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Aim. To study the effect of polymeric biocide polyhexamethylene guanidine hydrochloride (PHMG-CI) on morpho-
physiological and biochemical parameters of wheat seedlings in the presence of toxic concentration of copper ions.
Methods. The growth-stimulating activity of PHMG-CI in pure state, as well as in the presence of elevated con-
centrations of copper ions was studied by phytotesting method using wheat seed as a test culture. Physico-chemical
interaction between PHMG-CI and CuSO, in water solutions was studied by spectrophotometry. Results. Wheat seed
treatment with water solutions of polymeric biocide PHMG-CI in the concentration range of 0.01-0.1 % causes an
increase in the length of roots and shoots by over 50 % after 7 days of incubation. The concentration of PHMG-CI of 1
% was found to have a depressive effect on growth characteristics of the tested plants. This fact indicates that the phy-
totoxicity of PHMG-Cl is at least two orders of magnitude lower compared with a common pesticide copper sulfate.
Thus, wheat seed soaking in 200 uM (0.003 %) water solution of copper sulfate causes reduced length of shoots and
roots (by 65 and 34 %, respectively), as well as reduced weight of shoots (by 20 %) and roots (by 74 %) The analysis
of green mass showed significantly reduced content of carotenoids (by 26 %) and water soluble flavonoids (by 37 %),
as well as chlorophyll a/b ratio (by 18 %) that indicates decreased plant metabolic activity. However, the toxic effect
of copper sulfate ions significantly diminished in the presence of PHMG-CI (0.01 %). Thus, the length of shoots and
roots was found to increase by 24 and 64 %, respectively, compared to the samples treated with CuSO,. Moreover, the
content of pigments and flavonoids in the green mass of seedlings reached the level of control samples. The results
of spectrophotometric studies indicate the absence of physico-chemical interaction between PHMG-CI and copper
sulfate in water solutions. Conclusions. The polymeric biocide PHMG-CI effectively stimulates growth and develop-
ment of wheat seedlings in the concentration range of its water solutions of 0.01-0.1 %. In the presence of toxic copper
sulfate concentration, PHMG-CI does not possess the growth stimulating activity. However, the polymeric biocide
significantly improves copper stress resistance of plants, and normalizes their morpho-physiological indicators, pho-
tosynthetic characteristics and secondary exchange.
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INTRODUCTION moderate ecotoxicity (Zhou Z et al 2011, Carmona-
Polymeric onium salts or cationic polymers are Ribeiro AM, de Melo Carrasco LD 2013, Choi H et

promising biocides, combining a wide spectrum of al 2017, Protasov A et al, 2017, Olmedo et al, 2018).
antimicrobial activity against bacteria and fungi with ~ Practical application has been found for salts of poly-
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hexamethylene guanidine (PHMG), containing guani-
dinium cations in the polymer backbone. Water solu-
tions of PHMG hydrochloride (PHMG-CI) have been
used as efficient disinfectants in the cooling systems,
swimming pools, medical institutions and veterinary
medicine, wood protection, etc. (Zhou Z et al, 2011,
Choi H et al, 2017, Olmedo et al, 2018).

Patent RU 2328854 (Filonik IA, Aprasjukhin Al
2008) reported the application of PHMG-CI to stim-
ulate the growth and development of cereals and le-
gumes. [t was established that pre-sowing treatment
of wheat and corn seed with diluted water solutions
of PHMG-CI in the concentration of 0.01-0.05 %
stimulated the increase in the growth indices of the
seedlings by 10-50 %, enhanced grain yield, as well
as improved plant resistance to pathogenic microflo-
ra. It has been found that PHMG salt with succinic
acid, a known plant growth stimulator, has enhanced
growth promoting effect on peas, rye, beets and corn
seed growth (Lysytsya A et al 2013). The substances
may have inhibiting (biocidal) or stimulating ef-
fect on seeds depending on concentration. Another
article (Yessimova OA et al 2018) reports growth-
promoting effect of PHMG-CI on vegetables. The
treatment of tomato seeds with water solutions of
the polymeric biocide in the concentrations of 0.01—
0.05 % increased the length of the seedling stem and
roots by 50—60 %.

Thus, the results of recent studies demonstrate the
availability of PHMG salts as complex preparations
to stimulate the growth of plants and protect them from
pathogenic microorganisms. However, it is noteworthy
that ecotoxicity of onium salts and their ability to bio-
degradation are critically relevant factors, defining the
usability of these substances for agronomy. It is known
that PHMG-CI has bacteriostatic effect in the concen-
trations of order 10 % and bactericidal activity at 10
% (Zhou Z et al 2011, Lysytsya A 2017, Lysytsya A et
al 2017). The substance is moderately toxic for fresh-
water hydrobionts (Protasov A et al 2016), safe concen-
tration for them is 10*%. The plant constituent of wa-
ter biocenoses endures the doses of polymeric biocide
up to 1072 % (Lysytsya A et al 2017). The PHMG-CI
transfer coefficient into plant from water was found to
be 0.1 %, whereas the transfer coefficient from soil or
plant surface into inner tissues is 0.01 % (Lysytsya A
2017). The authors explain this fact by efficient adsorp-
tion of polymeric biocide by soil components, which
limits the possibility of its migration along nutrition
chains. A relevant advantage of PHMG-Cl is the ability
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to biological degradation under the impact of some soil
bacteria and microorganisms of active sludge.

