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Abstract

Triacontanol (TRIA), a natural plant growth regulation has been used on millions of hectares to increase agricultural
productivity. In our study, to investigate the effects of TRIA on the resistance to Copper (Cu) heavy metal, bread wheat
(Triticum aestivum L. Ayyildiz) seeds were planted in petri dishes containing CuSO, (50, 100 and 200 uM). After germi-
nation, TRIA (10, 20 and 40 pM) was sprayed on the leaves on the 7th day. The plants were harvested on the 10th day.
While some of the harvested plant root and leaf samples were first used for length measurements and fresh dry weight
measurements, the remaining part was used to determine antioxidant enzyme activities such as catalase (CAT), peroxi-
dase (POX), superoxide dismutase (SOD) and additionally lipid peroxidation (LPO) level and hydrogen peroxide (H,0,)
amount. TRIA+Cu applications caused changes in enzyme activities depending on the doses. TRIA application, which
caused an increase in Cu in malondialdehyde (MDA) content, decreased. A general decrease in H,0, content was observed
in leaf tissue. However, in root tissue, H,0, content increased with Cu application, while it decreased with TRIA applica-
tion. In addition, in silico molecular docking analyses were performed to explore potential interactions between Cu®" ions
and key physiological and antioxidant-related target proteins. The docking scores for WRKY4, catalase, peroxidase, and
superoxide dismutase were 4.991, 4.055, 6.327, and 4.673, respectively, indicating stable Cu®>* binding through conserved
coordination environments. These findings provide mechanistic support for the experimentally observed alterations in anti-
oxidant enzyme activities. As a result, it was suggested that TRIA played an important role in the antioxidant mechanism
in wheat exposed to copper stress.
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Introduction

Exposure of agricultural soils to heavy metals negatively
affects the development of plants grown in these soils, lead-
ing to heavy metal toxicity. This causes damaging effects
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on the growth processes, development and epigenetic char-
acteristics of agricultural plants. Therefore, the prohibition
on heavy metals has become an important environmental
problem on a global scale (Memon 2020). Plants, which are
organisms that cannot move, are directly affected by soils
contaminated with heavy metals (Ali and Perveen 2020).
Plants are exposed to various abiotic stresses, including
heavy metals (Viehweger 2014). Increasing heavy metal
pollution in soils as a result of agricultural and industrial
activities causes heavy metal stress (Yuce et al. 2024; Li et
al. 2023). Heavy metals are important pollutants that cause
environmental pollution and many can be toxic even at low
concentrations. Copper (Cu) is a micronutrient that is vital
for plant growth. Like other micronutrients, copper is an
element that only needs to be taken up by plants in small
amounts (Tanyolac et al. 2007). Although it is a physiologi-
cally important element, increased copper levels can be
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harmful to plants; because high copper levels create toxic
effects in plants and cause disruptions in the enzyme activi-
ties of lipid and protein components in cell membranes and
DNA structure (Lombardi and Sebastiani 2005; Alaoui-
Sossé et al. 2004; Maksymiec 1997). Another important
feature of copper stress is that it triggers the accumulation
of reactive oxygen species (ROS), leading to oxidative
damage in plants (Dai et al. 2016; Demirevska-Kepova et
al. 2004). At the molecular level, excessive Cu®* ions may
interact directly with proteins and enzymes, particularly
those involved in antioxidant defense and stress signaling
pathways. Metal ions exert their effects by forming specific
coordination environments with conserved amino acid resi-
dues, which may alter enzyme structure, catalytic activity, or
regulatory function. In recent years, structure-based metal
ion-binding site prediction approaches have been increas-
ingly applied to investigate metal-protein interactions in
the absence of experimentally resolved metal-bound com-
plexes. Tools such as MIB and its updated version MIB2
predict metal-binding residues and model metal ion place-
ment based on coordination geometry and structural features
rather than performing classical ligand re-docking. These
approaches are known to converge on a single metal-binding
site when a well-defined and conserved coordination envi-
ronment is present, reflecting the structural robustness of
metal-binding pockets (Lin et al. 2016; Lu et al. 2022; Diirr
et al. 2023). Triacontanol (TRIA) is a long-chain primary
alcohol (C;,Hs;OH) and a phytohormone naturally found
in plants and was first obtained from the alfalfa plant. It has
been reported that triacontanol has healing effects against
abiotic stresses such as salinity, drought, and heavy metal
toxicity by regulating various metabolic activities in plants
(Naeem et al. 2012). It was also determined that TRIA had
positive effects on growth parameters such as plant height,
fresh and dry weight, leaf area and root nodulation. In this
study, antioxidant enzyme activities (CAT, POX, and SOD),
malondialdehyde (MDA) and hydrogen peroxide (H,O,)
contents were evaluated in wheat seedlings treated with
TRIA under copper stress. In addition, in silico molecular
docking analyses were performed to elucidate the potential
interactions between Cu®* ions and key physiological and
antioxidant-related target proteins, providing mechanistic
insight into copper-induced alterations in enzyme activity.

Materials and methods
Experimental design
Bread wheat (Triticum aestivum L. Ayyildiz) seeds were

first sterilized by soaking them in sodium hypochlorite for
5 min, 20 in each petri dish for heavy metal concentration
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and control group. Afterwards, the seeds were washed with
pure water for 15-20 min and placed in a beaker, autoclaved
water was added and left to swell for 7 h in a dark environ-
ment at 24-25 °C. At the end of this period, the seeds were
removed from the swelling medium and sown as 20 seeds
each in 11 cm diameter petri dishes prepared with double-
layered filter paper and wetted with 20 ml of autoclaved
water (control group) and 50, 100 and 200 pM Cu (20 ml).
The sown petri dishes were left to germinate in a dark cli-
mate cabinet at 24-25 °C. One week later, triacontanol (10,
20 and 40 uM) was sprayed on the leaves. Some of the plant
root and leaf samples harvested on the 10th day were used
fresh for length measurements and wet-dry weight measure-
ments (Fig. 1), while the rest were frozen in liquid nitrogen
and stored at -80 °C for experiments.

