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Purpose: This current research is motivated by the activation of copper metals and their harmful 
effects on the economic crop barley 132 (Hordeum vulgaris). Methods: Grains were grown for 21 
days in pot experiments under different concentrations of copper (control, 5, 10, 15, and 25 mM). 
To test the impact of copper, we estimated its morphological and physiological traits. Results: 
Growth parameters were enhanced with all copper concentrations except 25 mM, which showed 
a decreasing trend. The best concentration for this activation was 15 mM compared to the control. 
Copper treatments showed greenish enlarged leaves and elongated roots and shoots. As 
associated with plants irrigated with H2O, soluble sugar, soluble protein, and total protein in shoots 
increased with copper supplementation. Additionally, cellulose and phenols were improved 
markedly with increased copper concentrations. Besides, catalase and peroxidase enzymes were 
enhanced at 10 and 15 mM concentrations. Catalase and peroxidase profiles showed three varied 
bands at control, 10, and 25 mM. The protein pattern at a concentration of 10 mM displayed mostly 
similarity to the control, while at 25 mM concentration, a significant aggregation of protein bands 
was observed. Conclusion: Copper acts as an activator at low concentrations, while higher 
concentrations act as inhibitors. Results provided a baseline for further research on the mechanism 
of copper activation in the barley crop.  
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INTRODUCTION 

Because barley plants provide nutrient-dense human 
nourishment, they were regarded as one of Egypt's 
most significant crop plants. Barley is one of the main 
cereal grains used in bread, drinks, and other cuisines 
across all cultures. It is still one of the most extensively 
consumed grains in the world and a primary food 
source (Lukinac and Jukić, 2022). Heavy metals and 
salinity negatively impact soil fertility, which has been 
identified as one of the most significant factors 
limiting plant growth and productivity as well as soil 
health (Wang et al. 2012). This is a significant 
environmental barrier to most cash crop productivity 
in the world's arid and semiarid regions, with annual 
global costs estimated to be US $11000 million (FAO, 
2011). Due to human activity connected to 
agricultural methods, these impacted soils have a 
"man-made" origin (FAO, 2000). Large areas of arable 
lands are, therefore, mostly or entirely unproductive. 
According to Lacolla et al. (2008), barley is a cereal 
crop that can withstand the highest levels of saline, 
heavy metals, and moderate droughts without 
experiencing any changes in growth. Because barley 
dilutes and eliminates salt, it is frequently employed 
in soil reclamation (UC SAREP, 2006). It is believed that 
barley can extract zinc, copper, and lead from the soil 
(Ebbs et al. 1998). Barley aids in reducing soil erosion 
due to its robust root system, which reaches depths 
of 1.8–2.1 meters. 

Copper is essential for the formation of cell walls, 
respiration, photosynthesis, the antioxidant system, 

signal transduction metabolism, signaling to 
transcription and protein synthesis, oxidative 
phosphorylation, iron mobilization, and molybdenum 
cofactor biogenesis (Abd El-Samad et al. 2018; Ochoa 
et al. 2018; Chen et al. 2022; Ramadan, 2023). 
However, Cu2+ has negative impacts on several 
physiological processes, including antioxidant activity, 
germination, plant growth, photosynthesis, and 
anatomical and ultra-structural changes that 
frequently result in the synthesis and escalation of 
ROS (Abd El-Samad, 2017; Abd El-Samad et al., 2017; 
Díaz et al. 2017; El-Shazoly, 2019; Chen et al. 2022). 
Toxicologists use the term "hormesis" to describe a 
biphasic dose response to environmental chemical 
stress agents, involving both a high dose inhibitory or 
toxic effect and a low dose stimulating or positive 
effect (Mattson, 2008). 

Soil accumulation and consequent contamination by 
Cu from various sources have been reported due 
to mining, former wood treatment sites, deposits of 
metal scraps, organic residues, atmospheric 
deposition (dust fallout), and agricultural practices 
(mineral fertilizers, manure, pesticides, sewage 
sludge, and crop applications of Cu-based fungicides) 
(Oorts, 2013). Copper mainly occurs in a divalent state 
(Cu2+) and has a high affinity for binding to organic 
matter. Soils containing high amounts of clay minerals 
and organic matter have high natural Cu. Background 
copper concentrations in soil typically vary between 2 
and 50 mg Cu kg−1, while plant shoots typically range 
between 4 and 15 mg Cu kg−1 dry matter (Oorts, 
2013). 
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Culicov et al. (2022) studied two kinds of copper salts 
(CuSO4 and Cu (NO3)2), which were added in two 
dissimilar amounts of soil (150 mg/kg and 300 
mg/kg). Depending on the stage of plant growth, 
plants treated with copper salts linked to the control 
exhibited increases or decreases in pigments, total 
polyphenols, and antioxidant activity, respectively. In 
agriculture, cupric nitrate is either employed as a 
fungicide or as a herbicide, whereas copper sulfate 
(cupric sulfate) is used as a pesticide, fungicide, and 
device for microbial activity to protect plants against 
bacterial disease (Munene et al. 2017). On the other 
hand, excessive copper levels disrupt several aspects 
of plant metabolism, including producing dry matter, 
chlorophyll, water content, and the equilibrium 
between macro- and micronutrient levels. Moreover, 
they interfere with photosynthetic and mitochondrial 
electron transport, nitrogen assimilation, and cell wall 
metabolism. Copper toxicity depends on the progress 
platform, the physiological condition of plants, metal 
concentration, and duration of contact (Merlin et al. 
2012; Shariat et al. 2017). 

Numerous enzymes, including laccase, cytochrome 
oxidase, polyphenol oxidase, copper/zinc superoxide 
dismutase (Cu/Zn-SOD), amino oxidase, and 
phycocyanin, require copper as a cofactor (Leng et al. 
2015; Nazir et al. 2019; Zhang et al. 2019; Gong et al. 
2021; Chen et al. 2022). Copper elicits and plays a vital 
part in the accumulation and production of phenolic 
compounds (Darki et al. 2019), and its shortage may 
cause a decline in plant phenolic levels (Munene et al. 
2017). In Zarad et al. (2021) elicitation, the maximum 
total phenolic synthesis (8.75 mg/g dry weight) was 
observed at 2 mg/l of CuSO4. However, the 5 mg/l 
CuSO4-elicited culture showed the highest significant 
percentage of antioxidant activity (90.85%). 

There are recommendations for future research 
directions that offer advice for relevant studies. 
Several research studies examining Cu2+ toxicity 
approachable proteins have been published. Most 
significant research has been intensive on herbaceous 
plants, including rice (Zhang et al. 2009), wheat (Li et 
al. 2013), Allium cepa (Qin et al. 2016), and sorghum 
(Roy et al. 2017). Copper concentrations, plant 
species, cultivars, and plant tissues affect how 
hazardous Cu2+ is to plant proteome, as demonstrated 
by previous research (Li et al. 2013; Roy et al. 2016). 
The effects of excess Cu2+ doses on the Cu-binding 
proteins in the growing radicles of rice seeds and the 
immobilization of Cu+ 2 affinities due to oxidative 
stress were studied using mass spectroscopy, two-
dimensional electrophoresis, and chromatography. 

Quantitative imaging analysis revealed that 26 protein 
spots exhibited significant differences (1.5 times) 
compared to the control group when exposed to Cu2+ 
(Zhang et al. 2017; Prusly et al. 2022). 

The production of excess reactive oxygen species 
(ROS) at elevated Cu2+ treatment levels could have a 
significant impact on the distribution of these reactive 
oxygen species and the activity of antioxidant 
enzymes such as catalase (CAT), peroxidase (POD), 
and superoxide dismutase (SOD) (Liu et al. 2014; 
Kumbhakar et al. 2019). The antioxidant enzymes CAT 
and POD activity in plant tissues were unquestionably 
increased up to a treatment of 10 mM Cu2+, after 
which they somewhat decreased (Shariat et al. 2017; 
Rajput et al. 2021). These outcomes show that 
eucalypts have a proficient mechanism to withstand 
Cu2+ overloads, as indicated by the accumulation of 
osmoprotectants and antioxidative enzymes. Thus, 
this study aimed to gather information about copper's 
beneficial or harmful effects on barley plants' 
metabolomics, growth, protein pattern, and 
antioxidant enzymes. 

MATERIALS AND METHODS 
During the winter season (December 2022), a 
seedling growth experiment was conducted in the 
Plant Physiology laboratory of the Faculty of Science 
at Minia University. Barley grains were brought from 
the International Research Center of Agriculture. The 
grains were subjected to a three-minute immersion in 
a 96% ethanol and 11% H2O2 mixture, followed by 
multiple washes with sterile distilled water to achieve 
surface sterilization. Five grains were placed in a small 
plastic pot containing 200 g of clay soil in two 
duplicates, and 100 ml of the desired solutions were 
applied to reach field capacity (Figure 1). The copper 
concentrations were chosen after initial experiments; 
copper was added as CuSO4.5H2O. Grains were 
treated with dissimilar concentrations of Cu (control, 
5, 10, 15, and 25 mM) solutions. The plants were 
cultivated under normal conditions for 21 days. 