The study on the growth-stimulating activity of cat-
ionic polymers under conditions of toxic pollution of
soil with heavy metals is of special interest, and cop-
per takes a particular place therein. This metal belongs
to essential elements, whose microamounts play a key
role in photosynthetic and respiratory electron transport
chains, in ethylene sensing, cell wall metabolism and
oxidative stress protection, and whose excess triggers
morpho-physiological changes — root growth inhibi-
tion, chlorosis of leaves and general growth inhibition
(Yruela 12009). Due to a wide spectrum of biocidal ac-
tivity against phytopathogens, copper compounds are
commonly used in agriculture as micronutrients and
plant protection products (Lamichhane JR et al, 2018).
However, long-term application of copper-containing
pesticides in large volumes leads to their excessive ac-
cumulation in soil and water bodies, and thus, harmful
impact on the environment. Particularly, they may pose
a potential hazard to freshwater hydrobionts — shell-
fish, crustaceans, fish (Husak V 2015). It has been
established that copper compounds have bactericidal
effect on various microorganisms of soil and water
bodies — they inhibit soil microflora and processes of
mineralization of organic substances (Lamichhane JR
et al 2018). It should be noted that the study of growth-
promoting activity of nitrogen-containing compounds
in soils contaminated with copper salts gets complicat-
ed by both negative impact of the latter on the growth
of plants and by possible physico-chemical interaction
between Cu?"ions and active molecules.

The aim of this work was to determine the effect of
polymeric biocide PHMG-CI on growth and physi-
ological characteristics of wheat seedlings under cop-
per stress.

MATERIALS AND METHODS

Polymeric biocide PHMG-CI was synthesized by
the method, described in the work (Protasov A et al
2017) (Fig. 1).

Water solutions of PHMG-CI and CuSO, mixtures
were spectrophotometrically analyzed at Jenway 6850
instrument (Great Britain) in the range of 190—1000
nm.

The efficiency of germination (%) was determined
using a test-culture of winter wheat Podolianka as the
ratio between the number of germinated seeds and their
total number. Wheat seeds were soaked in aqueous so-
lutions of PHMG-CI for one hour, placed into Petri
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Fig. 1. Synthesis of polymeric biocide PHMG-C1

dishes and germinated on filters, moistened with dis-
tilled water. Primary root length (L) and shoot length
(1) was measured on 3- and 7-days-old-seedlings. The
incubation of wheat seeds was conducted in a dark
place at the temperature of 22 + 2 °C and air humidity
of 70-90 %. Germinated seeds were placed under dif-
fuse daylight.

The estimation of the detoxication of copper ions
was conducted by phytotesting (Xia X, Shen ZG 2007,
Adrees M et al 2015). This included determination of
wheat seed germination, the mass of dry and wet mat-
ter, water content and the number of photosynthetic
pigments and phenol compounds in the roots and green
mass of test plants. Copper ions were introduced in the
form of aqueous solution of CuSO, with the concentra-
tion of 200 umol/l into aqueous solutions of PHMG-
Cl, the concentrations of which were 0.01, 0.1, 0.5 and
1.0 %. Forty wheat seeds were soaked in the solution
of the given concentration for one hour, then placed on
two layers of the filtration paper with the addition of
3 ml of water. The incubation was conducted at
22 °C + 1. The analysis was performed in three days.

The quantitative estimation of chlorophyll a and b
and carotenoid content (Ca, Cb, Ccar) as well as chlo-
rophyll a/b ratio (Ca/Cb) was conducted using a Fluor-
at-02-Panorama spectrofluometer (Russia) by measur-
ing the absorption of the ethanol extract of pigments at

01 H. (PHMG-CI)

wavelength of 649 and 665 nm which are characteristic
peaks of chlorophylls and at 479 nm which is charac-
teristic peak of carotenoids (Lichtenthaler HK 1987).
The content of flavonoids (Cfl) was determined by the
method, based on light absorption by a complex of fla-
vonoids with aluminum chloride (III) at the wavelength
of 415 nm, calculated per standard solution of rutin
(Lioshyna et al 2017). The optical density of the solu-
tion was measured at 415 nm. The base solution was a
sample, containing ethanol instead of the extract from
plant tissue. The device was preliminarily calibrated by
1 % rutin solution.

The statistical processing and analysis of the experi-
mental data were conducted in Excel application of
the standard Microsoft Office XP package (Microsoft,
USA). If the samplings were subject to the normal dis-
tribution law, Student’s T-test was used for their com-
parison. The obtained results were considered reliable
at the significance level, set at p < 0.05.

RESULTS

Table 1 presents growth characteristics of wheat
seedlings after their treatment with aqueous solutions
of PHMG-CI. After three days, growth parameters for
control samples and for seeds, treated with diluted so-
lutions of polymeric biocide (0.001-0.1 %), differed
only slightly. The concentration of PHMG-CI of 1 %
inhibited the growth of roots and shoots significantly.