The Allium assay

The Allium test was used to investigate the cytogenotoxic
effect of varying concentrations of Cu (50, 100 and 200
puM), triacontanol (10, 20 and 40 pM) and the treatment
groups. For this goal, Allium cepa L. bulbs were purchased
from local markets in Erzurum. Uniform-sized healthy
bulbs were selected for the cytogenotoxicity assays. Then,
the yellow-brown outer scales of the bulbs were removed
and the clean bulbs were immersed into distilled water (con-
trol group) and distilled water supplemented with the extract
solutions (0.2-1 mg/ml). After 48 h incubation at 25 °C in
the dark, the root tips were collected, fixed with 3 ml of
a fixation/hydrolysis solution consisting of acetic acid
(45%) and 1 N HCI (9:1) for 6 min at 52 °C. Then, the tips
were stained with aceto-orcein for 1 min, gently squashed
between slides, and examined by light microscopy (400x).
For the calculation of mitotic index (MI) and chromosomal
aberrations, 5.000 mitotic root cells were scored for each
test group and the results were expressed as percentage (%)
values, and statistically analysed Fisher’s exact test and Lin-
ear trend (p<0.05) (Aydin et al. 2024).

MI = (Number of dividing cells / Number of total cells)
x 100.

Anatomical investigations

The Allium root tips grown in the control and test solutions
were also used for determination of anatomical alterations
in the plant roots. For this aim, the tips were collected and
washed with distilled water. Then, cross-sections were
taken with a sharp razor blade and stained with methylene
blue (5%) for 2 min. Finally, cellular and structural damages
were observed under the light microscope (LEICA DM 750)
at 500% magnification (Cavusoglu et al. 2021).
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Fig. 1 Root and leaf lengths in
Triticum aestivum seedlings
exposed to CuSO, and TRIA

Control

Determination of antioxidant enzyme activities

The activity of antioxidant enzymes including superoxide
dismutase (SOD), catalase (CAT), peroxidase (POX) and
were determined spectrophotometrically from samples
obtained from wheat leaves and roots. For antioxidant
enzyme measurement, leaf and root tissues (0.5 g) were
homogenized in 50 mM phosphate buffer at pH=7 in the
presence of 1% polyvinylpyrrolidone. The reaction mix-
ture for monitoring SOD activity by measuring its ability to
reduce the photochemical reduction of nitroblue tetrazolium
(NBT) should contain 50 mM KH,PO, (pH: 7.8), 13 mM
methionine, 63 uM NBT, 0.1 mM EDTA, 30 ul of enzyme
extract and 13 pM riboflavin. One unit of SOD activity is
defined as the amount of enzyme that inhibits the photore-
duction of nitroblue tetrazolium chloride by 50% (Agarwal
and Pandey 2004). CAT activity is measured by decreas-
ing the absorbance value at 240 nm of the reaction mixture
(3 ml) formed by adding 103 mM KH,PO, buffer and 40

mM H,0, substrate solution and 25 pl enzyme solution.
One unit of CAT activity is defined as the amount of enzyme
that uses 1 mmol H,0O, in one minute (Gong et al. 2001). To
determine POX activity, guaiacol was used as a hydrogen
donor and the rate of dissociation of H-O: by the peroxidase
enzyme at 470 nm was measured. One unit of POX activity
is defined as the amount of enzyme that causes an increase
in absorbance of 0.01 units per minute (Angelini and Fed-
erico 1989).

Determination of LPO

LPO change was obtained by measuring MDA content
according to Heath and Packer (1968). For this, wheat leaves
(0.5 g) and roots (0.5 g) were homogenized in 5 ml of cold
5% TCA and the resulting homogenates were centrifuged
at 12,000xg for 15 min at +4 °C. One ml of 0.5% thiobar-
bituric acid (TBA) (20%) prepared in TCA was mixed with
4 ml of supernatant in a clear tube and the resulting mixture
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was incubated in boiling water for 30 min. The reaction
was stopped by removing the incubated tubes from the ice
bath. The tubes were then centrifuged again at 10,000xg for
10 min. The absorbance of the obtained supernatant was
measured at 532 nm and 600 nm. It was calculated with the
formula [(A532-A600)/155000] x 109,

Determination of H,0,

Content Fresh leaf and root tissues (0.5 g) were homoge-
nized in 10 ml cold acetone and then the homogenate was
centrifuged at +4 °C at 10,000xg for 10 min. 0.15 ml of 5%
Ti(SO,), and 0.3 ml of NH,OH were added to the 1.5 ml
of supernatant obtained after centrifugation. The mixture
was centrifuged at 10,000xg for 10 min and the superna-
tant was removed. Then the obtained pellet was dissolved
in 3 ml of 2 M H,SO, and the absorbance value was mea-
sured at 415 nm. These absorbance values were converted
to the amount of H,0O, in nanograms by means of a standard
graph. The obtained data were presented as the amount of
H,0, per g tissue (ng/g leaf) (He et al. 2005).

Statistical analysis

The analysis of each sample was carried out in three inde-
pendent experiments performed in duplicate. Enzyme activ-
ity values and application groups were tested by using
Kolmogorov-Simirnov analysis, and the data’s skewness
and kurtosis values were assessed. One-way analysis of
variance (ANOVA) was applied to the numerical data of the
research, which were suitable for normal distribution and
the dependent variables were more than two (Mao et al.
2024). Levene’s test statistic was used to check the homoge-
neity of variances, and multiple comparison tests were used
to meet the homogeneity of variances condition. Bonferroni
tests were employed to compare groups of more than three
groups, and Duncan’s tests were utilized to compare groups
with the same sample size (Aybeke 2024). Research find-
ings were analysed using IBM SPSS Statistics 23 software.

