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Abstract: The effect of metal (ll)-containing composites based on extracellular metabolites of basidiomy-
cetes Pleurotus ostreatus, Ganoderma lucidum, Grifola umbellata and Laetiporus sulphureus on the viability
and response of potato plants in vitro has been investigated. The Lukyanovsky variety of potato, which is
susceptible to ring rot, caused by the bacterium Clavibacter sepedonicus, was studied. The parameters in-
vestigated included biofilm formation by Clavibacter sepedonicus, various morphometric parameters of
plants and the phytotoxicity of substances of fungal origin. The greatest anti-biofilm-forming effect was ob-
served in metal-containing biocomposites based on G. lucidum; Fe- and Co-containing biopreparations inhi-
bited the formation of Clavibacter sepedonicus biofilms by 40-50%. The plant height was adversely affected
by composites, in the absence of metal (ll), derived from L. sulphureus and P. ostreatus, as well as by a
Co-containing composite derived from P. ostreatus. The decrease in plant growth, in comparison with the
control, can be associated with the pronounced antibiotic properties of these basidiomycetes and cobalt. The
remaining biocomposites studied did not have an adverse effect on the growth of potatoes in vitro. A number
of morphometric parameters (length of internodes, number of leaves) remained virtually unchanged when
exposed to biocomposites of fungal origin. In contrast to the vegetative part of plants, the biomass and
length of the roots increased by 10-20% under the influence of biocomposites. Copper-containing compo-
sites derived from G. lucidum had no phytotoxic effect on plants and enhanced potato resistance to Clavi-
bacter sepedonicus. The beneficial properties of biocomosites may be judged by the degree of stimulation of
the physiological processes underlying the formation of the underground part of the plants, which is a pre-
requisite for increasing yields. The biocomposites are environmentally friendly because of their natural origin
and being effective at very low doses. The results obtained using metal-containing biocomposites derived
from G. lucidum and Gr. umbellata demonstrate the safety and possible improvement in health of potato
plants by using biocomposites derived from cultures of higher fungi.
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Pe3rome: UN3yuyeHo snusHue codepxawux memansnbi(ll) komno3umos, rnony4yeHHbIX Ha OCHOBE 8HEKITeMOY-
HbiIX Mmemabonumoe basuduomuyemos Pleurotus ostreatus, Ganoderma lucidum, Grifola umbellata u Laeti-
porus sulphureus, Ha xu3HecnocobHOCMb U OM8emHbIe peakuyuu pacmeHuli kapmogbesns in vitro. Uccrnedo-
8aHus npoeodusnu Ha rpPobupoYHbIX pacmeHusix kKapmodgberns in vitro copma JlykbsiHO8CKUU, 80CMPUUMYUBO-
20 Kk 8036ydumeno Konbyesol eHunu — bakmepuu Clavibacter sepedonicus. Usydanu buonneHkoobpa3sosa-
Hue Clavibacter sepedonicus, mopgomempuyeckue rokaszamenu pacmeHul, ¢bumomoKcu4HOCMb Cyb6-
cmaHuul epubHoz0o npoucxoxdeHusi. Haubonbwul aHmubuonneHkoobpasyrouwul aghcbekm Habnodarncs y
memarnicodepxaujux buokomno3umos Ha ocHose G. lucidum; Fe- u Co-codepxxawue 6uonpenapamsl ro-
Oaensnu obpasosaHue buornneHok Clavibacter sepedonicus Ha 40-50%. Ha ebicomy pacmeHull He2amueHO
s8o3delicmeosasniu mornbKo He codepxawue Memannbi(ll) komnosumsl Ha ocHoge L. sulphureus u
P. ostreatus, a makxe Co-codepxawuli npenapam u3 P. ostreatus. CHuxeHue npupocma pacmeHul o
CpasHEeHUo C KOHMPOJIeEM MOXHO C8513amb C 8blPa)XeHHbIMU aHmubuomu4Yeckumu ceolicmeamu amux 6a3u-
ouomuuyemos u kobanbma. OcmarnbkHbie uccredyembie 6UOKOMIO3UMbI He OKa3blearnu He2amueHO20 8Musi-
Hus1 Ha pocm kapmodgbers in vitro. Pad mopgomempuyeckux nokazamesieli pacmeHul (0nuHa mexooy3nud,
Konu4ecmeo ucmees) ocmaearsicsl rnpakmu4yecku HeusMeHHbIM rpu eosdelicmeuu 6uokomno3umos epub-
HO20 rnpoucxoxdeHusi. B omnudue om eezemamueHoOU Yacmu pacmeHuli buomacca KopHel u ux OnuHa
yesenuyuganacb Ha 10—-20% nod enusHuem 6uokomrosumos. Medscodepxkawue npenapamsl u3 G. lucidum
He nposenanu ¢pumomokcuyeckoz2o delicmeusi 8 OMHOWEHUU pacmeHul u obnadanu 3¢hghbeKmom ycuneHus
ycmouqusocmu kapmodgberns k Clavibacter sepedonicus. Cmumynsyusi ¢ou3uorio2udeckux rnpoueccos gop-
MuposaHusi od3eMHOU Yacmu pacmeHul Kak rpedrnochkiiika MOBbIWEHUS] ypoxalHocmu o3eosisiem cy-
Oumb O rosie3HbIx ceolicmeax MpeonoXeHHbIX BUOKOMIIO3Umo8, 3Koo2u4ecKu Yucmabix brazodapsi npu-
POGHOMY [POUCXOXOEHUIO U 3¢hgheKmMUBHbIX 8 O4YeHb Maribix 003ax. [lonyuyeHHbie pe3ynbmamsl ceude-
mernbcmeytom o be3ornacHocmu buokommnodumoe Ha ocHoge G. lucidum u Gr. umbellata dns pacmeHul
Kapmoesiss U 803MOXHbIX riepcriekmugax 0300poessieHUs Kapmodgbernsi ¢ MpuMeHeHUeM memarsiicooepxa-
wux 6UOKOMITO3UMO8, MOJ1yYeHHbIX C UCMOb308aHUEM Kyrbmyp 8bicuiux epubos.

Knrodeenbie cnoega: Solanum tuberosum L., ebicwue epubbi, pumonamozeHHble bakmepuu, Clavibacter
sepedonicus, memarnnbi(ll), BuokomMnosumai

BnazodapHocmb: Paboma ebinonHeHa rpu noddepxke epaHma lpe3udeHma Poccutickol ®edepayuu (Ne
MK-1220.2019.11 dnsa A.U. [llepcpunbesoli [senusHue 6uornpenapamos Ha pacmeHuss u Clavibacter
sepedonicus]). U3ydeHue wmemabonumos epuboe ebinonHeHo 6 pamkax membl Ne. AAAA-A17-
117102740098-8.

Uugpopmayuss o cmamsbe: [Jama nocmynnerus 20 ceHmsbps 2019 a.; dama npuHsmus K neyamu 31 ae-
eycma 2020 e.; dama oHnalH-pasmeweHuss 30 ceHmsbpsi 2020 e.

