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Abstract

A major global concern for food security and human health is the indiscriminate discharge and consequent
accumulation of heavy metals from various anthropogenic sources into the environment. Chromium (Cr) is one
of the most common toxic effluents that pollute agricultural soil. Chromium intake affects plant metabolism,
photosynthetic activity, growth, and productivity. In the present study, triacontanol (TRI) was exogenously sup-
plied via seed priming and foliar spraying (10 ppm and 20 ppm) to alleviate Cr (60 mg/kg) stress in Raphanus
sativus L. (radish). Chromium reduced shoot length by 65.21%, roots length by 66.28%, gas exchange attributes
by 36.23%, mineral content by 52.55%, and phenol content by 11.11%, but the ascorbic acid content increased by
43.23%. Moreover, 2,2-diphenyl-1-picrylhydrazyl (DPPH) activity increased by 26.34%, which reduced the degree
of oxidative damage caused by Cr. Additionally, elevated nutritional contents (Zn*?, Mg*?, K*, and Na*), total pho-
tosynthetic pigments (34.42%) and proline contents were correlated with relatively higher levels of ascorbic acid.
Interestingly, exogenous TRI administration reduced the oxidative damage caused by Cr. In general, our findings
demonstrated that seed priming and foliar supplementation with TRI improved R. sativus plant’s tolerance to Cr
by reducing its accumulation and restoring oxidative equilibrium.

Keywords: nutrients content; plant growth; Raphanus sativus

Introduction conserving natural resources for future generations.

Agriculture’s primary responsibility is to feed a grow-
Agriculture has a strong relation with the environment ing population while lowering environmental stressors
and its primary responsibility is to feed a growing pop- and conserving natural resources for future generations.
ulation while lowering environmental stressors and (Vasylieva, 2018). The presence of metal pollution
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damages vegetation (Dar et al., 2019). Heavy metals are
introduced into agricultural soil by a variety of natural
and human-made processes, including volcano erup-
tions, tanning and plating processes, and smoke from
industries (Abbassi et al., 2024; Akram et al, 2023;
Naveed et al, 2023; Shahid et al.,, 2017; Zameer et al.,
2023). Chromium (Cr) at high levels causes changes
in plant’s ultrastructure. In addition to increasing the
level of melanium and electrolyte leakage in plants, it
causes oxidative stress. Additionally, it is responsible
for altering the antioxidant activity of several enzymes,
including catalase, ascorbate peroxidase (APX), super-
oxide dismutase (SOD), and peroxidase (Naveed et al.,
2024; Zaheer et al., 2020). Hexavalent chromium (Cr VI)
is only transported from the roots to ariel cells, and most
plants predominantly retain it in the roots (Da Conceicao
Gomes et al., 2017).

The biological activity of Cr VI causes irregular root
expansion and growth in plants. Nutrition and organo-
genesis are affected by Cr toxicity (Wakeel et al., 2019).
The growth of crops in soils that contain heavy metals
results in the deposition of toxic metals in plants, which
are dangerous to both humans and animals. The number
of heavy metals that accumulate in plants depends on
their species and how well they absorb the metals. It is
evaluated via bioaccumulation or the soil-to-plant trans-
fer factor. The ability of roots to bioaccumulate serves as
a protective mechanism, shielding the shoot from heavy
metals that could interfere with photosynthetic processes
(Shehata and Galal, 2020). The ability to tolerate abiotic
stress is increased by phytohormones and plant growth
regulators (PGRs), which also control several physical
and biological functions. The ability of a plant to with-
stand abiotic stress increases when a PGR is applied
externally (Soliman and Shanan, 2017). Plant hormones
are a subset of messenger molecules that are involved in
the development, biochemistry, anatomy, and photosyn-
thesis of agricultural plants. Although the functions of
auxin, gibberellin, cytokinins, jasmonates, nitric oxide,
ethylene, abscisic acid, and salicylic acid are well under-
stood, their mode of application varies according to the
stress situation (Fariduddin et al., 2019).

Plant phytohormones are used by plants to regulate their
development and growth. By promoting plant develop-
ment, growth, and the transition from source to sink,
phytohormones help plants cope with environmental
abiotic stress (Ahmad et al., 2020). Triacontanol (TRI),
which occurs naturally in several species of plants, is a
component of epicuticular waxes (Digruber et al. 2018).
Because Cr is not a necessary element, it is instead
absorbed beside other substances, such as sulfates, via
a sulfate transporter. Chromium limits the intake of
water and minerals that are necessary for the growth of
plants. It can also alter photosynthesis and respiration
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(Muszynska and Labudda, 2019). Numerous plant spe-
cies turn extinct due to of Cr toxicity (Rosa et al., 2017).
Crop productivity is also negatively affected by the unfa-
vorable effects of Cr on photosynthesis (Hussain et al.,
2018).

The Green Revolution was implemented in 1960 to
increase crop productivity through the use of fertilizers
and pesticides (Pereira et al., 2019). The primary alcohol
TRI was first discovered in alfalfa plants. Currently, it is
believed that a novel PGR affects numerous physiochemi-
cal processes found in crop plants. Triacontanol enhances
agricultural metabolic processes, such as the develop-
ment of plants, stomatal conductivity process of photo-
synthesis, transpiration, intake of water and nutrients,
and other processes related to metabolism (Krishnan and
Kumari, 2008). Triacontanol is used to evaluate many
forms of stress caused by abiotic factors, such as cold-
ness, dryness, salinity, and stress caused by heavy metals.
By the exogenous application of TRI in plants, it reduces
harmful effects by increasing the biomass of plants,
exchange of gas parameters, amount of chlorophyll, min-
eral nutrient uptake, and enzymatic and non-enzymatic
antioxidant defense systems. Furthermore, TRI improves
water use efficiency, rate of transpiration, nutrient and
water intake, biomass, and rate of photosynthetic activ-
ity. It also maintains the level of internal carbon dioxide
(Digruber et al., 2018). Triacontanol is used as a seed
preparation and foliar spray to alleviate the negative
effects of Cr stress in R. sativus. Under 1.5-mM Cd stress,
a 20-mL foliar spray of TRI alleviated oxidative damage
in canola plants (Karam et al. 2017). Chromium toxicity
negatively affects the concentration and compartmental-
ization of different nutrients in plants. The chlorophyll
concentration is decreased by up to 53% after 60 days
of exposure to Cr. In all grape vines, Cr toxicity reduces
carbon dioxide assimilation, stem water potential, and
stomatal conductance because at this stage, Cr increases
total phenolic concentration in the plant, as reported
by Nikolaou et al. (2022). Therefore, various phytopro-
tectants are used to decrease the effects of Cr stress on
the development of plants.