Cu?* binding site prediction and molecular docking

The Metal Ion-Binding Site Prediction and Modeling Server
(MIB2), freely accessible at http://combio.life.nctu.edu.tw/
MIB2/, was used to predict Cu®" binding regions and inter-
acting residues of the associated target proteins. A WRKY
transcription factor of Arabidopsis thaliana, a model plant
for understanding molecular mechanism of action of phy-
totoxicity, was chosen as the target receptor for physiologi-
cal parameters, and catalase, peroxidase and superoxide
dismutase for antioxidant-oxidant dynamics. The predicted
3D structures of WRKY4 (Q9XI190), catalase (Q96528),

@ Springer

peroxidase (PODI10) and superoxide dismutase (P24704)
were obtained from UniProt, a universal resource of protein
sequence and functional information accessible at https://
www.uniprot.org/. The predictions on interactions between
query receptors and Cu*" ions were done by using the frag-
ment transformation method via MIB2 server (Lu et al. 2006,
2022). The docking position and scores of Cu®" ions were
also calculated by the same server after the model predic-
tion. Metal ion—specific docking parameters were not manu-
ally defined by the user. Instead, all Cu?*-related parameters,
including charge state, preferred coordination geometry,
metal-ligand interaction distances, and interactions with
conserved coordinating residues, were automatically incor-
porated by the MIB2 server during metal-binding site pre-
diction and modeling. This automated approach minimizes
user bias and is particularly suitable for metal ion docking
studies. Active sites were not predefined prior to docking.
Instead, blind docking was performed to allow unbiased
exploration of potential Cu®>" binding regions across the
entire protein surface. This approach is particularly suitable
for metal ions, which may interact with multiple functional
or regulatory regions rather than a single catalytic active
site. The MIB2 server predicts metal-binding sites based
on coordination geometry, conserved residues, and struc-
tural features, enabling identification of the most favorable
Cu?* binding environments without prior site restriction.
For each target protein, the MIB2 server generated multiple
Cu?*-binding models, and the top ten ranked docking mod-
els were selected for structural analysis, interaction charac-
terization, and RMSD-based validation. Docking validation
was performed by calculating RMSD values among the top
ten Cu®"-binding models generated by the MIB2 server.
RMSD calculations were carried out using PyMOL based
on the spatial positions of Cu?" ions. The prediction scores
were summarized in tables and docking interactions were
visualized by using Schrodinger Maestro version 13.9.138.

Results

The Allium test results revealed that high concentrations of
Cu are highly cytotoxic and genotoxic on the mitotic cells
of the root tips. Root elongation was completely inhibited
at 100 and 200 pM concentrations. At 50 uM concentra-
tion, the mitotic index decreased significantly and the chro-
mosome aberration rate increased compared to the control
group (Table 1). Similar chromosomal aberrations including
anaphase bridges (AB), chromosome breaks, chromosome
laggards (CLag), chromosome loses (CLos), C-metaphases
(CM), and stickiness (S) formed in both 50 uM Cu induced
test group and the EMS induced positive control (Fig. 2). On
the other hand, increasing TRIA concentrations (10, 20 and
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Table 1 Mitotic index and chromosome aberrations in 4. cepa roots exposed to CuSO, and TRIA

Test Groups Mitotic Index ~ Chromosome Aberrations (%) Statistical Testing

(uM) (%) AB CB CLag CLos CM St T Fisher’s exact test ~ Linear trend
CuSO, 13.0 1.1 0.1 0.7 0.3 0.1 03 25 S S
50 11.2 1.6 0.5 1.1 0.8 03 0.1 44 S

100 NA N/A NA NA NA NA NA NA NA

200%*

Triacontanol 19.1 0.1 00 0.1 0.1 00 00 03 NS NS
10 16.3 0.2 00 0.1 0.2 00 0.1 04 NS

20 134 0.2 00 02 0.1 00 0.1 03 NS

40

CuSO, - Triacontanol 15.9 0.9 03 04 0.2 0.1 05 24 S S
200-10 18.2 0.2 02 03 0.1 00 0.1 09 NS

20020 19.4 0.1 0.1 0.1 0.0 00 02 05 NS

20040

Control Groups 19.1 0.1 0.1 0.1 0.0 00 0.1 0.4

Negative control: ddH,0 11.7 22 02 09 0.6 0.4 1.4 57

Positive control: EMS (25 mM)
AB: anaphase bridge, CB: chromosome break, CLag: chromosome laggard, CLos: chromosome lose, CM: C-metaphase, St: stickiness, T:

total rate of chromosome aberrations, N/A: not applicable, S: significant and NS: not statistically significant compared to the negative control
(p<0.05)

* 200 pM concentration of CuSO, completely inhibited the seedling growth
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Fig. 2 Typical stages of mitosis (a—d) and chromosomal aberrations ments, each performed in duplicate (n=6), with 5000 cells analyzed
(e—j) induced by EMS in mitotic 4. cepa root cells. The images are per treatment group
representative of observations obtained from three independent experi-
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Table 2 Alleviating role of TRIA against meristematic cell injuries induced by Cu?"

Groups ECD CCD TCCW FCN UVT
Control - - - - -
TRIA 10 uM - - - - -
TRIA 20 uM - - - - -
TRIA 40 uM - - - - -
CuSO, 50 uM + + + + -
CuSO, 100 uM ++ ++ ++ ++ +
CuSO, 200 uM +++ +++ +++ +++ ++
CuSO, 200 ptM+TRIA 10 uM + + + + +
CuSO,4 200 pM+TRIA 20 uM + + + + -

CuSO, 200 uM+TRIA 40 uM — -

ECD: epidermis cell damage, CCD: cortex cell damage, TCCW: thickening of the cortex call wall, FCN: flattened cell nucleus, UVT: unclear
vascular tissue, (+++) severe damage, (++) moderate damage, (+) slight damage, and (—) no damage

40 uM) caused significant reduction in mitotic index of root
tips in a dose dependent manner, but did not increase the
chromosomal aberration rate for any test group. Moreover,
increasing TRIA treatments together with Cu significantly
reduced the toxicity, resulting in a strong recovery in the
mitotic index of meristematic cells, and the chromosomal
aberration rate decreased in all groups.

