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Abstract. The system of protection against the effects of heavy metals 

(TM) can differ not only in different species of plants, but also in different 

varieties. Manganese (Mn), as a biogenic element, is necessary for normal 

plant growth and development. However, in the case of concentrations 

exceeding the optimal level, it negatively affects both linear plant growth 

and physiological processes. The paper presents data on the assessment of 

the effect of excess manganese (II) ions (30, 60 and 90 mg/l of active 

substance) on barley seedlings of different varieties. Resistance of plants to 

ionic toxicity of manganese (II) was judged by the value of antioxidant 

activity (AOA) of superoxide dismutase (SOD), the content of low-

molecular antioxidants (chlorophyll a and b, carotenoids and anthocyanins) 

in barley leaves. For most of the varieties studied, an increase in AOA of 

SOD, the content of anthocyanins indicating the activation of plant 

protective mechanisms, was noted. The amount of green pigments, as well 

as carotenoids, on the contrary, decreased, compared with the control, 

which indicated a violation of the processes of photosynthesis in them. 

1 Introduction 

Among heavy metals (HM), manganese is one of the most common chemical elements 

in the lithosphere. Its clark in the upper part of the continental crust is 770 mg/kg, the 

average content in farmland soils varies from 45.4 to 3336.0 mg/kg [1, 2]. Regulated by HS 

2.1.7.2041-06, the MPC of manganese in the soil, taking into account its clark, is 1500 

mg/kg. 

Despite the fact that manganese is needed by plants in small quantities, its importance 

for plant growth and development is large and no less significant than other nutrients [3]. 

Excess manganese in soils, as well as its deficiency, is a serious problem of crop yield 

reduction [4]. This is especially true for acidic soils, which include sod-podzolic soils of the 

Kirov region. In these soils, the negative effect of manganese on plant growth and 

development is increasing, but the degree of this effect on the physiological processes that 

take place in them is not sufficiently studied. 

In general, the tolerance of plants to excess manganese is regulated by many factors, 

including the level of photosynthetic pigments in plant tissues [5, 6]. Other physiological 
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and biochemical parameters of plants, in particular, antioxidant defense mechanisms, which 

are manifested as a result of an increase in reactive oxygen species under the influence of 

negative factors, can also act as markers of stress resistance [7]. In turn, the antioxidant 

properties of plants depend on the content of both high-molecular (SOD, etc.) and low-

molecular (green pigments, carotenoids, anthocyanins, etc.) antioxidants. 

To date, it has been established that the resistance of plants to negative factors is largely 

determined by both their species and variety and depends on the content of antioxidants in 

them [8]. For example, under the influence of heavy metals, inhibition of pigment 

biosynthesis is recorded [9]. At the same time, a decrease in the content of carotenoids is 

less pronounced in more resistant varieties than in less resistant ones [10]. In some studies, 

it is noted that the content of carotenoids in leaves in the presence of heavy metals remains 

unchanged [11]. Therefore, the identification of varieties that are most resistant to the stress 

factors of the region is relevant.  

The purpose of the work is to identify barley varieties resistant to high doses of 

manganese. The stress resistance parameters were: SOD activity and the content of low-

molecular antioxidants in plant leaves: green pigments (chlorophyll a and b), carotenoids 

and anthocyanins in plant leaves. 

2 Materials and methods 

The objects of the study were barley plants of varieties: Belgorodskij 100; 346–09; 

Forward; Farmer; 29–11; Bionik from the working collection of the laboratory of selection 

and primary seed production of barley of the FARC North-East. 

The test was carried out in a roll culture on a nutrient solution of Knop: (Ca(NO3)2 – 1; 

K3PO4 – 0.25; MgSO4×7H2O – 0.25; KCl – 0.125 g per 1 liter of water). Manganese (II) 

ions were added to the solution as MnSO4×H2O at concentrations of 30, 60 and 90 mg/l, 

based on the active ingredient (The choice of manganese (II) ion concentrations was due to 

the fact that the maximum permissible concentrations (MPC) of manganese mobile 

compounds (recovered by acetate-ammonium buffer with pH = 4.8) for sod-podzolic soils 

with pH = 4.0 in accordance with HS 2.1.7.2041-06 is 60 mg/kg. The manganese doses 

tested were 0.5; 1 and 1.5 MPC. The control was a Knop solution without the addition of 

manganese (II) ions. Barley seeds were placed in each roll in an amount of 33 pieces. The 

test was carried out in three times repetition. Barley cultivation of selected genotypes was 

carried out under natural conditions (temperatures 20 °C, photo period: light/darkness 16/8) 

for 14 days. 