An economically valuable root vegetable belonging to
the Brassicaceae family is Raphanus sativus L. The eco-
nomic value of this crop has led to its global cultivation.
Raphanus sativus vegetables are consumed as a food due
to nutritional value such as fiber, minerals, carbohydrates,
and other organic nutrients (Park et al., 2016). The photo-
chemical composition of radish is responsible for several
of its characteristics. The molecule called isothiocynates
is present in radish and is responsible for its characteris-
tic flavor and strong aroma (Nishio, 2017). Although the
root of radish is the only edible portion, eating leaves and
sprouts is also popular (Manivannan ef al., 2019). Radish
can be preserved or used as a pickle (Nishio, 2017).
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According to the the European Prospective Investigation
into Cancer and Nutrition study (EPIC cohort) in Europe,
radish consumption makes up to 6% of all vegetables
belonging to the Brassicaceae family, ranking fifth behind
broccoli, cauliflower, white cabbage, and regular cabbage
(International Agency for Research on Cancer [IARC],
2004).

Approximately 100 studies have revealed the beneficial
effects of phytoprotectants on increasing the growth of
plants. Phytoprotectants are used to alleviate the delir-
ious effects of heavy metal stress on crops. However,
few studies have used TRI to relieve Cr stress in plants.
In this study, an experiment was designed to determine
the effect of TRI on R. sativus under Cr stress. The main
purpose of this study was to determine the deleterious
effects of Cr on photosynthetic pigments, and contents
of chlorophyll, minerals, proteins, proline, and phenol.
Numerous studies have detailed the impact of various
phytohormones on diverse crop species. On the other
hand, little is known about TRI-assisted seed priming.
This study aimed to determine the beneficial effects of
TRI on the growth of R. sativus under Cr stress.

Materials and Methods
Seed priming and growth conditions

Seeds of R. sativus L. were acquired from the Roshan
Seed Center, Lahore, Pakistan. The seeds were free of
bacterial and fungal infections. R. sativus seeds were
sterilized by immersing in sodium hypochlorite solu-
tion for a few minutes. Sigma-Aldrich (Saint Louis, MO,
USA) provided TRI. Stock mixture comprising 1-mM
stock solution combined with 219.4 mg of the compound
in 500 mL of distilled water was used to make two con-
centrations of TRI (10 ppm and 20 ppm). Some seeds
were immersed in the TRI solution and others were
soaked in water for water assimilation. The experiment
was conducted in the botanical garden of the Quaid-e-
Azam University of Punjab, Lahore Campus, Pakistan.
The experiment was conducted in the botanical garden of
the Quaid-e-Azam University of Punjab, Lahore Campus,
Pakistan from 1 November, 2022 to 15 February, 2023.
Exogenous Cr was mixed in the soil and placed in clay
pots for 15 days before seeding. Each pot contained 8
kg of soil. As a source of Cr VI, potassium dichromate
(K,Cr,0.) was used. The control comprised Cr-free soil.
This was followed by washing the soaked seeds with dis-
tilled water and drying them at 25°C for 1 h. In each pot,
seven TRI-primed seeds and seven control seeds were
sown evenly. A foliar spray of 10-ppm and 20-ppm TRI
was also sprayed on certain pots. The experimental work
consisted of a total of 14 treatments: control, Cr, TRI-1
SP, TRI-2 SP, TRI-1 FS, TRI-2 FS, TRI-1 SP+FS, TRI-2

SP+ES, TRI-1 SP+Cr, TRI-2 SP+Cr, TRI-1+FS+Cr, TRI-
2+FS+Cr, TRI-1 SP+FS+Cr, and TRI-2 SP+FS+Cr. There
were four repetitions of each treatment.

Evaluation of morphological parameters

The R. sativus crop was managed via a local crop man-
agement technique. Plants in the experimental work were
harvested after 105 days. To measure the length of the
roots and shoots, the roots and shoots were separated
by washing to remove dirt. The fresh and dry weight of
the roots was assessed. The roots were oven-dried at
72°C for 2 days, after which the dry weights of the roots
and shoots were assessed. The following morphological
parameters were recorded: length of the shoot, length of
the leaf, number of leaves, width of the leaf, and area of
the leaf.

The leaf area was calculated by the following Carleton-
Foote formula:

Area of leaf = length of leaf x width of leaf
x 0.75 correction factor.

Productivity assessment

The yield parameters of R. sativis were also observed in
normal and Cr-treated plants, in which the number of pods,
length of pods, and the number of flowers were observed.

Detection of heavy metals

The R. sativus leaves were removed, washed, and dried
at 65°C in a drying oven. Dry digestion of nitric acid and
perchloric acid (HNO,-HCLO,) (Moseley and Jones,
1984) was used to digest plant material. A 0.5-g sample
was taken and homogenized with 5 mL of HNO,. Then,
1.5 mL of HCLO, was added. This mixture was heated
until brown fumes disappeared. This mixture was cooled,
and 5 mL of diluted HCI was added to it. The mixture
was further diluted by adding water up to 25 mL. Atomic
absorption spectrometry (XplorAA) (Chapman and Dale,
1976) was used to determine the content of heavy metals.

Assessment of metal tolerance index and
accumulation factor

The accumulation factor was calculated via the following
formula (Al-Farraj et al., 2009):

) concentration (shoot
Accumulation Factor = ( )

concentration (soil)
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The metal tolerance index (MTI) was determined by the
following formula (Balint ez al., 2007):

MTI (%) = Dry weight of the Treated plants <100

Dry weight of the untreated plants

Determination of mineral content

To determine the mineral content, 1 g of shoot sample
was mixed with 20 mL of 65% HNO, (w/v), and 100 mL
of deionized water was added. By using flame spectro-
photometer, the amount of Na* and k* was determined
(Sagner et al., 1998), and atomic absorption spectropho-
tometry was used to determine the quantities of ZnO,
and MgO, (Chapman, 1976). The mineral content was
determined via a standard curve.

Evaluation of photosynthetic pigment and
carotenoid contents

The contents of chlorophyll-a and chlorophyll-b in plants
were assessed by the Arnon (1949) process. Fresh and
healthy leaves were cut into 0.5-cm segments; crushed
using a pestle; and mixed with 20 mL of 80% acetone. The
extract was transferred into a test tube, which was cov-
ered with an aluminium foil. Subsequently, 3 mL of the
extract was transferred to a cuvette and observed at the
optical densities of 645, 643, and 480 nm using a spectro-
photometer (Shimadzu UV 240V. CAT. No. 206-25400-38
SHIMZDZU Corporation, Kyoto Japan). Calculation of
chlorophyll-a, chlorophyll-b and carotenoids respectively.