The anatomical investigations on the Allium root tips
showed that increasing concentrations of Cu significantly
induces cell and tissue alterations including cellular dam-
ages in epidermis, cortex and transmission tissues, thicken-
ing of the cell walls, nuclear vacuolization and formation
of micronuclei. However, increasing concentrations of
TRIA did not cause any anatomical alteration. Also, triac-
ontanol cotreatments (10 uM TRIA+200 pM Cu, 20 uM
TRIA+200 uM Cu and 40 uM TRIA+200 pM Cu) signifi-
cantly reduced the rate of Cu induced anatomical alterations
in a dose dependent manner (Table 2; Fig. 3).

Antioxidant enzymes decrease under abiotic stress condi-
tions. In our study, SOD, CAT and POX antioxidant enzyme
activities were studied in leaf and root tissues (Tables 3 and
4). When we look at the SOD enzyme activity in leaves, it
was found that only Cu and TRIA applications decreased
compared to the control. However, it was observed that
SOD enzyme activity generally increased in the concentra-
tions where these molecules were applied together. 200 uM
Cu+10 uM TRIA concentration increased the activity by
approximately 83% compared to the 200 uM Cu dose. In
general, it was determined that 10 uM TRIA dose increased
activity significantly compared to TRIA concentrations. In
root tissues, 20 uM TRIA and 40 puM TRIA doses together
with Cu concentrations increased SOD activity more than
other applications. In addition, the highest SOD activity was
determined at 20 pM TRIA+100 uM Cu dose, while the
lowest was determined at 40 pM TRIA dose. CAT enzyme
activity in leaf tissue increased only with TRIA applications
compared to Cu applications. Moreover, 200 uM Cu appli-
cation increased with 10 pM TRIA, 20 pM TRIA and 40
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uM TRIA doses activity, 31%, 37% and 56%, respectively.
When CAT enzyme activity was examined in root tissue, a
significant increase was observed in TRIA single applica-
tions compared to control, while a significant decrease in
activity was observed in Cu single application doses. When
POX enzyme activity was examined, only Cu application
in leaf tissue decreased activity, while only TRIA applica-
tion increased activity compared to control, especially 40
uM TRIA, it was observed that there was a 44% increase
in activity. When only Cu application was compared with
Cu and 10 pM TRIA and 20 uM TRIA applications, it was
determined that TRIA increased activity. When we looked
at POX activity in root tissue, it was seen that there was
a significant increase especially in 40 pM TRIA compared
to control, and a significant decrease was observed in 200
uM Cu application. When Cu applications applied together
with TRIA were examined, it was seen that POX activity
increased significantly. In fact, it was determined that only
Cu applications caused a significant increase in activity
compared to TRIA+Cu applications. It was observed that
the MDA content in the leaf decreased when only TRIA
applications were compared with the control. However, the
MDA content increased in only Cu applications. The doses
applied together with Cu and TRIA decreased the MDA
content compared to only Cu applications. When 100 uM
Cu dose was applied with the highest dose of TRIA, the
MDA content decreased by 56%. Again, it was determined
that 50 pM Cu application decreased by 67% compared to
10 uM TRIA application. When the root tissue was exam-
ined, it was determined that the MDA content increased 3
times when 200 uM Cu dose was compared with the con-
trol. However, it was observed that the same dose decreased
the MDA content almost at the same rate as the control
when 10 uM TRIA was applied. However, when only 50
pM Cu dose was applied together with 10 uM TRIA, it was
observed that TRIA decreased the MDA content 4 times
compared to TRIA. When the amount of H,O, in the leaf
was examined, it was seen that all doses of TRIA decreased
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Epidermal Cell Damage

Healthy Cortex Cells

Cortex Cell Damage
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Normal Cell Nucleus
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Fig. 3 Typical appearance of plant tissues (a, c, f, h) and anatomical
alterations (b, d, e, g, i) in A. cepa roots. The images are representa-

Healthy Vascular Tissue

tive of observations from three independent experiments conducted in

Damaged Vascular T|ssue

duplicate (n=6). In total, approximately 5000 cells were evaluated per
treatment group

Table 3 Antioxidant enzyme activities and oxidative stress markers in 7riticum aestivum roots under CuSOs and TRIA treatments. Data are pre-
sented as mean+SE (n=6; three independent experiments performed in duplicate). Statistical analysis was performed using one-way ANOVA
followed by Duncan’s post hoc test. Different letters (a—k) indicate statistically significant differences between groups (p<0.05)

Treatment Groups CAT (EU/mg)+SE  POX (EU/mg)+SE  SOD (EU/g)+SE =~ MDA (nmol/g)+SE  H.O: (ug/g)+SE
Control 20,1306+0,467% 6,2988+0,338" 17,5046+1,429®  0,3611+0,108%¢ 105,52+0,501
TRIA 10uM+CuSO, 50uM 14,1689+0,922 11,5777+0,431¢ 25,5712+0,853%  0,2738+0,031° 88,5909 +0,449¢
TRIA 20uM+CuSO, 50uM 12,4496+0,153* 18,3177+0,088" 25212540451 0,5794+0,030¢" 88,9561+0,075¢
TRIA 40puM+CuSO, 50uM 12,3023+0,153% 9,55+0,95° 25,4644+0,677%  0,3283+0,072%° 90,0247+0,963¢
TRIA 10uM+CuSO, 100uM  12,6572+0,082° 13,9358+0,714 22,7776+0,443¢  0,4333+0,030% 94,5819+0,6268
TRIA 20uM+CuSO, 100uM  12,7515+0,152° 13,86+0,387" 31,9334+2,697"  0,3234+0,041% 92,4219+0,452"
TRIA 40uM+CuSO, 100uM  11,7222+0,237° 18,0474+0,752" 27,0085+0,314¢  0,4084+0,067°% 98,7866+0,704"
TRIA 10uM+CuSO, 200uM  12,5042+0,082° 12,2192+0,963% 18,9184+0,777%  0,4509+0,051¢" 76,2114+0,273
TRIA 20pM+CuSO, 200uM  18,4007+1,319%¢ 13,1966+0,601° 22,716+0,981¢ 0,8264+0,020" 94,5428+0,505¢
TRIA 40pM+CuSO, 200uM  17,6092+0,691¢ 11,3615+0,1¢ 23,3143+0,59° 0,5234+0,035% 86,2+0,200°
CuS0, 50uM 16,6462£0,212% 6,6822+0,506° 23,9612+0,553¢C  0,8827+0,0694 93,0038+1,005"
CuS04 100pM 17,5925+0,414% 8,7222+0,038° 24,3001+ 1,04 0,6364+0,038" 120,5733+0,515
CuS04 200pM 21,9567+4,32¢ 4,2403+0,125* 20,9264+0,2029  0,9306+0,010 111,8171+0,742%
TRIA 10uM 24,6214+0,462° 6,2733+0,598" 19,5938+1,138%  0,3494+0,040%d 87,0742+1,008°
TRIA 20pM 24,9884 +1,4 5,9722+0,847° 16,7189+0,491*  0,3132+0,035% 96,52+0,501¢
TRIA 40uM 24,8736+3,908" 15,1066+1,5168 16,9821+0,31% 0,3866+0,020° 84,6533+0,566°
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Table 4 Antioxidant enzyme activities and oxidative stress markers in Triticum aestivum leaves under CuSOs and TRIA treatments. Data are
presented as mean+ SE (n=6; three independent experiments performed in duplicate). Statistical analysis was performed using one-way ANOVA
followed by Duncan’s post hoc test. Different letters (a—k) indicate statistically significant differences between groups (p <0.05)

