover, CAT and
APX have been shown to be significant enzymes known as antioxidants that are crucial for the
scavenging of H,0, (Gill and Tuteja, 2010). These findings align with those of previous reports wherein
CAT, APX, and SOD levels were upregulated following treatment with zinc and cobalt (Sinha et al., 2012),
suggesting that R. glutinosa possesses an efficient ROS-scavenging mechanism to defend against
oxidative stress.

Total phenolic, flavonoid contents (TPC, TFC), targeted phenolics,
and antioxidant activity of plant extracts

At lower concentrations of Zn and Co, R. glutinosa demonstrated increased levels of TPC, TFC,
antioxidant activity, and phenolic compound content in this study. It has been reported that Salvia
officinalis exhibits an increase in TPC, TFC, and antioxidant activity in the presence of cobalt stress
(Torun, 2019). Moreover, the strong positive correlation between TPC and antioxidant activity suggests
that phenolic compounds possess an effective defence mechanism against cobalt stress in R. glutinosa.
Guardianship and Ludwigmiiller (2009) described flavonoids as heavy metal protectants because of their
capacity to withstand oxidative stress induced by heavy metals. The exposure of R. glutinosa to high
concentrations of Zn and Co resulted in low antioxidant activity, TPC, and TFC. The decrease in the
antioxidant potential of R. glutinosa leaves under higher concentrations of Zn and Co could be related to
a reduction in the concentrations of phytochemicals. In the present study, positive correlations were
identified between DPPH activity, TPC, and TFC. These finding suggested that the decrease in phenolic
compound levels due to higher concentrations of Zn and Co likely contributed to the reduction in
antioxidant enzyme activity. Many studies have demonstrated that phenolic compounds found in plants
mitigate the toxicity of heavy metals via a variety of mechanisms, including radical scavenging, chain
initiation prevention, decomposition of peroxides, chelation of transition metals, and reduction (Yildirnm et
al., 2001). A significant increase in phenolic compound concentrations after zinc treatment indicated their
active participation in metal tolerance. Phenolic compounds act as ROS scavengers by donating
electrons to peroxidase, which converts hydrogen peroxide into water (Sgherri et al., 2003). In addition,
phenolic compounds, such as p-coumaric and ferulic acids, are directly involved in the polymerization of
monolignols into lignin using H,0,, which increases ROS elimination and metal sequestration in the cell
wall (Barros et al., 2015).

Under zinc treatment, TPC and TFC were moderately and positively correlated with DPPH radical
scavenging activity (r=0.60 and r=0.75, respectively). LC-MS/MS was used to identify the phenolic
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compound composition of R. glutinosa treated with Zn and Co. Apigenin, p-coumaric acid, and luteolin
are the most abundant phenolic compounds in R. glutinosa. The levels of apigenin, luteolin, and p-
coumaric acid were positively correlated with DPPH scavenging activity (r=0.89, r=0.90, and r=0.80,
respectively), suggesting that these compounds could play a prominent role in the antioxidant activity of
R. glutinosa during zinc stress. Moreover, these compounds have been reported to exhibit antioxidant
activity and chelate transition metals (Adhikari et al., 2018). Increased antioxidant activity of apigenin
has been reported in Teuricum polium (Begum et al., 2012), Chrysanthemum morifolium (Hu et al., 1994),
parsley seeds (Papay and Antal, 2014), Alchornea coelophylla Pax & K. Hoffm (Martinez et al., 2016).
Apigenin scavenges ROS and prevents oxidative damage via various pathways, including MAPK-
mediated pathways, such as p38, JNK, and ERK1/2, and redox signaling pathways, such as NF-kB and
Nrf-2 (Perez-Leal et al., 2017). The 4-hydroxyl group in apigenin donates its hydrogen atom and electrons
to ROS (hydroxyl, peroxynitrite, and peroxyl) to stabilize them (Begum et al., 2012). Additionally, phenolic
compounds in R. glutinosa may inhibit the effects of zinc and cobalt stress through chelation reactions.
The association between metal ion and flavonoid complexes and the oxygen functional groups present in
flavonoid compounds has been documented (Bukhari et al., 2009). This finding implies that elevated
concentrations of phenolic compounds in R. glutinosa might facilitate intense chelation of zinc and
cobalt within its cell wall. As a result, higher levels of phenolic compounds in R. glutinosa inhibit ROS
formation and are essential for the development of heavy metal stress tolerance. ROS produced during
heavy metal stress disintegrates cellular structures. Toxic ions degenerate lipid membranes by releasing
alkyoxyl radicals that oxidize lipid membranes and degenerate the ultrastructure of cells. Caffeic acid
mitigates metal stress by inhibiting lipid peroxidation and damages cellular structures by scavenging
alkoxyl radicals (Michalak, 2006). A greater level of caffeic acid increases the synthesis of lignin in cell
walls, thus enhancing resistance to heavy metal injury, according to a previous study (Diaz et al., 2001).
Elavarthi and Martin (2010) reported that caffeic acid inhibits the function of oxidizing enzymes by
forming complexes with deleterious ions that catalyze oxygenation reactions.

