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Abstract. Heavy metal pollution poses a major threat to ecosystems and
the health of living organisms. In the present study, we investigated the
effects of zinc and copper by applying ZnSO, and CuS0O,4:6H,0 solution on
the physiological and biochemical processes in barley (Hordeum vulgare L.)
cv. Astana-2000 seedlings, 1 mM solutions of ZnSO, and CuS04-6H,0 were
used. Sulfite oxidase (SO) is an enzyme that contains molybdenum and that
contributes to sulfite detoxification and the regulation of redox reactions. The
present research focuses on the impact of Zn and Cu on the enzyme SO activity.
Zn and Cu treatments apparently induce moderate stress by stimulating SO
activity, thereby enhancing sulfite detoxification and maintaining cellular
redox balance. These results suggest that Zn and Cu differently affect the
SO regulatory mechanism, also showing the participation of SO in the early
regulation of redox balance and defense mechanism in barley under heavy
metal stress. These findings support the importance of studying heavy metal
interactions to develop strategies for enhancing plant tolerance to Zn, Cu, and
similar stress conditions.
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Introduction

The heavy metal pollution has been identified as a global threat since the beginning of
the Industrial Revolution. Heavy metal exposure due to its toxicity poses serious health and
environmental problems [1]. Its toxicity adversely impacts physiological and morphological
characteristics by reducing the absorption of essential nutrients and disrupting metabolism,
thus inhibiting growth and biomass accumulation [2]. Common morphological symptoms are
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Biochemical mechanisms of the effects of heavy metals on barley (Hordeum vulgare L.)

reduced root and shoot growth, which decrease respiration and photosynthetic processes,
along with typical symptoms of heavy metal exposure in plants, such as chlorosis and necrosis
[3]. Moreover, heavy metals such as Fe, Mn, Cu, Ni, Co, Cd Zn and Hg stimulate the production
of reactive oxygen species (ROS) such as superoxide radical (0--2), hydroxyl radical (OH)
and hydrogen peroxide (H202), which causes lipid peroxidation, resulting damage of cell
membrane and enzymatic activity at the cellular level [4]. However, many heavy metals at low
concentrations function as enzyme cofactors and promote antioxidative defense that ultimately
increases plant growth and its resistance to stress [5].

This dual nature of heavy metals plays a critical role in sustainable agriculture and in
environmental protection. Some of the heavy metals, such as Cu, Fe, Mn, Mo, Ni, and Zn, function
as essential micronutrients for plant growth when present in small amounts [6]. Among these,
Cu and Zn often act as cofactors or activators in numerous enzymatic reactions. Zinc ions (Zn**)
play a crucial role in various metabolic pathways, supporting the activity of enzymes such as
RNA polymerase, superoxide dismutase, alcohol dehydrogenase, and carbonic anhydrase, as
well as contributing to protein synthesis and the metabolism of lipids, carbohydrates, and
nucleic acids. Also, Zn is a structural component of Zn-finger chain transcription factors, which
regulate cell proliferation and differentiation [7]. Similarly, copper is crucial for photosynthesis,
respiration, and lignin biosynthesis. However, at high concentration it impairs nutrient
homeostasis, photosynthesis, and inhibits plant growth and productivity by causing oxidative
stress [8]. Thus, a balance between deficiency and toxicity determines whether heavy metals
act as growth promoters or stress inducers.

Copper and zinc illustrate this duality among various heavy metals. As reported by Azooz et
al. (2012), Cu in wheat (Triticum aestivum cv. Hasaawi) promoted plant growth by enhancing
the biosynthesis of free amino acids, proline, and antioxidant enzyme activity [9]. However,
excessive Cu stress was shown to reduce photosynthesis, chlorophyll, leaf area, and grain yield
[10], demonstrating its delicate boundary between beneficial and harmful levels. In spring
barley (Hordeum vulgare), co-treatment with Cd and Zn suppressed plant growth, disrupted root
and leaf morphology, and induced ultrastructural impairment in chloroplasts and mitochondria
[11]. Similarly, excessive Zn concentration in cereals can inhibit growth and induce chlorosis,
which is a sign of impaired chlorophyll synthesis often associated with impaired iron uptake and
cellular damage [12]. In rice (Oryza sativa), high Cu exposure inhibited root and shoot growth,
and accumulated excessive Cu, but when Zn was combined with Cu, the plant was improved,
oxidative stress was reduced, antioxidant enzyme activity was increased and Cu uptake was
limited [13]. Although, despite its beneficial role in trace amounts, copper becomes toxic at
elevated concentrations, causing growth inhibition and morphological changes in various plant
species. Copper reduces root growth, plant mortality, biomass, and seed production in Rhodes
grass (Chloris gayana), black bindweed (Polygonum convolvulus), and bean (Phaseolus vulgaris)
[14].

Given the specificity of crop responses to Zn and Cu, barley (Hordeum vulgare) was chosen as
the model species for this study. Barley is the fourth-most widely grown cereal crop worldwide,
after maize, rice, and wheat, and this cereal is widely used as feed and malt. For the experiment,
we used the Astana-2000 cultivar of Hordeum vulgare L., which was previously used as a
reference variety in field trials of Kazakhstan and demonstrated good adaptation to steppe and
continental climates [15, 16].