Treatment Groups CAT (EU/mg)+SE

POX (EU/mg)+SE

SOD (EU/g)+SE

MDA (nmol/g)+SE

H.0: (ng/g)£SE

Control 21,6111+1,195%  58422+0,101¢
TRIA 10uM+CuSO, 50uM  22,8485+0,326% 8,4161+0,0362
TRIA 20uM+ CuSO, 50uM 19,3783+0,995° 2,6398+0,087°
TRIA 40uM+CuSO, 50pM  22,9018+0,24% 4,3936+0,005°

20,0223 0,536
23,9593 +£0,8394f
24,6427 +0,246°'
21,625+0,929°

TRIA 10uM+CuSO, 100uM
TRIA 20pM +CuSO, 100pM
TRIA 40pM +CuSO, 100pM
TRIA 10uM+CuSO, 200uM

5,3133+0,408%
7,6512+0,747"
4,0049+0,487°
6,8885+0,255°

TRIA 20uM+CuSO, 200uM  22,4074+0,872°%  55365+0,17%
TRIA 40uM+CuSO, 200uM 25,8888+ 1,839' 5,0557+0,173°
CuSO, 50uM 19,9778+1,39% 5,2366+0,55%
CuSO4 100pM 26,4792+1,124F 5,589+0,331%
CuS04 200pM 16,553+0,688" 5,7695+0,5624
TRIA 10pM 35,7812+1,376" 6,7851+0,302°
TRIA 20puM 36,7959+0,352" 5,6566+0,153%
TRIA 40uM 30,3732+3,691¢ 9,0177+0,5248

33,547+2,176%
41,9355+3,584¢
39,8085+ 1,806°
32,3607+2,398°%
33,7445+0,476%
27,9398 £2,241%
26,9285+0,306
55,8493 +1,605"
33,1676+1,015%
33,8258+0,563¢
33,2607+2,186
31,8017+0,566%
30,6289+1,038%
26,0077+0,115%
26,7761+0,31%
27,6453+0,2432

9,4333+0,179¢
5,18+0,132°
11,6086+0,1718
12,2646+£0,079"
10,2666+£0,275
11,3333+0,3758
7,56+0,2684
11,2266+0,126¢
11,3333+0,441¢8
9,4533+0,28°
15,4066 +0,405!
16,4366+0,424%
13,1333+0,152"
6,5633+0,056°
6,3833+0,406°
4,3566+0,166°

112,3276+1,149"
98,3161+1,14%
96,8361+0,767%
96,7676+ 1,569%
96,9047+0,861¢
96,3657+0,633¢
97,1695+ 1,042
92,5923 +0,524*
94,6114+0,535°
96,7676+0,681¢
97,3485+ 1,168%
101,7240,628"
104,3047+1,138
93,0276+0,063*
98,3847+0,666%
99,0514+0,089°

Table 5 Physico-chemical interactions of Cu?" ions docked with physiological and antioxidant-oxidant property associated target receptors

Protein Docking Score  Residue (ID) Atom (donor) Distance (A) Interaction type
WRKY4 4.991 Arg429 (R429) NE 1.56 Cu-N coordination
(Q9X190) Arg429 (R429) NHI1 2.02 Cu—N coordination
Tyrd31(Y431) OH 3.11 Weak polar contact / borderline H-bond
Catalase 4.055 His444 (H444) NDl1 3.63 No direct coordination (second-shell)
(Q96528) Asp254 (D254) ODI 1.67 Cu-O coordination
Asp254 (D254) OD2 2.21 Cu-O coordination
His201 (H201) NDI1 3.86 No direct coordination (second-shell)
Ser258 (S258) OG 4.28 No direct coordination (second-shell)
Peroxidase 6.327 Arg62 (R62) NH2 1.25 Strong Cu—N coordination
(PODI10) Arg62 (R62) NHI1 1.45 Strong Cu-N coordination
Arg62 (R62) NE 2.20 Cu—N coordination
His66 (H66) NE2 2.84 Weak/borderline Cu—N coordination
Superoxide dismutase (P24704) 4.673 His119 (H119) NE2 1.53 Strong Cu—N coordination
His45 (H45) ND1 2.12 Cu—N coordination
His62 (H62) NE2 2.82 Weak/borderline Cu—N coordination
His47 (H47) NE2 3.28 No direct coordination (second-shell)

the amount compared to the control. It was seen that only
Cu applications caused a significant increase in the amount
of H,0O, compared to Cu+TRIA applications. In the root tis-
sue, it was determined that the amount of H,0O, increased
with 100 uM Cu and 200 uM Cu doses and decreased with
all other applications. Moreover, it was seen that the 200
pM Cu+10 pM TRIA dose decreased the amount of H,O,
by 32% compared to the 200 uM Cu dose.