Molecular dynamics simulations

Molecular dynamics (MD) simulations are useful computational techniques with which the stability of a
protein-ligand complex can be studied within a specified time. When plants face elevated levels of heavy
metal stress, various components such as metabolites, receptors, hormones, enzymes, and signaling
molecules engage in intricate interactions within the plant system. This response to heavy metal toxicity,
as outlined by Tong et al. (2020), operates across multiple scales. Molecular dynamics simulations are
instrumental in delving into the inner workings of plants, allowing for an in-depth study of their resistance
mechanisms against heavy metal ions. This simulation explored the dynamics at the levels of plant
chelates, proteins, and genes (Wu et al. 2023).

In a study by Pochodylo and Aristilde (2017), MD simulation results indicated that the phytochelatin

complex with Cu?* exhibited the highest stability. The analysis involved calculating the distances and
coordination numbers of the metal cations to specific atom pairs within the phytochelatin molecule,
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revealing that Cu?* coordinated with five oxygen atoms, all of which belonged to the carboxylate fraction.
In a subsequent study, Zothantluanga et al. (2023) demonstrated that the stability of protein-ligand
complexes can be assessed by examining various parameters derived from 100ns MD simulations.
These parameters included protein RMSD and ligand RMSD within the protein-ligand complex, protein
RMSF and ligand RMSF within the protein-ligand complex, protein-ligand contacts throughout the entire
simulation, and ligand properties, such as RMSD, rGyr, intramolecular hydrogen bonds, MolISA, SASA, and
PSA.

The roles of Zn and Co in nutrient uptake are poorly understood. Transcriptomic investigations and
molecular mechanisms involved in growth, biochemical parameters, and antioxidant parameters under
Zn and Co stress are needed in future studies. Moreover, the presence of excess sulfate and chloride
added in the form of zinc sulfate or cobalt chloride, respectively, was not assessed with respect to the
control treatment. Finally, more investigations are needed to elucidate the physiological changes and
alterations in gene expression in R. glutinosa exposed to zinc alone or in combination with cobalt at
various concentrations.

Conclusions and future perspectives

Contaminations of soil from Zn and Co is increasing due to higher demands in the modern society. Our
findings demonstrate that Zn and Co stress had a greater influence on plant growth, resulting in
physiological and biochemical changes in R. glutinosa. The application of lower concentrations of Zn
was more beneficial for the growth of R. glutinosa, enhancing its antioxidant properties, antioxidant
compound concentrations, and medicinal value. Our results illustrated that low doses of Zn (0.01-0.1
ppm) enhanced the concentration of phenolic compounds, which could be related to the increased
antioxidant activities by scavenging ROS and elevating photosynthetic pigments such as Chl a and Chl b.
Furthermore, low doses of Zn significantly increased CAT and APX enzyme activities in R. glutinosa.
Higher concentrations of zinc (greater than 0.5 ppm) are detrimental to the growth and accumulation of
antioxidant compounds. Lower concentrations of cobalt (0.01-0.1 ppm) negatively affected seedling
growth and inhibited phenolic compound production. Higher than 0.1 ppm Co in the growth medium
resulted in the death of R. glutinosa seedlings. Increased levels of phenolic compounds, such as apigenin,
p-coumaric acid, and luteolin in zinc- and cobalt-treated R. glutinosa suggest that these phytochemicals
are involved in the elimination of ROS during the growth of R. glutinosa under heavy metal stress. These
results may be valuable for the growth, selection, and breeding of R. glutinosa plants. However, additional
research is necessary to assess the specific relationships between metal stress and antioxidant enzymes
and compounds, and the mechanisms involved. A comprehensive exploration of the phytochemicals
present in R. glutinosa extracts was performed, focusing on those that demonstrated robust binding
affinities and impressive docking scores. A meticulous 100-ns molecular dynamic simulation was
performed to further elucidate their potential therapeutic significance. This simulation aimed to probe the
stability of the identified phytochemicals, offering valuable insights into their behavior under dynamic
conditions.