Growth parameters 

At the end of the experimental period, the fresh 
matter of different plant organs (roots and shoots) 
was estimated, and the dry matter of these organs 
was determined by drying the definite fresh weight in 
an oven at 80°C for 48 h. The length of roots and 
shoots was measured, and the leaf area was 
calculated using the formulas provided by McKee 
(1974), Bonhomme et al. (1974), and Norman and 
Campbell (1994). This was achieved by measuring the 
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length of the leaf and its maximum width. The 
succulence index was determined as the water 
content per unit area of leaves (Romero-Aranda and 
Syvertsen, 1996). The formulae provided by 
Lichtenthaler (1987) were used to compute the 
amounts of the photosynthetic pigments 
(carotenoids, chlorophyll a, and chlorophyll b). 

Biochemical analysis 

Soluble sugars in water-extracted root and shoot 
samples were assessed using the anthrone-sulfuric 
acid method (Fales, 1951). Furthermore, water-
extracted samples were analyzed for total and soluble 
protein content following Lowry et al.'s (1951) 
procedure. Proline levels were measured according to 
Bates et al.'s (1973) methodology, while cellulose 
content was determined using Updegraff's (1969) 
method. 

Antioxidant system 
Non-enzymatic antioxidants:  Non-enzymatic 
antioxidants were evaluated using Kofalvi and 
Nassuth's (1995) method, which detects free and cell 
wall-bound phenolic compounds. 
Assay of antioxidant enzymes: Sample preparation 
was designated according to Mukherjee and 
Choudhuri (1983). Catalase enzyme activity was 
assessed spectrophotometrically and via 
polyacrylamide gel electrophoresis (PAGE) isoenzyme 
profiling following protocols from Chan et al. (1978), 
Havir et al. (1996), Dinçer and Aydemir (2001), and 
Yoruk et al. (2005). Peroxidase activity was measured 
spectrophotometrically and through PAGE isoenzyme 
profiling using the protocol outlined by Putter (1974). 
The SE 600 vertical slab gel device was utilized for 
conducting electrophoresis on vertical 
polyacrylamide gels. Isoenzyme analysis was carried 
out using polyacrylamide gel electrophoresis with 
7.5% acrylamide, following the method outlined by 
Laemmli (1970). 
Protein analysis by electrophoresis: Proteins can be 
separated based on their mass using the SDS-PAGE 
(Sodium Dodecyl Sulfate-Polyacrylamide Gel 
Electrophoresis) technique. Gel electrophoresis is the 
initial method for separating the target protein, with 
SDS-PAGE being the predominant type used in 
western blots. Western blotting is an analytical 
method to detect a specific protein within a complex 
protein mixture.  The electrophoresis was conducted 
using the "SE 600, vertical slab gel" device with 
vertical polyacrylamide gels. Protein analysis was 
performed following Laemmli's (1970) method, 
utilizing 1.0% SDS (sodium dodecyl sulfate) and 12% 

acrylamide. Protein profiles were scanned using a 
densitometer (GS 300, Hoffer), and a protein marker 
ranging from 10 to 250 kDa was employed to 
determine the molecular weight  of protein bands. 
The analysis was carried out using the GS 365 
electrophoresis data system program version 3.01 
(Microsoft Windows version). 

Statistical analysis 

The experimental data sets were subjected to one-
way analysis of variance (ANOVA) using SPSS version 
11.0 to measure and evaluate the sources of variation. 
The means were subsequently differentiated by the 
least significant differences (L.S.D.) at a significance 
level of 0.05% as per the method outlined by Steel 
and Torrie (1960). Correlation coefficients were 
calculated using Statgraphics 5.0. 

RESULTS 
Growth parameters 

The data presented in Table 1 and Figure 2A indicate 
a significant improvement in both fresh and dry 
matter yields of roots and shoots with increasing 
copper intensity up to a concentration of 15 mM Cu2+. 
At a concentration of 15 mM Cu2+, the percentage 
increase in fresh and dry matter yields of roots and 
shoots reached maximum values of 180%, 186.1%, 
135.9%, and 185.7%, respectively, compared to 
normal plants. Subsequently, a significant reduction 
was observed at 25 mM Cu2+, with percentage 
reductions in fresh and dry matter of roots and shoots 
at 93.3%, 94.4%, 76.9%, and 92.8%, respectively. 
Regarding root and shoot lengths, the highest 
activation was recorded at 10 mM Cu2+, with 
percentage values of 123.5% and 128.5%, 
respectively, while the percentage reduction in roots 
and shoots at 25 mM Cu2+ was 29.4% and 85.7%, 
respectively (Table 1 and Figure 2B). Additionally, 
there was an enhancement effect on leaf area, 
reaching twice that of control plants at 10 mM Cu2+ 

concentrations; however, a reduction was observed at 
25 mM concentrations (Table 1 and Figure 2B).  Leaf 
succulence exhibited a marked decrease at lower and 
moderate Cu concentrations, whereas, at a high 
treatment level (25 mM), leaf succulence increased 
significantly compared to the control and other 
corresponding concentrations. This observation 
suggests an opposite trend to the growth parameters 
(Table 1 and Figure 2B).   Additionally, copper 
application led to an enhancement in pigment 
contents with increasing Cu2+ concentrations. The 
pigments Chl. a, Chl. b, Chl. a + Chl. b, and carotenoids 
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showed the greatest percentage increases at 15 mM 
Cu2+ concentrations, with 168.5%, 204.2%, 173.5%, 
and 172.8%, respectively. However, these contents 
were reduced at 25 mM Cu2+ concentrations 
compared to the previous copper concentrations. 
Nevertheless, photosynthetic pigments were 
enhanced at 25 mM compared to the control, with 
increases of approximately 111.8%, 123.4%, 113.5%, 
and 115%, respectively (Figure 3A and 3B). 

Biochemical analysis:  

The results presented in Table 2 and Figure 4 
demonstrate a marked decrease in soluble sugar 
contents in barley plant roots at all Cu2+ 

concentrations, with percentage reductions of 97.1%, 
89.4%, 81.5%, and 76.9%, respectively. In contrast, an 
increase was observed in soluble sugar content in 
shoots at 10 mM, 15 mM, and 25 mM Cu2+ 

concentrations, with percentages of 106.8%, 139.8%, 
and 148.08%, respectively, compared to control 
plants (100%). The response of soluble protein 
contents varied with increasing Cu2+ concentrations. 
In roots, an increase was only noted at 10 mM and 15 
mM, while in shoots, a significant enhancement was 
observed at all copper concentrations (Table 2 and 
Figure 4). The highest values of soluble protein in both 
roots and shoots were recorded at 15 mM, with 
percentages of 182.8% and 257.1%, respectively. 
Furthermore, there was a substantial accumulation in 
total protein content in barley plant shoots with 
increasing copper concentration, reaching 264.7% at 
25 mM Cu2+ compared to the control (Table 2 and 
Figure 4). Copper treatment significantly declined 
root proline content by 39.08% at the 25 mM level. 
However, this content remained unchanged in shoots 
up to 15 mM Cu2+, followed by a slight reduction of 
93.4% at 25 mM Cu2+ concentration (Table 2 and 
Figure 4). 

Non-enzymatic antioxidants and cellulose contents:  

The free and bound phenols levels showed a 
significant increase with increasing Cu2+ 
concentration, reaching maximum values at 15 mM 
for free phenols and 25 mM for bound phenols, with 
percentage increases of 205.5% and 174.3%, 
respectively (Figure 5A). Furthermore, adding Cu2+ 

increased cellulose content, reaching a maximum 
percentage of 146.3% at 25 mM Cu2+ (Figure 5B). 

Antioxidant enzymes:  

Catalase activity gradually increased with increasing 
copper concentration, reaching its highest value at 25 
mM Cu2+ with a percentage of 154.02%. Similarly, 

peroxidase activity showed a similar trend, with the 
highest value observed at 25 mM Cu2+ with a 
percentage of 159.4% compared to control plants 
(Table 3). The catalase profile revealed three bands at 
the control (25 kDa, 50 kDa, and 55 kDa). At 10 mM 
Cu2+ concentration, three additional bands were 
recorded (45 kDa, 55 kDa, and 150 kDa), while at 25 
mM, three bands were observed (30 kDa, 55 kDa, and 
80 kDa). Notably, the 55 kDa band was present in all 
three Cu2+ concentrations, and its staining intensity 
and size decreased with increasing Cu2+ 

concentrations compared to the control (Figure 6A). 
On the other hand, the peroxidase profile exhibited 
three bands (36 kDa, 46 kDa, and 90 kDa) at the 
control level, and at 10 mM Cu2+, three additional 
bands appeared (44 kDa, 46 kDa, and 120 kDa). 
Finally, at 25 mM, there were three bands (36 kDa, 46 
kDa, and 66 kDa). Interestingly, the size of the 46 kDa 
bands decreased with increasing Cu2+ concentrations, 
and the 36 kDa band was more prominent at 25 mM 
compared to the control (Figure 6B). 