Sulfite oxidase (SO) is a molybdenum cofactor-containing enzyme that catalyzes the oxidation
of sulfite to sulfate. Because sulfite is a toxic nucleophile, its concentration must be strictly
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managed [17]. It has been isolated from several plant species, including Spinacia oleracea,
Malva sylvestris, Nicotiana tabacum, and Arabidopsis thaliana [18]. SO plays a vital role in the
detoxification of sulfite formed during the degradation of sulfur-containing amino acids in plants,
as well as excess sulfite derived from atmospheric SO2. Thus, SO contributes to both sulfur
metabolism and protection against sulfite-induced oxidative stress. Recent evidence suggests
that SO is not only responsible for sulfite detoxification but also influences wider metabolic and
stress pathways. For example, Oshanova et al. (2021) demonstrated that variations in SO activity
affect sulfur, carbon, and nitrogen metabolism, while modulating oxidative stress resistance
[19]. Similarly, overexpression of SO in maize enhanced drought tolerance by reducing oxidative
damage, highlighting the enzyme’s role in maintaining cellular redox homeostasis under stress
conditions [20]. These findings suggest that SO activity is sensitive to disturbances in cellular
redox balance, which is also a characteristic feature of heavy metal stress.

Heavy metals such as Zn, Cu, and Cd are known to disrupt cellular homeostasis by inducing
excessive formation of ROS and interfering with enzymatic redox regulation [21]. At the
biochemical level, heavy metals can affect molybdoenzymes, including SO, through two main
mechanisms: firstly, altering the redox signaling pathways that regulate their transcription and
activity, and secondly, inhibiting enzyme function directly through inappropriate metalation
or replacement of essential cofactors [21-23]. Neumann et al. (2008) demonstrated that heavy
metal ions can inhibit molybdoenzymes by binding to sulfur ligands or directly interfering with
Moco incorporation, offering a feasible mechanism responsible for SO inhibition during metal
toxicity [23].

Therefore, although direct studies of SO under heavy metal stress remain limited, data from
studies of oxidative stress and molybdoenzymes support the hypothesis that the effect of Zn and
Cu on SO activity may vary according to their concentrations. At physiological trace metal levels,
these metals can indirectly stimulate SO activity through redox signaling and the induction
of antioxidant defenses. However, heavy metals can inhibit SO at elevated concentrations
by disrupting Moco biosynthesis or directly interacting with its catalytic center. This dual
mechanism of action highlights the importance of studying the role of SO in plant responses to
heavy metal stress conditions, particularly Zn and Cu, which are both essential trace elements
and potential toxicants at high concentrations.

The production of H202 directly links sulfite metabolism to the generation of ROS [24],
establishing SO as both a detoxifying agent and an oxidative stressor in the plant mechanism.
Furthermore, SO activity indirectly influences ROS and increases catalase (CAT) activity, thereby
enhancing the antioxidant defense network. ROS, which are byproducts of various metabolic
processes, play dual roles in plants as signaling molecules and potential agents of oxidative
damage [25]. CAT normally detoxifies the H202 that comes from SO at low sulfite levels, but at
higher concentrations, the accumulated H202 may non-enzymatically oxidize extra sulfite. The
class Il peroxidases might be a backup detoxification system in SO-deficient plants [24, 26].
Moreover, Xia et al. (2012) provided evidence that sulfite alone is capable of generating ROS and
causing oxidative stress. As a result, SO contributes to the protection of plants by not allowing
the peroxisomal CAT that is involved in the detoxification to be inhibited during excess sulfite
in plants [20]. Hence, SO is a pivotal factor that not only connects sulfite metabolism but also
redox signaling and defense pathways in conditions of oxidative stress.

The interconnection between antioxidant enzymes and SO activity in plants under heavy
metal stress is crucial for the preservation of cellular redox homeostasis and for the alleviation
of ROS-induced oxidative damage. Heavy metal stress is the major cause of oxidative stress
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in plants, leading to the accumulation of ROS, which in turn requires an effective antioxidant
response to be able to protect cellular structures and functions. Moreover, this increase often
contributes to the activation of different antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT), and ascorbate peroxidase (APX), which have a very important role in
detoxification of ROS and protection of biological macromolecules against oxidative damage
[9]. These antioxidant enzymes not only detoxify ROS production, but also stabilize the redox
environment, which is necessary for maintaining SO activity. Increased antioxidant activity
limits oxidative modifications that can degrade SO, while SO itself promotes detoxification
of ROS by converting sulfite to sulfate and also supporting glutathione (GSH) biosynthesis.
Studies show that overexpression of SO in plants improves drought tolerance by increasing GSH
levels, which enhances the SO-dependent antioxidant system and reduces H202 accumulation,
thereby scavenging ROS and minimizing oxidative damage [20]. Furthermore, Yadav (2010)
demonstrated that modulation of key enzyme activity participated in sulfur acquisition,
the ascorbate-glutathione cycle (ASA-GSH), and phytochelatin (PC) synthesis promotes Cu
detoxification [27]. This tightly coordinated interaction reflects a complex yet effective plant
response to oxidative stress.