Ion-binding site prediction results revealed that 36 resi-
dues of WRYKH4 transcription factor, 64 residues of catalase,
24 residues of peroxidase, and 21 residues of superox-
ide dismutase are higher than the threshold, predicted as
Cu"?binding residues. Then, the most probable docked posi-
tion of the Cu"? ion for each target protein was determined.
The docking scores for WRYKA4, catalase, peroxidase and
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superoxide dismutase were 4.991, 4.055, 6.327 and 4.673,
respectively (Table 5; Fig. 4).

Distance-based analysis of the docked complexes
revealed that Cu?** binding was primarily stabilized through
metal-ligand coordination and hydrogen bonding with polar
and charged residues. Strong coordination was observed
particularly for Arg429 in WRKY4, Asp254 in catalase,
Arg62 in peroxidase, and His119/His45 in superoxide dis-
mutase, with Cu**—ligand distances ranging from 1.25 to
2.21 A. Several residues suggested by the MIB2 server, such
as Tyr431 in WRKY4 and His201 in catalase, were located
outside the direct coordination range, indicating second-
shell or indirect contributions to the metal-binding environ-
ment. No direct hydrophobic interactions were detected in
any of the docked complexes.
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Fig. 4 Molecular docking interactions of Cu?>" with the physiological observations and antioxidant-oxidant dynamics associated target receptors:
(a) Cu>* - WRKY4, (b) Cu®" - Catalase, (¢) Cu®* - Peroxidase and (d) Cu®* - Superoxide dismutase

Since MIB2 predicts metal-binding sites rather than per-
forming classical ligand re-docking, RMSD validation was
carried out by comparing the spatial consistency of Cu®*
positions among the top ten predicted models. All models
showed identical Cu®" coordinates (RMSD=0.0 A), indicat-
ing a highly stable and reliable Cu?* binding site prediction.
Such convergence is expected for metal-ion binding site
prediction servers when a highly conserved coordination
environment is identified.

Discussion

The present study revealed that increasing concentration of
Cu cause significant reductions in MI values and inductions
in CAs in the root tip cells of 4. cepa. However, high con-
centrations of TRIA reduced only MI. The Allium test is an
efficient, cost effective, and sensitive assay system to inves-
tigate the cytogenotoxic effects of heavy metal exposure at
high concentrations on higher plants (Tzima et al. 2022).
Formerly, various reports involving the Allium test showed
that Cu*? ions reduce the mitotic index, inhibit cell divi-
sion and induce chromosomal aberrations (Liu et al. 1994,
2009; Jiang et al. 2001; Tzima et al. 2022). In this regard,
the results of this study on cytogenotoxicity of Cu'? ions
are well correlated with the literature. On the other hand,
the results of previous studies regarding the effects of TRIA
on MI and CAs are conflicting. A pioneering study reported
that exogenous TRIA application promoted cell division
during germination under stress free conditions (Hangarter

et al. 1978). However, Tabur and Demir (2008) claimed that
TRIA application reduced cell division in barley root meri-
stems under optimal growth conditions. A most recent study
also showed that TRIA reduced MI in barley root meristems
at 10 pM concentration under optimal growth conditions,
but did not affect CAs rates (Tabur et al. 2024). Similar
trends that include low concentration promotes MI while
high concentration inhibits, were previously reported for
other plant growth regulators (Hu et al. 2000; Ismailoglu et
al. 2004; Kartal et al. 2009; Tabur and Demir 2009, 2010;
Marakli et al. 2014; Ozmen et al. 2022). In this context, our
findings were in line with the literature, increasing concen-
trations of TRIA (10-40 pM) decreased the MI in meriste-
matic cells of A. cepa under stress-free growth conditions.
On the other hand, co-treatment of TRIA together with 200
uM Cu significantly reduced the metal toxicity on the root
tips meristematic cells, resulting in a strong recovery in
the MI, and a significant reduction in the CAs rate. To our
knowledge, several studies have investigated the protective
potential of triacontanol against various physical and chem-
ical stress conditions (Chandra and Roychoudhury 2020;
Islam and Mohammad 2020; Verma et al. 2022; Jahan et al.
2023). However, this is the first report on the alleviative and
protective role of TRIA against Cu”2-induced cytogenotox-
icity in A. cepa meristematic cells.