Ana umtuposanusa: Lmsnnesa O.M., MNepdunsesa A.U., MNMaenosa A.l'. BnusHue metanncoaepxatumx éuo-
KOMMO3MTOB rPUBHOrO NPOUCXOXAEHUS Ha pacTeHust kaptodens in vitro. M3eecmus 8y3o8. lNpuknadHas xu-
musi u buomexHonoeus. 2020. T. 10. N 2. C. 412-423. https://doi.org/10.21285/2227-2925-2020-10-3-412-
423

INTRODUCTION

Bacteria of the genus Clavibacter infect a wide
range of cultivated and weed plants [1], including
plants of the Solanaceae family, which are the most
important agricultural crops [2]. The causative agent
of ring rot in potatoes [3] belonging to the genus
Clavibacter is Clavibacter michiganensis ssp.
sepedonicus (Cms) (Spiekermann and Kotthoff,
1914; Davis et al., 1984), designated Clavibacter
sepedonicus in the new classification [4]. To date,
there are no effective means to regulate the popula-
tion of this pathogen [5, 6]. Moreover, there are no
drugs of chemical or biological origin capable of Ii-
miting the spread of bacterial potato diseases, and
the use of biocontrol agents is highly problematic
[1]. Hence, there is an opportunity to develop sub-
stances that are effective in combating bacteria,
safe to use with the plants and possibly beneficial
for the health of the potato when affected by the
phytopathogenic gram-positive bacterium Cms. Bio-

composites of fungal origin avoid both the environ-
mental risks associated with modern chemical pesti-
cides and the increasing resistance of phytopatho-
gens to chemical pesticides [7]; phytopathogens
decrease both the yield and quality of these strate-
gically important crops [8]. Therefore, the most sa-
tisfactory solution would be to identify preparations
based on natural compounds.

The use of biometals in conjugates of biopoly-
mers and edible fungi represents a more environ-
mentally friendly option for plant protection com-
pared to the use of inorganic chemical forms of
metals, such as oxides and salts. For instance, one
of the most phytotoxic types of nanomaterials is zinc
oxide particles, which are capable of inhibiting the
growth of roots of radish, rape, ryegrass, lettuce,
corn, cucumber [9]. Inorganic nanostructures were
shown to inhibit seed germination, based on indica-
tors such as the length of the seedlings and the rate
of plant growth, when analysing the degree of bio-
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availability and toxicity of both copper nanoparticles
with Phaseolus radiatus and Triticum aestivum [10]
and magnetite nanoparticles Fe;O, and ZnO with
Arabidopsis thaliana [11]. The use of other metals
that do not belong to microelements and are known
for their antimicrobial properties, primarily noble
metals, is not economically feasible for combating
bacterial phytopathogens. In addition, Ag readily
leaks into wastewater during rinsing thereby ad-
versely affecting the beneficial bacteria used in
wastewater treatment. Similarly, the ingress of silver
into water bodies is dangerous for aquatic orga-
nisms [12].

A wide range of biologically active metabolites of
higher fungi are represented by high molecular
weight protein, carbohydrate and lipid substances,
by low molecular weight compounds such as amino
acids, monosaccharides and fatty acid substances,
and finally by groups of compounds dominant in the
chemical composition of a mushroom culture. Basi-
diomycetes, which produce a unique complex of
biologically active substances, are being investiga-
ted as a source of substances with antibacterial
properties, for example we previously studied [13]
the generation of potentially antimicrobial inorganic
components in extracellular metabolites of basidio-
mycetes in hybrid biocomposites.

The purpose of this study is to evaluate a treat-
ment for improving the health of agricultural plants.
The treatment is created from composites contai-
ning metal (Il) compounds in macromycete metabo-
lites and is evaluated by determining the viability
and the response of potato plants in vitro.

EXPERIMENTAL

Research subjects and cultivation conditions.
The strain Clavibacter sepedonicus Ac-1405 was
obtained from the All-Russian collection of microor-
ganisms (Pushchino-Na-Oke, Moscow Oblast). This
species is not listed in the classification of microor-
ganisms by pathogenic groups in the Sanitary and
Epidemiological Regulations SP 1.3.2322-08. Bacte-
ria Cms were grown on a medium with the composi-
tion, g/l: glucose — 5.0; peptone — 10.0; yeast extract
— 5.0; CaCO; — 5.0. The fungal cultures were
Ganoderma lucidum (Curtis) P. Karst., strain 1315
(reishi mushroom); Grifola umbellata (Pers.) Pilat,
strain 1622 (umbrella polypore) from the collection
of the Department of Mycology and Algology, Mos-
cow State University (Moscow); Laetiporus sulphu-
reus (Bull.) Murrill, strain 120707 (sulphur polypore)
from the collection of the Department of Botany of
Irkutsk State University (Irkutsk); Pleurotus os-
treatus (Jacq.) Kumm., strain NK352 (oyster mush-
room) from the collection of Institute of Biochemistry
and Physiology of Plants and Microorganisms, Rus-
sian Academy of Sciences (Saratov). Mushroom
cultures were maintained on agarized beer wort
(4 degrees Balling).

Cultivation of plants in vitro. The studies were

carried out invitro on potato plants Solanum tu-
berosum L. of variety Lukyanovsky (A.G. Lorkh All-
Russian Research Institute of Potato Farming),
which is susceptible to ring rot [14, 15]. Microclonal
propagation of test tube plants was carried out using
cuttings. The cuttings were planted at the internode
depth in an agar nutrient Murashige and Skoog me-
dium (MS) containing vitamins and hormones, at
pH = 5.8-6.0; they were cultivated for 2 weeks and
maintained at a constant temperature in the range of
24-25 °C, illumination of 5-6 kIx, and photoperiod
duration of 16 h; and then transferred into MS liquid
medium of the same composition, but without agar.

Evaluation of bactericidal activity. Metal-
containing biosamples of fungal origin were ob-
tained as described in [16]. Determination of the
sensitivity of the phytopathogen to fungal bioagents
was carried out by diffusion in agar.

Methods for studying biofilm formation in bacte-
ria. To study the effect of metal-containing prepara-
tions on biofilm formation by Cms, the bacterial cul-
ture was grown for 1 day in a liquid nutrient medium,
then the test agent was added to the suspension,
and cultured under aerated conditions for another
day. Next, the optical density of the bacterial sus-
pension was measured at a wavelength of 595 nm
(Asgs) and the suspension was titrated to 96-well
polystyrene plates. After 48 h of incubation, the
plates were stained with 1% (w/v) gentian violet so-
lution at room temperature for 45 min. Subsequent-
ly, the wells were washed three times with distilled
water to remove unabsorbed cells, the dye from
bacterial cells was extracted with ethanol, and the
Asgs value was measured on a BIO-RAD model 680
(USA) microplate reader [17].

Determination of biometric parameters of plants.
Metal-containing biocomposites were added to the
liquid potato growth medium. Then the plants were
incubated for 25 days monitoring the following bio-
metric indicators: growth, number of leaves, length
of internodes. The fresh biomass of the plant mate-
rial was assessed gravimetrically.

Determination of the phytotoxicity of a biological
product. Potato plants, after removing the roots,
were placed in containers with mediums of the fol-
lowing compositions (Table 1).

Table 1. Composition of media for determining
the phytotoxicity of a biological product
Tabnuua 1. CoctaB cpef Ans onpeaeneHus
durToTOKCHYHOCTM BronpenapaTa

. Volume of medium components, mi
Experiment Cms Biological
number MS -
suspension product
1 25 25 0,5
2 50 - 0,5
3 25 25 -
4 50 - -
Note. "-”— denotes the absence of the component.

Each experiment was independently replicated
3 times; in each biological variant of the experiment,
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3-5 plants were analysed. The results were recor-
ded every hour for a total of 6 hours.

Statistical processing of experimental data was
performed using the Excel software package. The
arithmetic mean and standard deviation were as-
sessed. The reliability of the data was checked
using the Mann-Whitney U-test.

RESULTS AND DISCUSSION

A combination of environmentally friendly
biopesticides and beneficial microorganisms consti-
tutes an alternative to chemically manufactured pes-
ticides [18]. We studied biopesticides containing bio-
metal (Il), in a form generated by fungal action in a
nutrient medium, by measuring both bacteriostatic
and bactericidal activity of fungal substances
against the phytopathogen Cms. The total pool of
extracellular metabolites was isolated from sub-
merged cultures of Pleurotus ostreatus, Ganoderma
lucidum, Grifola umbellate and Laetiporus sulphure-
us, and found to contain products derived from the
introduced metal (ll) salts which were produced by
fungal biotransformation (Table 2).