This study demonstrates that SO functions at the intersection of sulfur metabolism, ROS
regulation, and antioxidant defense, making it susceptible to damage during heavy metal stress.
By studying the responses of barley (Hordeum vulgare L.) cv. Astana 2000 to Zn and Cu, we
aim to determine whether SO activity varies within coordination, stimulating defense at the
micronutrient level but inhibiting it under toxic conditions.

Materials and research methods

Growth conditions

Barley seeds (Hordeum vulgare L.) were sterilized on the surface by immersing in a 3%
hydrogen peroxide solution and constantly stirring for 5 minutes. After sterilization, the seeds
were washed three times with double-distilled water (DDW) to completely remove the hydrogen
peroxide. The seeds were placed in Petri dishes lined with filter paper soaked in 10 ml of 1 mM
ZnS04 or CuS04 -6H20 solutions for germination. The dishes were kept in the dark for 72 hours
and then transferred to the light. Seedlings were grown in a controlled chamber under long-day
conditions (16 h light/8 h dark) at a relative humidity of 75-80% and an air temperature of 22
to 27 °C. Lamps with spectral outputs of 2700 K and 6400 K, arranged alternately to stimulate
optimal growth conditions, provided artificial lighting. The plants were watered with 15-20 ml
of DDW at the same time each day. Seven-day-old seedlings were used for further experiments.

Preparation of samples for the experiment

To prepare samples, fresh leaves of seven-day-old seedlings were harvested and immediately
processed to prevent enzymatic degradation. Leaf material was thoroughly homogenized using
a pre-cooled mortar and pestle with the addition of extraction buffer. The extraction buffer
was freshly prepared and contained 250 mM sucrose, 3 mM EDTA (pH 8.3), 250 mM Tris-HCl,
L-cysteine, molybdenum solution, dithiothreitol (DTT), and DDW. This composition was chosen
to stabilize proteins and enzymes, prevent oxidation, and maintain the structural integrity of
biomolecules during homogenization. The homogenate was transferred to pre-cooled centrifuge
tubes and centrifuged at 10,000 rpm for 25 minutes at 4°C. Centrifugation at low temperature
was used to reduce the risk of protein denaturation and enzymatic activity. After centrifugation,
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the supernatant, which contained soluble proteins and metabolites, was gently separated from
the pellet, which consisted mainly of cellular debris and intact tissue. The obtained supernatants
were immediately used for further biochemical analysis. Protein concentration was measured
using the Bradford method [28].

Determination of chlorophyll content

Chlorophyll pigments were determined by taking about 20 mg of fresh leaf tissue from
each sample and homogenized in 1 ml of 90% (v/v) ethanol using a pre-cooled mortar and
pestle. The homogenates were put in centrifuge tubes and spun at 10,000 rpm for 10minutes
at 4°C to separate cellular debris. The supernatant, containing the extracted pigments, was
carefully collected for subsequent analysis. Chlorophyll concentrations were analyzed with a
spectrophotometer through absorbance measurement at a specific wavelength. Chlorophyll
a content was measured at 664 nm, and chlorophyll b at 649 nm. 90% ethanol served as a
blank standard during the measurements. Chlorophyll concentrations were calculated using
the following equations based on the studies of Lichtenthaler and Wellburn et. al. (1983) [29].

Determination of ROS generation

Barley seedling leaves were analyzed to establish ROS components, particularly H202. To
quantify H202, samples were homogenized in 50 mM phosphate buffer (pH 7.5) ata 1:8 (w/v)
ratio and centrifuged twice at 10,000 rpm for 10 minutes at 4°C. The resulting supernatants
were used for analysis. The reaction mixture for H202 detection consisted of 0.85 mM
4-aminoantipyrine (AAP), 3.4 mM 3,5-dichloro-2-hyroxybenzene sulfonate (BHS), and 4.5
U/ml horseradish peroxidase (HRP) dissolved in 2 ml of 50 mM phosphate buffer (pH 7.5),
prepared based on the method of Yesbergenova et. al. (2005) [30]. Samples were incubated
in the reaction mixture and after 5 minutes, the absorbance at 515 nm was recorded using
a spectrophotometer. The H202 concentration was identified by comparison with a standard
calibration curve.

Determination of CAT activity

CAT activity was assessed according to the method originally described by Aebi et. al. (1984)
with minor modifications. After electrophoresis, CAT isoenzyme bands were visualized by
incubating the gel in 0.03% H202 solution for 10 minutes. Then, enzyme activity was detected
by staining the gel with a freshly prepared solution containing 1% potassium ferricyanide
[K3Fe(CN)6] and 1% ferric chloride (FeCl3) [31].

SO activity measurement

SO activity was evaluated according to the method of Kurmanbayeva et. al. (2017) [37]. To
separate proteins, 500 pl of the plant extract supernatant was introduced to a Sephadex G25
column pre-equilibrated with sulfate buffer (0.5 M Na2S04 in 0.1 M Tris-HCl, pH 8.0). The
samples were applied to completely absorb onto the G25 matrix. To separate proteins from
low-molecular-weight metabolites, 1 ml of sulfate buffer was then added to the column and
completely absorbed into the matrix. The first 1 ml of eluate, containing the protein fraction,
was collected and used for subsequent SO activity measurements.