Superoxide dismutase activity was determined in barley leaves; chlorophyll content: a, b 

and carotenoids; anthocyanin content. 

To determine the activity of SOD (AOA), a leaf suspension (0.2–1.0 g crude mass) was 

triturated with 10 ml bicarbonate buffer (pH = 10.30–10.65). The resulting solution was 

filtered through a paper filter. The calculation was carried out according to formula 1: 

АОА = 
(ОD

1
- ОD2) × 100%

ОD1

,                                                                    (1) 

OD1 – optical density of 3 ml bicarbonate buffer with 0.1 ml of 0.1% adrenaline 

hydrochloride solution; OD2 – optical density of 2 ml of buffer with addition of 1 ml of 

filtrate and 0.1 ml of 0.1% adrenaline hydrochloride solution.  

Optical density was measured at 347 nm after 2 hours on a UVmini-1240 

spectrophotometer (Shimadzu Corporation, Japan) [12]. 

The content of the main forms of photosynthetic pigments (chlorophylls a, b, and 

carotenoids) in plant leaves was determined by spectrophotometry at wavelengths of 661.6, 
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644.8 nm (chlorophylls), and 470 nm (carotenoids). The samples were extracted with 100% 

acetone. The pigment concentration was calculated using formulas 2–4 [13]. 

С𝑎 = 11.24 × D661.6 − 2.04 × D644.8;                                                        (2) 

С𝑏 = 20.13 × D644.8 − 4.19 × D661.6;                                                        (3) 

С𝑘 =
1000 × 𝐷470 − 1.90 × 𝐶𝑎 − 63.14 × 𝐶𝑏 

214
,                                      (4) 

Ca – chlorophyll concentration a (mg/l); Cb – chlorophyll b concentration (mg/l); Ck – 

concentration of carotenoids (mg/l); D470; D644.8; D661.6 – optical density of the solution at 

470; 644.8; 661.6 nm, respectively. 

Total content in the test sample according to formula 5: 

𝑋 =
𝐶 × V × 0.001

𝑚
,                                                                           (5) 

X – pigment content in the test sample (mg/g); 

C – pigment concentration (mg/g); 

V – the volume of the pigment extract (cm3); 

m – the sample weight (g); 

0.001 – pigment concentration conversion factor. 

Additionally, the mass ratio of the sum of chlorophylls to carotenoids 

((a+b)/carotenoids) was calculated. 

To determine the anthocyanin content, a sample of fresh leaves weighing 0.2–1 g was 

taken, ground in a porcelain mortar, and 10 ml of 1% hydrochloric acid solution was added 

[9]. The resulting solution was filtered. The total amount of anthocyanins in the sample was 

calculated using the formula using the specific absorption index of cyanidin-3,5-diglycoside 

in a 1% aqueous solution of hydrochloric acid (453 units).  

The content of anthocyanins (X) was calculated using the formula 6: 

Х =  
(D510 −  1/3D657) × V ×  100%

𝐸1𝑐𝑚
1% × A

,                                                  (6) 

D510; D657 – the optical density of the solution at 510; 657 nm, respectively; V – the 

volume of the extract (ml); E – the specific absorption index of cyanidin-3.5 diglycoside at 

a wavelength of 510 nm in a 1% aqueous solution of hydrochloric acid, equal to 453 

(units); A – the mass of the raw material (g). 

Statistical data processing was performed using the MS Excel software package. The 

average values and their standard errors were calculated for the numerical characteristics of 

physiological parameters. The significance of the differences between the variants was 

determined with a confidence probability P ≥ 0.95. The AOA of SOD in the experimental 

variants was estimated in % relative to the control (growing medium without the addition of 

Mn). 