Stress factors that cause a decrease in the growth, devel-
opment and productivity of plants cause serious damage to
plants and can even stop the vital functions of the plant.
Various methods are used to cope with these factors, which
are important factors that reduce agricultural productivity.
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In this study, it was aimed to evaluate the growth, develop-
ment, cytogenetic, anatomical, physiological and in silico
properties of exogenously applied TRIA by creating a
response to copper stress, as copper stress can affect the
growth or physiology of wheat. According to the statistical
analyzes, it was determined that Cu stress affects the growth,
weight and antioxidant defense system of the wheat plant.
Heavy metal toxicity negatively affects seedling growth
(Seneviratne et al. 2019). In this study, significant changes
were observed in root and leaf growth of wheat and also in
root and leaf dry weight. Compared to the control group in
Tables 2 and 3, Cu caused a decrease in root and leaf growth,
while it caused an increase in some TRIA doses. When we
look at the relative water content, only copper applications
caused a decrease in water amount, while TRIA applications
increased it. TRIA+ Cu applications also generally increased
water content. In a study, it was reported that TRIA increased
plant growth by regulating adenosine biosynthesis (Ries et
al. 1990). Moreover, Cu application in leaf and root tissues
was observed to reduce dry and fresh weight as well as
growth, while this situation was significantly alleviated with
salicylic acid (Zengin 2014). In pepper plants, Cu stress sig-
nificantly reduced the fresh and dry weight of roots and
leaves compared to control, while an increase was observed
with chrysin doses (Yuce et al. 2024). Melatonin application
in basil seedlings with heavy metal content (150 uM
Cu+100 pM Zn) caused an increase in fresh weight, dry
weight, shoot length and root length compared to seedlings
that did not receive melatonin (Oloumi et al. 2024). TRIA
applications have shown that it improves growth and bio-
mass production in Erythrina variegata, Coriandrum sati-
vum L. and Brassica juncea plants under metal stress
(Ahmad et al. 2021a, b). The current study is parallel to the
literature and has proven that Cu toxicity has a significant
negative effect on the growth and development processes of
seedlings, while TRIA regulates these processes. Copper
stress triggers the formation of harmful reactive oxygen
species (ROS) that cause irreversible damage to macromol-
ecules (Lombardi and Sebastiani 2005). Antioxidant
enzymes, which are the basic components of the plant
defense system, play an important role in clearing ROS
accumulated in cells (Tiryaki et al. 2019; Apel and Hirt
2004). In our study, SOD activity in leaves decreased with
aloneCu and TRIA applications compared to the control, but
it was generally observed to increase when applied together
200 uM Cu+10 uM TRIA concentration increased the
activity significantly compared to 200 uM Cu dose. It was
observed that 10uM TRIA dose increased the activity sig-
nificantly compared to other TRIA concentrations. In roots,
it was observed that 20 uM TRIA and 40 uM TRIA doses
increased SOD activity together with Cu concentrations
more than other treatments. In addition, the highest SOD
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activity was determined in 20 pM TRIA+100 pM Cu dose,
while the lowest SOD activity was determined in 40 uM
TRIA dose. When POX enzyme activity was examined, Cu
application alone decreased the activity in leaf tissue, while
TRIA application increased the activity compared to the
control. 44% increase in activity was observed in 40 uM
TRIA. When only Cu application was compared with
Cu+10 pM TRIA and 20 pM TRIA applications, it was
determined that TRIA increased the activity. When the root
tissue was examined, it was seen that POX activity caused a
significant increase especially in 40 pM TRIA compared to
the control, while a significant decrease was observed in
200 uM Cu application. When TRIA + Cu applications were
examined, it was seen that POX activity increased signifi-
cantly. In fact, it was determined that only Cu applications
caused a significant increase in activity when compared to
TRIA+ Cu applications. CAT enzyme activity in leaf tissue
increased only TRIA applications compared to Cu applica-
tions. When CAT enzyme activity was examined in root tis-
sue, a significant increase was observed in TRIA alone
applications compared to the control, while a significant
decrease in activity was observed in Cu alone application
doses. It has been determined that TRIA applied to wheat
leaves increases the enzyme activities of SOD, CAT and
POX. The balance of the activities of SOD, CAT and POX,
which are the main antioxidant enzymes, is of great impor-
tance in terms of preventing the harmful effects of O,.” and
H,0, by keeping them at stable levels (Esim 2014). There
are studies in the literature on the effect of TRIA on SOD,
CAT and POX activities with exogenous applications. Seed-
lings developed from coriander seeds treated with TRIA
alleviated the oxidative stress caused by Cd by improving
the antioxidant activity including superoxide dismutase
(SOD), peroxidase (POX) and catalase (CAT) enzymes
(Sardar et al. 2022). In another study, exogenous TRIA
applications improved the performance of hot pepper under
salinity and has been seen clearly more effective in reducing
the lethal effect of salt stress by controlling the increase in
antioxidant enzyme activities (SOD, CAT, POX) (Sardar et
al. 2022) The ability of TRIA to reduce Cd toxicity was
examined in canola (Brassica napus L.) plants and it was
observed that it reduced oxidative stress by increasing the
activities of antioxidant enzymes such as superoxide dis-
mutase (SOD), catalase (CAT), and guaiacol peroxidase
(GPX) (Karam et al. 2017). Although studies conducted
with Cu and TRIA were not found in the literature, the
results of our study were consistent with different stress
conditions. Analysis of ROS levels and antioxidant system
activities provides important information about stress
responses of plants (Apel and Hirt 2004; Noctor and Foyer
1998. 2). As with other stress factors, heavy metal stress
increases the production of ROS such as H,O, (Esim 2014;
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Back and Skinner 2012). The increase of this molecule
causes significant cell damage (Esim 2014). According to
the results of our study, it was observed that H,0, levels in
leaves decreased in all doses of TRIA compared to the con-
trol. However, it was observed that only Cu applications
caused a significant increase in H,O, levels compared to
Cu+TRIA applications. It was determined that H,O, levels
in root tissue increased with 100 uM Cu and 200 uM Cu
doses, while decreasing with all other applications. In addi-
tion, it was determined that 200 pM Cu+ 10 uM TRIA dose
reduced H,0, levels by 32% compared t0200 uM Cu dose.
In another study, it was observed that TRIA application
reduced the H,0, content in canola plants exposed to Cd
heavy metal stress (Karam et al. 2017). TRIA applied to
Coriandrum sativum L. (coriander) plants exposed to Cd
reduced the amount of H,O, (Sardar et al. 2022). Cu (150
uM) applied to basil seedlings caused a decrease in H,O,
content, while melatonin application caused an increase in
H,0, content (Oloumi et al. 2024). Our findings are parallel
to the literature and support that TRIA can reduce oxidative
stress in wheat plants during Cu stress. Increased antioxi-
dant enzyme activities with TRIA application significantly
reduced the amounts of reactive oxygen species such as
H,0,, and the continuity of plant growth rate was ensured
by activating the stimulating signal role of H,O, in the plant
defense system. LPO is formed as a result of oxidative deg-
radation of cell membrane lipids by free radicals including
reactive oxygen species. It leads to the degradation of cell
membranes by a free radical chain reaction. Therefore,
membrane lipids are very sensitive to oxidative damage.
The end products of LPO are very reactive aldehydes such
as MDA (Tiryaki et al. 2019; Baek and Skinner 2012). MDA
content is an indicator of membrane integrity and lipid per-
oxidation. MDA content was measured to analyze lipid per-
oxidation to evaluate membrane damage caused by copper.
In the study, it was observed that Cu applications alone
increased the MDA content in wheat exposed to Cu stress,
but TRIA applications decreased the MDA content. When
Cu and TRIA applications were examined together, it sig-
nificantly decreased the MDA content compared to Cu
applications alone. It was determined that 50 uM Cu appli-
cation decreased compared to 10 uM TRIA application.
When the root tissue was examined, it was determined that
200 uM Cu dose increased the MDA content 3 times com-
pared to the control. However, it was observed that the same
dose, when applied with 10 uM TRIA, decreased the MDA
content almost at the same rate as the control. However,
when the application of only 50 uM Cu dose together with
10 uM TRIA was compared, it was observed that TRIA
reduced the MDA content by 4 times. Reducing the MDA
content with TRIA applications is important for improving
Cu tolerance. Considering all the results, it can be concluded