Page 18/35



Declarations

Conflicts of Interest:

The authors declare no conflict of interest.

Funding:

The authors express their sincere appreciation to the Researchers Supporting Project Number
(RSP2023R70), King Saud University, Riyadh, Saudi Arabia.

Author Contributions:

Bimal Kumar Ghimire and Seo Jiwon contributed by doing the experiment and writing the manuscript;
Chang Yeon Yu supervised the experiment; Prabhu Srinivasan contributed molecular dynamics study;
Naiyf S. Alharbi, Shine Kadaikunnan and Seung Hyun Kim contributed by analyzing data and editing the
revised manuscript.

Acknowledgments:

This work was supported by funding from the KU research professor program.

Data Availability Statement:

Data will be made available on request.

References

1. Abdul Jaleel C, Jayakumar K, Zhao CX, Azooz MM (2009) Antioxidant potentials protect Vigna
radiata (L.) Wilczek plants from soil cobalt stress and improve growth and pigment composition.
Plant Omics J 2(3):120-126

2. Adhikari B, Dhungana SK, Ali MW, Adhikari A, Kim ID, Shin DH (2018) Antioxidant activities,
polyphenol, flavonoid, and amino acid contents in peanut shell. J Saudi Soc Agric Sci 18:437-442

3. Aebi H (1984) Catalase in vitro. Method Enzymol 105:121-126

4. Ahmad MSA, Ashraf M (2012) Essential roles and hazardous effects of nickel in plants. Rev Environ
Contam Toxicol 214:125-167

5. Akladious SA, Mohamed HI (2017) Physiological role of exogenous nitric oxide in improving
performance, yield and some biochemical aspects of sunflower plant under zinc stress. Acta Biol

Page 19/35



Hung 68(1):101-114

6. Andresen E, Peiter E, Kiipper H (2018) Trace metal metabolism in plants. J Exp Bot 69(5):909-954

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Angelé-Martinez C, Murray J, Stewart PA, Haines J, Gaertner AAE, Brumaghim JL (2023) Cobalt-

mediated oxidative DNA damage and its prevention by polyphenol antioxidants. J Inorg Biochem
238:112024

. Bajji M, Kinet JM, Lutts S (2002) The use of the electrolyte leakage method for assessing cell

membrane stability as a water stress tolerance test in durum wheat. Plant Growth Regul 36(1):61-70

. Bakkaus E, Gouget B, Gallien JR, Khodja H, Carrot H, Morel JL, Collins R (2005) Concentration and

distribution of cobalt in higher plants: the use of micro-PIXE spectroscopy. Nucl Instrum Methods
Phys Res B 231:350-356

Barros J, Serk H, Granlund |, Pesquet E (2015) The cell biology of lignification in higher plants. Ann
Bot 115:1053-1074

Begum N, Prasad NR, Kanimozhi G, Hasan AQ (2012) Apigenin ameliorates gamma radiation-
induced cytogenetic alterations in cultured human blood lymphocytes. Mutat Res 74:71-76

Briffa J, Sinagra E, Blundell R (2020) Heavy metal pollution in the environment and their toxicological
effects on humans. Heliyon 6(9), e04691

Bukhari SB, Memon S, Mahroof-Tahir M, Bhanger MI (2009) Synthesis, characterization and
antioxidant activity copper-quercetin complex. Spectrochim Acta Part A Mol Biom Spectrosc
71:1901-1906