3 Results and discussions 

The level of SOD activity in the leaves differed in different varieties of barley (Fig. 1).  
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Fig. 1. Changes in the activity of superoxide dismutase in barley leaves under the action of 

manganese (II) ions. 

For most of the studied varieties of barley, there were no significant changes in AOA 

under the action of an excess (60 and 90 mg/l) of manganese (II) ions. For the Farmer and 

Bionik varieties, an increase in AOA was recorded under the influence of the lowest 

concentrations of manganese (II) ions studied in the experiment. In the case of the Forward 

and 29–11 varieties, an increase in AOA was recorded in the entire range of the studied 

concentrations of manganese. 

According to the literature, there is a close relationship between the activity of SOD and 

the resistance of plants to adverse factors. At the same time, the activity of SOD varies in 

different directions [14]. On the one hand, excess Mn increases disorganization in 

chloroplast lamellae, which leads to disturbances of processes occurring in plant leaves 

[15]. For example, in Cucumis sativus plants, both the excess Mn and the optimal light 

intensity determine the increase in oxidative stress due to an increase in the Mn content in 

the tissues, which is accompanied by inhibition of plant growth [16]. On the other hand, the 

increased activity of SOD, which is a key antioxidant defense enzyme and contains 

manganese, limits cell damage [14, 15]. 

The content of chlorophyll a and b in the leaves of the studied barley varieties ranged 

from 7.8 to 22.6 and 3.9 to 12.9 mg/g, respectively (Fig. 2). 
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Fig. 2. The effect of manganese (II) ions on the chlorophyll content in the leaves of barley of the 

Belgorodskij 100 variety (a); 346–09 (b); Forward (c); Farmer (d); 29–11 (e); Bionik (f). 

The introduction of manganese into the growing medium of the plant led to a decrease 

in the content of chlorophyll a in the barley leaves. In most of the studied varieties, with an 

increase in the concentration of manganese (II) ions in the growing medium, a decrease in 

the content of green pigments in the leaves was recorded. The exception was the variety 

Farmer and 29–11, the content of chlorophyll a and b in the leaves of which was less 

determined by the dose of manganese. Among the studied varieties, the lowest content of 

chlorophylls a and b in the leaves of the control variant was recorded in the variety 

Belgorodskij 100. In the Bionik variety, the content of chlorophyll a and b in the leaves did 

not significantly differ from the level of the standard variety. 

The total amount of chlorophyll a and b in the barley leaves of the studied varieties 

varied from 12.7 to 35.1 mg/g. The introduction of manganese into the growing medium led 

to a decrease in the total content of green pigments in the barley leaves. According to the 

literature, the decrease in the content of green pigments in plants in the presence of heavy 

metals can be caused by the suppression of its biosynthesis or activation of the processes of 

destruction of chlorophyll [17]. In the Forward variety, the content of green pigments 

significantly decreased, compared with the control, only under the action of Mn2+ at a dose 

of 30 and 60 mg/l. 

The content of carotenoids in the leaves of the studied barley varieties varied from 1.6 

to 4.9 mg/g. Among the studied varieties, the minimum values of the content of carotenoids 
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in the leaves of the control variant were established in the variety Belgorodskij 100 

(Table 1). 

In the variants of the experiment, in comparison with the control, a decrease in the 

content of carotenoids in the leaves was noted. Due to the fact that, as noted above, the 

metal-resistant varieties, as a rule, the content of carotenoids decreases slightly, in our 

studies, the variety 29–11 was less stable for this indicator, and the most stable – the variety 

Belgorodskij 100. 