The substances derived by fungal action were
used in comparative studies of biological activity.
Earlier, we showed the species-specific features of
the antibacterial effect against Cms of metal-
containing biocomposites obtained from cultures of
different genera and species of fungi [16]. In the
present work studying metal-containing preparations
of fungal origin applied to plant specimens, we se-
lected biocomposites from those studied previously,
which were characterized by a noticeable antibacte-
rial effect against Cms. The control treatment con-
sisted of biopolymer substances obtained from the
same fungus but which did not contain any metal
(see Table 2). In studies of the effects of metal(ll)
cations, inorganic metal salts were added to the
growth medium.

Trace-metal elements are essential for well-
known biological processes and are therefore vital
to living systems, but become toxic when their con-
centration exceeds certain limits. It is argued that
the biocomposites studied are safe because they
are composed of trace elements at concentrations

Table 2. Biocomposites of fungal origin used in the work

of the order of 10 mol/l. The concentration is further
reduced when the treatment dose is diluted in the
nutrient media. The content of microelements in
plants is 1 10°-1 10°% [19], and on average, the
molar mass of the microelements studied is
60 g/mol. In nature by comparison, plants can con-
tain up to 0.17 mmol/kg mass, which is the equiva-
lent of more than 0.1 mmol/l in the prepared bio-
composites before dosing.

One of the antimicrobial effects of drugs deve-
loped to combat bacterial plant pathogens is their
ability to counteract the formation of biofilms by phy-
topathogens [20]. The formation of biofilms by Cms
in the vascular system of the plant is the main cause
of the wilting of potato leaves [21]. Therefore, it was
necessary to study the effect of metal-containing
biocomposites on Cms biofilm formation. The great-
est anti-biofilm-forming effect was observed in pre-
parations based on G. lucidum (Fig. 1).

3,00 -
2,50 -
2,00 -
1,50 -

1,00 -

Biofilm density, A=595 Hm

0,50 -

0,00 T

Processing options

Fig. 1. Anti-biofilm-forming efficiency of biocomposites based
on Ganoderma lucidum (4),

containing Fe (2), Co (3), Cu (5), Zn (6),

compared to Cms (1)

Puc. 1. AHTn6buonneHkoobpasytoLasi 3 PEKTUBHOCTb
©vokomMno3nToB Ha ocHoBe Ganoderma lucidum (4),
copepxawumx Fe (2), Co (3), Cu (5), Zn (6),

B OTHoweHun Cms (1)

Tabnuua 2. BUOKOMNO3UTbI FpMGHOFO NponUCxoXxgeHmsa, nCnonb3oBaHHbIE B pa60Te

Addition
of the compound Concentration
Laboratory Sample characteristic to the liquid of metal (Il)s
sample code medium in the sample, mol/L
upon obtaining '
the sample
1K Composite based on Pleurotus ostreatus HK352 none 0
1Co Composite based on Pleurotus ostreatus HK352 CoCl; *6H,0 1-10™
2K Composite based on Ganoderma lucidum 1315 none 0
2Cu Composite based on Ganoderma lucidum 1315 CuSO0, *5H,0 210
4K Composite based on Grifola umbellata 1622 none 0
4Zn Composite based on Grifola umbellata 1622 ZnS04°7H,0 2:10™
5K Composite based on Laetiporus sulphureus 120707 none 0
5Fe Composite based on Laetiporus sulphureus 120707 FeSO, *7H,0 210"
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Iron-containing and especially cobalt-containing
biocomposites inhibited the formation of Cms bio-
films by 40-50% (see Fig. 1). The fungal prepara-
tions incorporating metal(ll) cause a significant re-
duction in biofilm-forming ability, whereas the fungal
preparation in the absence of metal(ll) (Fig. 1, op-
tion 4) enhance biofilm-forming ability (by 15%). The
biochemical action of fungus G. lucidum made a
significant contribution to the anti-biofilm-forming
efficiency of the biocomposites. The growing interest
in the creation of nutraceuticals and functional pro-
ducts was the impetus to study the species
Ganoderma from various geographical origins to
facilitate the identification of natural compounds with
pronounced antibacterial, antioxidant, medical and
other useful properties [22]. A distinctive feature of
the pool of metabolites from fungi of this genus are
triterpines, including ganoderic acids [23], which
have antimicrobial properties and are important in
biotechnology. Due to their ability to form complexes
of Co (Il), which adversely affect Cms biofilm for-
mation, these low molecular weight compounds
formed by G. lucidum are considered to be promi-
sing substances.

Various growth parameters of potato plants pro-
vided quantitative measures of the strength of action
of these substances of fungal origin (Fig. 2).

15 4
14 4
13 4
12 4
11 4

10 4

Height of plants, sm

0 2 4 6 8 12 18 25
Exposure, days

Fig. 2. Dependence of the height of potato plants

In vitro (k) on the presence of biocomposites derived
from Pleurotus ostreatus (1K), Ganoderma lucidum (2K),
Grifola umbellata (4K), Laetiporus sulphureus (5K)
containing Co (1Co), Cu (2Cu), Zn (4Zn), Fe (5Fe)

Puc. 2. 3aBncnMOCTb BbICOThI pacTeHuin kaptodens

In vitro (k) oT npucyTCTBUSA BMOKOMMNO3UTOB HA OCHOBE
Pleurotus ostreatus (1K), Ganoderma lucidum (2K),
Grifola umbellata (4K), Laetiporus sulphureus (5K), cogep-
xawmx Co (1Co), Cu (2Cu), Zn (4Zn), Fe (5Fe)

Plant growth was reduced by 36 and 50% by
metabolites produced by P. ostreatus (Fig. 2, 1K,
1Co) and L. sulphureus (Fig. 2, 5K), respectively,
compared to the control substances. It is known that
oyster mushroom and sulphur polypore are basidi-
omycetes with pronounced antimicrobial properties
[24, 25]. Therefore, it is likely that the effect of me-

tabolites from these fungi had an antibiotic effect on
potato plants with subsequent growth inhibition.
There was no observed adverse effect on the
growth of potatoes in vitro during the entire observa-
tion period (25 days) in the presence of the remain-
ning biocomposites investigated from cultures of
L. sulphureus (Fig. 2, 5Fe), Gr.umbellata (Fig. 2,
4K, 4Zn) and G. lucidum (Fig. 2, 2K, 2Cu).

When considering a choice of suitable biome-
tal (Il)s to study in conjunction with the funghi, it
should be noted that only cobalt has an adverse
effect on the height of potato plants (Fig. 2, 1Co). In
fungi, cobalt is also relatively toxic [26]. This sensi-
tivity to Co-containing substances is not unexpected
because only at relatively low concentrations is this
trace element necessary for growth, development
and the activity of various enzymes in both potato
plants and basidiomycetes [27]. The funghal cul-
tures used to form biocomposities respond to the
presence of Co (ll) by activating various biochemical
reactions producing metabolites, which in turn, con-
tribute to the inhibition of plant growth.

A number of morphometric parameters of plants
(length of internodes, number of leaves) remained
practically unchanged when exposed to biocompo-
sites of fungal origin. The length of internodes in
plants was not affected by any of the investigated
agents; therefore "stretching" of the plants was not
observed. Treatment of potatoes with preparations
based on P. ostreatus or L. sulphureus contributed
to the shortening of internodes in plants. None of the
observed effects was considered to be adverse.

None of the composites in the study had a sig-
nificant effect on the number of new leaves in the
potato plants during the study (Table 3).