Estimation of 2,2-diphenyl-1-picrylhydrazyl (DPPH)
activity

The antioxidant activity was determined using this
method. In this method, 1 g of the plant sample was
mixed with methanol to prepare an extract. Then, 1 mL
of this extract was utilized, and freshly prepared metha-
nolic solution of 5 mL 0.1-mM DPPH was added to this
mixture. This mixture was incubated for 60 min in the
dark. The color of the mixture faded, and it was subse-
quently checked at 517 nm using a spectrophotometer
(Chen et al. (2008).

Evaluation of gas exchange attribute

The net transpiration rate, photosynthetic rate, and sto-
matal conductivity were measured from 12:00 noon to
1:00 p.m. from the highest fully extended leaf via a por-
table gas exchange analyzer (LCA-4 System; ADC, Ltd.
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12 Spurling works, Pindar Road, Hoddesdon, Herts, UK)
(Rehana et al., 2022).

Determination of ascorbic acid

To determine the concentration of ascorbic acid, 0.5 g
of R. sativus leaves was used; 100 mL of distilled water
was mixed with 5 g of oxalic acid and 0.75 g of eth-
ylenediaminetetra acetic acid (EDTA) to prepare sol-
vent for extraction. For homogenization of the leaves,
20 mL of the extracted solution was used, and 1 mL of
filtered extract was centrifuged for 15 min at 6,000 rpm.
The supernatant was then collected in a test tube, and
2,6-dichlorophenol indophenol (DCPIP) was added to it,
altering the pink color of the supernatant. A spectropho-
tometer was used to measure acid absorbance at 520 nm
(Keller and Schawager, 1977).

Evaluation of protein

Proteins were quantified by the Peterson (1977) method.
Plant leaves, 1 g, were combined with 2 mL of phosphate
buffer. The mixture was then centrifuged at 6,000 rpm for
15 min. Following centrifugation, the supernatant was
collected and mixed with 2 mL of Folin mixture for 15
min. Subsequently, 0.5 mL of Folin’s reagent was added
to each sample, which was left at room temperature for
approximately 30 min. After vigorous shaking, a spectro-
photometer was used to measure the absorbance at 715
nm. The bovine serum albumin (BSA) standard curve was
used to approximate the protein content of the leaves.

Estimation of proline content

This method ascribed by Bates et al. (1973) was used for
determining proline content in the plant. For this, 1 g
of the leaf sample was mixed with 3% sulfosalicylic acid
and centrifuged at 10,000 rpm. An equivalent volume of
ninhydrin (2,2-dihydroxyindane-1,3-dione) and glacial
acetic acid was added to the leaf sample. The mixture
was kept in a hot water bath and then ice cold; 4 mL of
toluene was added to it. The superior toluene chromo-
phores were examined at 520 nm, and the resulting curve
was compared to the standard curve prepared with the
L-proline solution.

Estimation of phenol

For 15 min at 65°C, 2 g of fresh plant material was added
to 10 mL of aqueous methanol (80%). Then 1 mL of
this extract was mixed with 250 mL of Folin-Ciocalteu
reagent (FCR, 1N), and 5 mL of distilled water was added
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and the mixture was preserved at 30°C. The amount of
phenol present was calculated by assessing absorbance of
the mixture at 725 nm and comparing with the gallic acid
reference curve (Zieslin and Ben Zaken, 1993).

Results
Assessment of morphological parameters

Chromium had a negative effect and caused 65.21%
reduction in shoot length, compared to that of the con-
trol. Compared to the TRI-1 SP+FS treatment, the
TRI-2 SP+FS treatment resulted in better results, in
which the shoot length increased by 82.60%, compared
to that of the control. The increase in root length caused
by seed priming was 7.88% for TRI-1 SP, but for TRI-2
SP, the increase in root length was 41.27% (Table 1).
Triacontanol, as a combination of seed priming and
foliar spray, increased the root length of TRI-1 SP+FS+Cr
plants by 13.58%, compared to that of the plants affected
by Cr. Triacontanol, as a combination of seed prim-
ing and foliar spray, increased the length of the roots of
TRI-1 SP+FS+Cr plants, and the number of leaves from
TRI-1 SP+FS+Cr plants was 63.21% more than that from
the Cr-affected plants. Compared to the application of
Cr, the application of TRI-2 SP+FS+Cr increased the
number of leaves by 36.42%. Compared to that of the
plants affected by Cr, the weight of the roots of the plants
pre-treated with TRI as seeds increased, and the weight
of the roots affected by TRI-2 SP+Cr was 58.80%. TRI-1
ES increased the shoot weight by 0.64%, compared to that
of the control. TRI-2 SP also increased the shoot weight
by 12.17%, compared to that of the control. Triacontanol
is a combination of seed priming and foliar spraying,
and the root weight of TRI-2 FS+Cr was 26.40% more
than that of Cr-affected plants. Compared to the con-
trol, Cr reduced the dry weight of the roots by 89.33%.
Triacontanol as a foliar spray increased the dry weight of
the roots by 20.66%, similar to TRI-1 ES, but TRI-2 FS
increased the dry weight of the roots by 23%. Compared
to that in the control, the dry weight of the shoots in the
Cr treatment was significantly lower (82.63%). Compared
to that of the plants affected by Cr, the weight of the roots
of the plants subjected to TRI as a seed primer, that is
TRI-2 SP+Cr, was 36.85%.

Productivity assessment

The data presented in Table 2 show the effects of Cr stress
on the productivity of R. sativus. Triacontanol signifi-
cantly increased both fresh and dry weights of the pods.
Compared to the control, Cr reduced the number of pods
by 57.08%. Triacontanol was applied as a foliar seed prim-
ing spray and a combination. Triacontanol, when applied

in combination, had the greatest effect on increasing the
productivity of the plant. TRI-2 FS increased the pod
length by 1.57%, compared to that of the control. TRI-2
ES+Cr resulted in a minimum increase in pod length
of 47.06% compared to that of the Cr-affected plants.
Compared to the Cr treatment, the TRI-2 SP+Cr treat-
ment increased the pod length by 47.06% (Table 3).
TRI-1 Sp Cr had a weaker effect than TRI-2 SP+Cr and
increased the fresh weight of the pods by 10.06%, com-
pared to that of the control. TRI-2 FS+Cr increased the
fresh weight of the pods by 49.05%, compared to that of
the plants affected by Cr (57.23%). TRI-1 FS increased the
dry weight of the pods by 5.55% compared to that of the
control. Triacontanol was applied as a combination and
increased the dry weight of the pods to maximum when
TRI-2 SP+FS+Cr was applied, and the fresh weight of the
pods was 20.37% more than that of the plants affected by
Cr (81.48%). Seed priming increased the number of flow-
ers, but its effects were less pronounced than those of the
combination. Compared to those in the control plants,
fewer flowers were found in the Cr-treated plants, with a
decrease of 34.76%. Compared to that of the control, the
percentage of TRI-1 FS+Cr-treated flowers was 54.33%.