Protein analysis by electrophoresis 

Four protein bands were observed in the control 
barley plants with molecular weights of 30 kDa, 40 
kDa, 50 kDa, and 55 kDa. However, at 10 mM Cu2+ 

concentration, there were five bands with molecular 
weights of  20 kDa, 30 kDa, 40 kDa, 50 kDa, and 55 
kDa. The protein band with a molecular weight of 20 
kDa  distinguished the 10 mM Cu2+ concentration and 
the control. At 25 mM Cu2+ concentration, the 
synthesis of 14 bands was induced, with the 
disappearance of protein bands with molecular 
weights of 55 kDa and 50 kDa present at the control 
and 10 mM Cu2+ concentration. Notably, the 30 kDa 
and 40 kDa bands were observed in all Cu2+ 

concentrations and the control (Table 4 and Figure 7). 

DISCUSSION 
Growth parameters 

The results demonstrated that Cu2+  stimulated the 
fresh matter, dry matter, root and shoot lengths, leaf 
area, and photosynthetic pigments of barley plants. 
Lower and moderate doses of Cu2+ (5, 10, and 15 mM) 
stimulated these growth parameters, with the 15 mM 
level showing the highest values for fresh matter, dry 
matter of roots and shoots, and pigments (Chl. a, Chl. 
b, Chl. a + Chl. b, and carotenoids) compared to other 
copper doses. The percentage increases at 15 mM 
Cu2+ were approximately 180%, 186.1%, 135.9%, 
185.7%, 168.5%, 204.2%, 173.5%, and 172.8%,  
respectively. Conversely, the higher copper dose (25  
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Figure 1. Barley plants grow for 21 days under different concentrations of copper. 

 
Table 1. Fresh and dry matter of roots and shoots (g plant-1), length of roots and shoots (cm), leaf area (cm2) and succulence index of barley plants 
grown under different concentrations of copper 

Treatment Roots Shoots Length  
Leaf area Leaf succulence 

F. m. D. m. F. m. D. m. Roots Shoots 
control 0.15 0.036 1.39 0.14 17.0 21 7.12 12.6 

5 mM Cu+2 0.25 0.064 1.51 0.15 13* 20 9.6* 9.38* 
10 mM Cu+2 0.26 0.066 1.62 0.17 21* 27* 14.7* 6.08* 
15 mM Cu+2 0.27 0.067 1.89* 0.26* 19* 25* 11.9* 7.24* 
25 mM Cu+2 0.14 0.034 1.07* 0.13 5* 18* 5.2* 16.8* 

L. S. D. 0.05% 0.11 0.05 0.19 0.09 1.04 1.04 0.16 0.6 

∗The mean difference is significant at the 0.05 level 
 
  
 

Normal 
growth No change Growth increased   

Growth 
inhibited 
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Figure 2. Percentage of fresh and dry matter of roots and shoots (g plant-1) (A), leaf area (cm2), succulence index and length of roots and shoots 
(cm) (B) of barley plants grown under different concentrations of copper. 
 
Table 2. Soluble sugar (mg g-1 d. m.), soluble protein (mg g-1 d. m.), shoot total protein (mg g-1 d.m.) and proline (mg g-1 d. m.) of barley plants 
grown under different concentrations of copper 

Treatments Soluble sugar Soluble protein Total protein Proline 
Roots Shoots Roots Shoots Shoots Roots Shoots 

control 36.8 29.28 26.25 21.0 25.56 0.87 0.76 
5 mM Cu+2 35.76  28.24 24.8 25.25* 32.4* 0.65* 0.76 

10 mM Cu+2 32.9* 31.28* 28.0* 24.5* 42.57* 0.60* 0.77 
15 mM Cu+2 30.0* 40.96* 48.0* 54.0* 61.2* 0.54* 0.79 
25 mM Cu+2 28.32* 43.36* 21.5* 41.5* 67.68* 0.34* 0.71 
L.S.D. 0.05% 1.94 1.95 1.91 1.89 1.8 0.19 0.16 

∗The mean difference is significant at the 0.05 level 
  

B 

A 
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Figure 3. Pigment contents (A) and percentage (B) of (Ch a, Ch b, Ch a + Ch b and carotenoids) (mg g-1 f. m.) of barley plants grown under different 
copper concentrations. 
 

 
Figure 4. Percentage of soluble sugar (mg g-1 d. m.), soluble protein (mg g-1 d. m.), shoot total protein (mg g-1 d. m.), and proline contents (mg g-1 
d. m.) of barley plants grown under different concentrations of copper. 
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Figure 5. Free and bound phenols (A) (mg g-1 d. m.) and cellulose contents (B) (mg g-1 d. m.) of shoots of barley plant grown under different copper 
concentrations 
 

 

Figure 6 Catalase (A) and peroxidase (B) enzymes of barley plant under different concentrations of copper (0.0, 10 mM and 25 mM). 
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Protein SDS-PAGE 
Figure 7. Polyacrylamide gel electrophoresis of soluble protein 
profiles separated from barley plant treated with 0.0, 10 mM and 
25 mM copper concentrations. 
 
Table 3. Spectrophotometric detection of catalase (mg g-1 f.m) 
and peroxidase enzymes (μg g-1 f.m) of barley plants grown under 
different concentrations of copper. 

Treatments Catalase Peroxidase 
control 2.98 3.03 

5 mM Cu+2 3.04 3.35 
10 mM Cu+2 3.11 3.67 
15 mM Cu+2 3.85 4.25 
25 mM Cu+2 4.59 4.83 

 
Table 4. Protein pattern of barley plant treated with 10 mM and 25 
mM copper concentrations as compared with control plants. 

MW CCU CU10 CU25 
250 - - - 
130 - - - 
100 - - - 
95 - - + 
70 - - + 
55 + + - 
53 - - + 
50 + + - 
45 - - + 
40 + + + 
35 - - + 
30 + + + 
25 - - + 
23 - - + 
20 - + + 
18 - - + 
15 - - + 
13 - - + 
12 - - - 
10 - - + 

 

 
mM) decreased plant growth parameters (fresh and 
dry matter in roots, shoots, and pigments) compared 
to the previous copper concentrations. However, 
there was an enhancement in photosynthetic 
pigments at 25 mM Cu2+ compared to the control, 
with increases of about 111.8%, 123.4%, 113.5%, and 
115%, respectively. 

 Furthermore, the length of roots, shoots, and leaf 
area experienced significant enhancement with the 
addition of Cu2+, reaching maximum values at 10 mM 
with increases of 123.5%, 128.5%, and 206.4%, 
respectively. However, a decline was observed at 25 
mM Cu2+, with decreases of 29.4%, 85.7%, and 
73.03%, respectively, compared to control plants. 
Conversely, leaf succulence decreased notably at 
lower and moderate Cu2+ concentrations but 
increased significantly at a high treatment level (25 
mM) compared to the control and other 
corresponding concentrations. This suggests an 
opposite relationship between leaf succulence and 
growth parameters. Succulence might hinder growth 
and act as a dilution mechanism for harmful ions. The 
barley cultivar may have expended considerable 
metabolic energy transitioning from a state of growth 
to succulence for survival, resulting in increased 
succulence at high Cu2+ concentrations at the expense 
of growth. 

According to Khan et al. 2000 a, b; Gupta et al. 2013, 
succulence is suggested to help in ion regulation by 
expanding the vacuolar volume available for ion 
accumulation. Sucre and Suárez (2011), in agreement 
with Flowers and Yeo (1986), reported that adding salt 
increased leaf succulence compared to other 
treatments. To investigate the effects of Cu2+ 
treatments on barley plants, the succulence index can 
be utilized as a suitable selection criterion. 
Furthermore, Daood (2012) emphasized that 
succulence is a more appropriate selection criterion 
for salt tolerance than tissue water content. 

Besides, other investigators have observed the 
biphasic role of Cu2+ (Abd El-Samad, 2017; Song et al., 
2017; Htwe et al., 2020; Liu et al., 2021). According to 
Manivasagaperumal et al. (2011), plant growth, dry 
matter output, and nutritional content were all 
significantly reduced at higher copper concentrations 
(100–250 mg kg–1), while growth and dry matter yield 
increased at low concentrations (50 mg kg–1). The 
observed growth enhancement is likely attributed to 
the essential trace quantity of copper required by 
plants (Reichman, 2002) or the possibility that the 
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tested soil was deficient in Cu2+ elements to meet the 
minimum plant requirements (Abd El-Samad et al., 
2017, 2018). Conversely, the inhibitory effects of 
excessive copper at a 25 mM Cu2+ level on plant 
growth parameters may stem from reduced cell 
division and the toxic effects of heavy metals on 
photosynthesis, respiration, and protein synthesis. 
These factors significantly contribute to the delay in 
normal growth (Manivasagaperumal et al. 2011; 
Htwe et al. 2020; Cruz et al. 2022). The poisonous 
doses of Cu2+ were documented to deviate among 
species and varieties. Plant length was dramatically 
reduced in rice plants treated with 100 mg Cu/kg and 
above during the tillering stage or 200 mg Cu/kg and 
above during the panicle stage. A significant adverse 
relationship between grain yield and Cu2+ contents in 
the soil was distinguished, indicating that increased 
Cu2+ levels in the soil resulted in reduced plant growth 
(Htwe et al., 2020). Survival of plants with toxic levels 
of Cu2+ was established on the reaction of 
physiological, biochemical, and nutritional variables 
(Abd El-Samad, 2017; Pietrini et al., 2019; Cruz et al., 
2022). 