Preparations of fungal origin were shown to af-
fect the colour of the leaves of potato plants. In the
presence of Cu-containing composite based on
G. lucidum, the colour of the leaves became more
saturated (Fig. 3, 2Cu). This is probably due to the
inclusion of copper ions, in the form of a coenzyme,
in the photosynthetic processes of the plant [19].

Pale green leaves and a thinner collet of potato
stems were observed with composites, both contai-
ning iron and in the absence of iron, based on
L. sulphureus (Fig. 3, 5K, 5Fe). This is probably the
result of both an excess of iron in the plant growth
medium and the contribution of the biological pro-
perties of L. sulphureus, in particular, the high anti-
oxidant activity of the sulphur polypore [28].

It is well known that the coordinated action of
reactive oxygen species (ROS) and phytohormones
regulates plant growth, development and stress to-
lerance [29]. ROS are multifunctional plant signalling
molecules contributing to the adaptive capacity of
any plant species [30]. It was also shown that anti-
oxidant compounds exhibiting a pronounced antiox-
idant effect might impede the development of oxida-
tive stress in potato plants [31]. Agents with antioxi-
dant properties, for example biocomposites
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Table 3. Effect of biocomposites on the number of leaves in potato plants in vitro
Tabnuua 3. BnusHve 6MOKOMNO3NTOB Ha KONMYECTBO NUCTBEB Yy pacTeHun kapTodens in vitro

Laboratory Duration of cultivation, days
sample code 0 2 6 12 18 25

K 12,3+1,2 12,7¢1,5 14,3421 16,0+1,0 17,0+0,4 19,0+1,0
1K 12,042,7 12,0£2,7 11,7¢1,5 14,7+2,3 18,0+3,6 21,0+4,6
1Co 12,742,5 12,742,5 13,0+3,0 15,7+1,5 17,321 20,7+2,5
2K 11,0+2,7 11,342,3 12,742,9 15,0+1,0 16,7+2,5 21,344,0
2Cu 13,3+3,1 13,331 15,3+2,5 14,3+1,5 15,7+2,3 17,3+2,9
4K 11,3+0,6 11,7+0,6 13,3+0,6 14,0+0,4 16,0+1,0 19,0+1,0
4Zn 12,0+1,7 12,3+1,2 13,0£1,0 15,0+2,7 15,7+2,3 18,0+2,7
5K 13,7¢1,5 13,7+1,5 13,0%1,7 14,0+1,7 14,3+4,9 16,7+1,5
5Fe 15,345,1 15,345,1 16,7+4,0 17,7+3,8 20,0+2,7 20,0+1,7

Note. K — control potato plants (without treatment with biocomposites).

Fig. 3. Change in colour of leaves of potato plants

in vitro (K) under the influence of biocomposites based
on Ganoderma lucidum (2Cu),

Laetiporus sulphureus (5K, 5Fe)

Puc. 3. 'ameHeHne okpacku NUCTbEB pacTeHuin kapTodens
in vitro (K) nog BnusiHMem 6GMOKOMMNO3NTOB HA OCHOBE
Ganoderma lucidum (2Cu),

Laetiporus sulphureus (5K, 5Fe)

derived from L. sulphureus, counteract the action of
ROS thereby having an effect on the biochemical
processes of potato plants (see Fig. 3). This could
serve as one of the reasons for the decrease in
growth rates (see Fig. 2) by obviating the need for
the plant’s stress-dependent activation of certain
antioxidant enzymes. The elevated level of exoge-
nous antioxidant substances from another basidio-
mycete, oyster mushroom (Fig.2, 1K), had the
same effect on the reduction of the growth of potato
plants, but this was less pronounced than that
caused by the sulphur polypore (Fig. 2, 5K).

The biochemical properties of the funghi from
which the biocomposites were derived, including the
antioxidant activity of fungi, were not considered to
be the predominant source of action on potato
plants, despite the ability for enhanced bioproduc-
tion of antioxidant compounds [28] commonly found
in P. ostreatus and L. sulphureus. In particular, in an
experiment to determine the mass of roots of potato
plants using the biocomposite based on P. ostreatus
(Fig. 4, 1K), no significant increase in mass was
observed compared to the control of untreated
plants, although it was noted that a positive effect
due to a compound derived from L. sulphureus was
one of the most pronounced (Fig. 4, 5K).

By contrast, the cobalt-containing agent pro-
duced a noticeable increase in the biomass of the
roots of potato plants (Fig. 4, 1Co). This increase,
when taken into account with the suppression of the
formation of Cms biofilms discussed above (see
Fig. 1), forms the rationale for the recommendation
to use Co-containing precursors for biocomposites
of fungal origin.
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Fig. 4. Mass of vegetative part (VP) and roots (R)

of potato plants in vitro (K) under the influence

of biocomposites based on Pleurotus ostreatus (1K),
Ganoderma lucidum (2K), Grifola umbellata (4K),
Laetiporus sulphureus (5K), containing Co (1Co),
Cu (2Cu), Zn (4Zn), Fe (5Fe)

Puc. 4. Macca BeretatusHoi 4actu (VP) n kopHen (R) pac-
TeHun kaptodens in vitro (K) nog BnusHnem
©OvokoMno3nToB Ha ocHoBe Pleurotus ostreatus (1K),
Ganoderma lucidum (2K), Grifola umbellata (4K),
Laetiporus sulphureus (5K), cogepxawmx Co (1Co),

Cu (2Cu), Zn (4Zn), Fe (5Fe)

As a general observation of the results of the
experiments, the biomass and length of roots either
did not change compared to those of the control
plants or increased in the range 10-20%. This result
is important because the tubers are the most valua-
ble part of the potato which is an important agricul-
tural crop, although it was noted that the mass of the
vegetative part of the plants decreased (see Fig. 4).
A prerequisite for increasing the yield and quality of
cultivated product is the stimulation of the physiolog-
ical processes of the underground part of the plant
which is formed of complex features that consist of
many structural elements; the yield is not solely de-
pendent on the morphometric parameters of the
aboveground part of plants. Additionally it is of great
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importance to increase the resistance of plants to
unfavourable actors and boost their immunity.

Although the 2Cu biocomposite experiment
showed no effect on the increase in mass of plant
roots (see Table 2), this preparation based on G.
lucidum had a moderate bactericidal and bacterio-
static effect on the causative agent of potato ring rot
and demonstrated anti-biofilm-forming efficacy
against Cms (see Fig. 1), without a negative effect
on the biometric characteristics of the plants (Fig. 2,
2Cu; 3, 2Cu; Table 3). A study of the phytotoxicity of
this biocomposite in the potato plant was carried out
prior to recommending its use in biotechnology
(Fig. 5).

In the absence of bacteria (Fig. 5, 2) or in the
presence of both Cms and the biological product
under investigation (Fig. 5, 1), the plants looked
healthy after the first hour. The first symptoms of the
disease (withering of leaves, wilt) in MS medium
were noted after the first hour of incubation in the
presence of Cms in specimum number 3 (Fig. 5). A
slight wilting of plants was noted in all specimens
4 h from the start of the experiment. After 6 hours of

4 hours

observation, almost all leaves of plants in the expe-
riment "Cms without biocomposite" had wilted
(Fig. 5, 3), whereas in the specimen "Cms with bio-
composite” (Fig. 5, 1) no more than 40% of the
leaves had wilted. This effect continued to be ob-
served after 21 h. The results demonstrate that the
biological product being studied had a clear positive
effect on the plant's ability to fight infection. It is
known that plant growth effectors can induce re-
sistance to various phytopathogens [32, 33]. Re-
sistance to infectious diseases is “turned on” in
plants in response not only to their local infection,
but also to treatment with substances from a large
group of structurally diverse organic and inorganic
compounds, which do not induce pathogen re-
sistance. This immunity is a result of changes in
plant metabolism, which have an adverse effect on
the nutrition, growth, development and reproduction
of phytopathogenic organisms. Substances derived
from the biocomposites proposed in this work poten-
tially effect similar changes in plant metabolism but
may be considered environmentally friendly due to
their natural origin and effectiveness at low doses.