Table 1. Wheat seeds germination after treatment with water solutions of PHMG-CI

Root length Shoot length
PHMG-C1 Germina-
concentra- | tion/control, 3 days 7 days 3 days 7 days
1 0, 0
tion, % % (M +m, y (M + m, o M=+ m, % M £ m, o
n=9), mm ’ n=9), mm ’ n=9), mm ° n=9), mm ’
Control (H,0) 100.0 41.1+1.34 | 100.0| 485+0.45 |[100.0| 31.5+1.45 [100.0| 57.0+1.18 | 100
0.001 % 97.7 39.7£0.84 | 96.5 | 58.4+0.99* | 120,1 | 36.1 £1.31 * | 114.6 | 59.6+0.74 | 104.6
0.01 % 100.2 41.4+0093 | 100.7 | 76.6 £ 1.12* | 157.9 | 285+ 1.76 * | 90.5 | 83.9+0.84 * | 147.2
0.1 % 95.2 384+£1.01 | 934 |741£1.00%* | 152.8 |24.7+0.85* | 78.4 | 74.7+1.22* | 131.0
1% 923 252+1.14*| 613 [38.0£094*| 783 | 6.0£1.11* | 19.0 | 58.0+1.21 |101.7

Note. The asterisks represent that the values are significantly different from the corresponding control values.
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After seven days, the length of roots of the seedlings,
soaked in the solutions of PHMG-CI with the concen-
tration of 0.01 and 0.1 %, was much higher compared
to control samples (by 57 and 52 %, respectively.) A
similar effect was observed for the shoots (the increase
in the length by 47 and 31 % compared to the control).

The morpho-physiological characteristics of wheat
seedlings treated with aqueous solutions of copper sul-
fate and CuSO,/PHMG-CI mixtures are presented in
Table 2. The obtained results indicate significant inhi-
bition of seedlings growth after seed treatment with the
solution of copper sulfate. This was manifested in terms
of reduced shoot length (by 34 %) and root length (by
65 %), compared to control samples (control 1). The
introduction of PHMG-CI in CuSO, solution in the

concentrations of 0.01 and 0.1 % enhanced growth

characteristics of the roots (by 40 and 15 %, respec-
tively) and the green part of seedlings (by 20 and 15
%) compared to the control 2. The increase of PHMG-
Cl concentration up to 1 % inhibited the growth in-
dices compared to the seeds treated with the solution
of CuSO,.

According to the data in Table 3, the presence of
copper ions in the solution in the concentration of
200 pmol/l reduces the relative content of water in the
roots of wheat seedlings by 9.8 % which is a relevant
index of water deficiency. As for the green part, this in-
dex practically did not change and remained at the con-
trol level. The mass of the roots and green part of the
shoots decreased by 74 and 20 %, respectively, which
confirmed the inhibition of physiological processes un-
der the impact of Cu?" ions. The toxic effect of copper
sulfate decreased in the presence of PHMG-CI (0.1 %).
This was manifested in terms of the increased shoot
mass compared to control indices (control 1), as well
as increased root mass by 36 % compared to the control
2 (Table 3).

The informative indices to characterize the work of
the synthetic apparatus of plants is the pigment content
(chlorophyll @ and b , carotenoids) and chlorophyll a/b
ratio. The data shown in Table 4 demonstrate that the
treatment of wheat seeds with the solution of CuSO,
leads to significant reduction of pigment content, name-
ly, chlorophylls a and b, and carotenoids. The change

Table 2. Wheat germination after treatment with water solutions of PHMG-CI and CuSO,

Shoot length (3 days) Root length (3 days)

Solutions (M+m, %ofthe | % of the M £m, % of the % of the

n=29), mm control 1 control 2 n=29), mm control 1 control 2
Control 1 (H,0) 299+ 1.68 * 100 151.7 243 +£1.17* 100 290.3
Control 2 (Cu?") 19.7+1.19 65.8 100.0 8.37+0.91 344 100.0
Cu*/PHMG-CI (0.01 %) 24.6 +0.64 * 82.3 124.8 13.8+0.77 * 56.8 164.8
Cu?*/PHMG-CI (0.1 %) 232+1.19* 77.6 117.8 9.78 £0.93 * 40.2 116.8
Cu*/PHMG-CI (0.5 %) 14.5+£0.26 * 48.5 73.6 9.39+£0.83 38.6 112.2
Cu?*/PHMG-CI (1 %) 9.15£0.15 30.6 46.4 3.77+1.02 * 15.5 45.0

Note. in the table 2,3,4 asterisks indicate values that significantly (p < 0.05) differ from the indicators of the control 2

Table 3. The effect of PHMG-CI on the mass and water content in the cells of wheat seedlings in the presence of CuSO,