Statistical analysis

All experiments were repeated at least three times to confirm the reliability of the results.
Seedling shoot height was measured for each treatment, and the data were analyzed using
GraphPad Prism software (version 8.02). Comparative analysis of arithmetic means was
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performed, and the statistical significance of the differences between treatments was determined
using one-way analysis of variance (ANOVA) followed by Turkey’s multiple comparison test.
Data from three independent replicates were converted to numerical values (£SD), and Image]
was used to quantify enzyme activity intensity.

Results

Effect of Zn and Cu on seed germination and morphological parameters

To quantify the morphological responses to applied metal stress, shoots and root lengths
of barley seedlings were measured by using a standard ruler (cm) under identical growth
conditions. The data have shown the effect of Zn and Cu on barley growth and development.
Figure 1 revealed a noticeable enhancement in seedling growth under Zn treatment compared
with the control plant. It is characterized by a slight increase in shoot length and developed leaf
structure. Overall, seedlings exposed to Zn treatment have maintained normal development.
On the other hand, Cu treated ones showed a significant decline in growth, the shoot length
decreased remarkably, and leaves became thinner compared with Zn-treated and control
plants. Those leaves have shown several symptoms of stress, including pale green color and
slightly curly morphology. Overall, seedlings were smaller, and the difference in height was
clearly visible.

(a) (b)
15+

—_
o
L

LE

Length (cm)

(*50\ *’\}\ “C)
F ¢

Figure 1. Heavy metal-induced changes in growth and development of barley leaves. (a) Effect of
Zn and Cu on the morphology of barley; (b) Effect of Zn and Cu treatments on barley shoot length. The
graph shows the average shoot length (cm) of barley seedlings grown under control, 1 mM Zn, and 1 mM
Cu conditions. Asterisks in the graph “***” indicate a very significant (P < 0.01); “ns” - an insignificant
(P < 0.05) difference in the presented data. Statistical analysis (Student’s test) was performed using
GraphPad Prism software (v.8.02). Data are presented in relative units.

Quantitative measurements confirmed these visual observations. As illustrated in Figure 1
(b), compared to the control, one Zn treatment resulted in a slight increase in shoot length,
reaching approximately 6%, but this difference was not statistically significant. In contrast, shoot
length significantly reduced to approximately 39% of the control value. Our results demonstrate
the opposite effect of Zn and Cu on barley morphology; Zn treatment showed a moderate
stimulating effect, whereas Cu significantly inhibited growth and elongation processes. Overall,
morphological analysis has demonstrated contrasting physiological effects on barley seedlings.
Zn acts as a micronutrient and moderately stimulates shoot growth, whereas Cu showed a
phytotoxic effect even during relatively low concentrations.
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The change in chlorophyll content under Zn and Cu treatment

Chlorophyll a and b contents were measured in barley seedlings to assess the effects of Zn
and Cu exposure. The chlorophyll content of seedlings was differently affected by Zn and Cu
treatments, as shown in Figure 2.
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Figure 2. Determination of chlorophyll a and b contents. Asterisks in the graph “***” indicate a
very significant (P < 0.01); “ns” - an insignificant (P < 0.05) difference in the presented data. Statistical
analysis (Student’s test) was performed using GraphPad Prism software (v.8.02). Data are presented in
relative units

Compared with the control, exposure to 1 mM Zn resulted in a slight increase in chlorophyll
a content by 3%; however, the effect of 1 mM Zn solution on chlorophyll b content was opposite,
resulting in a 14% decrease. In contrast, seedlings treated with 1mM Cu exhibited a marked
increase in chlorophyll a by 16%, showing the most pronounced enhancement. The effect of
a 1 mM Cu solution on the chlorophyll b content was not remarkable. These findings indicate
that Zn stress negatively influences pigment accumulation, whereas Cu at high concentration
appears to stimulate chlorophyll a biosynthesis under the tested conditions.

Reactive oxygen species (ROS) accumulation under heavy metal stress

To evaluate the oxidative response of barley under heavy metal stress, ROS activity was
quantified after exposure to 1 mM Zn and 1 mM Cu. As shown in Figure 3, the results clearly
indicate that the two metals have distinct and opposing effects on ROS, reflecting the different
mechanisms by which they influence plant oxidative balance.