Fig. 5. Study of phytotoxicity of Cu-containing biocomposite derived from Ganoderma lucidum in relation
to potato plants, grown on MS medium (1, 2, 3) with Cms suspension (1, 3)
and biocomposite (1, 2)

Puc. 5. NccnepoBaHne dmutoTokcmyHocTn Cu-cofepkallero buokomnosuta Ha ocHoBe Ganoderma lucidum
MO OTHOLLUEHMIO K pacTeHusIM kapTodens, BolpalleHHbIM Ha cpeae MS (1, 2, 3) ¢ cycneHnanen Cms (1, 3)
n 6uokomnosutom (1, 2)

CONCLUSIONS

The following conclusions can be deduced from
the results of this study of the viability and response
of potato plants in vitro to the presence of metal (Il)
containing composites synthesized as extracellular
metabolites of basidiomycetes Pleurotus ostreatus,
Ganoderma lucidum, Grifola umbellata and Laetipo-
rus sulphureus.

1. Metal-containing biocomposites based on
G. lucidum have the highest anti-biofilm-forming
efficacy against the Cms bacteria, the pathogen
of potato ring rot. Fe- and Co-containing bioprepara-
tions inhibit the formation of Cms biofims by
40-50%.

2. When exposed to biocomposites of fungal
origin, virtually no change was observed in a num-

418 === PHYSICOCHEMICAL BIOLOGY / ®U3UNKO-XUMUYECKAA BNONOIrmns



Tsivileva O.M., Perfileva A.l., Pavlova A.G. The effect of metal-containing biocomposites ...
Lueunesa O.M., leppunseea A.W., Maenoea A.I". BnusiHue memansicodep)xauwjux 6UOKOMMIO3UMOS ...

ber of morphometric parameters in the Lukyanovsky
variety potato plants, which are susceptible to Cms.
The composites studied do not have a significant
effect on the number of leaves, do not lead to ex-
cessive lengthening of the plant stem, and in most
cases, do not have a negative effect on the growth
of potatoes in vitro. The biomass and length of roots
either do not change or increase by 10-20% under
the influence of these biocomposites.

3. Plant height is adversely affected not only by
composites derived from L. sulphureus and
P. ostreatus in the absence of metal (Il), but also by
one Co-containing preparation derived from
P. ostreatus. This effect may be associated with the
increased antimicrobial and antioxidant activity of
exometabolites from these basidiomycetes, as well
as with the antibiotic properties of cobalt.

4. It is recommended to use cobalt compounds
to obtain biocomposites based on basidiomycetes
because the Co-containing agent is associated with

a noticeable increase in the biomass of the roots of
potato plants combined with the suppression of the
formation of biofilms Cms.

5. A copper-containing preparation derived from
G. lucidum is associated with a moderate bacteri-
cidal and bacteriostatic effect on the causative agent
of potato ring rot, demonstrates anti-biofilm-forming
efficacy against Cms, does not have an adverse
effect on any of the plant biometric parameters stu-
died, does not exhibit phytotoxic action against
plants and enhances potato resistance to Cms.

6. It is recommended to study the effect of
treatment with biocomposites from metabolites of
higher fungi on the whole plant and tubers of pota-
toes in the field. This study is a prerequisite to their
introduction as an environmentally safe treatment
against bacterial infection in potatoes. This would be
a valuable new treatment given increasing re-
sistance of phytopathogens to pesticides of chemi-
cal origin.

REFERENCES

1. Eljounaidi K, Lee SK, Bae H. Bacterial endo-
phytes as potential biocontrol agents of vascular wilt
diseases — Review and future prospects. Biological
Control. 2016;103:62—68. https://doi.org/10.1016/
j-biocontrol.2016.07.013

2. Boyarkina SV, Omelichkina YuV, Shafiko-
va TN. Generation of hydrogen peroxide in potato
plants and potato cell cultures under their infection-
with Pectobacterium carotovorum ssp. Caroto-
vorum. lzvestiya Vuzov. Prikladnaya Khimiya i Bio-
tekhnologiya = Proceedings of Universities. Applied
Chemistry and Biotechnology. 2018;9(1):67-74. (In
Russian). https://doi.org/10.21285/2227-2925-2019-
9-1-67-74

3. Van der Wolf JM, Van Beckhoven JRCM,
Hukkanen A, Karjalainen R, Muller P. Fate of Clavi-
bacter michiganensis ssp. sepedonicus, the causal
organism of bacterial ring rot in potato, in weeds and
field crops. Journal of Phytopathology. 2005;153(6):
358-365. https://doi.org/10.1111/j.1439-0434.2005.
00985.x

4. Li X, Tambong J, Yuan KX, Chen W, Xu H,
Lévesque CA, et al. Re-classification of Clavibacter
michiganensis subspecies on the basis of whole-
genome and multi-locus sequence analyses. Inter-
national Journal of Systematic and Evolutionary Mi-
crobiology. 2018;68(1):234—240. https://doi.org/
10.1099/ijsem.0.002492

5. Van der Wolf JM, Elphinstone JG, Stead DE,
Metzler M, Muller P, Hukkanen A, et al. Epidemiolo-
gy of Clavibacter michiganensis subsp. sepedonicus
in relation to control of bacterial ring rot. Plant Re-
search International, Wageningen, The Netherlands.
2005. 38 p.

6. Zaczek A, Strus K, Sokotowska A, Parniewski
P, Wojtasik A, Dziadek J. Differentiation of Clavibacter
michiganensis subsp. sepedonicus using PCR melting
profile and variable number of tandem repeat meth-

ods. Letters in Applied Microbiology. 2019;68(1):24—
30. https://doi.org/10.1111/lam.13081

7. Boyarkina SV, Omelichkina YuV, Volkova
OD, Enikeev AG, Verkhoturov VV, Shafikova TN.
Response of nicotiana tabacum on the impact of
biotroph Clavibacter michiganensis and necrotroph
Pectobacterium carotovorum. lzvestiya Vuzov. Pri-
kladnaya Khimiya i Biotekhnologiya = Proceedings
of Universities. Applied Chemistry and Biotechnolo-
gy. 2016;6(3):42-49. (In Russian) https:
//doi.org/10.21285/2227-2925-2016-6-3-42—-49

8. Kirgizova IV, Gajimuradova AM, Omarov RT.
Accumulation of antioxidant enzymes in potato
plants under the conditions of biotic and abiotic
stress. lzvestiya Vuzov. Prikladnaya Khimiya i Bio-
tekhnologiya = Proceedings of Universities. Applied
Chemistry and Biotechnology. 2018;8(4):42-54. (In
Russian). https://doi.org/10.21285/2227-2925-2018-
8-4-42-54

9. Lin D, Xing B. Phytotoxicity of nanoparticles:
inhibition of seed germination and root growth. Envi-
ronmental Pollution. 2007;150(2):243-250. https://
doi.org/10.1016/j.envpol.2007.01.016

10. Lee W-M, An Y-J, Yoon H, Kweon H-S. To-
xicity and bioavailability of copper nanopatrticles to
the terrestrial plants mung bean (Phaseolus radia-
tus) and wheat (Triticum aestivum): plant agar test
for water-insoluble nanoparticles. Environmental
Toxicology and Chemistry: An International Journal.
2008;27(9):1915-1921. https://doi.org/10.1897/07-
481.1

11. Lee CW, Mahendra S, Zodrow K, Li D,
Tsai Y-C, Braam J, et al. Developmental phytotoxici-
ty of metal oxide nanoparticles to Arabidopsis thali-
ana. Environmental Toxicology and Chemistry: An
International Journal. 2010;29(3):669-675. https:
//doi.org/10.1002/etc.58