Biochemical Analysis 

The impact of Cu2+ on the accumulation of soluble 
sugar and soluble protein in shoots was 
predominantly observed at all levels, with the highest 
effects noted at 25 mM concentration. However, at 
this high Cu2+ level, plant growth parameters declined 
significantly, while soluble sugar and soluble protein 
were increased in shoots by 148.08% and 197.6%, 
respectively. Soluble protein accumulation in roots 
was observed only at 10 mM and 15 mM Cu2+, 
reaching a maximum value at 15 mM Cu2+ with an 
increase of 182.8%. This coincides with the 
stimulatory effect of Cu2+ on growth parameters at 
this level. Conversely, a reduction in soluble sugar and 
soluble protein in roots was observed at 25 mM Cu2+ 

concentration, which is consistent with the reduction 
in growth parameters of barley plants at this 
concentration. At toxic levels, Cu2+ diminishes water 
absorption and mineral nutrients, induces oxidative 
stress, and affects photosynthesis, reducing growth 
and plant production (Adrees et al. 2015; Pietrini et 
al. 2019). 

Therefore, while Cu2+ is essential for normal plant 
growth and development, excessive levels can inhibit 
root growth. This detrimental effect on root organs is 
accompanied by a decrease in soluble sugar 
accumulation, leading to a reduction in dry matter 
formation, as observed in studies by Yuan et al. (2013) 

and Díaz et al. (2017). This is supported by the 
presented results, which showed a 76.9% decrease in 
soluble sugar in the roots of barley plants at 25 mM 
Cu2+ compared to untreated plants. Abd El-Samad 
(2017) demonstrated that the positive impact of Cu2+ 

on shoot organs was associated with increased 
soluble sugar and soluble protein levels, leading to 
improved dry matter production. This accumulation 
can effectively enhance water uptake by wheat plants, 
supporting the notion that Cu2+ enhances 
carbohydrate and nitrogen metabolism and thereby 
increases growth parameters. This is further 
supported by Xiong et al. (2021), who reported that 
low concentrations of copper significantly altered 160 
metabolites in S. miltiorrhiza, impacting pathways 
such as the pentose phosphate pathway, amino acid 
metabolism, and carbon assimilation in plants. 

Applying varying copper concentrations to 
Arabidopsis seedlings demonstrated that the proper 
copper concentration increased the seedlings' 
meristem size (Song et al. 2017). Although copper is 
essential for plant development, most researchers 
have shown that elevated copper levels are hazardous 
to plants because they produce reactive oxygen 
species (ROS), which can oxidize macromolecules like 
lipids, DNA, and RNA and deactivate enzymes (Andre 
et al. 2010; Song et al. 2017). Exposure to excessive 
Cu2+ levels may lead to the death of rice plants due to 
the accumulation of reactive oxygen species (ROS) 
concentrations in rice radicles (Zhang et al. 2017). 
Furthermore, the decrease in electron transport 
frequency was related to the activity of some 
enzymes involved in CO2 fixation. 

High concentrations of Cu2+ have been found to 
decrease primary metabolites, growth, and biomass 
content due to altered metabolism and changes in 
biochemical parameters, as indicated by studies 
conducted by Soni and Thanki (2014) and Duan et al. 
(2020). Proline content serves as a good indicator of 
stress tolerance in many plants; plants with high-
stress tolerance tend to accumulate high levels of 
proline, which is regulated by transport, synthesis, 
and degradation processes, as noted by Yan et al. 
(2020) and Furlan et al. (2020). However, other 
researchers consider proline accumulation in stressed 
plants as a marker of sensitivity, as highlighted in 
studies by Abd Al-Samad (2016), Eissa and Abeed 
(2019), and Abd El-Samad and Taha (2022b, 2023) . 

In plants treated with Cu2+, proline levels tended to 
decrease in roots with increasing Cu2+ concentrations, 
reaching a reduction of 39.08% at 25 mM Cu2+. 
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However, increasing Cu2+ concentrations did not affect 
proline contents in shoots, indicating that proline may 
not play a role in the enhancement effect of copper 
on dry matter production. In contrast to these 
findings, other studies have shown evident proline 
accumulation under heavy metals, such as 
Cinnamomum camphora, in response to Cu2+ (Karimi 
et al., 2012; Gong et al., 2021). According to 
Siripornadulsil et al. (2002) and Abd El-Samad et al. 
(2018), proline production is considered one of the 
earliest metabolic responses to stress and serves as 
an osmoregulator, metal chelator, and scavenger of 
hydroxyl radicals. 

Non-enzymatic antioxidants and cellulose contents 

The enhancement effect of copper on the 
accumulation of both free and bound phenols in 
barley plants aligns with the observed enhancement 
effect of Cu2+ on growth parameters and metabolites, 
such as soluble sugar and soluble protein in shoots. 
Plants deficient in copper may exhibit lower levels of 
phenolic compounds because copper is essential for 
phenolic compound synthesis (Rezazadeh et al., 
2012). This is further supported by Islck and Unal 
(2015), who reported an increasing effect of Cu2+ on 
phenolic compounds. Additionally, Culicov et al. 
(2022) illustrated that total polyphenols may increase 
or decrease in plants treated with copper salts 
compared to control conditions. 

The activation of phenol contents is directly related to 
the improvement trend in cellulose levels, which play 
a crucial role in cell wall biosynthesis. Inducing the 
expression of specific functional genes and producing 
antioxidants contributes to detoxification and 
tolerance to Cu2+ in plants (Kapoor et al., 2019). Under 
Cu2+ stress, plants generate a significant amount of 
ROS, disrupting ROS homeostasis. Zhang et al. (2020) 
outlined three strategies to maintain ROS 
homeostasis and regulate Cu2+ levels: using plant root 
exudates to chelate or precipitate Cu2+ ions, 
promoting Cu2+ absorption and transport-related 
gene expression to reduce intracellular Cu2+ ions and 
regulate ROS production, and utilizing various 
antioxidants to eliminate excess ROS and enhance 
plant resistance against Cu2+-induced stress. 

In barley plants treated with Cu2+, there was a 
significant increase in cellulose contents across all 
levels of copper concentrations. This enhancement 
effect of Cu2+ on cellulose synthesis indicates cell wall 
biosynthesis. Tugbaeva et al. (2022) demonstrated 
that the upregulation of specific gene transcripts led 

to thickening and lignification of cell walls in the 
metaxylem vessels of roots under Cu2+ treatment. 

Printz et al. (2016) highlighted the roles played by 
various Cu-proteins and Cu-dependent processes in 
shaping the characteristics of the cell wall, which is a 
major site for Cu accumulation in plants (Burkhead et 
al., 2009). The cell wall acts as an ion sequestrator 
crucial for heavy metal response, but its synthesis and 
composition can be significantly affected in return 
(Parrotta et al., 2015). A positive correlation was 
observed between the enhancement effects of Cu2+ 

on the production of free and bound phenols and the 
increase in cellulose content, especially at Cu2+ 

supplements up to 15 mM, coinciding with the 
activation effect of copper on growth yield  . 

Despite the inhibition effect of Cu2+ on dry matter 
production of barley plants at 25 mM, the activation 
of antioxidants can be viewed as a sign of the role of 
non-enzymatic defense compounds in protecting 
plants from the oxidative damaging effects of Cu2+ at 
this level. This is supported by Hanafy et al. (2017), 
who found a significant increase in phenol content in 
tomato leaves under Cu2+ stress at varying copper 
concentrations. These compounds act as metal 
chelators and reduce ROS levels, providing defense 
against oxidative stress (Ullah et al., 2019). 

Antioxidant enzymes (CAT and POD) 

Plants activate antioxidant defense systems to 
counteract the oxidative damage caused by excess 
Cu2+ accumulation in cells. The enzymatic system, 
particularly CAT and POD, plays a crucial role in 
scavenging ROS and helps plants adapt to unfavorable 
environments (Zhang et al., 2022). The catalase 
activity gradually increased with rising copper 
concentrations, peaking at 25 mM Cu2+ with a 
percentage increase of 154.02%. Similarly, peroxidase 
activity showed a similar trend, reaching its highest 
value at 25 mM Cu2+ with a percentage increase of 
159.4% compared to control plants . 