Candan N, Tarhan L (2003) Changes in chlorophyll-carotenoid contents, antioxidant enzyme
activities and lipid peroxidation levels in Zn stressed Mentha pulegium. Turk J Chem 27:21-30
Chatterjee J, Chatterjee C (2003) Management of phytotoxicity of cobalt in tomato by chemical
measures. Plant Sci 164:793-801

Chen W, Yang X, He Z, Feng Y, Hu F (2007) Differential changes in photosynthetic capacity, 77 K
chlorophyll fluorescence and chloroplast ultrastructure between Zn-efficient and Zn-inefficient rice
genotypes (Oryza sativa) under low zinc stress. Physiol Plant. 2008 132(1), 89-101

Cho UH, Park JO (2000) Mercury- induced oxidative stress in tomato seedlings. Plant Sci 156:1-9

Diaz J, Bernal A, Pomar F, Merino F (2001) Induction of shikimate dehydrogenase and peroxidase in
pepper (Capsicum annuum L.) seedlings in response to copper stress and its relation to lignification.
Plant Sci 161:179-188

Dovgaliuk A, Kaliniak TB, Blium L (2001) Assessment of phyto- and cytotoxic effects of heavy
metals and aluminum compounds using onion apical root meristem. Tsitol Genet 35:3-9

Elavarthi S, Martin B (2010) Spectrophotometric assays for antioxidant enzymes in plants. In: Sunkar
R (ed) Plant Stress Tolerance. Methods in Molecular Biology, vol 639. Humana Press, pp 273-280
Fan Y, Jiang T, Chun Z, Wang G, Yang K, Tan X, Zhao J, Pu S, Luo A (2021) Zinc affects the
physiology and medicinal components of Dendrobium nobile Lindl. Plant Physiol Biochem 162:656—
666

Page 20/35



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ghimire BK, Seong ES, Yu CY, Kim SH, Chung IM (2017) Evaluation of phenolic compounds and
antimicrobial activities in transgenic Codonopsis lanceolata plants via overexpression of the y-
tocopherol methyltransferase (y-tmt) gene. South Afr. J Bot 109:25-33

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress
tolerance in crop plants. Plant Physiol Biochem 48:909-930

Goncharuk EA, Zagoskina NV (2023) Heavy metals, their phytotoxicity, and the role of phenolic
antioxidants in plant stress responses with focus on cadmium: Review. Molecules 28(9):3921
Gopal R, Dube BK, Sinha P, Chatterjee C (2003) Cobalt toxicity effects on growth and metabolism of
tomato. Commun Soil Sci Plant Anal 34:619-628

Gopal R, Dube BK, Sinha P, Chatterjee C (2003) Cobalt toxicity effects on growth and metabolism of
tomato. Commun Soil Sci Plan 34:619-628

Hajihashemi S, Mbarki S, Skalicky M, Noedoost F, Raeisi M, Brestic M (2020) Effect of wastewater
irrigation on photosynthesis, growth, and anatomical features of two wheat cultivars (Triticum
aestivumL). Water 12:607

Hasanuzzaman M, Bhuyan MHMB, Parvin K, Bhuiyan TF, Anee TI, Nahar K, Hossen MS, Zulfigar F,
Alam MM, Fujita M (2020) Regulation of ROS metabolism in plants under environmental stress: A
review of recent experimental evidence. Int J Mol Sci 21(22):8695

Hasanuzzaman M, Bhuyan MHMB, Zulfiqar F, Raza A, Mohsin SM, Mahmud JA, Fujita M, Fotopoulos
V (2020) Reactive oxygen species and antioxidant defense in plants under abiotic stress: Revisiting
the crucial role of a universal defense regulator. Antioxidants 9(8):681

Heath RL, Packer L (1968) Photoperoxidation in isolated chloroplasts. I. Kinetics and stoichiometry
of fatty acid peroxidation. Arch Biochem Biophy 125:189-198