Evaluation of photosynthetic pigment and carotenoid
content

The chlorophyll content was measured after the applica-
tion of TRI. Compared to the control, Cr VI had a neg-
ative effect on the chlorophyll content and decreased
the contents of chlorophyll-a (27.59%), chlorophyll-b
(22.98%), total chlorophyll (24.26%), and carotene (4.7%).
Compared to the control, TRI foliar spray as TRI-2 FS
increased the contents of chlorophyll-a by 29.22%, chlo-
rophyll-b by 29.53%, total chlorophyll by 28.73%, and
carotenoid by 1.44% (Table 4). Compared to the con-
trol, TRI-1 FS increased the contents of chlorophyll-a
by 19.21%, chlorophyll-b by 25.34%, total chlorophyll by
23.50%, and carotenoids by 0.58%. Triacontanol, a seed
primer for TRI-1 SP, increased the contents of chloro-
phyll-a by 30.82%, chlorophyll-b by 32.48%, total chlo-
rophyll by 31.42%, and carotenoid by 4.76%, compared
to those of the control. Compared to TRI-1 SP, TRI-2
SP had the best results. Compared to Cr, TRI-2 SP+Cr
alleviated the effects of Cr by reducing the contents of
chlorophyll-a to 6.04%, chlorophyll-b to 9.31%, total chlo-
rophyll to 9.23%, and carotenoid to 5.66%. TRI-2 SP+FS
Cr resulted in maximum increase of chlorophyll content.

Estimation of DPPH

The application of TRI as a TRI-1 FS increased the activ-
ity of DPPH in R. sativus, 1.94% as compared to the con-
trol. Whereas, application of TRI as TRI 2 FS increased
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Table 2. Effect of triacontanol (TRI) on pod length, pod fresh weight, pod dry weight, and number of flowers.

Treatments Pod length Pod fresh weight Pod dry weight Numbers of flowers
(cm) (9) C)]
Control 4.6+0.88°° 0.530.01¢ 0.18+0.008° 15.33+0.88¢
Cr 241.3% 0.2240.02 0.03+0.02° 1041.3%9
TRI-1 SP 4.7+0.120¢ 0.85£0.022 0.20£0.008" 26£0.5°
TRI-2 SP 4.7+0.08°¢ 0.84+0.01° 0.22+0.008° 29+0.57°
TRI-1 FS 610.8120¢ 0.79+0.012° 0.17£0.008° 18.5+0.40¢
TRI-2 FS 4.7+0.08° 0.77+0.008° 0.17+0.008° 1941.15¢
TRI-1 SP+FS 5.33+0.882 0.94+0.0112 0.27+0.011¢ 30.66+0.88°
TRI-2 SP+FS 6.5£0.182 0.95+0.0172 0.43£0.08° 35.3340.882
TRI-1 SP+Cr 2.7+0.05% 0.32+0.008¢ 0.08+0.0052° 8+0.579"
TRI-2 SP+Cr 2.7+0.08¢% 0.34+0.011¢ 0.07£0.00%¢ 11£0.57°
TRI-1 FS+Cr 1.7£0.11¢ 0.23+0.01" 0.03+0.008° 5.3+0.88
TRI-2 FS+Cr 2.440.17¢ 0.27+0.05" 0.07+0.0152° 7£0.57"
TRI-1 SP+FS+Cr 3.4£0.17¢4 0.47+0.008" 0.60£0.242 1240.57°
TRI-2 SP+FS+Cr 3.73+0.12¢¢ 0.64+0.0124 0.14£0.02f 1510.57¢

Data demonstrate mean+SE of three replicates. Significant difference between the treatments is denoted by superscripted letters. C = control,
Cr = 60-mg/kg chromium, TRI-1 SP = 10-ppm TRI-primed seeds, TRI-2 SP = 20-ppm TRI-primed seeds, TRI-1 FS = 10-ppm TRI foliar sprayed,
TRI-2 FS = 20-ppm TRI foliar sprayed, TRI-1 SP+FS = 10-ppm TRI-primed seeds and foliar sprayed, TRI-2 SP+FS = 20-ppm TRI-primed seeds and

foliar sprayed.

the DPPH activity by 13.16% as compared to the control.
The application of TRI in combination resulted in maxi-
mum increase in DPPH activity, which was 58.07% with
TRI-2 SP+FS and 37.53% with TRI-1 SP+FS. Chromium
decreased the scavenging activity of DPPH. TRI was applied
as a seed preparation because TRI-1 Sp Cr increased
DPPH activity by 53.79%, compared to that of the control.
Compared to the control, the combination of TRI-2 SP+Cr
decreased the DPPH activity by 43.59%. TRI-2 SP+Cr
demonstrated better results than TRI-1 SP+Cr. TRI 1
FS+Cr increased the DPPH activity by 47.02% as compared
to the Cr affected plant. But application of TR1 2 FS+Cr
increased the DPPH activity by 67.83% as compared to the
Cr affected plant. TRI-2 SP+FS+Cr increased the DPPH
activity by 24.66%, but the effect was less than that of TRI-2
SP+FS+Cr. TRI-2 SP+FS+Cr showed the greatest effect for
improving the DPPH activity by 21.54%, compared to that
of the Cr-treated plants (Figure 1).

Evaluation of the gas exchange attribute

Gas exchange characteristics, such as photosynthetic
rate (A), transpiration rate (E), and stomatal conductance
(Gs), were measured using a gas exchange analyser. The
transpiration rate, photosynthetic rate, and stomatal
conductance of R. sativus plants vary with the mode of
TRI application. Compared to the control, the Cr effect
negatively affected transpiration (88.88%), photosyn-
thetic rate (80.10%), and stomatal conductance (88.88%)

(Figure 2). Triacontanol was applied as a foliar spray, as
TRI-1 ES increased transpiration, the photosynthetic rate
and stomatal conductance by 5.55%, 16.44%, and 4.62%,
respectively, compared to control treatments. The appli-
cation of TRI 1 SP+FS increased the photosynthetic rate
53%, transpiration rate 94% and stomatal conductance
33% in comparison to control. The application of TRI 1
SP+FS+Cr increased the photosynthetic rate 1.85%, tran-
spiration rate 8.48% and stomatal conductance 16.66% in
comparison to Cr affected plant.