Green mass Root
Solutions M . g M, g Hydra- M .8 M, g Hydra-
M£+m,n=9) | M+tm,n=9) | tion,% | M+m,n=9)| (M£m,n=9) | tion, %
Control 1 (H,0) 0.72+0.07 * | 0.083+0.02 * 88.5 0.61+0.08* | 0.089+£0.02 * 85.4
Control 2 (Cu*) 0.58 £0.04 0.074 £0.01 87.2 0.16£0.1 0.039 +£0.02 75.6
Cu?/PHMG-CI (0.01 %) 0.61 £0.06 0.06 £0.01 90.2 0.23+0.05*| 0.048+0.01 79.1
Cu*/PHMG-CI (0.1 %) 0.75+0.06 * | 0.097+0.03 * 87.1 0.36+0.04*| 0.069+0.03 * 80.9
Cu**/PHMG-CI (0.5 %) 0.52+0.08 0.068 = 0.02 86.9 0.21 £0.03 0.051+0.01 * 75.7
Cu*'/PHMG-CI (1 %) 0.34+0.02*| 0.047+0.04 * 86.2 0.09+0.07 * | 0.027£0.02 * 70.1
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in Ca/Cb ratio which is an index of photosynthetic ca-
pacity of a plant, indicates the impairment of pigment
biosynthesis (Pétsikkd E et al 2002). At the same time,
the introduction of PHMG-CI in the concentrations of
0.01-0.05 % restored chlorophyll a/b ratio to the level
of control indices, and under the impact of polymeric
biocide with the concentration of 1 % the photosyn-
thetic capacity increased significantly (Table 4).

Carotenoids play a relevant role in the photosyn-
thesis by transmitting the light energy they absorb
to chlorophyll. Carotenoids also perform protective
functions, in particular, prevent destructive photo-
oxidation of organic substances of protoplasm in the
presence of light and free oxygen. Thus, their amount
may serve as an index of plant stress (Wang H et al.
2018). Under experimental conditions, the effect of
copper ions is manifested in the reduction of total
carotenoid content by 26 % compared to the control.
The presence of PHMG-CI in the concentrations of
0.01-0.05 % mitigated the toxic impact of copper sul-
fate and restored the carotenoid content to the level
of control values. Under the impact of polymeric
biocide with the concentration of 1 % the content of
carotenoids reduced by 46 % compared to the con-
trol, which demonstrated stress effect on plants. The
ratio of the total amount of chlorophylls a and b and
the number of carotenoids (Ca+Cbh)/Ccar at norm is a
constant value, which is very sensitive to the change
of environmental factors (Prasad M N V, Strzatka K
2002). As one can see from the data in Table 4, this
ratio changed significantly under the impact of cop-
per sulfate solution and combined solution of CuSO,/
PHMG-CI (1 %) as compared with the control.

Stress in plants is known to enhance biosynthesis of
phenol compounds as components, capable of binding

reactive oxygen species (Sharma A et al. 2019). Sig-
nificant reduction of the content of low molecular anti-
oxidants — flavonoids under the impact of Cu*" ions (by
47 %) was determined in the green part of the seed-
lings, which demonstrated the decrease in the meta-
bolic activity. However, in the samples, treated with
the solutions of CuSO,/PHMG-CI, the content of fla-
vonoids was close to the control values. The analysis of
roots gave opposite results — the synthesis of flavonoids
was enhanced under the impact of the solution of pure
copper sulfate and in the presence of PHMG-CI (Table
4) which demonstrated the stress impact on the roots as
an absorbing part of the plant.

The physico-chemical interaction between CuSO,
and PHMG-CI was studied spectrophotometrically.
Fig. 2 contains UV-visible spectra of water solutions
of PHMG-Cl in a pure form (1) and in the presence of
CuSO, (curves 2, 3). The absorption peak of guanidine
groups is at the wavelength of 192 nm (Wei D et al
2013). As one can see from Fig. 2, the introduction of
copper sulfate to PHMG-CI solution in the molar ratios
of CuSO, /PHMG-CI1 1 : 2 (curve 2) and 1 : 1 (curve 3)
does not impact the position of this peak. Fig. 3 con-
tains UV-visible spectra of copper sulfate solution, the
peak of absorption for which is at 809 nm (curve 2).
The presence of PHMG-CI in the solution in the molar
ratio to CuSO, of 2 : 1 (curve 3) and 1 : 1 (curve 4) does
not cause any changes in the spectrum.

DISCUSSION

In general, the obtained results indicate the growth-
stimulating effect of PHMG-CI on wheat seedlings in
the concentration range of 0.001-0.1 %, at which it
also shows bactericidal activity (Zhou Z et al 2011, Ly-
sytsya A et al 2015). It confirms the assumption about
different biochemical and biophysical mechanisms of

Table 4. The effect of PHMG-CI on the pigment composition and number of flavonoids in wheat seedlings in the presence