Hermle S, Vollenweider P, Glinthardt-Goerg MS, Mcquattie CJ, Matyssek R (2007) Leaf
responsiveness of Populus tremula and Salix viminalis to soil contaminated with heavy metals and
acidic rainwater. Tree Physiol 27:1517-1531

Hu CQ, Chen K, Shi Q, Kilkuskie RE, Cheng YC, Lee KH (1994) Anti-AIDS agents, 10. Acacetin-7-O-beta-
D-galactopyranoside, an anti-HIV principle from Chrysanthemum morifolium and a structure-activity
correlation with some related flavonoids. J Nat Prod 57(1):42-51

Hu X, Wei X, Ling J, Chen J (2021) Cobalt: An essential micronutrient for plant growth? Front. Plant
Sci 12:768523

Huang Z, Gong J, Lin W, Feng Z, Ma Y, Tu Y, Cai X, Liu J, Lv C, Lv X, Wu Q, Lu W, Zhao J, Ying Y, Li S,
Ni W, Chen H (2022) Catalpol as a component of Rehmannia glutinosa protects spinal cord injury by
inhibiting endoplasmic reticulum stress-mediated neuronal apoptosis. Front Pharmacol 13:860757

Jan AU, Hadi F, Nawaz MA, Rahman K (2017) Potassium and zinc increase tolerance to salt stress in
wheat (Triticum aestivum L). Plant Physiol Biochem 116:139-149

Jayakumar K, Jaleel CA (2009) Uptake and accumulation of cobalt in plants: a study based on
exogenous cobalt in soybean. Bot Res Intl 2:310-314

Page 21/35



37.

38

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
o1.

52.

Jayakumar K, Jaleel CA, Azooz MM (2008) Phytochemical changes in green gram (Vigna radiata)
under cobalt stress. Global J Mol Sci 3(2):46-49

. Jayakumar K, Jaleel CA, Vijayarengan P (2007) Changes in growth, biochemical constituents, and

antioxidant potentials in radish (Raphanus sativus L.) under cobalt stress. Turkish J Biol 31(3):127-
136

Jayakumar K, Rajesh M, Baskaran L, Vijayarengan P (2013) Changes in nutritional metabolism of
tomato (Lycopersicon esculantum Mill.) plants exposed to increasing concentration of cobalt
chloride. Int J Food Nut Saf 4(2):62-69

Jayakumar K, Vijayarengan P (2006) Alterations in the carbohydrate metabolism of Vigna mungo
(L.) Hepper as affected by cobalt stress. Ind J Env Ecoplan 3:18-21

Jiang W, Yang L, He Y, Zhang H, Li W, Chen H, Ma D, Yin J (2019) Genome-wide identification and
transcriptional expression analysis of superoxide dismutase (SOD) family in wheat ( Triticum
aestivum). Peer J 7:€8062

Keilig K, Ludwigmiiller J (2009) Effect of flavonoids on heavy metal tolerance in Arabidopsis
thaliana seedlings. Bot Stud 50:311-318

Khoshgoftarmanesh AH, Kalbasi M (2002) Effect of municipal waste leachate on soil properties and
growth and yield of rice. Commu Soil Sci Plant Anal 13(13-14):2011-2020

Lee S,Kim S, Kim S, Lee | (2013) Assessment of phytotoxicity of ZnO NPs on a medicinal plant,
Fagopyrum esculentum. Environ Sci Pollut Res 20(2):848-885

Lee SY, Kim JS, Choi RJ, Kim YS, Lee JH, Kang SS (2011) A new polyoxygenated triterpene and two
new aeginetic acid quinovosides from the roots of Rehmannia glutinosa. Chem Pharm Bull 59:742-
746

Li C, Zheng Y, Zhou J, Xu J, Ni D (2011) Changes of leaf antioxidant system, photosynthesis and
ultrastructure in tea plant under the stress of fluorine. Biol Plant 55:563-566

Lichtenthaler HK, Wellburn AR (1985) Determination of total carotenoids and chlorophylls A and B of
leaf in different solvents. Biochem Soc Trans 11:591-592

Lim DK, Lee SH, Kwon S|, Seong KS, Lee JT, Song BH (2006) Study of trace element and PAHs
distribution for extensive regulation establishment in raw material of compost on organic resource.
Korean J Soil Sci Fertilizer 39(6):339-344