Regarding catalase bands, new bands were observed 
at 10 mM and 15 mM Cu2+ levels, coinciding with the 
enhancement effects of Cu2+ on growth and metabolic 
constituents. However, at 25 mM Cu2+, new bands 
appeared associated with the inhibition effects of Cu2+ 

on growth and metabolic constituents such as soluble 
sugar and soluble protein in roots. Similarly, 
peroxidase profiles exhibited changes with Cu2+ 

treatments, with new bands appearing at different 
Cu2+ concentrations. The disappearance of certain 
bands and the appearance of new ones indicate 
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positive changes in barley metabolic pathways at 
lower Cu2+ concentrations, while higher Cu2+ levels led 
to negative impacts on barley development and 
metabolism.  The findings regarding peroxidase 
activity improving in stems and leaves due to excess 
Cu2+ accumulation is supported by other studies. The 
decrease in growth caused by Cu2+ accumulation may 
be linked to the stimulation of lignifying peroxidase 
(Jouili and El Ferjani, 2004). Additionally, Karimi et al. 
(2012) highlighted those plants exposed to excess 
copper utilize antioxidant defense mechanisms to 
protect themselves from injury. Similarly, Islck and 
Unal (2015) demonstrated that CAT activity and total 
phenolic compound levels increased in plants treated 
with Cu2+ compared to control plants. Plants exhibit 
tolerance to Cu2+ and activate CAT and phenolic 
compounds to mitigate Cu2+ stress damage. 
Antioxidant parameters can serve as potential 
indicators of oxidative stress associated with metal 
exposure, as demonstrated by Aziz et al. (2020) and 
Aziz and Butt (2020). 

Total protein and protein pattern 

The total proteins in the shoots of barley plants 
increased progressively with higher Cu2+ treatments, 
reaching the highest percentage value of 264.7% at 25 
mM. This increase is reflected in the protein pattern, 
where a notable difference was observed between 
control plants and those irrigated with 10 mM Cu2+ 

concentration, with 14 protein bands recorded at 25 
mM. The accumulation of protein bands at this level 
may indicate a response to damaging stress or an 
adaptation mechanism for barley to tolerate and 
overcome copper-induced injury. Amini and 
Ehsanpour (2005) and Abd El-Samad et al. (2017) 
suggested that protein accumulation in plants under 
saline conditions is a nitrogen storage form utilized 
after stress subsides. This accumulation may involve 
osmotin-like proteins and specific protein synthesis 
related to cell wall modification .  Moreover, studying 
proteins in citrus leaves sensitive to Cu-toxicity has 
revealed various plant mechanisms associated with 
Cu-toxicity and Cu-tolerance. John et al. (2021) 
demonstrated that Cu-mediated protein 
accumulation supports the notion that Cu2+ toxicity is 
linked to increased protein aggregation. This aligns 
with our findings, where 25 mM Cu2+ concentration 
induced more protein aggregations alongside a 
reduction in growth factors and metabolomics. Due to 
their redox activity, many metalloenzymes rely on 
specific critical metal ions as catalytically active 
cofactors (Abd El-Samad et al., 2017). 

CONCLUSION 
Copper supplementation exhibited varying effects on 
the growth and metabolites of barley plants. Low and 
moderate concentrations of copper acted as 
activators, while high concentrations acted as 
inhibitors, a phenomenon known as hormesis, which 
was evident in growth parameters. The accumulation 
of organic compatible solutes such as soluble sugar, 
soluble protein, total protein, phenolic constituents, 
and cellulose contributed to increased plant tolerance 
and enhanced barley adaptability. The increase in 
catalase and peroxidase activity, along with the 
appearance of new protein bands at 10 and 25 mM 
Cu2+ levels, was associated with the biphasic roles of 
Cu2+. The rise in the number of protein bands at 25 
mM Cu2+ can be considered a biomarker for oxidative 
stress, aligning with the observed inhibition in the 
growth and metabolism of barley plants. Therefore, in 
line with these findings, copper is an essential 
element for plants, and in cases of deficiency, Cu may 
be applied directly to soil and crops through a foliar 
spray. 
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electrophoresis; SOD: Superoxide dismutase. 

REFERENCES 
Abd El-Samad HM. 2016. The Physiological Role of Proline 

and Sodium as Osmotic Stress Signal Components of 
Some Crop Plants. Triticeae Genomics and Genetics. 
7:1-9. http://DOI:10.5376/tgg.2016.07.0003 

Abd El-Samad HM. 2017. The biphasic role of copper and 
counteraction with Azospirillum brasilense application 
on growth, metabolites, osmotic pressure and mineral 
of wheat plant. Am. J. Plant Sci. 8: 1182-1195. 
http://www.scirp.or/journal/ajps. 

Abd El-Samad HM, Mostafa D, Al-Hakim KN. 2017: The 
combined action strategy of two stresses, salinity and 
Cu++ on growth, metabolites and protein pattern of 
wheat plant. Am. J. Plant Sci. 8: 625-643. 
http://www.scirp.org/journal/ajps. 

http://dx.doi.org/10.5376/tgg.2016.07.0003
http://www.scirp.or/journal/ajps
http://www.scirp.org/journal/ajps


Mechanistic insights of copper treatment on the physiological processes of barley plants... 
 

 

Egypt. J. Bot. Vol. 64, No.3 (2024)  81 

Abd El-Samad HM, Shaddad MA, Shaker KN. 2018. The 
potential role of cupper and combined action with IAA 
on tolerance strategy of two broad bean cultivars. 
Am. J. Plant Sci. 9. http://www.scirp.org/journal/ajps 

Abd El-Samad HM, Taha RM. 2022 b. Effect of zinc and nickel 
treatments on improvement of the osmotic defense 
system of wheat under salinity stress. Acta Agrobot. 75: 
1-16.  https://:doi:10.5586/aa.757 

Abd El-Samad HM, Taha RM. 2023. The strategy role of 
natural products on growth, primary and secondary 
metabolites of two wheat cultivars under drought 
stress. J. Crop Sci. Biotechnol.53 
https://doi.org/10.1007/s12892-023-00205-4 

Adrees M, Ali S, Rizwan M, Zia-Ur-Rehman M, Ibrahim M, 
Abbas F, Farid M, Qayyum MF, Irshad MK. 2015. 
Mechanisms of silicon-mediated alleviation of heavy 
metal toxicity in plants: A review. Ecotoxicol Environ Saf. 
119: 186-97. http://doi: 10.1016/j.ecoenv.2015.05.011. 

Amini F. Ehsanpour AA. 2005. Soluble Proteins, Proline, 
Carbohydrates and Na+/K+ Changes in Two Tomato 
(Lycopersicon esculentum Mill.) Cultivars under in vitro 
Salt Stress. Am. J. Biochem. Biotechnol. 1 (4): 204-208. 
https://doi.org/10.3844/ajbbsp.2005.204.208 

Andre CM, Larondelle Y, Evers D. 2010. Dietary antioxidants 
and oxidative stress from a human and plant 
perspective: a review. Curr. Nutr. Food Sci. 6: 2–12. 
http://dx.doi.org/10.2174/157340110790909563 

Aziz N, Butt A. 2020. Enzymatic and non-enzymatic 
detoxification in Lycosa terrestris and Pardosa birmanica 
exposed to single and binary mixture of copper and 
lead. Environ. Toixicol. Pharmacol. 80: 103500. 
http://doi: 10.16/eta.2020.103500 

Aziz N, Butt A, Elsheikha HM. 2020. Antioxidant enzymes as 
biomarkers of Cu and Pb exposure in the ground spiders 
Lycosa terrestris and Pardosa birmanica. Ecotoxicol 
Environ Saf. 1; 190:110054. 
Http://Doi:10.1016/j.ecoenv.2019.110054. 

Bates LW, Waldern RP, Teare ID. 1973. Rapid determination 
of free proline for water stress studies. Plant Soil, 39, 
205–207. https://doi.org/10.1007/BF00018060 

Bonhomme R, Varlet M, Grancher C, Chartier P. 1974. The 
use of hemispherical photographs for determining leaf 
index of young crops. Photosynthetica. 8: 299-301. 
https://www.scirp.org// 

Burkhead JL, Goglin Reynolds KA, Abdel-Ghany SE, Cohu 
CM, Pilon M. 2009. Copper homeostasis. New Phytol. 
182 (4): 799-816. http:// Doi://10.1111/j.1469-
8137.2009.02846.x 

Chan HT, Tam SY, Koide RT. 1978. Isolation and 
characterization of catalase from Papaya. J. Food Sci. 43: 
989-991. https://www.academia.edu/11250958/ 

Chen G, Li G, Han H, Du R, Wang X. 2022. Physiological and 
molecular mechanisms of plant responses to copper 
stress. Int. J. Mol. Sci. 23. 1-17. 
http://doi.org/10.3390/ijms23211295 

Cruz FJR, Ferreira RLD, Conceição SS, Lima EU, Neto FD, 
Galvão JR, Lopes SD, Viegas JM. 2022. Copper toxicity in 
plants: Nutritional, Physiological and Biochemical 

Aspects. Chapter Metrics Review. http://Doi:10.577211 
intechopen.105212  

Culicov O, Stegarescu A, Soran M, Lung I, Opris O, Cilorȋţă A, 
Nekhoroshkov P. 2022. The effect of copper salts on 
bioactive compounds and ultrastructure of wheat 
plants. Mol. 27: 4835. https:// 
doi.org/10.3390/molecules27154835. 