12. Benn TM, Westerhoff P. Nanoparticle silver

PHYSICOCHEMICAL BIOLOGY / ®U3UKO-XUMUYECKAA BUONOMNA =————= 419


https://doi.org/10.1016/
https://doi.org/10.212
https://doi.org/10.1111/j.1439-0434.2005
https://doi.org/10.1111/lam.13

Tsivileva O.M., Perfileva A.l., Pavlova A.G. The effect of metal-containing biocomposites ...
Lueunesa O.M., lepgpunseea A.W., Maenoea A.I". BnusiHue memansicodep)xaujux 6UOKOMMIO3UMOS ...

released into water from commercially available
sock fabrics. Environmental Science & Technology.
2008;42(11):4133-4139. https://doi.org/10.1021/
es7032718

13. Tsivileva OM, Perfileva Al. Selenium com-
pounds biotransformed by mushrooms: not only die-
tary sources, but also toxicity mediators. Current
Nutrition & Food Science. 2017;13(2):82-96. https:
//doi.org/10.2174/1573401313666170117144547

14. Romanenko AS, Riffel AA, Graskova IA,
Rachenko MA. The role of extracellular pH-
homeostasis in potato resistance to ring rot patho-
gen. Journal of Phytopathology. 1999;147(11-
12):679-686. https://doi.org/10.1046/j.1439-0434.
1999.00450.x

15. Omelichkina YuV, Boyarkina SV, Shafiko-
va TN. Effector-activated immune responses in pota-
to and tobacco cell cultures caused by phytopatho-
gen Clavibacter michiganensis ssp. sepedonicus. Fizi-
ologiya rastenii. 2017;64(3):204-212. (In Russian).
https://doi.org/10.7868/S0015330317020099

16. Tsivileva OM, Perfileva Al, Ivanova AA,
Pavlova AG. Biopolymeric composites of fungal
origin against the bacterial phytopathogen. Biomics.
2018;10(2):210-213. (In Russian). https://doi.org/
10.31301/2221-6197.bmcs.2018-30

17. Avetisyan LR, Shaginyan IA, Chernukha
MYu. The basic mechanisms of the formation of
epidemically significant nosocomial bacterial clones.
Uspekhi Sovremennoi Biologii. 2016;136(1):41-52.
(In Russian)

18. Akintokun AK, Ojesola CO, Akintokun PO,
Oloyede AR. Antagonistic effect of Bacillus
thuringiensis for the control of bacterial wilt of
tomato (Lycopersicon esculentum Mill). Nigerian
Journal of Biotechnology. 2019;36(1):94-102. https:
/ldoi.org/10.4314/njb.v36i1.13

19. Eliseeva OV, Eliseev AF. Some microele-
ments content in overground parts of radish
(Raphanus sativus L.). lzvestiya Timiryazevskoi
sel'skohozyajstvennoi akademii = lzvestiya of
Timiryazev Agricultural Academy. 2011;2:56-68. (In
Russian).

20. Sabo VA, Knezevic P. Antimicrobial activity
of Eucalyptus camaldulensis Dehn. plant extracts
and essential oils: A review. Industrial Crops and
Products. 2019;132:413-429. https://doi.org/10.10
16/j.indcrop.2019.02.051

21. Eichenlaub R, Gartemann KH. The Clavi-
bacter michiganensis subspecies: molecular investi-
gation of gram-positive bacterial plant pathogens.
Annual Review of Phytopathology. 2011;49:445—
464. https://doi.org/10.1146/annurev-phyto-072910-
095258

22. Tsivleva OM, Nguyen TP, Vu LN,
Chernyshova MP, Yurasov NA, Petrov AN, et al.
Lipidic components of pigmented and submerged
mycelium of Ganoderma from different climatic
zones. lzvestiya Vuzov. Prikladnaya Khimiya i Bio-
tekhnologiya = Proceedings of Universities. Applied

Chemistry and Biotechnology. 2015;3:37-47. (In
Russian).

23. Liang C, Tian D, Liu Y, Li H, Zhu J, Li M, et
al. Review of the molecular mechanisms of
Ganoderma lucidum triterpenoids: Ganoderic acids
A, C2, D, F, DM, X and Y. European Journal of
Medicinal Chemistry. 2019;174:130-141. https://doi.
0rg/10.1016/j.ejmech.2019.04.039

24. lkon GM, Udobre EA, Etang UE,
Ekanemesang UM, Ebana RU, Edet UO.
Phytochemical screening, proximate composition
and antibacterial activity of oyster mushroom,
Pleurotus ostreatus collected from Etim Ekpo in
Akwa Ibom state, Nigeria. Asian Food Science
Journal. 2019;6(2):1-10. https://doi.org/10.9734/AF
SJ/2019/45956

25. Younis AM, Yosri M, Stewart JK. In vitro
evaluation of pleiotropic properties of wild mushroom
Laetiporus sulphureus. Annals of Agricultural Scienc-
es. 2019;64(1):79-87. https://doi.org/10.1016/j.a0as.
2019.05.001

26. Matute RG, Serra A, Figlas D, Curvetto N.
Copper and zinc bioaccumulation and bioavailability
of Ganoderma lucidum. Journal of Medicinal Food.
2011;14(1):1273-1279. https://doi.org/10.1089/jmf.
2010.0206

27. Glukhova LB, Frank YA, Danilova EV, Avaky-
an MR, Banks D, Tuovinen OH, et al. Isolation, char-
acterization, and metal response of novel, acid-tolerant
Penicillium spp. from extremely metal-rich waters at a
mining site in Transbaikal (Siberia, Russia). Microbial
Ecology. 2018;76(4):911-924. https://doi.org/10.1007/
s00248-018-1186-0

28. Cilerdzi¢ J, Gali¢ M, Vukojevi¢ J, Stajic M.
Pleurotus ostreatus and Laetiporus sulphureus
(Agaricomycetes): possible agents against Alz-
heimer and Parkinson diseases. International Jour-
nal of Medicinal Mushrooms. 2019;21(3):275-289.
https://doi.org/10.1615/IntIMedMushrooms.20
19030136

29. Xia X-J, Zhou Y-H, Shi K, Zhou J, Foyer CH,
Yu J-Q. Interplay between reactive oxygen species
and hormones in the control of plant development
and stress tolerance. Journal of Experimental Botany.
2015;66(10):2839—-2856. https://doi.org/10.1093/jxb/
erv089

30. Milanovi¢ J, Oklestkova J, Novak O,
Mihaljevi¢ S. Effects of potato spindle tuber viroid
infection on phytohormone and antioxidant respon-
ses in symptomless Solanum laxum plants. Journal
of Plant Growth Regulation. 2019;38(1):325-332.
https://doi.org/10.1007/s00344-018-9842-7

31. Efimova MV, Kolomeichuk LV, Boyko EV,
Malofii MK, Vidershpan AN, Plyusnin IN, et al. Phy-
siological mechanisms of Solanum tuberosum L.
plants’ tolerance to chloride salinity. Russian Journal
of Plant Physiology. 2018;65(3):394—-403. https://doi.
0rg/10.1134/S1021443718030020

32. Poliksenova VD. Induced plant resistance
to pathogens and abiotic stress factors on the

420 == PHYSICOCHEMICAL BIOLOGY / ®U3UNKO-XUMUYECKAA BNONOIrmns


https://doi.org/10.1021/
https://doi.org/10.1046/j.1439-0434
https://doi.org/
https://doi.org/10.10
https://doi/
https://doi.org/10.9734/AF
https://doi.org/10.1089/jmf
https://doi.org/10.1615/IntJMedMushrooms.20
https://doi/

Tsivileva O.M., Perfileva A.l., Pavlova A.G. The effect of metal-containing biocomposites ...
Lueunesa O.M., leppunseea A.W., Maenoea A.I". BnusiHue memansicodep)xauwjux 6UOKOMMIO3UMOS ...

example of the tomato. Vestnik Belorusskogo gosu-

darstvennogo universiteta. Seriya 2. Khimiya.