Marreiro DDN, Cruz KJC, Morais JBS, Beserra JB, Severo JS, De Oliveira ARS (2017) Zinc and
oxidative stress: current mechanisms. Antioxidants 6(2):24

Marschner H (1995) Mineral Nutrition of Higher Plants. 2nd Edition. Academic Press Inc., London

Martinez CA, Mosquera OM, Nifio J (2016) Apigenin glycoside: an antioxidant isolated from
Alchornea coelophylla pax & k. Hoffm. (euphorbiaceae) leaf extract. Universitas Scientiarum
21(3):245-257

Michalak A (2006) Phenolic compounds and their antioxidant activity in plants growing under heavy
metal stress. Pol J Environ Stud 15:523

Page 22/35



53.

54.

59.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67/.

Mitra S, Chakraborty AJ, Tareq AM, Emran TB, Nainu F, Khusro A, Idris AM, Khandaker MU, Osman H,
Alhumaydhi FA (2022) Impact of heavy metals on the environment and human health: novel
therapeutic insights to counter the toxicity. J King Saud Univ Sci 101865

Monk LS, Fagerstedt KV, Crawford RMM (1989) Oxygen toxicity and superoxide dismutase as an
antioxidant in physiological stress. Physiol Plant 76:456—-459

Mukhopadhyay M, Das A, Subba P, Bantawa P, Sarkar B, Ghosh P Mondal TK (2013) Structural,
physiological, and biochemical profiling of tea plants under zinc stress. Biol Plant 57(3):474-480
Munir N, Jahangeer M, Bouyahya A, El Omari N, Ghchime R, Balahbib A, Aboulaghras S, Mahmood Z,
Akram M, Shah A, Rebezov SM, Venkidasamy M, Thiruvengadam B, Shariati M, M.A (2022) Heavy
metal contamination of natural foods is a serious health issue: A review. Sustainability 14(1):161
Muszynska E, Labudda M, Kamiriska I, Gérecka M, Bederska-Btaszczyk M (2019) Evaluation of
heavy metal-induced responses in Silene vulgaris ecotypes. Protoplasma 256(5):1279-1297
Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by ascorbate-specific peroxidase in
spinach chloroplasts. Plant Cell Physiol 22:867—-880

Pandey N, Pathak GC, Pandey DK, Pandey R (2009) Heavy metals, Co, Ni, Cu, Zn and Cd, produced
oxidative damage and evoke differential antioxidative responses in spinach. Braz J Plant Physiol
21:103-111

Papay ZE, Antal | (2014) Study on the antioxidant activity during the formulation of biological active
ingredient. Euro Sci J 3:252-257

Perez-Leal O, Barrero CA, Merali S (2017) Pharmacological stimulation of nuclear factor (erythroid-
derived 2)-like 2 translation activates antioxidant responses. J Biol Chem 292(34):14108-14121
Pochodylo AL, Aristilde L (2017) Molecular dynamics of stability and structures in phytochelatin
complexes with Zn, Cu, Fe, Mg, and Ca: Implications for metal detoxification. Environ Chem Lett
15:495-500

Rajput VD, Harish, Singh RK, Verma KK, Sharma L, Quiroz-Figueroa FR, Meena M, Gour VS, Minkina T,
Sushkova S, Mandzhieva S (2021) Recent developments in enzymatic antioxidant defence
mechanism in plants with special reference to abiotic stress. Biology 10(4):267

Rao S, Shekhawat GS (2014) Toxicity of ZnO engineered nanoparticles and evaluation of their effect
in growth, metabolism and tissue specific accumulation in Brassica juncea. J Environ Chem Eng
2:105-114

Rashid A, Schutte BJ, Ulery A, Deyholos MK, Sanogo S, Lehnhoff EA, Beck L (2023) Heavy metal
contamination in agricultural soil: Environmental pollutants affecting crop health. Agronomy
13(6):1521

Sachdev S, Ansari SA, Ansari M|, Fujita M, Hasanuzzaman M (2021) Abiotic stress and reactive
oxygen species: Generation, signaling, and defense mechanisms. Antioxidants 10(2):277

Seregin IV, Kozhevnikova AD (2006) Physiological role of nickel and its toxic effects on higher plants.
Russ J Plant Physiol 53:257-277

Page 23/35



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81

82.