Daood MF. 2012. The interactive effect of salinity and 
phytohormones (IAA or Salicylic acid) on growth 
criteria, leaf area and pigmentation of Vicia faba L .cv. 
wardy. M.Sc. thesis, Assiut University, Assiut, Egypt.1-
585. https://www.aun.edu.eg/science/ar/node/61668. 

Darki BS, Shabani L, Pourvaez R, Ghannadian S. 2019. Effects 
of CuSO4 and AgNO3 on artemisinin and phenolic 
compound in shoot cultures of Artemisia annua L. 
Journal of Plant Process and Function. 8: 1-8. 
https://jispp.iut.ac.ir/article-1-1122-en.pdf 

Díaz CM, Marin C, Astel K, Machuca A, Rifo, S. 2017. Effect 
of copper (II) ions on morpho-physiological and 
biochemical variables in Colobanthus quitensis. J. Soil 
Sci. Plant Nutr. 17: 429440. 
https://scielo.conicyt.cl/scielo.php?script=sci 

Dinc ̧er A, Aydemir T. 2001. Purifiation and characterization 
of catalase from chard (Beta vulgaris var.  cicla). J. 
Enzymes Inhib. 16 (2): 165-175. http://doi: 
10.1080/14756360109162366. 

Duan Y, Sangani CB, Muddassir M, Soni KV. 2020 Copper, 
chromium and nickel heavy metal on total sugar and 
protein content in Glycine Max. Research Square. 1-20 
https://doi.org/10.21203/rs.3.rs-107829/v 

Ebbs SD; Kochian LV. 1998. Phytoextraction of zinc by oat 
(Avena sativa), barley (Hordeum vulgare), and Indian 
mustard (Brassica juncea). Environ. Sci. Technol., 32 (6): 
802–806. https://doi.org/10.1021/es970698p 

Eissa MA, Abeed AHA. 2019. Growth and biochemical 
changes in quail bush (Atriplex lentiformis (Torr.) S. 
Wats) under Cd stress. Environ. Sci. Pollut. Res. Int. 26 
(1): 628-635. https//doi.org/10.1007/s11756-01-3627-
1 

El-Shazoly, R. 2019. Evaluation of the Effectiveness of 
Safflower (Carthamus tinctorius) Seeds Amendment 
with Silicon or Humic Acid During Germination under 
CuO (NPs) Phytotoxicity. Egyptian Journal of Botany, 
59(2), 357-374. 

Fales, FW. 1951. The assimilation and degradation of 
carbohydrate by yeast cells. J. Biol. Chem. 193:  113–
124. https://doi.org/10.1016/S0021-9258(19)52433-4 

FAO. 2000. Managing salt-affected soils for a sustainable 
future. https://doi.org/10.4060/cc7887en. 

FAO. 2011. FAOSTAT. Food and Agriculture Organization of 
the United Nations. http://faostat.fao.org/default.aspx 

Flowers TJ; Yeo AR. 1986. Ion relations of plant under 
drought and salinity. Aust. J. plant physiol. 13 (1): 75 – 
91. https://doi.org/10.1071/PP9860075. 

Furlan AL, Bianucci E, Giordano W, Casttro S, Becker DF. 
2020. Proline metabolic dynamics and implications in 
drought tolerance of peanut plants. Plant Physiol. 

http://www.scirp.org/journal/ajps
https://doi.org/10.1007/s12892-023-00205-4
http://dx.doi.org/10.2174/157340110790909563
Http://Doi:10.1016/j.ecoenv.2019.110054
https://doi.org/10.1007/BF00018060
https://www.scirp.org/
http://doi.org/10.3390/ijms23211295
https://jispp.iut.ac.ir/article-1-1122-en.pdf
https://scielo.conicyt.cl/scielo.php?script=sci
https://doi.org/10.21203/rs.3.rs-107829/v
https://doi.org/10.1016/S0021-9258(19)52433-4
http://faostat.fao.org/default.aspx


Abd El-Samad and Taha, 2024 
 

 

Egypt. J. Bot. Vol. 64, No.3 (2024) 82 

Biochem. 151: 566-578 
https://doi.org/10.1016/j.plaphy.2020.04.010 

Gong Q, Li ZH, Wang L, Zhou JY, Kang, Q, Niu DD. 2021. 
Gibberellic acid application on biomass, oxidative stress 
response and photosynthesis in spinach (Spinacia 
oleracea L.) seedlings under copper stress. Environ. Sci. 
Pollut. Res. Int. 28: 53594–53604. 
https://pubmed.ncbi.nlm.nih.gov/34036494/ 

Gupta K; Dey A; Gupta B. 2013. Polyamines and their role in 
plant osmotic stress tolerance, in Climate Change and 
Plant Abiotic Stress Tolerance, N. Tuteja and S. S. Gill, 
Eds., pp. 1053–1072. Wiley-VCH,Weinheim,Germany. 
https://doi.org/10.1002/9783527675265.ch40 

Hanafy RS, Ahmed AM. 2017. Alleviation of copper stress on 
tomato (Lycopersicon esculentum var. Castel rock) 
plants using ascorbic acid. Egypt. J. Exp. Biol. (Bot.) 13 
(2): 197-208. 
http://DOI:10.5455/egyjebb.20170818053029 

Havir EA, Brisson LF, Zelitch I. 1996. Distribution of catalase 
isoforms in Nicotiana tabacum. Phytochem. 41 (3): 699–
702. https://doi.org/10.1016/0031-9422(95)00674-5 

Htwe T, Onthong J, Duangpan S, Techato K, Cholikarm P, 
Sinutok S. 2020. Effect of copper contamination on plant 
growth and metal contents in rice plant (Oryza sativa L.) 
Commun. Soil Sci. Plant Anal. 51: 2349-2360. https:// 
doi.org/10.1080/00103624.2020.1836200 

Islck C, Unal BT. 2015. Copper toxicity in Capsicum annum: 
Superoxide dismutase and catalase activities, phenolic 
and protein amounts of in-vitro grown plants. 
Pol. J. Environ. Stud. 24 (6):2441–2445. 

https://doi.org/1015244/pjoes/59035 
Jouili H, El Ferjani E. 2004. Effect of copper excess on 

superoxide dismutase, catalase and peroxidase 
activities in sunflower seedlings (Helianthus annus L.). 
Acta Physiol. Plant. 26:29-35. 
https://doi.org/10.1007/s11738-004-0041-8 

John R, Mathew J, Mathew A, Aravindakumi CT, Aravind UK. 
2021. Probing the role of Cu (II) ions on protein 
aggregation using two model proteins. ACS Omega. 6 
(51): 35559-35571.  
htts://doi.org/10.1021/acsomerga.1c05119 

Kapoor D, Singh S, Kumar V, Romero R, Prasad R, Singh J. 
2019. Antioxidant enzymes regulation in plants in 
reference to reactive oxygen species (ROS) and reactive 
nitrogen species (RNS). Plant Gene. 19. 
http://dx.doi.org/10.1016/j.plgene.2019.100182 

Karimi P, Khavari-Nejad RA, Niknam V, Ghahremaninejad F, 
Najafi F. 2012. The effects of excess copper on 
antioxidative enzymes, lipid peroxidation, proline, 
chlorophyll and concentration of Mn, Fe and Cu in 
Astragalus neo-mobayenii. Scientific World Journal. 
615670 http://Doi:10.1100/2012/615670 

Khan MA; Unger IA; Showalter AM. 2000 a. The effect of 
salinity on the growth, water status, and ion content of 
a leaf succulent perennial halophyte, Suaeda fruticosa 
(L.) Forssk. J. Arid Environ. {a}, 45: 73 – 84. 
https://www.researchgate.net/publication/222650523 

Khan MA; Unger IA; Showalter AM. 2000 b. Effects of 
Salinity on Growth, Water Relations and Ion 
Accumulation of the Subtropical Perennial Halophyte, 
Atriplex griffithii var. stocksii .Ann. Bot. 85: 225 – 232. 
http://doi: 10.1006} anbo.1999.1022. 