of CuSO,
. Ca mg/g Cb mg/g Ccar mg/g | (Ca + (gcrgenmﬁ:ﬁt) C(?Or:)ltigg
Seedlings (l;/[ j:gr;l, M j: m, Cal/Ch M j: m, + Ch)/ (M m, (M m,
= n=9) n=9) Ccar n=9) n=9)
Control 1 (H,0) 0.31+0.05 | 0.16+0.03 1.94 |3.53+0.07*| 0.13 | 0.56+0.02* | 0.05+0.01 *
Control 2 (Cu*") 0.29+0.04 | 0.18+£0.04 1.6 2.62 £0.01 0.18 0.35+0.06 0.07 £0.01
Cu?*/PHMG-CI1 (0.01 %) | 0.33+£0.06 | 0.18£0.07 1.83 | 3.48+0.04*| 0.15 | 0.53+£0.08* | 0.07+0.04
Cu*/PHMG-CI (0.1 %) | 0.35+£0.01 | 0.17£0.04 2.05 |3.87+0.05*| 0.13 | 0.51+£0.01* | 0.04+0.01*
Cu?'/PHMG-CI (0.5 %) | 041£0.01 * | 0.22+0.08* | 1.86 |4.02+0.02* | 0.15 | 0.57+0.09* | 0.06=+0.02
Cu*/PHMG-CI (1 %) 0.31+0.05 | 0.13£0.03* | 238 |1.92+0.08*| 0.23 | 0.61+£0.01* | 0.09+0.07 *
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Fig. 2. UV-visible spectra of water solutions: / — PHMG-CI
(C =510 mol/l), 2 — mixture of PHMG-CI (C = 3.4-10°
mol/l) and CuSO, (C=1.7-10"° mol/l), 3 — mixture of PHMG-
CI(C=2.5-10"°mol/l) and CuSO, (C =2.5-10"° mol/l). *Red
curve — PHMG-CI, blue curve — PHMG-CI/CuSO, mixture
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Fig. 3. UV-visible spectra of water solutions: 1 — PHMG-CI
(C=5-10?mol/l), 2 - CuSO,(C = 5-10* mol/l), 3 — mixture
of PHMG-CI (C = 2.5-:10* mol/l) and CuSO, (C = 2.5-102
mol/l), 4 — mixture of PHMG-CI (C = 3.4-10 mol/l) and
CuSO, (C = 1.7-10* mol/l). *Blue curve — CuSO,, red cur-
ve — CuSO,/PHMG-CI mixture (curves 3, 4)

the effect of polymeric biocide on prokaryotic and eu-
karyotic cells (Lysytsya A et al 2013). High efficiency
of cationic polymers against microorganisms is caused
by their specific structure, in particular, by the presence
of multiple positive charges within a single molecule
that are able to compensate the negative charges pres-
ent on the outer cell membranes of microbes (Carmo-
na-Ribeiro AM, de Melo Carrasco LD 2013).. Due to

54

these strong electrostatic interactions, PHMG is able to
attack the cellular envelope, and subsequently associ-
ates itself with the head groups of the acidic phospho-
lipids substituting metal cations (magnesium and cal-
cium). The presence of hydrophobic aliphatic chains in
the PHMG backbone ensures a better partition to the
hydrophobic regions of the phospholipid membranes,
resulting in a change of membrane permeability and
lethal leakage of cytoplasmic materials (Yang Y et al
2018). Acidic lipids are almost absent in the external
monolayer of eukaryotic cells whereas zwitter-ions
prevail (phosphatidylcholine, phosphatidylethanolami-
ne, sphingomyelin), that complicates the penetration
of cationic biocide through the cellular membrane
(Hancock REW, Sahl H-G 2006). Therefore, a prob-
able mechanism of stimulating activity of PHMG-Cl
is in the adsorption of polycation onto plant cell mem-
branes, which changes the motility of phospholipids
and the regulatory activity of enzymes. This process
may be characterized as non-specific adaptation of
cells under the impact of polymeric biocide (Lysytsya
Acetal 2013).

The presence of elevated concentrations of heavy
metals in soil is known to inhibit the growth and de-
velopment of plants due to impairment of the main
physiological and metabolic processes (Moustakas M
et al 1997, Yruela 2009, Husak V 2015). On the cel-
lular and molecular level, the phytotoxicity of copper
ions is manifested in inactivation and denaturation of
enzymes and proteins, blocking of functional groups
of metabolically relevant molecules, substitution of
physiologically relevant metal cations in biomol-
ecules and functional cellular units, conformational
modification and alteration of membrane lipid bi-
layer. In addition, the excess of copper salts in cells
impairs the redox homeostasis due to generation of re-
active oxygen species— superoxide-anions, hydroxyl
radicals, hydrogen peroxide (Rascio N, Navari-Izzo
F 2011), causing lipid peroxidation in cells and thus
enhancing non-specific permeability of membranes
(Berglund AH 2002, Chen J et al 2015). These pro-
cesses may occur under the impact of Cu?" ions with
the concentration, exceeding 10 pmol/l, on plants
(Yruela 2009, Riazanova ME et al 2015).

According to the results, presented in Tables 2 and 3,
the solution of copper sulfate with the concentration of
200 pmol/l has negative impact on growth parameters
and mass of the roots and shoots of wheat seedlings,
as well as on water content in them. The latter may in-
dicate the impairment of water metabolism in plants

AGRICULTURAL SCIENCE AND PRACTICE Vol.7 No.1 2020
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(Rucinska-Sobkowiak R 2016). The pigment content
and photosynthetic capacity in plants are known to be
dramatically reduced under copper stress conditions
(Moustakas M et al 1997, Rascio N, Navari-Izzo F
2011, Adrees M et al 2015). Under experimental con-
ditions, the stress impact of copper ions is manifested
in terms of significantly reduced carotenoid content
in wheat seedlings, as well as chlorophyll a to b ratio,
which influence the photosynthetic capacity of plants.
In addition, the content of phenol antioxidants — water-
soluble flavonoids — increases in the root part (Table 4).
The toxic effect of copper sulfate solution was found
to mitigate in the presence of PHMG-CI. Thus, the
growth parameters of wheat seedlings were improved.
The water content in plants, as well as the mass of roots
and shoots were significantly increased compared to
the samples, treated with CuSO, solution (Table 2, 3).
Moreover, the content of plant pigments and flavonoids
in the green part restored to the level of control samples
(Table 4) which demonstrated the normalization of the
biosynthesis.