Table 1. Effect of manganese (II) ions on the content of carotenoids in barley leaves of different 

varieties (mg/g) / mass ratio of the sum of chlorophyll a and b to carotenoids 

Variety Concentration Mn2+, mg/l 

0 30 60 90 

Belgorodskij 

100 

3.1±0.1 / 

9.2±0.3 

2.8±0.2 / 

8.2±0.4 

2.8±0.1 / 

7.2±0.4 

2.8±0.1 / 

6.2±0.4 

346–09 3.9±0.2 / 

8.3±0.3 

3.2±0.2 / 

6.3±0.2 

3.2±0.2 / 

6.5±0.1 

2.8±0.2 / 

6.6±0.4 

Forward 4.9±0.1 / 

6.9±0.3 

3.4±0.1 / 

5.9±0.1 

2.9±0.3 / 

5.9±0.1 

4.6±0.2 / 

6.8±0.3 

Farmer 3.9±0.1 / 

8.9±0.2 

2.9±0.2 / 

7.6±0.3 

2.8±0.1 / 

6.3±0.5 

2.7±0.1/ 

5.8±0.1 

29–11 4.1±0.1 / 

8.6±0.1 

1.6±0.5 / 

8.4±1.3 

2.3±0.1 / 

8.1±0.2 

2.5±0.1 / 

7.0±0.3 

Bionik 4.0±0.3 / 

7.0±0.3 

2.9±0.2 / 

5.8±0.4 

3.3±0.1 / 

4.9±0.1 

2.8±0.1 / 

4.7±0.2 

The weight ratio of the sum of chlorophylls a and b to the total content of carotenoids is 

an indicator of the greenness of plants. Lower values of this parameter are an indicator of 

aging, stress, and damage to the plant and photosynthetic apparatus, which is expressed in a 

faster breakdown of chlorophylls than carotenoids. The leaves become more yellowish-

green [13]. With an increase in the concentration of manganese, a decrease in the values of 

the ratio of the sum of chlorophylls to carotenoids parameter was noted. The exception was 

the variety Forward and 29–11. At the maximum concentration of manganese (II) ions in 

the nutrient solution in the Forward variety, no significant differences were found from the 

control, in the 29–11 variety, only at a dose of 60 and 90 mg/l of manganese (II) ions, a 

decrease in the values of the mass ratio (a+b)/carotenoids was recorded. 

It is known that the change in the values of the ratio of the concentration of chlorophylls 

a and b to the content of carotenoids is considered as an adaptive reaction of the LCC of 

photosynthetic pigments to changes in environmental conditions [18]. In this regard, a 

decrease in the values of this parameter in our experiments may indicate a negative effect of 

increased concentrations of manganese (II) ions on the development of barley plants. 

The content of anthocyanins in the leaves of plants of the studied barley varieties 

increased when exposed to manganese (II) ions (Fig. 3). 

 

Fig. 3. Changes in the content of anthocyanins in barley leaves under the action of manganese (II) 

ions. 
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The obtained data are consistent with the results of other researchers, according to 

which the number of anthocyanins in tissues under the influence of HM (for example, 

cadmium) increases in individual barley regenerants [19]. In most barley varieties studied, 

the maximum anthocyanin content in plant leaves was observed at an element concentration 

of 90 mg/l. At the same time, the maximum change was recorded in the Farmer variety. The 

exception was the variety Forward and 29–11, for which there were no reliable differences 

in the content of anthocyanins at action 60 and 90 mg/l. 

4 Conclusions 

1. It was found that the excess of Mn in the growing medium affects the antioxidant 

properties of seedlings of all the studied barley varieties and leads to the activation of plant 

protection mechanisms on the one hand and to the violation of physiological processes in 

them on the other hand. 

2. According to the antioxidant activity of SOD in leaves, all the studied varieties are 

resistant to increased concentrations of manganese (II) ions, since it either has not changed 

(Belgorodskij 100 and 346–09 varieties) or has increased (Forward, Farmer, 29–11 

varieties) in relation to control. 

3. The most resistant to increased concentrations of manganese (II) ions is the variety 

Belgorodskij 100, since it did not show significant changes in the AOA SOD in the leaves, 

and the change in the content of carotenoids in them had the lowest value compared to 

other varieties. 

4. The least resistant to increased concentrations of manganese (II) ions are the Farmer 

variety, since it has the highest change in the content of anthocyanins in the leaves 

compared to other varieties, and the 29–11 variety, since it has the highest change in the 

content of carotenoids compared to other varieties. 
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