83.

Seregin IV, Kozhevnikova AD (2006) Physiological role of nickel and its toxic effects on higher plants.
Russ J Plant Physiol 53:257-277

Sgherri C, Cosi E, Navari-lzzo F (2003) Phenols and antioxidative status of Raphanus sativus grown
in copper excess. Physiol Plant 118:21-28

Singleton VL, Rossi JA (1965) Colorimetry of total phenolics with phosphomolybdic-phosphotungstic
acid reagents. Am J Enol Vitic 16:144-158

Sinha P, Khurana N, Nautiyal N (2012) Induction of oxidative stress and antioxidant enzymes by
excess cobalt in mustard. J Plant Nut 35:952-960

Smirnoff N (1993) The role of active oxygen in the responses of plants to water deficit and
desiccation. New Phytol 125:27-58

Sridhar A, Khader PA, Ramasamy T (2020) Assessment of cobalt accumulation effect on growth and
antioxidant responses in aquatic macrophyte Hydrilla verticillata (L.f). Royle Biol 75:2001-2008

Stohs SJ, Bagchi D (1995) Oxidative mechanisms in the toxicity of metal-ions. Free Rad Biol Med
18:321-336

Subba P Mukhopadhyay M, Mahato SK, Bhutia KD, Mondal TK, Ghosh SK (2014) Zinc stress induces
physiological, ultra-structural and biochemical changes in mandarin orange (Citrus reticulata Blanco)
seedlings. Physiol Mol Biol Plants 20(4):461-473

Tewari RK, Kumar P, Sharma PN, Bisht SS (2002) Modulation of oxidative stress responsive enzymes
by excess cobalt. Plant Sci 162:381-388

Thiruvengadam M, Chung IM (2015) Selenium, putrescine, and cadmium influence health-promoting
phytochemicals and molecular-level effects on turnip (Brassica rapa ssp. rapa). Food Chem
173:185-193

Thiruvengadam M, Praveen N, John M, Yang KM, Kim YS, Chung SH, |.M (2014) Establishment of
Momordica charantia hairy root cultures for the production of phenolic compounds and
determination of their biological activities. Plant Cell Tissue Org Cult 118:545-557

Tong H, Madison |, Long TA, Williams CM (2020) Computational solutions for modeling and
controlling plant response to abiotic stresses: a review with focus on iron deficiency. Curr Opin Plant
Biol 57:8-15

Torun H (2019) Cobalt + salt-stressed Salvia officinalis: ROS scavenging capacity and antioxidant
potency. Int J Secondary Metabol 6(1):49-61

. Tufail A, Li H, Naeem A, Li TX (2018) Leaf cell membrane stability-based mechanisms of zinc

nutrition in mitigating salinity stress in rice. Plant Biol 20(2):338-345

Vijayarengan P (2004) Growth, nodulation and dry matter yield of blackgram cultivars under nickel
stress. J Env Sci Eng 46:151-158

Wang LQ, Wang CQ, Gao X, Xu N, Lin L, Zhao HJ, Jia SH, Jia L (2015) Purification, characterization
and anti-aging capacity of mycelia zinc polysaccharide by Lentinus edodes SD-08. BMC Compl
Alternat Med 15(1):111-131

Page 24/35



84. Wang Y, Liao D, Qin M, Li X (2016) Simultaneous determination of catalpol, aucubin, and geniposidic
acid in different developmental stages of Rehmannia glutinosa leaves by high performance liquid
chromatography. J. Anal. Methods Chem. 2016, 4956589

85.Wu J,Gao T, Guo H, Zhao L, Lv S, Lv J, Yao R, Yu Y, Ma F (2023) Application of molecular dynamics
simulation for exploring the roles of plant biomolecules in promoting environmental health. Sci Total
Environ 869:161871

86. Yildinm A, Mavi A, Kara AA (2001) Determination of antioxidant and antimicrobial activities of
Rumex crispus L. extracts. J Agric Food Chem 49:4083-4089