The results of spectrophotometric studies demon-
strated the absence of physico-chemical interaction be-
tween CuSO, and PHMG-CI. This eliminates the com-
plexation as a possible factor of reducing the negative
effect of copper ions on the growth and development of
wheat seedlings in the presence of polymeric biocide. It
is noteworthy that the polar structure and surface activ-
ity of polymeric biocides ensures their efficient adsorp-
tion onto cell membranes (Shao Q et al 2012, Carmona-
Ribeiro AM, de Melo Carrasco LD 2013). Therefore, it
can be assumed that PHMG-CI prevents the accumula-
tion of excessive concentration of Cu ions in plant cells
due to higher membrane activity, including adsorption
and diffusion. Antioxidant activity of PHMG-CI may
also be a factor improving copper-stress tolerance in
wheat seedlings. Thus, the inhibitory activity of PHMG
salt against peroxyl radicals has been established in the
model system of initiated oxidation of benzyl alcohol
(Rogalskyy SP et al 2012). The authors suggested that
polymeric biocide may deactivate free radicals by their
complexation with guanidinium cations. The results of
subsequent medico-biological studies confirmed the
antioxidant activity of guanidine-containing polymers.
For instance, the wound-healing effect of a hydrogel
based on PHMG-CI under conditions of thermal shock
modeling has been studied (Lebedeva SN et al 2017).
It was found that the polymeric biocide activates the
growth of antioxidants and leukocytes in the blood of
animals, which indicates a pronounced reparative ef-
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fect. In another study, the effect of PHMG-CI on the
immunological and redox homeostasis indices in
blood and skin of rats with non-infected thermal burn,
has been studied (Doroshenko A et al 2019). PHMG-
Cl was found to have pronounced anti-inflammatory
properties and affected redox homeostasis, which is
expressed in normalization of the content of markers of
free radical oxidation.

Thus, the results of this study indicate the potential
availability of the polymeric biocide PHMG-Cl as plant
growth stimulator. Under toxic effect of copper ions,
PHMG-CI does not possess growth-promoting effect
on seed germination and seedlings growth of wheat,
but enhances their resistance to stress significantly.

CONCLUSIONS

The polymeric biocide PHMG-CI1 demonstrates pro-
nounced growth-promoting effect on wheat seed ger-
mination and seedlings growth. Seed treatment with
aqueous solutions of PHMG-CI in the concentration
range of 0.01-0.1 % leads to an increase in length of
roots and shoots by over 50 % after 7 days of incu-
bation. The concentration of cationic polymer of 1 %
inhibits the growth of roots by 22 % and does not im-
pact the growth of shoots compared to control samples.
The obtained results indicate significantly lower phy-
totoxicity of PHMG-CI (by two orders of magnitude)
compared to common copper-based pesticides. Thus,
the soaking of wheat seed in 200 uM (0.003 %) aque-
ous solution of copper sulfate inhibits the growth of
shoots and roots by 65 and 34 %, respectively, as well
as decreases the mass of shoots (by 20 %) and roots (by
74 %) The stressful impact of Cu?" ions on biochemical
parameters of wheat seedlings is manifested in terms of
reduced content of low molecular antioxidants — flavo-
noids in the green part of shoots, as well as impairment
of the pigment biosynthesis (reduced chlorophyll a/b
ratio and carotenoid content).

The toxic effect of copper sulfate solution on wheat
seedlings significantly mitigates in the presence of
PHMG-CI. This is manifested in an increased root
length and mass (by 64 and 44 %, respectively), and
shoot length and mass (by 24 and 100 %, respectively),
as compared with seed samples treated with CuSO, so-
lution. Moreover, the pigment composition and the Ca/
Cb ratio restores to the level of control indices that in-
dicates improved plant stress resistance.The results of
spectrophotometric investigations showed the absence
of complex formation between CuSO, and PHMG-CI
in aqueous solutions. Based on the obtained results and
literature data analysis, it can be assumed that the ad-

55



LYOSHYNA et al.