Determination of ascorbic acid

The ascorbic acid content increased with increasing Cr
stress in R. Sativus; compared to the control, the ascorbic
acid content in the plants under Cr stress reached a max-
imum value of 65%. Compared to the control, the appli-
cation of TRI-1 SP increased ascorbic acid in normal
plants by 7.5%, and the percentage of Cr-affected plants
was 77.5%. Compared to the control, the application of
TRI-2 SP increased ascorbic acid by 27.5%. Compared
to the control, TRI-2 FS increased the ascorbic acid con-
tent by 37.5%. The application of TRI as TRI 1 SP+FS+Cr
increased the ascorbic acid by 52.5% as compared to the
Cr affected plant. However, in Cr-treated plants, increase
in the concentration of ascorbic acid was 92.5%. The
TRI-2 SP+FS+Cr mixture positively increased the con-
tent of ascorbic acid to alleviate plant stress. The appli-
cation of TRI-1 SP+FS+Cr increased the ascorbic acid
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Table 4. Effect of triacontanol (TRI) on the chlorophyli-a, chlorophyli-b, total chlorophyll, and carotenoid content of R. sativus.

Treatments Chlorophyll-a Chlorophyll-b Total chlorophyll Carotenoids
(mglg FW) (mglg FW) (mglg FW) (mglg Fw)

Control 0.029+0.0041 0.051%0.005' 0.053¢+0.006° 0.000211°£2.18¢
Cr 0.020+0.0038" 0.039'+0.007' 0.0407+0.0078" 0.000120"+2.33"
TRI-1 SP 0.037+0.0026¢ 0.067+0.0042° 0.069+0.004° 0.000221+1.45¢¢
TRI-2 SP 0.038+0.0030° 0.068+0.0049° 0.0700.0052° 0.000230%1.76°
TRI-1 FS 0.034+0.0042¢ 0.063+0.0075%¢ 0.065+0.0077¢ 0.000212+1.15¢%¢
TRI-2 FS 0.037+0.0036¢ 0.066+0.0063°¢ 0.068+0.0065° 0.000214+1.76°4
TRI-1 SP+FS 0.041+0.0030° 0.073+0.0046° 0.076+0.0042° 0.000250+1.15°
TRI-2 SP+FS 0.042+0.00262 0.078+0.00502 0.0800.0051° 0.000268+2.332
TRI-1 SP+Cr 0.026+0.0031f 0.045a+0.005? 0.046+0.00572 0.000198+1.73
TRI-2 SP+Cr 0.027+0.0024f 0.046+0.0031" 0.048+0.0028¢" 0.000199+0.88¢
TRI-1 FS+Cr 0.024+0.00359 0.040+0.006¢ 0.042+0.0066° 0.000177+1.452
TRI-2 FS+Cr 0.024+0.0035% 0.042+0.0030" 0.043+0.00372° 0.000187+1.8520¢
TRI-1 SP+FS+Cr 0.027+0.0035° 0.047+0.00409" 0.049+0.0043¢ 0.000210+0.88°
TRI-2 SP+FS+Cr 0.028+0.0322 0.049+0.0064%¢ 0.051+0.0065? 0.00021111.76°

Data demonstrate mean+SE of three replicates. Significant difference between the treatments is denoted by superscripted letters. C = control, Cr =
60-mg/kg chromium, TRI-1 SP = 10-ppm TRI-primed seeds, TRI-2 SP = 20-ppm TRI-primed seeds, TRI-1 FS = 10-ppm TRl foliar sprayed, TRI-2
FS = 20-ppm TR foliar sprayed, TRI-1 SP+FS = 10-ppm TRI-primed seeds and foliar sprayed, TRI-2 SP+FS = 20-ppm TRI-primed seeds and foliar
sprayed.
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Figure 1. Influence of triacontanol (TRI) on DPPH, ascorbic acid, and phenol of R. sativus L. under Cr stress conditions.
Data demonstrate meantSE of three replicates. Different letters above the bars indicate significant differences between treat-
ments. Cr = 60-mg/kg chromium; TRI-1 SP =10-ppm TRI-primed seeds; TRI-2 SP = 20-ppm TRI-primed seeds; TRI-1 FS = 10-ppm
TRI foliar sprayed; TRI-2 FS = 20-ppm TRI foliar sprayed; TRI-1 SP+FS = 10-ppm TRI combination of primed seeds and foliar
sprayed; TRI-2 SP+FS = 20-ppm TRI combination of primed seeds and foliar sprayed.
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Influence of triacontanol (TRI) on transpiration rate, photosynthetic rate and stomatal conductance of R. sativus

under Cr stress conditions. Data demonstrate meantSE of three replicates. Different letters above the bars indicate significant
differences between treatments. Cr = 60-mg/kg chromium; TRI-1 SP = 10-ppm TRI-primed seeds; TRI-2 SP = 20-ppm TRI-primed
seeds; TRI-1 FS = 10-ppm TRI foliar sprayed; TRI-2 FS = 20-ppm TRI foliar sprayed; TRI-1 SP+FS = 10-ppm TRI combination of
primed seeds and foliar sprayed; TRI-2 SP+FS = 20-ppm TRI combination of primed seeds and foliar sprayed.

value by 62.5% compared to that of the control. TRI-2
SP+FS+Cr had the best ability to mitigate the effect of Cr
(Figure 1).

Evaluation of total protein

The protein content of the leaves increased with increas-
ing Cr stress. Under Cr stress, the protein content was
40.68% more than that in the control. Compared to
that of the control, the protein content of the plants
primed with TRI-1 SP increased by 32.35%, and that of
the plants primed with TRI-2 SP increased by 36.27%.
Compared to that of the Cr-treated plants, the protein
content of TRI-1 SP-treated plants was 42.64%, and that
of the TRI-2 SP-treated plants was 45.09%. TRI was also
applied, as the maximum protein content of the foliar
spray was 8.82% more in the TRI-2 FS treatment than in
the control, and in the Cr treatment, the increase in pro-
tein content was 39.70% more in the TRI-2 FS treatment
than in the Cr treatment (Figure 3). TRI was also applied
in combination with TRI-1 SP+FS, and the increase in
protein content was 38.72%, compared to that of the con-
trol. Compared to that of the control, the protein content
of the TRI-2 SP+FS group was 40.19% better.