10,06
* 0.04 n3
£
E
¢ 0.02
g Figure 3. ROS content in leaves of barley seedlings treated with 1 mM
& Zn and 1 mM Cu. Asterisks in the graph “***” indicate a very significant
0.00 = (P <0.01); “ns” - an insignificant (P < 0.05) difference in the presented
O data. Statistical analysis (Student’s test) was performed using GraphPad
{._p":“ h.cf' -.':@} Prism software (v.8.02). Data are presented in relative units.
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Significant differences were observed between the experimental groups. In control seedlings,
ROS formation was maintained at a stable baseline level, consistent with the normal oxidative
state of untreated plants. Compared with untreated or control ones, seedlings exposed to Zn
treatment increased ROS generation. It was approximately 20% of the control group, revealing a
tendency for the ROS level to increase under these stress conditions. Although the increase was
not statistically significant, the data consistency showed slightly higher ROS values in Zn-treated
plants across all replicates. In contrast, Cu treatment significantly reduced ROS accumulation
compared to both the control and Zn-treated groups. Cu treatment led to a decrease in ROS
accumulation to 40% of that in the control group, which reveals a statistically significant
change. This result was repeated in all biological replicates, confirming the inhibitory effect of
Cu treatment on ROS generation. Comparing Zn, Cu treated and untreated groups, the lowest
accumulation of ROS was detected in Cu-exposed plants, whereas Zn-treated ones showed
the lowest values. Barley plants under Cu treatment showed significantly lower ROS levels
compared with those during Zn stress conditions, which indicates a remarkable difference
between treatment with Zn and Cu.

These results demonstrate a remarkable contrast in oxidative responses under the influence
of the two metals. Zn and Cu treatments have led to different oxidative responses in barley
seedlings. Zn exposure caused a small increase in ROS level, whereas Cu exposure significantly
increased ROS production, demonstrating greater potential to disrupt cellular redox balance
and lead to oxidative damage.

The role of the CAT enzyme in plants under zinc and copper stress

To better understand the antioxidant defense responses of barley seedlings under metal
stress, CAT activity was reported, as CAT is one of the key enzymes responsible for the breakdown
of H202 and protecting cells from oxidative damage. The dynamics of CAT activity, visualized as
band intensities on the gel, are shown in Figure 4.
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Figure 4. Catalase activity in barley leaves

The control group has determined a distinct band, indicating basal CAT activity during normal
physiological conditions. Under Zn treatment, the CAT band intensity remarkably increased
compared to the control plant. It reveals increased enzyme activity. Quantitative analysis of the
relative band density revealed a significant increase compared to the control value. This increase
shows that Zn moderately stimulated the antioxidant defense system, which is correlated to the
adaptive reaction in order to maintain redox balance under moderate oxidative stress induced
by Zn ions. On the other hand, Cu exposure led to a similar band intensity as in the control plant;
it showed no significant increase, as shown in Figure 4. It implies that stress related to the Cu
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exposure may exceed the antioxidant capacity or dysregulate the CAT enzyme activity, resulting
in an imbalance between ROS generation and detoxification.

Overall, the results obtained showed that Zn treatmentled to amoderate increase in enzymatic
CAT activity as a defense response, whereas Cu treatment caused in minimal enzymatic change,
indicating weaker or possibly suppressed antioxidant defense against Cu-induced oxidative
stress in barley leaves.

Role of Sulfite oxidase (SO) stimulation under heavy metal stress
To subsequently investigate the enzymatic antioxidant responses of barley seedlings to Zn
and Cu, SO activity was measured, as this enzyme plays a key role in sulfur metabolism and the
detoxification of sulfite to sulfate, thereby reducing oxidative stress. Relative SO activity levels
are shown in Figure 5.
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Figure 5. SO activity in barley grown with 1 mM Zn and 1mM Cu treatments. Asterisks in the graph
“**%” indicate a very significant (P < 0.01); “ns” - an insignificant (P < 0.05) difference in the presented
data. Statistical analysis (Student’s test) was performed using GraphPad Prism software (v.8.02). Data
are presented in relative units

Figure 5 demonstrates that SO activity occurs in untreated barley seedlings. During 1mM Zn
treatment, the enzymatic activity of SO has slightly decreased and is reduced to 6% compared
to the control plant. Stress related to Zn exposure didn’t significantly affect sulfur-related
oxidative metabolism, since no huge decrease in SO activity was detected, indicating a weak
inhibitory effect. On the other hand, during Cu treatment, seedlings showed a moderate increase
in SO activity, approximately 15% of the control plant. It indicates a moderate activation of SO,
possibly related to a compensatory response to the increased oxidative pressure generated by
Cu ions. Neither Zn nor Cu treatments have led to a significant change compared to the control
plant in SO activity; in other words, it was relatively stable. Whereas, a slight decline in activity
under Zn and an increase under Cu treatment reveal that So is a stable enzyme and has a crucial
role in preserving the redox and sulfur balance in barley leaves during early metal stress.

Discussion

This study shows the different influences of Zn and Cu on barley growth and development.
According to the morphological data, in seedlings exposed to a 1mM Zn solution, shoot
length hasn’t demonstrated a remarkable change; on the other hand, 1ImM Cu-treated ones
demonstrated a significant decline. This demonstrates that the applied concentration, Zn, did
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not significantly impair growth, while Cu caused substantial growth inhibition. These findings
align with previous observations on the effect of high concentrations of Cu on barley that
showed a notable decline in biomass accumulation and overall plant growth. The study by Leite
et al. (2024) found that Cu treatment during early development and barley seed germination
declined seedling length and biomass, confirming strong growth inhibition [33]. Similarly, the
study by Gao et al. (2008) reported that an increase in Cu concentrations in Jatropha curcas
seedlings significantly reduced growth and biomass while changing antioxidant enzyme
activities, inducing oxidative stress, and activating the defense mechanisms [34]. In contrast,
Zn treatment on barley plants in the study by Mazurek et al. (2024) showed a clear inhibitory
effect on shoot elongation and overall growth, demonstrating the negative effect of excessive Zn
concentrations on morphological development [35]. Our findings of a non-significant decline
under Zn suggest that the Zn level used may lie near the threshold between slight stimulation
and inhibition, or that barley seedlings tolerate 1mM Zn under our experimental conditions.
The much stronger morphological inhibition by Cu underscores the greater toxicity potential of
Cu compared to Zn in barley early development.