Biologiya. Geografiya. 2009;1:48-60. (In Russian)
33. Karasov TL, Chae E, Herman JJ, Bergel-

son J. Mechanisms to mitigate the trade-off between
growth and defense. The Plant Cell. 2017;29
(4):666—-680. https://doi.org/10.1105/tpc.16.00931

BUBJIMOrPA®UYECKUA CMTUCOK

1. Eljounaidi K., Lee S.K., Bae H. Bacterial en-
dophytes as potential biocontrol agents of vascular
wilt diseases — Review and future prospects //
Biological Control. 2016. Vol. 103. P. 62-68.
https://doi.org/10.1016/j.biocontrol.2016.07.013

2. bosapknHa C.B., OmenunyknHa HO.B., Wadwmko-
Ba T.H. NeHepauus nepokcuaa Bogopoda B pacrte-
HMAX W KynbTypax KMeTok KapTodens npu nHdbuum-
poBaHun Pectobacterium carotovorum ssp. caroto-
vorum // W3Bectns By30B. [NpuknagHas Xumus wu
o6uotexHonorusa. 2019. T. 9. N 1. C. 67-74. https:
/ldoi.org/10.21285/2227-2925-2019-9-1-67-74

3. Van der Wolf J.M., Van Beckhoven J.R.C.M.,
Hukkanen A., Karjalainen R., Muller P. Fate of
Clavibacter michiganensis ssp. sepedonicus, the
causal organism of bacterial ring rot in potato, in
weeds and field crops // Journal of Phytopathology.
2005. Vol. 153. Issue 6. P. 358-365. https://doi.org/
10.1111/j.1439-0434.2005.00985.x

4. Li X., Tambong J., Yuan K.X., Chen W., Xu
H., Lévesque C.A., et al. Re-classification of Clavi-
bacter michiganensis subspecies on the basis of
whole-genome and multi-locus sequence analyses //
International Journal of Systematic and Evolutionary
Microbiology. 2018. Vol. 68. Issue 1. P. 234-240.
https://doi.org/10.1099/ijsem.0.002492

5. Van der Wolf J.M., Elphinstone J.G.,
Stead D.E., Metzler M., Mdiller P., Hukkanen A.,
Karjalainen R. Epidemiology of Clavibacter michi-
ganensis subsp. sepedonicus in relation to control of
bacterial ring rot. Plant Research International, Wa-
geningen, The Netherlands. 2005. 38 p.

6. Zaczek A., Strus K., Sokotowska A., Parniew-
ski P., Wojtasik A., Dziadek J. Differen-tiation of
Clavibacter michiganensis subsp. Sepedonicus
using PCR melting profile and variable number of
tandem repeat methods // Letters in Applied Micro-
biology. 2019. Vol. 68. Issue 1. P. 24-30.
https://doi.org/10.1111/lam.13081

7. bosipknHa C.B., OmenuukmHa HO.B., Bonko-
Ba O.[., EHukeeB A.l'., Bepxotypos B.B., Wadwuko-
Ba T.H. OTBeTHble peakuun pacteHuin Tabaka Ha
Bo3genicTBme 6uoTtpodpa Clavibacter michiganensis
n HekpoTpodpa Pectobacterium carotovorum // U3-
BecTus By30B. [puknagHast xumus n GuotexHomno-
rms. 2016. T. 6. N 3. C. 42—-49. https://doi.org/
10.21285/2227-2925-2016-6-3-42—-49

8. Knprusosa W.B., Nagpxumypanosa A.M., Oma-
poB P.T. OCOGEHHOCTU HaKOMMEHUss aHTUOKCU-
OaHTHLIX ()epMEeHTOB Yy pacTeHun kapTodens B
YCIOBUSIX BMOTUYECKOTO 1 abNOTUYECKOro CTPECCOB
/I N3Bectns By3oB. [NpuknagHas xumusa n 6rnotex-
Honorus. 2018. T. 8. N 4. C. 42-54. https://doi.org/
10.21285/2227-2925-2018-8-4-42-54

9. Lin D., Xing B. Phytotoxicity of nanoparticles:
inhibition of seed germination and root growth // En-
vironmental Pollution. 2007. Vol. 150. Issue 2.
P. 243-250. https://doi.org/10.1016/j.envpol.2007.
01.016

10. Lee W.-M., An Y.-J., Yoon H., Kweon H.-S.
Toxicity and bioavailability of copper nanoparticles
to the terrestrial plants mung bean (Phaseolus ra-
diatus) and wheat (Triticum aestivum): plant agar
test for water-insoluble nanoparticles // Environ-
mental Toxicology and Chemistry: An International
Journal. 2008. Vol. 27. N 9. P. 1915-1921. https:
//doi.org/10.1897/07-481.1

11. Lee C.W., Mahendra S., Zodrow K., Li D.,
Tsai Y.-C., Braam J., et al. Developmental phyto-
toxicity of metal oxide nanoparticles to Arabidopsis
thaliana // Environmental Toxicology and Chemistry:
An International Journal. 2010. Vol. 29. Issue 3. P.
669—675. https://doi.org/10.1002/etc.58

12. Benn T.M., Westerhoff P. Nanoparticle silver
released into water from commercially available
sock fabrics // Environmental Science & Technolo-
gy. 2008. Vol. 42. Issue 11. P. 4133-4139.
https://doi.org/10.1021/es7032718

13. Tsivileva O.M., Perfileva A.l. Selenium com-
pounds biotransformed by mushrooms: not only die-
tary sources, but also toxicity mediators // Current
Nutrition & Food Science. 2017. Vol. 13. Issue 2.
P. 82—-96. https://doi.org/10.2174/157340131366617
0117144547

14. Romanenko A.S., Riffel A.A., Graskova |.A.,
Rachenko M.A. The role of extracellular
pH-homeostasis in potato resistance to ring rot
pathogen // Journal of Phytopathology. 1999. Vol.
147. Issue 11-12. P. 679-686. https://doi.org/10.10
46/j.1439-0434.1999.00450.x

15. OmennukuHa HO.B., BosipkmHa C.B., LWa-
dukosa T.H. Peakumm addekTrop-akTMBUpyemoro
UMMYHUTETA B KynbTypax KneTok kapTodens u Ta-
Gaka npu pgenctBum dutonatoreHa Clavibacter
michiganensis ssp. sepedonicus // ®uanonorus
pacteHuin. 2017. T. 64. N 3. C. 204-212. https://doi.
0rg/10.7868/S0015330317020099

16. Umeunesa O.M., MNMepduneesa A.N., iBaHo-
Ba A.A., MNaenoea A.l'. BuononnmepHbIe KOMMNO3NUTbI
rPMOHOro NMPOVCXOXAEHUS NPOTUB GaKTepuanbHOro
dwutonartoreHa // Buomuka. 2018. T. 10. N 2. C.
210-213. https://doi.org/10.31301/2221-6197.bmcs.
2018-30

17. AsetucaH J1.P., WarnHaH WN.A., YepHyxa
M.FO. OcHOBHble MexaHU3Mbl POPMUPOBAHUSA 3MU-
OEMUYECKM 3HAYMMBbIX FOCMUTANbHbLIX KIOHOB Oak-
Tepun // Ycnexu coBpemeHHon 6Guonornn. 2016. T.
136. N 1. C. 41-52.