Estimation of total proline

The total proline content of R. sativus was determined.
The proline contents of a normal plant and a plant
affected by Cr were measured. Compared to that in the
control plants, the proline content in the Cr-affected
plants was 59.75% greater (Figure 3). Compared to the
control, the application of TRI-1 FS increased the pro-
line content by 4.8%, and the application of TRI-2 FS
increased the proline content by 20.73%. Compared to
TRI-2 SP+FS, the application of TRI in combination with
TRI-1 SP+FS decreased the proline content by 54.78%
(57.31%). Compared to that of the Cr-treated plants,
the proline content of the Cr-treated plants increased
by 67.07%. Compared to that of the Cr-affected plants,
the proline content of the TRI-2 SP+Cr-treated plants
was 80.48% better. Compared to Cr, TRI as a foliar spray
increased the proline content by 60.97% in TRI-1 FS+Cr
and 64.63% in TRI-2 FS+Cr. Compared to the Cr-affected
plants, the application of the TRI combination TRI-1
SP+FS+Cr increased the proline content by 92.68%. The
proline content of the plants in the TRI-2 SP+FS+Cr
treatment was 97.56% more than that of the Cr-treated
plants. TRI-2 SP+FS+Cr demonstrated better results
than both seed priming and foliar spraying.
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Influence of triacontanol (TRI) on protein content (proline content) of R. sativus under Cr stress conditions. Data

demonstrate meanzSE of three replicates. Different letters above the bars indicate significant differences between treatments.
Cr = 60-mg/kg chromium; TRI-1 SP = 10-ppm TRI-primed seeds; TRI-2 SP = 20-ppm TRI-primed seeds; TRI-1 FS = 10-ppm TRI
foliar sprayed; TRI-2 FS = 20-ppm TRl foliar sprayed; TRI-1 SP+FS = 10-ppm TRI combination of primed seeds and foliar sprayed,;
TRI-2 SP+FS = 20-ppm TRI combination of primed seeds and foliar sprayed.

Estimation of phenol

The total phenolic content decreased with increasing Cr
stress (Figure 4). Compared to that in the control plants,
phenolic content in the Cr-treated plants was 11.11%
lower. TRI was used for seed priming, as increase in the
phenol content of TRI-1 SP was 77.77%, compared to
that of the control. Compared to that of the control, the
phenol content of foliar spray treated with TRI-1 FS was
63.88%, and that of foliar spray treated with TRI-2 FS was
75% (Figure 1). TRI was applied in combination, with
the best result; increase in the phenol content was 91%
when TRI-1 FS+Cr was applied, compared to that of the
control. Compared to that of the TRI-2 SP+FS+Cr treat-
ment, the phenol content of the plants subjected to TRI-1
SP+ES was 27.77% whereas that of the TRI-2 SP+FS+Cr
treatment was 30.55%.

Detection of heavy metal uptake, accumulation factors,
and metal-tolerance indices

The Cr uptake accumulation factor and the MTI of R.
sativus were affected by the application of TRI (Table 5).
Triacontanol has a positive impact and increases the
capability of plants to survive under Cr stress conditions.
Decrease in Cr uptake by TRI-1 SP was 49.69%, and the
accumulation factor was 49.45%, compared to that of the
plants affected by Cr. Increase in the MTI was 0.77%,
compared to that of the Cr-affected plants. Triacontanol,
as a TRI-2 SP, decreased Cr uptake by 56.96%, and the
accumulation factor was 56.72%, compared to that of the
plants affected by Cr. Compared to Cr, the application

of TRI-2 SP improved the MTI by 14.71%. Compared
to Cr application, foliar spraying resulted in the greatest
increase in Cr uptake of plants, with a value of 46.06%,
an accumulation factor of 66.72%, and a MTI of 13.95%.
Maximum decrease in Cr uptake was found when TRI-2
SP+FS was applied. Compared to those of the Cr-affected
plants, the Cr uptake of the TRI-2 SP+FS-treated plants
decreased by 69.69%, the accumulation factor was 69.63%
and increase in the MT1 was 65.80%.

Determination of mineral content

Chromium toxicity affects the mineral uptake of Mg®,
Zn*?, Na*, and K* by R. sativus through the application
of TRI in different modes of application, such as seed
priming, foliar spraying, and combination (Table 5).
Compared to the TRI-1 SP, the TRI-2 SP showed bet-
ter results. Compared to the control, the TRI-2 SP had
greater effects on Mg*? (17.40%), Zn** (85.65%), Na*
(54.31%), and K* (34.50%) contents than the effect of
TRI-1 SP on Mg** (20.94), Zn*?* (48.52%), K* (8.04%),
and Na* (31.26%) in the plants affected by Cr. TRI was
also applied as a foliar spray, as the increase in the Mg*>
uptake of TRI-2 FS was 7.66%, that of Zn*? was 56.96%,
that of K* was 3.09%, and that of Na* was 35.70% more
than that of the control. TRI-2 SP+FS+Cr had the great-
est effect on increasing the mineral content in both nor-
mal and Cr-affected plants. However, in the Cr-treated
plants, the contents of Mg, Zn*}, K*, and Na* were
higher (16.66%, 21.94%, 2.95%, and 8.94%, respectively)
than those in the control. TRI-2 SP+FS+Cr showed maxi-
mum effect on the mineral content of the plant.
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Figure 4. Principal component analysis of the impact of triacontanol (TRI) on growth and physio-biochemical analysis of R.

sativus against Cr stress (numbers from 1 to 14 show treatments).

Principal component analysis (PCA)

R. sativus grown on Cr-contaminated soil with exog-
enously applied TRI was shown to be associated with
growth parameters and physio-biochemical traits by
loading plots from the analysis of principal components
(Figure 4). A total of 90.8% of the entire database con-
sisted of two primary components, Dim 1 and Dim 2,
which made up the largest proportion of all the compo-
nents. Dim 1 consisted of 79.2% whereas Dim 2 consisted

of 11.6% of the whole dataset. The first set of variables,
PC1, was positively correlated with Mg*?, Na*, Zn*?,
fresh root weight, dry root weight, fresh shoot weight,
dry shoot weight, photosynthetic rate, phenol content,
stomatal conductance, carotenoids, DPPH free radical
scavenging activity, total chlorophyll, transpiration rate,
shoot length, root length, and number of leaves. Factors
related to proline, protein, and ascorbic acid contents,
MTI, and accumulation coefficient were strongly related
negatively to PC1 variables.
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Table 5. Effect of triacontanol (TRI) on the Mg*2, Zn*, K*, and Na* contents, chromium (Cr) uptake, accumulation factor, and metal

tolerance index of R. sativus.