sorption activity and antioxidant properties of PHMG-
ClI are the main factors influencing the mitigation of
toxic effect of copper ions on wheat seedlings.
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Meta. BcTaHoBiI€HHS! BIUIMBY IMOJIIMEPHOTO OiOLM/Y IMOJi-
rekcametuneHryaniquay rigpoxiopuay (II'MI-CI) Ha mop-
¢dodizionoriyni Ta OIOXIMIYHI TapaMeTpy HPOPOCTKIB
HACIHHS MIIEHHUI] 33 MPUCYTHOCTI TOKCUYHOI KOHIIEHTpaIlii
ioHiB migi. Meroau. Picrcrumymorouy akrusnicts [TTMI -
Cl y uyncroMy BHUIISAI Ta 3a MPHCYTHOCTI TOKCHYHHX
KOHIICHTpAIIi# 10HIB Mil AOCIIKYBaIA METOJOM (hiToTec-
TyBaHHS 3 BHMKOPHCTAHHSM HACIHHS TIICHHUII SIK TECT-
KyaprypH. Dizuko-xiMiuHy B3aemoziro Mk IIT'MI-CI i
CuSO, y BOOHMX PO3YMHAX JOCIIKYBAIU CIEKTPO(OTO-
METPUYHUM MeToqoM. PesyabraTn. O6poOka HaciHHS Mie-
HUIII BOAHUMH PO3uMHaMH mojiMepHoro Oiomumy ITI'MI-
ClI 3 xonuenrpanisimu 0.01-0.1 % cnpuuunHsie 301IbIICHHS
JIOBXKMHH KOPEHIB 1 MaroHiB MpopocTKiB 01kl Hixk Ha 50 %
4yepe3 7 ni6 npopocranns. KoHueHTpamis mnpenapary, npu
sSIKil BiZIOyBa€ThCsl MPUTHIYCHHSI POCTY TECT-KYJIBTYPH, CTa-
HOBUTH 1 %. Lle cBimunTh Npo 3Ha4HO MeHIIy (iTOTOKCHY-
wicte [II'MI'-Cl (Ha fgBa TOpsAKHM) y MOPIBHSHHI 3 Tpa-
JTUIIHAM TIECTHIUAOM CcyibgharoM Mimi. I1ix giero BOTHOTO
pozuuny CuSO, 3 konuenrpauiero 200 mxmons/it (0.003 %)
3MEHIIYEThCSl JIOBKMHA MAroHiB 1 KOPEHIB IPOPOCTKIB
(Ha 65 1 34 % BIANOBIZHO), a TaKOX Maca MaroHiB (Ha
20 %) 1 xopinus (Ha 74 %). B 3eneniii yacTuHi maroHis
BCTAHOBJICHO 3HAYHE 3MEHILICHHS BMICTY BOJOPO3UYHMHHHUX
¢daBonoiniB (Ha 37 %), kapoTuHOiniB (Ha 26 %), a TaKOXK
CHIBBITHOIIECHHST XJIOPODUIIB @ 1 b, sike XapakTepusye iH-
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TeHcuBHICTh (ortocuHTedy (Ha 18%). 3a mpmcyTHOCTI
III'MI-Cl1 (0.01 %) y posumni CuSO, TOKCHYHMI BILIHB
10HIB MiJli HA POCIMHHU ICTOTHO TOCTAOMIOEThCA. 30KpeMa,
JIOB)KMHA TIaroHIB 1 KOpeHiB 30imbmryeTsest Ha 24 1 64 %
BIJINIOBITHO, Y TIOPIBHSHHI 3 YHCTHM PO3YHMHOM CYyIb(aTy
Mizi. Kpim Toro, BMicT MrMeHTiB 1 (IaBOHOINIB y 3eleHil
Maci TIPOPOCTKIB BiTHOBITIOETHCS IO PiBHA KOHTPOJIBHUX 3pa3-
KiB. Pe3ynpraTn cieKTpoOTOMETPHYHUX JOCTIHKEHD CBill-
4aTh MPO BiICYTHICTH KoMIuiekcoyTBopeHHs Mixk [TTMI'-Cl
i cymbdaroM Mini y BogHHX po3unHax. BucHoBku. [lomi-
mepruit 6ionug [II'MI'-Cl e(eKTHBHO CTUMYITIOE PicT i po3-
BHUTOK IIPOPOCTKIB TIIEHUIII 32 KOHI[CHTPAIii BOJHUX PO3-
yuHiB npenapary 0.01-0.1 %. 3a IlpucyTHOCTI TOKCHYIHOT
xoHIeHTparii cynsdary mini [II'MI-Cl He mposiBisie picT-
CTHMYJTIOI0U0i aKTUBHOCTI, OTHAK ICTOTHO IiIBUIIYE CTpe-
COCTIHKICTh POCIHHH, HOpMaIizye ii Mopdodiziomoriani
TTOKAa3HUKH, (DOTOCHHTETHYHI XapaKTEPUCTHKH 1 BTOPUHHHAN
OOMiH.

KJ1r04oBi cj1oBa: MINCHUIIS, TOTIMEPHUN OIOIH]I, MOMITeKca-
METHJICHTYaHIIMH, PETYJISALIs POCTY, CTPECOCTIHKICTb, (iTo-
TOKCHYHICTD, MiJIb.