87. Yuan HM, Huang X (2016) Inhibition of root meristem growth by cadmium involves nitric oxide-
mediated repression of auxin accumulation and signalling in Arabidopsis. Plant Cell Environ
39:120-135

88. Yun SW, Kang DH, Ji WH, Jung MH, Yu C (2020) Distinct dispersion of As, Cd, Pb, and Zn in farmland
soils near abandoned mine tailings: Field observation results in South Korea. J. Chemistry 2020, 1-
13

89. Zhang RX, Li MX, Jia ZP (2008) Rehmannia glutinosa: review of botany, chemistry and
pharmacology. J Ethnopharmacol 117(2):199-214

90. Zothantluanga JH, Umar AK, Aswin K, Rajkhowa S, Chetia D (2023) Revelation of potential drug
targets of luteolin in Plasmodium falciparum through multi-target molecular dynamics simulation
studies. J Biomol Struct Dyn. 1-17

Figures

Figure 1

Effect of zinc on growth of R. glutinosa. (A) Formation of leaves, shoots, and roots in the control plants.
(B) Induction of leaves, shoots, and roots treated with 0.01 ppm of ZnS0,, (C) 0.1 ppm of ZnSQ,, (D) 0.5

ppm of ZnSO,, and (E) 1 ppm of ZnS0O, for six weeks.
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Fig. 2. Effect of zinc on fresh weight, plant height, root length, leaf, node, and root numbers in R.

glutinosa.
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Effect of cobalt on fresh weight, plant height, root length, leaf, node, and root numbers in R. glutinosa.

Figure 4

Effect of cobalt on growth of R. glutinosa. (A) Formation of leaves, shoots, and roots in the control plants.
(B) Induction of leaves, shoots, and roots treated with 0.01 ppm of CoSQy,, (C) 0.1 ppm of CoSO,, (D) 0.5
ppm of CoSO,, and (E) 1 ppm of CoSO, for six weeks.
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Figure 7

Effect of (A) zinc and (B) cobalt on the malondialdehyde (MDA) concentration of R. glutinosa. Data are
presented as the mean + standard deviation (n=3). Means with different letters show significant
differences at P<0.05.

Page 29/35



(A)

1.78
1.77 a
176 | ¢
1.75
1.74
1.73
1.72 T
1.71

1.7
1.69
1.68

o
-

(+80N) IvD 30 A1anoy

Control 0.01 ppmO0.1 ppm 0.5ppm 1 ppm

(B)

1.8

16 cEE

1.4
1.2

0.8
0.6
0.4

21n i [

Control 0.01ppm 0.1ppm 05ppm 1ppm

(1-31) XdV Jo Aanoy

Figure 8

Effect of zinc (A) CAT and (B) APX activity of R. glutinosa. Data are presented as the mean + standard
deviation (n=3). Means with different letters show significant differences at P<0.05.
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Effect of cobalt (A) CAT and (B) APX activity of R. glutinosa. Data are presented as the mean + standard
deviation (n=3). Means with different letters show significant differences at P<0.05.
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Effect of (A) zinc, (B) cobalt on electrolyte leakage of R. glutinosa. Data are represented as means +
standard deviation (n=3). Means with different letters show significant differences at P<0.05.
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Figure 11

Molecular dynamics simulation of the complex luteolin and phytochelatine synthase: a. Root Mean
Square Deviation (RMSD), b. Root Mean Square Fluctuation (RMSF), ¢). Protein-Ligand Contacts, d).
Interaction plot with binding affinity percentage.
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Figure 12

Molecular dynamics simulation of the complex Pelargonidin chloride and Ascorbate: a. Root Mean

Square Deviation (RMSD), b. Root Mean Square Fluctuation (RMSF), c). Protein-Ligand Contacts, d).
Interaction plot with binding affinity percentage.
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Figure 13
Molecular dynamics simulation of the complex Ferulic acid and superoxide dismutase: a. Root Mean

Square Deviation (RMSD), b. Root Mean Square Fluctuation (RMSF), ¢). Protein-Ligand Contacts, d).
Interaction plot with binding affinity percentage.
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