Kofalvi SA, Nassuth A. 1995. Influence of wheat streak 
mosaic virus infection on phenylpropanoid metabolism 
and the accumulation of phenolics and lignin in wheat. 
Physiol. Mol. Plant Pathol. 47: 365-377. 
https://doi.org/10.1006/pmpp.1995.1065 

Kumbhakar DV, Datta AK, Das D, Ghosh B, Pramanik A, 
Gupta S. 2019.  Assessement of oxidative stress, 
antioxidant enzyme activity and cellular apoptosis in a 
plant-based system (Nigella sativa L black cumin) 
induced by copper and cadmium sulphide 
nanomaterial. Environ. Nanotechnol. Monit. Manag. 
11:100196. 
https://doi.org/10.1016/j.ennmm.2018.100196 

Laemmli UK. 1970. Cleavage of Structural Proteins during 
the Assembly of the Head of Bacteriophage T4. Nat. 
227: 680-685.  https://doi.org/10.1038/227680a0 

Leng X, Mu Q, Wang X, Li X, Zhu X, Shangguan L, Fang J. 
2015. Transporters, chaperones and P-type ATPases 
controlling grapevine copper homeostasis. Funct. 
Integr. Genom. 15: 673–684. 
https://pubmed.ncbi.nlm.nih.gov/26054906 

Lichtenthaler HK. 1987. Chlorophylls and carotenoids: 
Pigments of photosynthetic biomembranes. 
Meth. Enzymol. 148: 350-382. 
https://doi.org/10.1016/0076-6879(87)48036-1  

Li G, Peng X, Xuan H, Wei L, Yang Y, Kang G. 2013. Proteomic 
analysis of leaves and roots of common wheat (Triticum 
aestivum L.) under copper-stress conditions. J Proteome 
Res. 12 (11): 4846-4861. 
http://DOI: 10.1021/pr4008283 

Liu N, Lin Z, Guan L, Gaughan G, Lin G. 2014. Antioxidant 
enzymes regulate reactive oxygen species during pod 
elongation in Pisum sativum and Brassica chinensis. Plos 
ONE. 9 (2): e87588. 
http://Doi:10.1371/journal.one.0087588. 

Liu Z, Bai Y, Luo L, Wan J, Wang W, Zhao G. 2021. Effects of 
high dose copper on plant growth and mineral nutrient 
(Zn, Fe, Mg, K, Ca) uptake in spinach. Environ. Sci. Pollut. 
Res. 28: 37471-37481. https://doi.org/10.1007/s11356-
021-13395-7 

Lacolla G; Cucci G. 2008. Reclamation of sodic-saline soils. 
Barley crop response. Italian J. Agron. 4 (3): 279-286 
https://doi.org/10.4081/ija.2008.279 

Lowry OH, Rasebrough NJ, Farr AL, Randall RJ. 1951. Protein 
measurement with the Folin phenol reagent. J. Biol. 
Chem. 193: 265–275. https://doi.org/10.1016/S0021-
9258(19)52451-6 

Lukinac J, Jukić M. 2022. Barley in the Production of Cereal-
Based Products. Plants. 11(24): 3519.  
https://doi.org/10.3390/plants11243519 

Manivasagaperumal R, Vijayarengan P, Balamurugan S, 
Thiyagarajan G. 2011. Effect of copper on growth, dry 
matter yield and nutrient content of Vigna radiata (L.) 

https://www.sciencedirect.com/journal/plant-physiology-and-biochemistry/vol/151/suppl/C
https://pubmed.ncbi.nlm.nih.gov/34036494/
https://www.bibliomed.org/?jtt=1687-7497
http://DOI:10.5455/egyjebb.20170818053029
https://doi.org/10.1016/0031-9422(95)00674-5
https://doi.org/1015244/pjoes/59035
https://doi.org/10.1007/s11738-004-0041-8
http://dx.doi.org/10.1016/j.plgene.2019.100182
http://Doi:10.1100/2012/615670
https://doi.org/10.1016/j.ennmm.2018.100196
https://pubmed.ncbi.nlm.nih.gov/26054906
https://doi.org/10.1021/pr4008283
http://Doi:10.1371/journal.one.0087588
https://doi.org/10.1007/s11356-021-13395-7
https://doi.org/10.1007/s11356-021-13395-7
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1016/S0021-9258(19)52451-6


Mechanistic insights of copper treatment on the physiological processes of barley plants... 
 

 

Egypt. J. Bot. Vol. 64, No.3 (2024)  83 

Wilczek. J Phytol.  3: 53-62. 
https://www.researchgate.net/publication/285320180 

Mattson MP. 2008. Hormesis defined. Ageing Res. Rev. 
7(1):1-7.  http://doi: 10.1016/j.arr.2007.08.007. 

McKee GW. 1974. A coefficient for computing leaf area in 
hybrid corn. Agron. J. 56: 240-241. 
https://www.scirp.org// 

Merlin TPA, Lima, GPP, Leonel S, Vianello F. 2012. Peroxidase 
activity and total phenol content in citrus cuttings 
treated with different copper sources. S. Afr. J. Bot. 83: 
159–164. 
https://cyberleninka.org/article/n/1076105.pdf 

Mukherjee SP. Choudhuri MA. 1983. Implications of water 
stress-induced changes in the levels of endogenous 
ascorbic acid and hydrogen peroxide in Vigna seedlings. 
Physiol. Plant. 58:166-170. 
https://doi.org/10.1111/j.1399-3054.1983.tb04162.x 

Munene R, Changamu E, Korir N, Gweyi JO. 2017. Effects of 
different nitrogen forms on growth, phenolics, 
flavonoids and antioxidant activity in amaranth species. 
Trop. Plant Res. 4: 81–89. 
https://www.researchgate.net/publication/315058177 

Nazir F, Hussain A, Fariduddin Q. 2019. Hydrogen peroxide 
modulates photosynthesis and antioxidant systems in 
tomato (Solanum lycopersicum L.) plants under copper 
stress. Chemosphere. 230: 544–558 
https://pubmed.ncbi.nlm.nih.gov/31125883 

Norman J, Campbell GS 1994. Canopy structure. In: Pearcy 
RW, Ehleringer J, Moony HA, Rundel PW. (Eds). Plant 
physiol. Ecol. chapman & Hall, London. 301-326. 
https://www.scirp.org 

Ochoa L, Mena NZ, Vello AM, Margez JP, Bidea JR, Torresdey 
JL. 2018 a. Copper oxide nanoparticles and bulk copper 
oxide, combined with indole-3-acetic acid, alters 
aluminum, boron, and iron in Pisum sativum seeds. Sci. 
Total Environ. 634: 1238-1245. 
https://doi.org/10.1016/j.scitotenv.2018.04.003 

Oorts K. 2013. Copper. In: Alloway, B. (eds) Heavy Metals in 
Soils. Environ. Pollut. 22. Springer, Dordrecht. 
https://doi.org/10.1007/978-94-007-4470-7_13 

Parrotta L, Guerriero Gea, Sergeant K, Cai, Giampiero C, 
Hausman JF. 2015. Target or barrier? The cell wall of 
early-and later-diverging plants vs. cadmium toxicity: 
differences in the response mechanisms. Front. Plant 
Sci. 6: 133. http://doi://10.3389/fpls.2015.00133 

Pietrini F, Carnevale M, Beni C, Zacchini M, Gallucci F, 
Santangelo E. 2019. Effect of different copper levels on 
growth, morph-physiological parameters in Giant Reed 
(Arundo donax L.) in semi-hydroponic mesocosm 
experiment. Water. 11 (9): 1837-1856. 
https://doi.org/10.3390/w11091837 

Printz B, Lutts S, Hausman JF, Sergeant K. 2016. Copper 
Trafficking in plants and its implications on cell wall 
dynamics. Front. Plant Sci. 7: 601. http://doi: 
10.3389/fpls.2016.00601  

Prusly S, Sahoo Rk, Nayak S, Poosapti S, Swain DM. 2022. 
Proteomic and genomic studies of micronutrient 

deficiency and toxicity in plants. Plants (Basel). 11 (18): 
2424.  http://doi: 103390/plants11182424 

Putter J. 1974. Peroxidase. In: Bergmeyer, H.U., Ed., 
Methods of Enzymatic Analysis, Verlag Chemie, 
Weinhan. 685-690 http://doi: 
10.3389/fenvs.2015.00027 

Qin R, Ning, C, Björn LO, Li S. 2016. Proteomic analysis of 
Allium cepa var. agrogarum L. roots under copper stress. 
Plant Soil. 401: 197-212. 
https://link.springer.com/article/10.1007/s11104-015-
2741-9 

Ramadan, M. E. 2023. The Impact of Copper Chlorophyllin 
on the Growth, Yield, and Physiological Characteristics 
of Spinach Plants under Drought Stress. Egyptian 
Journal of Botany, 63(3), 899-910. 