Cu and Zn are elements with an important role in plant growth and development at low
concentrations; however, they are toxic at high concentrations [36]. Cu treatment increased the
content of chlorophyll a and b, since it was used at low concentrations. However, a significant
decrease in chlorophyll content and photosynthesis rate was observed in other studies using
higher concentrations of Cu. In the study by Panou-Filotheou et al. (2001), the effect of high
Cu concentrations on oregano (Origanum vulgare subsp. hirtum) leaves was studied, and many
structural and ultrastructural damages in chloroplast and mesophyll tissues were detected [37].
In another study, Cambrollé et al. evaluated the tolerance of wild grapevine (Vitis vinifera L. subsp.
sylvestris) to copper toxicity by assessing physiological and biochemical responses to excess Cu
exposure [38]. On the other hand, Essa et al. (2021) explored the effects of biogenic copper
nanoparticles synthesized from Avicennia marina leaves on wheat seedlings, demonstrating that
these nanoparticles influenced seed germination, chlorophyll content, detoxification enzyme
activity, and copper uptake [39]. Zn had slightly different effects on chlorophyll a and b, since
it was used at low concentrations (1mM). In the study by Singh, on Cajanus cajan (L) Millsp.,
at 500 and 1000 mg kg-1 concentrations of Zn, resulted in a dramatic decline in chlorophyll
pigments [40]. In another study on Triticum aestivum L. at 900 mg kg-1 concentration, inhibition
in chlorophyll and total sugar contents was detected [41].

Results of ROS generation showed that Zn treatment increased ROS accumulation compared
to the control, whereas Cu treatment markedly decreased ROS activity. This is somewhat
unexpected because many studies report increased ROS under heavy metal stress, particularly
with Cu. According to Juknys et al. (2012), both Zn and Cu exposure in spring barley increased
oxidative stress markers, with Cu causing a stronger accumulation of ROS and greater lipid
peroxidation than Zn, indicating that Cu exerts a more severe oxidative effect on plant tissues
[42]. The decrease in ROS under Cu exposure in our experiment may result from a few possible
mechanisms: (1) Cu stress may have suppressed ROS-producing processes (e.g., inhibited
electron transport or metabolic activity), (2) there may have been a strong up-regulation of
ROS scavenging systems (even if we did not detect large increases in CAT or SO), or (3) severe
damage may have reduced overall metabolic activity and thus ROS generation. In contrast, the
mild increase under Zn aligns with the idea that Zn may generate a mild oxidative damage.
Interestingly, a barley metal toxicity study found that Zn acted antagonistically in Cu + Zn
mixtures and reduced oxidative stress biomarkers in some combinations [43]. Our data thus
suggest that under the conditions of our experiment, Cu caused strong growth inhibition but
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without the expected ROS elevation, possibly because ROS generation was suppressed or rapidly
scavenged, whereas Zn provoked a minor ROS increase consistent with a low-level stress or
signalling response. In leaves of barley seedlings, CAT activity under Zn treatment slightly
increased compared to the control, while under Cu treatment it remained nearly unchanged.
According to Song et al. (2014), exposure of barley seedlings to heavy metal stresses led to an
increase in CAT activity, indicating activation of the antioxidant defense system in response
to metal-induced oxidative stress [44]. Another barley study under copper stress (200 pmol
CuCl2) found an increase in CAT activity compared with the control, demonstrating strong
induction under Cu toxicity [45]. The modest increase in our Zn treatment is thus consistent
with a mild protective response, whereas the near-control level under Cu suggests that, in our
experimental conditions, catalase induction was minimal, perhaps due to enzyme inhibition or
oxidative damage overwhelming the CAT-mediated detoxification. This may help explain why
morphological growth was so severely reduced under Cu stress despite only moderate CAT
induction.