Treatments Mg* Zn*? K* Na* Cr uptake in plant AC factor MTI
(mglg) (mglg) (mglg) (mglg) (mglg) (%)
Control 2.25+0.672° 2.3740.09° 14.55£0.27° 28.85+0.982¢ - - -
Cr 1.85+0.08° 0.110.01 10.32+0.229" 8.8810.372¢ 1.65£0.992 5.50%3.302° 56.53£0.45°
TRI-1 SP 7.38+0.22¢¢ 4.04£0.03° 18.19+0.20° 43.66+0.372¢ - - -
TRI-2 SP 7.96+0.08%° 4.40£0.03*° 19.5710.082 44.52+0.77° - - -
TRI-1 FS 6.550.202¢ 2.93+0.052 14.51+0.06° 36.79+0.930 - - -
TRI-2 FS 7.30£0.08 3.72+0.037°¢ 15£0.21f 39.15£0.989 - - -
TRI-1 SP+FS 8.63+0.119" 4.56+0.035e" 19.62+0.02' 55.04+1.3¢ - - -
TRI-1 SP+FS 9.19£0.143¢ 5.06+0.022 20.20+0.12¢ 60.40+1.12° - - -
TRI-1 SP+Cr 5.17+0.06° 0.84+0.040° 13£0.072 15.54+1.12f 0.83£0.27%¢ 2.78£0.92°¢ 56.97+0.487°
TRI-2 SP+Cr 5.36+0.02" 1.2240.020¢ 13.38£0.11" 19.8340.742 0.71£0.25° 2.38+0.83¢ 64.850.60°
TRI-1 FS+Cr 4.15+0.0320 0.38+0.03° 11.750.07°¢ 9.96+0.93° 0.99+0.3820 3.31+1.28% 44.34+0.992¢
TRI-2 FS+Cr 4.67+0.04°¢  0.053+0.02¢ 12.29+0.07" 14.891.13f 0.8910.40° 2.97+1.343b 48.64+0.872°
TRI-1 SP+FS+Cr  5.54+0.02° 1.57+0.08° 13.50£0.062¢  23.26+0.93°¢ 0.54+0.22° 1.83£0.73° 86.94+0.282
TRI-2 SP+FS+Cr  5.65+0.032¢ 1.85£0.03920¢  14.12+0.21¢ 26.27+0.74¢ 0.50+0.132 1.67+0.462¢ 93.73+1.5424

Data demonstrate meantSE of three replicates. Significant difference between the treatments is denoted by superscripted letters. C = control,
Cr = 60-mg/kg chromium, TRI-1 SP = 10-ppm TRI-primed seeds, TRI-2 SP = 20-ppm TRI-primed seeds, TRI-1 FS = 10-ppm TR foliar sprayed,
TRI-2 FS = 20-ppm TRI foliar sprayed, TRI-1 SP+FS = 10-ppm TRI-primed seeds and foliar sprayed, TRI-2 SP+FS = 20-ppm TRI-primed seeds and

foliar sprayed.

Pearson’s correlation

Pearson’s correlation was used to determine relation-
ships between the growth and physiochemical character-
istics of R. sativus grown in Cr-contaminated soil with
exogenously applied TRI (Figure 5). The Cr concentra-
tion in the shoot was positively correlated with the Cr
accumulation coefficient in the shoot and the proline
content in R. sativus plants. TRI-1 and TRI-2 application
was negatively correlated with the Cr accumulation coef-
ficient and positively correlated with proline content. On
the other hand, Cr concentration in the shoot was neg-
atively correlated with MTL, Mg*?, Na!, Zn*? contents;
dry weight of the root; phenol content; stomatal conduc-
tance; total chlorophyll; transpiration rate; dry weight of
the shoot; photosynthetic rate; soluble protein content;
fresh weight of the root; DPPH free radical scavenging
activity; fresh weight of the shoot; root length; carot-
enoids; and number of leaves. The application of TRI
was positively correlated with MTI; Mg*?, Na*, and Zn*>
contents; dry weight of the root; phenol content; stoma-
tal conductance; total chlorophyll content; transpiration
rate; dry weight; photosynthetic rate; protein content;
fresh weight of the root; free radical scavenging activity
DPPH; leaf area; fresh weight of the shoot; length of the
root; carotenoids; and number of leaves. This relation-
ship revealed a close relationship between growth and Cr
uptake in R. sativus.

Discussion

A variety of environmental contaminants have grown
exponentially with countless anthropogenic activities
since the Industrial Revolution and the globalization of
economy. Problems with food security have gained atten-
tion worldwide, especially given their close connection to
human health (Pereira et al., 2019). Crops that are more
nutritious and less susceptible to diseases, drought, soil
salinity, and heavy metals are in high demand (Bulgari
et al., 2019). Plants are frequently exposed to contami-
nated soil and water, which adversely affect their ability
to grow. Heavy metals end up in edible plant parts and
seriously harm the human health (Anjum et al., 2017).
The present study explores the major responses of R.
sativus to the vulnerability of Cr, which considerable
reduces biomass (based on fresh and dry weights) and a
large assemblage of Cr in seedlings. Ahmed et al. (2023)
explained that it is difficult for plants to take essen-
tial nutrients in the Cr regime. Therefore, growth attri-
butes (shoot length, root length, number of leaves, and
leaf area) decrease due to decreased nutrient uptake.
The reduced plant growth caused by Cr phytotoxicity
is attributed to various factors, such as the breakdown
of chlorophyll pigments, imbalanced nutrient uptake,
excessive production of reactive oxygen species (ROS),
damage to the cellular ultrastructure and disorganization
of antioxidant defense machinery (Ahmad et al., 2020).
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Figure 5. Pearson correlation of impact of triacontanol (TRI) on the growth and physio-biochemical analysis of R. sativus

against Cr stress.

Triacontanol seed priming increased growth and germi-
nation percentage and improved fresh and dry biomass
under Pb-amended and Pb-controlled conditions. Seeds
pre-treated with TRI presented increased a-amylase
activity, helping them to withstand heavy metal stress.
In addition, this method improved seedling germina-
tion and growth by improving nitrate reductase activity,
soluble sugar concentration, and nitrogen content. The
use of seed priming increased grain yield and quality.
Owing to creative ways of producing SOD, malondialde-
hyde (MDA), ascorbic acid, glutathione reductase, cat-
alase, and specific protein release under stress, several
vital components, particularly the antioxidant system,
are enhanced (Chen and Arora, 2013). El-Beltagi et al.
(2022) reported that TRI improved the quality of fruit
under stressed conditions by increasing its contents of
sugar and vitamin C as well as quantity of anthocyanin.
TRI may increase plant height by producing an excess of
9-3-1 (+)-adenosine, which beneficially stimulates plant
development (Ries, 1999). Through the disruption of
enzymes involved in the metabolism of carbohydrates,
TRI is shown to increase physiological and metabolic
responses in plants (Singh et al. 2012). Perveen et al.
(2014) reported that TRI increases plant metabolism,
leading to increased growth under typical and variable
environmental conditions. This maintains plant water—
nutrient interactions along with the synthesis of organic
molecules. Pre-germination metabolic processes, such as

improved energy metabolism, early mobilization of seed
stores, embryo cell growth, and endosperm disintegra-
tion, are triggered by seed priming. Higher germination
rates are the result of these actions (Chen, 2011). An
increase in the level of Cr competes with binding sites for
a decrease in mineral uptake (Gupta et al., 2021).