Rajput VD, Harish, Singh RK, Verma KK, Sharma L, Quiroz-
Figueroa FR, Meena M, Gour VS, Minkina T, Sushkova S, 
Mandzhieva, S. 2021. Recent developments in 
enzymatic antioxidant defense mechanism in plants 
with special reference to abiotic stress. Biology (Basel).  
9: 10:267. http://doi: 10.3390/biology10040267 

Reichman SM. 2002. The responses of plant to metal 
toxicity: A review of focusing on copper, manganese and 
zinc. Australian Minerals and Energy Environment 
Foundation; Melbourne. Australia. 54. 
https://www.researchgate.net/publication/236160522 

Rezazadeh A, Ghasemnezhad A, Barani M, Telmadarrehei T. 
2012. Effect of Salinity on Phenolic Composition and 
Antioxidant Activity of Artichoke (Cynara scolymus L.) 
Leaves. Res. J. Medicinal Plant. 6 (3): 245-252. 
https://doi.org/10.3923/rjmp.2012.245.252 

Romero-Aranda R, Syvertsen JP. 1996. The influence of foliar 
applied urea nitrogen and saline solution on net gas 
exchange of citrus leaves. Jour. Amer. Soc. Hort. Sci. 121 
(3): 501-506. 

Roy SK, Cho K, Kwon SJ, Kamal AHM, Lee DG, Sarker K, Lee 
MS, Xin Z, Woo SH. 2017. Proteome characterization of 
copper stress responses in the roots of sorghum. 
Biometals. 30: 765-785. http://doi: 10.1007/s10534-
017-0045-7. 

Roy SK, Kown SJ, Cho SW, Kamal AHM, Kim SW, Sarker K, Oh 
Mw, Lee MS, Chung KY, Xin Z, Woo SH. 2016. Leaf 
proteome characterization in the context of 
physiological and morphological changes in response to 
copper stress in sorghum. Biometals. 29 (3): 495-513. 
https://doi.org/10.1007/s10534-016-9932-6 

Shariat A, Assareh MS, Ghamari-Zare AG. 2017. 
Antioxidative responses of Eucalyptus camaldulensis to 
different concentrations of copper. J. plant physiol. 
breed. 7: 41-52. 
https://breeding.tabrizu.ac.ir/article_6351.html 

Siripornadulsil S, Traina S, Verma DP, Sayre RT. 2002. 
Molecular mechanisms of proline-mediated tolerance 
to toxic heavy metals in transgenic microalgae. Plant 
Cell. 14 (11): 2837-47.  http://doi: 10.1105/tpc.004853. 

Song YJ, Zhou LC, Yang SH, Wang CL, Zhang TJ, Wang JH. 
2017. Dose-dependent sensitivity of Arabidopsis 
thaliana seedling root to copper is regulated by auxin 

https://www.researchgate.net/publication/285320180
https://cyberleninka.org/article/n/1076105.pdf
https://doi.org/10.1111/j.1399-3054.1983.tb04162.x
https://www.researchgate.net/publication/315058177
https://pubmed.ncbi.nlm.nih.gov/31125883
https://doi.org/10.1016/j.scitotenv.2018.04.003
https://doi.org/10.3390/w11091837
https://link.springer.com/article/10.1007/s11104-015-2741-9
https://link.springer.com/article/10.1007/s11104-015-2741-9
https://www.researchgate.net/publication/236160522
https://doi.org/10.3923/rjmp.2012.245.252
https://doi.org/10.1007/s10534-016-9932-6
https://breeding.tabrizu.ac.ir/article_6351.html


Abd El-Samad and Taha, 2024 
 

 

Egypt. J. Bot. Vol. 64, No.3 (2024) 84 

homeostasis. Environ. Exp. Bot. 139: 23–30. http://doi: 
10.1016/j.envexpbot.2017.04.003 

Soni, K, Thanki YV. 2014. Effect of copper and ferrous metal 
on biomass and growth rate of some pulses. 
Int. J. Pharm. Res. Bio. Sci. 3:362-379. 
https://www.researchgate.net/publication/275017807  

Steel RG, Torrie JH. 1960. Principles and Procedures of 
Statistics. McGraw-Hill McGraw-Hill Book Company, 
New York, Toronto, London 1960, 481 S., 15 Abb.; 81 s 6 
d. https://doi.org/10.1002/bimj.19620040313 

Sucre B; Suárez N. 2011. Effect of salinity and PEG- induced 
water stress on water status, gas exchange, solute 
accumulation, and leaf growth in Ipomoea pes-caprae. 
Environ. Exp. Bot. 70: 192-203 
https://doi.org/10.1016/j.envexpbot.2010.09.004 

Tugbaeva A, Ermoshin A, Wuriyanghan H, Maleva M, 
Borisova G, Kiseleva I. 2022. Copper Stress Enhances the 
Lignification of Axial Organs in Zinnia elegans. Hortic. 8 
(6): 558. https://doi.org/10.3390/horticulturae8060558 

UC SAREP. 2006. Cover crop database. University of 
California, Sustainable Agriculture Research & 
Education Program, Davis. 
http://www.sarep.ucdavis.edu/ 

Ullah R, Hadi F, Ahmad S, Jan AU, Rongliang Q. 2019. 
Phytoremediation of lead and chromium contaminated 
soil improves with endogenous phenolics and proline 
production in Parthenium, Cannabis, Euphorbia and 
Rumex Species. Water Air Soil Pollut. 230: 40. 
https://doi.org/10.1007/s11270-019-4089-x. 

Updegraff DM. 1969. Semimicro determination of cellulose 
inbiological materials. Anal. Biochem. 32 (3): 420-424 
https://doi.org/10.1016/S0003-2697(69)80009-6. 

Wang H; Wu Z; Zhou Y; Han J; Shi D. 2012. Effects of salt 
stress on ion balance and nitrogen metabolism in rice. 
Plant Soil Environ. 58 (2): 62–67. 
http://DOI: 10.17221/615/2011-PSE. 

Xiong T, Zhang S, Kang Z, Zhang T, Li S. 2021. Dose-
dependent physiological and transcriptomic resonse of 
lettuce (Lactuca sativa L.) to copper oxide nanoparticles-
insight into the phytotoxicity mehanisms. Int. J. Mol. Sci. 
22: 3688. http://doi.10.3390/ijms22073688. 

Yan L, Li S, Riaz M, Liu J, Liiu Y, Zeng Y, Jang C. 2021. Proline 
metabolism and biosynthesis behave differently in 
response to boron-deficiency and toxicity in brassica 
napus. Plant Physiol. Biochem. 167: 529-540. 
https://doi.org/10.1016/j.plaphy.2021.08.029. 

Yoruk IH, Demir H, Ekici K, Savran A. 2005. Purification and 
properties of catalase from Van Apple (Golden 
delicious). Pakistan J. Nutr. 4(1): 8-10. 
http://dx.doi.org/10.3923/pjn.2005.8.10.Yuan HM, Xu 
HH, Liu WC, Lu YT. 2013. Copper regulates primary root 
elongation through PIN1-mdiated auxin redistribution. 
Plant Cell Physiol. 54 (5): 766-778. 
http://Doi.101.1093/pcp/ct030 

Zarad MM, Toaima NM, Refaey KA, Atta RF, Elateeq AA. 
2021. Copper sulfate and Cobalt chloride effect on total 
phenolics accumulation and antioxidant activity of 
Artemisia annua L. callus cultures.  Azhar J. Agric. Res. 
46: 26-40. 
https://ajar.journals.ekb.eg/article_245610.html 

Zhang D, Liu X, Ma J, Yang H, Zhang W, Li C. 2019. Genotypic 
differences and glutathione metabolism response in 
wheat exposed to copper. Environ. Exp. Bot. 157: 250–
259. https://www.sciencedirect.com/science/article 

Zhang H, Lian C, Shen Z. 2009. Proteomic identification of 
small, copper-responsive proteins in germinating 
embryos of Oryza sativa. Ann Bot.103: 923-930. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2707
895/ 

Zhang H, Lv S, Xu H, Hou D, Li Y, Wang F. 2017. H2O2 is 
involved in the metallothionein-mediated rice tolerance 
to copper and cadmium toxicity. Int. J. Mol. Sci. 18:2083.  
http://doi: 10.3390/ijms18102083 

Zhang N, Xue C, Wang K, Fang Z. 2020. Efficient oxidative 
degradation of fluconazole by a heterogeneous Fenton 
process with Cu-V bimetallic catalysts. Chem. Eng. J. 
380: 122516. 
http://dx.doi.org/10.1016/j.cej.2019.122516. 

Zhang T, Wang Y, Ma X, Ouyang Z, Deng L, Shen S, Dong X, 
Du N, Dong H, Guo Z. 2022. Melatonin Alleviates Copper 
Toxicity via Improving ROS Metabolism and Antioxidant 
Defense Response in Tomato Seedlings. Antioxidants.11 
(4): 758.  https://doi.org/10.3390/antiox11040758. 

https://www.researchgate.net/publication/275017807
https://doi.org/10.1002/bimj.19620040313
https://doi.org/10.3390/horticulturae8060558
https://doi.org/10.1007/s11270-019-4089-x
https://doi.org/10.1016/S0003-2697(69)80009-6
http://doi.10.3390/ijms22073688
http://dx.doi.org/10.3923/pjn.2005.8.10
https://ajar.journals.ekb.eg/article_245610.html
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2707895/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2707895/
https://doi.org/10.3390/antiox11040758