Biusinue nosiumMepHoro omouuga
MOJIMIreKCaMeTHIeHTYaHHIUHA THAPOXJI0PHU/IAa
Ha Mop(dodusznonornyeckue 1 OMOXUMHUYECKHE
napaMeTpbl MPOPOCTKOB CeMsIH NMIIEHHUIbI B YCI0BHSIX
TOKCHYeCKOI0 3arpsi3HeHHs] HOHAMHU Meu
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Lens. YcraHoBieHNe BIUSHUS TOIMMEPHOTO OHOIHIA TOJH-
rekcameTuieHryanuuHa ruapoxiopuaa (II'MI-CI) va mop-
¢dodusnonornueckre 1 OMOXMMHUYECKHE IMapaMeTphl Mpo-
POCTKOB CEMSIH NIICHUIBI B HPUCYTCTBHHM TOKCHYECKOH
KOHIIGHTpAIMU HOHOB Mentu. MeToasbl. PocTperynupyromtyio
aktuBHOCTH III'MI'-Cl B umcTOoM BHIE M B NPUCYTCTBUH
TOKCHYECKUX KOHIIEHTPAINi HOHOB MEIH MCCIIeIOBAIN Me-
TOAOM (UTOTECTUPOBAHMS, HCIIONB3YS] B KauecCTBE TECT-
KyJIBTYpBI CeMeHa IMIeHHUIbI. DU3NKO-XMMHUECKOe B3anMO-
neiictere Mexay III'MI-Cl m CuSO, u3ywanu criekTpo-
¢doromerpruueckum MetogoM. Pesyabrarel. O6paboTka ce-
MSTH ITHIEHHIBI PACTBOPOM MojMepHoro ouormaa nllI'MI -
Cl ¢ xonnentpammsamu 0.01-0.1 % BbI3bIBacT yBeIHYEHUE
JUTMHBI KOPHEH ¥ JINCTBhEB NMPOpPOCTKOB Oosee yeM Ha 50 %
yepe3 ceMb CyTOK IpopacTanus. KoHneHTpanus npemnapara,
MIpHU KOTOPOI MPOUCXOANT YTHETEHHE POCTA TeCT-KYIbTYPHI,
coctaBsteT 1 %. DTo CBUIETENBCTBYET O 3HAUUTENIBHO Oonee
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Hu3koi (uroTokcmuHoctu III'MI'-Cl (Ha mBa mopsiaka) B
CpaBHEHUH C TPAIMIHOHHBIM NECTHLHIOM Cyabdarom Me-
mu. Tlom BIMSHWEM BOTHOTO pacTBOpa CuSO4 C KOHIIEH-
tpareit 200 mxmoms/n (0.003 %) ymeHbImaeTcst JnHA
JUCTBEB M KOpHEH mpopocTkoB (Ha 65 u 34 % coorset-
CTBEHHO), a Takke Macca JjuctheB (Ha 20 %) m KopHeH
(ma 74 %). B 3enmeHON YacTH JHCTBEB YCTAHOBICHO
3HAYNTEIBHOE CHIDKEHHE COZICP)KAHMS BOIOPACTBOPHUMBIX
¢maBorOMIOB (Ha 37 %), KapoTuHOMUIOB (Ha 26 %), a TaKKe
COOTHOIICHHUS XJIOPOPWIUIOB ¢ W b, XapaKTepU3YIOIIHX
WHTEHCHBHOCTH (hoTrocmHTe3a (Ha 18%). B mpucyrctBnm
III'MTI-C1 (0.01 %) B pactBope CuSO, TOKCHYECKOE BIIH-
SIHUE MOHOB MEIM Ha PACTCHUsS 3HAYNUTEIBHO CHIKACTCS.
B wacTHOCTH, [UIMHA JIMCTHEB M KOPHEW YBEIMYMBACTCS
Ha 24 1 64 % COOTBETCTBEHHO, B CPABHEHNH C PACTBOPOM
gyucToro cynbgara mexd. Kpome Toro, comepskaHue INur-
MEHTOB M (pJIaBOHOMJIOB B 3€JIEHOH Macce MPOPOCTKOB J0-
CTUTAET YPOBHS KOHTPOIBHBIX 00pa3loB. Pe3ynbrarsl criek-
Tpo(oTOMETPHUECKUX MCCICIOBAHUI CBUACTEIBCTBYIOT 00
OTCYTCTBUH KoMIuiekcooOpazoBanus mexay [II'MI-Cl u
cynbharom meau. BoiBoawl. [Tomumepnsrit 6morn [TTMI -
Cl 3pdexTrBHO CTUMYNHPYET POCT M pa3BUTHE TPOPOCTKOB
CeMSH TIIICHHIIBI MPU KOHLEHTPALUSIX BOIHBIX PacTBOPOB
npenapara 0.01-0.1 %. B mpucyTcTBHN TOKCHYECKOH KOH-
nentpanym cynbdara meau [II'MI-Cl He mposBiseT pocT-
CTUMYJIUPYIOIIeH aKTUBHOCTH, OJTHAKO CYIIECTBEHHO TTOBBI-
[IAeT CTPECCOCTOMKOCTh PACTEHHMS, HOPMAIN3yeT ero Mopo-
(u3nONIOTHYECKUE TTOKAa3aTeN!, OTOCHHTETHIECKHE XapaK-
TEPUCTHKU M BTOPUYHBIH OOMEH.

KutioueBble ¢Jji0Ba: MIIICHUIA, TTOTUMEPHBIA OUOIIN/I, TTOJIH-
TeKCaMETUJICHTYaHH/IMH, PETYJISITOP POCTa, (PUTOTOKCHYHOCTb,
CTPECCOYCTOMYUBOCTh, ME/Ib.
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