that exogenously applied TRIA prevents cell membrane
damage by reducing the lipid peroxidation (MDA) level that
increases with Cu application. As far as we can seen,
although there is no study in the literature that shows that
the amount of MDA and therefore the lipid peroxidation
level decreases with TRIA application, there are some dif-
ferent studies. In one study, MDA content increased in Cu-
treated bean leaves and roots and decreased with salicylic
acid application (Zengin 2014). Compared with the control,
Cd-treated pea plants showed higher lipid peroxidation, and
pre-soaking the seeds with SA before Cd application was
observed to reduce MDA levels (Popova et al. 2009). In the
study conducted on basil seedlings, MDA content increased
with 150 uM Cu application and decreased with melatonin
application (Oloumni et al. 2024). It was observed that the
results of the current study were compatible with the appli-
cation of methods against heavy metal application. The acti-
vation of SOD, CAT and POX enzymes, which play a role
in the cleaning of ROS, is important for the plant to develop
tolerance to oxidative stress. However, the activity of these
enzymes alone may not be sufficient. In order to provide
tolerance to oxidative stress, antioxidant enzymes are
expected to be activated and the amount of ROT and LPO
levels are expected to decrease. The TRIA concentrations
we used in the study increased enzyme activities while at
the same time decreasing the amount of ROT and LPO lev-
els. The increase in antioxidant enzyme activities occurs
due to the increase in ROT, thus helping the plant adapt to
various stresses. Therefore, it is very important that TRIA
causes increases in enzyme activities. Thus, TRIA can
increase the resistance of wheat plants exposed to Cu stress
and facilitate adaptation to Cu stress.

Observations on anatomical alterations in the plant tissues
serve as a useful tool for monitoring hazardous or beneficial
potency of test compounds (Cavugoglu et al. 2021; Macar
et al. 2022; Cakir et al. 2023). In this regard, the anatomical
investigation results were closely correlated with cytogeno-
toxicity findings, increasing Cu>* concentrations caused sig-
nificant anatomical alterations including cellular damages in
epidermis, cortex and transmission tissues, thickening of the
cell walls, nuclear vacuolization and formation of micro-
nuclei while increasing triacontanol concentrations did not
affect the anatomical parameters. Furthermore, increasing
concentrations significantly reduced Cu®*-induced altera-
tions in the co-treatment groups, indicating protective
potential of triacontanol against heavy metal toxicity in A.
cepa roots.

In silico approaches including binding site prediction
algorithms and molecular docking are widely used in the
investigation of interactions between query molecules
and target proteins (Lin et al. 2016; Lu et al. 2022). In
this regard, the molecular interactions of Cu®" ions with
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WRYK4 transcription factor, catalase, peroxidase, and
superoxide dismutase enzymes were investigated by MIB2,
a comprehensive web-based tool for the reliable prediction
of metal ion-binding sites and metal docking, to provide
new molecular insights into the understanding of the mech-
anism of Cu?" phytotoxicity observed in vitro experiments.
The MIB2 results indicated that Cu®>* ions had strong inter-
actions with mainly hydrophilic and acidic amino acids in
the target proteins. The negatively charged nature of these
interacting amino acids enhances the formation of the ionic
bonds between Cu?" ions and the residues (Tan et al. 2024).
Moreover, the distance-based analysis of Cu*—protein inter-
actions (Table 5) revealed that metal binding was primarily
stabilized through coordination and hydrogen bonding with
polar and charged residues, which is consistent with the
well-established principles of metal—protein interactions. In
particular, Cu?* coordination distances observed for Arg429
in WRKY4 (1.56-2.02 A), Asp254 in catalase (1.67-2.21
A), Arg62 in peroxidase (1.25-2.20 A), and His119/His45
in superoxide dismutase (1.53-2.12 A) fall within the typi-
cal range reported for Cu?'—ligand interactions in proteins.
Histidine- and aspartate-mediated Cu?" coordination has
been widely documented, especially in antioxidant enzymes
such as catalase and superoxide dismutase, where metal
binding plays a crucial role in enzymatic activity and redox
regulation. Several residues suggested by the MIB2 server,
including Tyr431 in WRKY4 and His201 and Ser258 in
catalase, were located outside the direct coordination range
(>3.2 A). These residues are therefore likely to function as
second-shell contributors, indirectly stabilizing the metal-
binding pocket rather than directly coordinating the Cu?"
ion. Such second-shell interactions have been reported to
influence metal-binding geometry and protein stability
without forming direct coordination bonds. Importantly, no
direct hydrophobic interactions between Cu®* and nonpolar
residues were detected, which is consistent with the charged
nature of Cu®" and further supports the validity of the dock-
ing results (Bertini 2007; Dudev and Lim 2014). These
results further suggested that Cu ions exerts phytotoxic
effect on the seedling growth parameters via interacting with
WRYK4 transcription factor in higher plant species, and on
the oxidant/antioxidant dynamics via interacting with cata-
lase, peroxidase, and superoxide dismutase enzymes.

When the results are evaluated, it is suggested that TRIA
can be used to increase the resistance of this plant exposed
to Cu stress by increasing the antioxidant activities of the
wheat plant and decreasing the H,0, and lipid peroxidation
levels. For these reasons, our study can provide ideas for
future studies by showing the usability of TRIA to increase
the resistance of plants against environmental stresses.
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