In the present study, the activity of sulfite oxidase (SO) in barley leaves showed differential
responses under Zn and Cu stress, being slightly lower under Zn and slightly higher under Cu
compared to the control. The slight reduction in SO under Zn treatment suggests that moderate
Zn exposure may not strongly disrupt sulfur metabolism, while the increase under Cu indicates
a stress-induced activation of SO as part of the plant’s defense system. This detoxifying role
is the most studied in Arabidopsis plants, where SO enzymatic activity results in disruption
of sulfur and carbon metabolism; moreover, it leads to the decline in biomass and increased
oxidative stress [19]. In the same manner, a transgenic tobacco plant with overexpression
of SO was shown to elevate sulfate and glutathione (GSH) levels; furthermore, it results in
reduced ROS accumulation and improvement of stress tolerance [20]. These findings support
the interpretation that the increase in SO activity observed under Cu stress in barley reflects
a protective adaptation to elevated oxidative load. Brychkova et al. (2007) showed that SO-
deficient Arabidopsis and tomato plants accumulate toxic levels of sulfite and suffer from growth
inhibition and metabolic disturbances, indicating that SO has a key detoxification function under
stress conditions [46]. Furthermore, according to Sun et al. (2023), exposure to heavy metals
such as Cu and Zn alters sulfur metabolism in plants by regulating key enzymes, including sulfite
oxidase (SO), whose enhanced activity contributed to detoxification of sulfite and improved
tolerance to metal-induced oxidative stress [47]. Thus, the metal-specific modulation of SO
observed in this study likely represents an adaptive mechanism to sustain sulfur metabolism
and mitigate ROS accumulation under Cu and Zu toxicity. These findings align with reports that
heavy metals can modulate sulfur assimilation pathways and SO-related defense mechanisms
[46,47], highlighting that SO activation plays a crucial role in mitigating sulfite toxicity and
maintaining redox homeostasis under metal stress.

Although this study revealed that Cu and Zn differently influence sulfite oxidase activity in
barley seedlings, it was limited to short-term exposure and basic biochemical parameters. Future
research should include longer exposure periods, different plant stages, and a wider range of
metal concentrations to better understand how SO activity contributes to plant tolerance under
metal stress.

Conclusion

This study demonstrated that copper and zinc differently affect the growth, chlorophyll
content, and enzyme activity of barley seedlings, especially SO. Zinc treatment slightly increased
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SO and catalase activities and maintained chlorophyll levels, suggesting that plants can activate
these protective mechanisms under mild stress. In contrast, copper caused stronger growth
inhibition with only a small change in SO and other physiological parameters, indicating that the
enzyme and associated processes were partly suppressed under Cu stress. Overall, these results
show that SO, along with other cellular and physiological responses, plays an important role
in mitigating the harmful effects of heavy metals, with the response depending on metal type
and concentration. Considering that Kazakhstan has regions with elevated Cu and Zn levels in
agricultural soils due to industrial activity, understanding how barley responds to these metals
is especially relevant for improving crop tolerance and maintaining soil health. Further studies
on SO regulation and overall physiological responses under different metal stress conditions will
be useful for developing strategies to enhance stress resistance in crops grown in Kazakhstan
and other countries or regions facing comparable agricultural and environmental challenges.
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Aybip MeTa/1AapabiH apnara (Hordeum vulgare L.)
TUTi3iTeH dcepiHiH, GMOXMMUSAIBIK MEeXaHU3MAepPi

M.K. BeiicekoBa'l, A.C. Caty'?, K.[. Kymaprasseit?, M.Mam6eToBa*,
A. Camar?®, A.)K. BektypoBa®, M.T. Meip3a6aeBa’, A.JK. Ak6acoBa®,
K.K. MacaiumoB*?, A.B. Kypman6aeBa*!?
12345678910 J1 H, I'ymusies amoiHdarsl Eypaszus yammubiK yHugepcumemi, Acmata, Kasakcman

AnaaTna. JKoKyHeHiH TYTacThIFbIHA XKoHe Tipi OpraHu3M/iepAiH AeHcay/bIFbIHA TOHETIH Heri3ri
KayinTepaiH 6ipi - ayblp MeTajAap/iblH JiaCTaHYbIHbIH yJbl acepi. 1 MM ZnSO4 »xsHe CuS0,4:6H,0
epiTiHAisepi TypiHAe KoJ1JaHbLIAThIH MbIPHILL )k9He MbIC apnaHblH (Hordeum vulgare L.) Actana-2000
COpTHBI OCKiHJepiHAeri GU3NO0IOTUsAIBbIK-OMOXUMHUAIBIK NponecTepre AuddepeHnanbl acep eTefl.
Cynpdurtokcugasa (CO) KypaMmblHAA MoaubAeH 6ap ¢epMeHT, o CyJbPUTTI JeTOKCHKaLusiay
MeH TOTBIFY-TOTBIKCBbI3JaHy NpoLecTepiH peTTeyre KaTblcajbl, ajaifia ayblp MeTa/ll CTpecCiHe
OHBIH, peaKLUsChl dJi Je KeTKiMiKTi 3epTTesMereH. bys 3epTTeyaiH MakcaThbl cy/lbPUTOKCHIA3a
OeJICeHiTIriHIH Moy siuMsIcbIiHA Zn »aHe Cu acepiH 3epTTey 60JiAbl Zn koHe Cu acepsiepi opTaiia
ctpecc Tyabipbin, CO GesiceH/iIIriH apTThIpaThIHbl 6aWKaIbl, OY/ CYyJbOUTTIH /e TOKCUKAIWSChIH
KYILIENTIN, )KacyliaJapAblH, TOTbIFY-TOThIKCbI3[JaHy Tele-TeHAIriH caKTayFa bIKHaJja eTyi MyMKiH. by
HaTKesep Zn xoaHe Cu CO peTTesyiHe apTypJii acep eTeTiHiH kaHe CO dpepMeHTiHiH aybIp MeTasn
CTpecci Ke3iHJe apliaZiaFbl epTe TOTBIFY-TOTBIKChI3JaHy peTTe/lyiHe XKoHe KOpFaHbILI peaKLusIapbIiHAa
KaTbICaTbIHbI JaJesfeii. ANbIHFaH JepekTep Zn aHe Cu eciMJiKTepMeH e3apa 9peKeTTecyiH
3epTTey/iH MaHbI3AbIBIFbIH KOPCETIN, aybLIIIapyallbLIbIK AAKbLIJAapbIHbIH Zn xaHe Cu koHe 6acKa
Jla ctrpecc pakTopaapbiHA TO3IMALIITIH apTThIPY CTpaTerusJlapbiH 33ipJiey YiliH Heri3 60J1a anajpbl.