Increased Cr accumulation pushes mineral nutrients
away from their binding sites, limiting their absorption
and resulting in a lower mineral content under Cr stress
(Gupta et al. 2019). Reduced plant root growth and
xylem blockage are associated with decreased K* levels
(Javed et al. 2021). Mg** is essential for the normal struc-
ture of the chloroplast and plays a role in the synthesis
of chlorophyll (Hafeez et al. 2022). According to research
conducted by Yan and Hou (2018), Mg?** promotes the
breakdown of adenosine triphosphate (ATP) or adenos-
ine diphosphate (ADP), which produces phosphoric acid
and energy. It also stimulates ATP production, ATPase
(a class of enzymes that catalyze the decomposition of
ATP into ADP and a free phosphate ion or the inverse
reaction) activity, and phosphorylation (Chen et al.
2018). Poor Mg?** absorption in tobacco roots and shoots
under Cr stress resulted in a decrease in chlorophyll
synthesis (Hayat et al. 2012). The production of second
mediator (TRIM or TRI-mediated formation/release of
1 (+)-adenosine) when TRI is administered by seed prim-
ing or foliar application opens channels for Ca*, Mg*,
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and K* ions in the plasma membrane, thus promoting
their inflow (Islam et al., 2021). By upregulating genes,
such as RbcS, psbO, glycine decarboxylase complex
(GDC), and serine hydroxymethyl transferase (SHMT),
that regulate photosynthetic processes and by promoting
the synthesis of organic compounds and the activity of
antioxidant enzymes for a variety of metabolic processes,
TRI-induced TRIM improves water absorption and min-
eral nutrient-to-ion ratio (Chen et al. 2002).

Under abiotic stress, they produce more ROS in their
chloroplasts, which may result in photorespiration,
cyclic electron flow through photosystem I (PSI) or pho-
tosystem II (PSII), and reduced PSII quantum yield that
is controlled by the xanthophyll cycle and proton gradi-
ent of the thylakoid membrane (Gill et al., 2016). Under
Cr stress, chlorophyll biosynthetic enzyme is damaged,
which could be the cause of decrease in chlorophyll con-
tent (Gill et al., 2016). Cr inhibits the enzyme involved in
chlorophyll biosynthesis, that is, §-aminolevulinic acid
dehydratase (ALAD), because of the difficulty in utiliz-
ing 8-aminolevulinic acid (Chandra and Kulshreshtha,
2004). One of the primary effects of the application
of TRI is an increase in chlorophyll content, even
under challenging circumstances, such as high salinity
(Perveen et al., 2012). In the present study, TRI treat-
ment increased the photosynthetic rate and pigment
production. It decreased the rate at which chlorophyll
was broken down (Sardar et al., 2022). According to
Alharbi et al. (2021), increasing the size and quantity of
chloroplasts after TRI treatment improved the photo-
synthetic rate in addition to production of chlorophyll.
Triacontanol, which has a relatively high carotenoid
content, acts as an antioxidant and reduces oxidative
stress. Increase in carotenoid content may decrease
Cr-induced oxidative damage (Zaid et al, 2020).
According to Alharbi et al. (2021), TRI preserves the
genes encoding aquaporins (water channel), osmolyte
synthesis, transpiration rate, and stomatal movement in
stressed plants, all of which contribute to increased sto-
matal conductance.

In the current study, the plant protein concentration was
decreased by Cr phytotoxicity. The accumulation of Cr in
the plant, which results in the breakdown of soluble pro-
teins in the cell, is the reason for this decrease in protein
concentration. The seed primer and foliar application of
TRI resulted in greater amounts of protein for cell integ-
rity and better resistance to metal stress.

One of the most interesting and promising types of anti-
oxidants are phenols. Phenols can chelate metal ions,
which decrease the negative effects of redox-metal ions
(Sahreen et al., 2011). The secondary function of phe-
nols is to halt the chain reaction involving free radicals,
thereby preventing the generation of ROS (Shah and

Smith 2020). As previously demonstrated in Pasivum
sativum (Umar et al., 2023), TRI supplementation in the
present study enhanced non-enzymatic (phenolic com-
pounds) antioxidants under Cr stress, although plants
afforded TRI did not use as many intricate antioxidant
systems because such an antioxidant defense mechanism
was sufficient to reduce H,O, levels and counteract the
detrimental effects of metal stress, as observed in plants
that were exposed to metal stress (Keramat et al., 2017).
The improved development of R. sativus in this study
may be associated with the TRI-mediated reduction in
oxidative stress, most likely by reducing H,O,.

Enzymatic and non-enzymatic antioxidants make up
plant antioxidant defense systems, which play important
roles in a variety of biological processes and responses
to environmental factors (Naveed et al., 2025; Xu et al.,
2012). According to Saad et al. (2018), this detoxifica-
tion system lessened the harmful effects of metal toxic-
ity caused by the ROS ameliorative system. The constant
production of ROS during photosynthesis is scavenged
by different antioxidant enzymes, which aid in con-
trolling electron transport (Gill and Tuteja, 2010). In
plants, proline, phenol, and ascorbic acid are primar-
ily involved in non-enzymatic detoxification processes.
H,O, is produced from O through the process of detoxi-
fication. According to the study findings, proline, phenol,
and ascorbic acid activities increased with administra-
tion of Cr. Triacontanol affects antioxidant enzymes that
aid in the scavenging of reactive oxygen, which increases
photosynthetic activity and preserves redox state.
Triacontanol modulates antioxidant enzymes that aid in
the elimination of ROS, which increases photosynthetic
activity and preserves the redox state. Similar to our cur-
rent findings, Yadav and Singh (2023) reported a modest
increase in phenolic content after exogenous supple-
mentation with phytohormones. Antioxidants called
phenols are able to bind metal ions and lessen their
harmful effects (Ahmed et al., 2023). Consequently, the
higher DPPH activity and phenolic content of the TRI-
treated R. sativus seedlings increased their antioxidant
capacity, thereby alleviating Cr toxicity and promoting
development.

Conclusion

The results of the present study revealed the effects of
TRI on reducing Cr stress in R. sativus L. Two concen-
trations of TRI, 10 ppm and 20 ppm, were used. Different
modes of TRI applications were used, and the best results
were obtained with the combination of seed priming
and foliar spraying. The effective concentration of TRI
was 20 ppm. Triacontanol increases the growth and bio-
mass of plants that are affected by Cr. The application of
TRI improved gas exchange parameters, photosynthetic
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pigments, and DPPH activity of plants. The increase in
protein and proline contents associated with heavy metal
stress decreased in response to the combination of seed
priming and foliar spraying. Seed priming was more
effective than foliar spraying in compensating the effects
of Cr. TRI helped radish to grow in challenging environ-
ments. Additional field and omics research into the use
of TRI is needed to better understand the Cr stress allevi-
ation mechanism in plants.
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