Ty#iH ce3aep: MbIpbILL, MbIC, apHa, Cy1bGUTOKCHAA3a, aybIp MeTalJap

BroxuMHyecKre MexaHHW3Mbl BO3/IeMCTBUS TSKeJIbIX MeTa/lJIoB Ha suMeHb (Hordeum vulgare L.)

M.K. Beiicekora'l, A.C. Caty'?, K.JI. Kymapra3asi'3, M. Mam6eToBa*,
A. Camar®, A.)K. BektypoBa®, M.T. Meip3a6aeBa’, A.JK. Ak6acoBa8,
K.K. MacaimmoB*?, A.B. Kypman6aeBa*!?
12345678510 Egpazulickuli HAYUOHA/IbHLIU yHUBepcumem umeHu JL.H. I'ymusesa, Acmaua, Kazaxcmau

AnHoTanud. OfHa U3 IJIaBHBIX YIPO3 LIEeJJOCTHOCTU 3KOCUCTEM U 3[J0POBBIO KMBBIX OPraHM3MOB
CBSI3aHa C TOKCHUYECKUM BO3/IeICTBHEM 3arpsisHeHUs TsKeJbIMU MeTa/lJIaMU. B JaHHOM ucciejoBaHUU
JU1s1 U3ydeHus1 BAUsAHUA Zn U Cu Ha pu3HoJIoriyecKre U 6MOXHUMHUYEeCKHe POLecChl B POCTKAX IYMeHSs
(Hordeum vulgare L.) copt «Actana-2000» ucnosb3zoBaauck 1 MM pactBopsl ZnSO, u CuSO,4-6H,0.
CynpduTtokcugasza(CO),MmonubaeHcoaepxalui epMeHT, UrpaloL Ui KI04eBYI0 pOJIb B JeTOKCUKALL UK
CyMbPUTOB U PETYISALUNA OKUCIUTENbHO-BOCCTAHOBUTEBHBIX MPOIECCOB, HEJAOCTATOYHO HU3y4YeHa B
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Biochemical mechanisms of the effects of heavy metals on barley (Hordeum vulgare L.)

yCJIOBUSIX CTPECCa, BbI3BAHHOTO TSXKeEJIbIMU MeTaslJIaMU. [103ToMy Liesiblo JaAHHOTO UCC/lelOBaHUs ObLIO
u3ydeHue BJIMAHUA Zn U Cu HAa aKTUBHOCTb CyJbOUTOKCHAA3bl. 06paboTka Zn u Cu, N0-BUAHUMOMY,
BbI3bIBaeT YMEPEHHBIN CTpPecC, CTUMYJUPYIOLUMU akTUBHOCTb CO, 4TO NOTEHIMa/bHO yCUJIWBaeT
JleTOKCUKAL1Io CyJbPUTa U NOJJjepKUBAET OKHUCIUTETbHO-BOCCTAHOBUTE/IbHBIN 6alaHC KJIeTOK. ITH
pe3yJbTaThl CBUAETENbCTBYIOT 0 TOM, UTO Zn 1 Cu 0Ka3bIBaIOT pa3IMuHOe BO3JelCTBUE Ha PErY/IsALUI0
CO, 4To, B CBOIO 04Yepe/b, yKa3biBaeT Ha y4acTue CO B paHHel OKHUCJIUTEJTbHO-BOCCTAaHOBUTENbHOU
peryjasiiui M 3allUTHBIX peaKUUsX fYMeHsi NpPU CTpecce, BbI3BAHHOM TSKEJbIMU MeTaJlJlaMHu.
[losyyeHHBble AaHHBIE NMOAYEPKUBAIOT BAXKHOCTb M3Y4YeHHUs B3aUMOZJEHCTBUA TSKEJBIX METAJJIOB C
pacTeHUsIMU AJ151 pa3pabOTKU CTpaTerui MOBBIILIEHHS YCTOMYHBOCTH CeJIbCKOX035MCTBEHHbIX KYJIbTYP
K BO3JeicTBUIO Zn ¥ Cu U ApyryUx aHaJIOTUYHBIX CTPECCOBBIX YCI0BUH.
Kiio4yeBble €/10Ba: LIUHK, Me/lb, TUMEHb, CyIbPUTOKCUA3a, TAKEIble MeTaLIbl
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