PHYSICOCHEMICAL BIOLOGY / ®U3UKO-XUMUYECKAA BUONOTNA =————= 421


https://doi.org/10.1105/tpc.16
https://doi.org/10.1016/j.biocontrol.2016.07
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/10.1016/j.envpol.2007
https://doi.org/10.1002/
https://doi.org/10.10
https://doi/
https://doi.org/10.31301/2221-6197.bmcs

Tsivileva O.M., Perfileva A.l., Pavlova A.G. The effect of metal-containing biocomposites ...
Lueunesa O.M., lepgpunseea A.W., Maenoea A.I". BnusiHue memansicodep)xaujux 6UOKOMMIO3UMOS ...

18. Akintokun A.K., Ojesola C.O., Akintokun
P.O., Oloyede A.R. Antagonistic effect of Bacillus
thuringiensis for the control of bacterial wilt of toma-
to (Lycopersicon esculentum Mill) / Nigerian Journal
of Biotechnology. 2019. Vol. 36. Issue 1. P. 94-102.
https://dx.doi.org/10.4314/njb.v36i1.13

19. Enuceera O.B., Enuceer A.®. CoagepxaHue
HEKOTOPbIX MWUKPOINEMEHTOB B BereTaTMBHbLIX Op-
raHax pegbkn (Raphanus sativus L.) // UN3Bectus
TUMNPA3EBCKON CENbCKOXO3SINCTBEHHOW akageMun.
TCXA. 2011. N 2. C. 59-68.

20. Sabo V.A., Knezevic P. Antimicrobial activity
of Eucalyptus camaldulensis Dehn. plant extracts
and essential oils: A review // Industrial Crops and
Products. 2019. Vol. 132. P. 413-429. https://doi.
0rg/10.1016/j.indcrop.2019.02.051

21. Eichenlaub R., Gartemann K.H. The Clavi-
bacter michiganensis subspecies: molecular investi-
gation of gram-positive bacterial plant pathogens //
Annual Review of Phytopathology. 2011. Vol. 49. P.
445-464. https://doi.org/10.1146/annurev-phyto-07
2910-095258

22. Umeuneea O.M., Hryen T.®., By J1.H,
YepHbiwoea M.I1., FOpacos H.A., TeTtpoB A.H. [n
ap.]. JiunugHble KOMMOHEHTbLI MMIMEHTUPOBAHHOTO U
rnybuHHOro MuLenus Ganoderma  pasHbix
KnuMaTuyecknx 3oH // N3Bectusa By3oB. [Npuknag-
Has xumusa n 6uotexHonorus. 2015. N 3. C. 37-47.

23. Liang C., Tian D., Liu Y., Li H., Zhu J., Li M.,
et al. Review of the molecular mechanisms of
Ganoderma lucidum triterpenoids: Ganoderic acids
A, C2, D, F, DM, X and Y // European Journal of
Medicinal Chemistry. 2019. Vol. 174. P. 130-141.
https://doi.org/10.1016/j.ejmech.2019.04.039

24. lkon G.M., Udobre E.A., Etang U.E., Eka-
nemesang U.M., Ebana R.U., Edet U.O. Phyto-
chemical screening, proximate composition and
antibacterial activity of oyster mushroom, Pleurotus
ostreatus collected from Etim Ekpo in Akwa lbom
state, Nigeria // Asian Food Science Journal. 2019.
Vol. 6. Issue 2. P. 1-10. https://doi.org/10.9734/AF
SJ/2019/45956

25. Younis A.M., Yosri M., Stewart J.K. In vitro
evaluation of pleiotropic properties of wild mush-
room Laetiporus sulphureus // Annals of Agricultural
Sciences. 2019. Vol. 64. Issue 1. P. 79-87.
https://doi.org/10.1016/j.a0as.2019.05.001

26. Matute R.G., Serra A., Figlas D., Curvetto N.
Copper and zinc bioaccumulation and bioavailability

Contribution

Olga M. Tsivileva, Alla I. Perfileva, Antonina G. Pav-
lova carried out the experimental work, on the basis of
the results summarized the material and wrote the
manuscript. Autors have equal author’s rights and
bear equal responsibility for plagiarism.

of Ganoderma lucidum // Journal of Medicinal Food.
2011. Vol. 14. Issue 10. P. 1273-1279. https://doi.
0rg/10.1089/jmf.2010.0206

27. Glukhova L.B., Frank Y.A., Danilova E.V.,
Avakyan M.R., Banks D., Tuovinen O.H., et al. Iso-
lation, characterization, and metal response of no-
vel, acid-tolerant Penicillium spp. from extremely
metal-rich waters at a mining site in Transbaikal (Si-
beria, Russia) // Microbial Ecology. 2018. Vol. 76.
Issue 4. P. 911-924. https://doi.org/10.1007/s0024
8-018-1186-0

28. Cilerdzi¢ J., Gali¢ M., Vukojevié J., Stajic M.
Pleurotus ostreatus and Laetiporus sulphureus
(Agaricomycetes): possible agents against Alz-
heimer and Parkinson diseases // International
Journal of Medicinal Mushrooms. 2019. Vol. 21. Is-
sue 3. P. 275-289. https://doi.org/10.1615/IntJIMed
Mushrooms.2019030136

29. Xia X.-J., Zhou Y.-H., Shi K., Zhou J., Foyer
C.H., Yu J.-Q. Interplay between reactive oxygen
species and hormones in the control of plant deve-
lopment and stress tolerance // Journal of Experi-
mental Botany. 2015. Vol. 66. Issue 10. P. 2839—
2856. https://doi.org/10.1093/jxb/erv089

30. Milanovi¢ J., Oklestkova J., Novak O.,
Mihaljevi¢ S. Effects of potato spindle tuber viroid
infection on phytohormone and antioxidant respon-
ses in symptomless Solanum laxum plants // Journal
of Plant Growth Regulation. 2019. Vol. 38. Issue 1.
P. 325-332. https://doi.org/10.1007/s00344-018-98
42-7

31. Efimova M.V., Kolomeichuk L.V., Boyko
E.V., Malofii M.K., Vidershpan A.N., Plyusnin I.N., et
al. Physiological mechanisms of Solanum tu-
berosum L. plants’ tolerance to chloride salinity //
Russian Journal of Plant Physiology. 2018. Vol. 65.
Issue 3. P. 394-403. https://doi.org/10.1134/S10214
43718030020

32. lMNonukceHosa B.[l. MHayuupoBaHHas ycTon-
YMBOCTb pacTeHUM K MatoreHam M abuoTuyeckum
cTpeccoBbiM (pakTopam (Ha npumepe Tomata) //
BecTHrk Benopycckoro rocygapcTBeHHOro yHUBep-
cuteta. Cepusa 2. Xumuda. buonorusa. eorpacms.
2009. N 1. C. 48-60.

33. Karasov T.L., Chae E., Herman J.J., Bergel-
son J. Mechanisms to mitigate the trade-off between
growth and defense // The Plant Cell. 2017. Vol. 29.
Issue 4. P. 666—680. https://doi.org/
10.1105/tpc.16.00931

Kpumepuu aemopcmea

Linsunesa O.M., lNepdunsesa A.W., MNasno-
Ba A.[. BbINOAHUNKN 3KCMEPUMEHTASb-HYIO
paboTy, Ha OCHOBaHWMU MOJTYYEHHbIX Pe3yrb-
TaToB nMpoBenu obobLieHe n Hanucanu py-
Konuckb. ABTOpPbI MMEIOT Ha CTaTblo paBHble
aBTOPCKME npaBa W HECYT PaBHYl0 OTBET-
CTBEHHOCTb 3a nnaruar.

PHYSICOCHEMICAL BIOLOGY / ®U3UKO-XUMUYECKAA BNONOIrmnad


https://doi/
https://doi.org/10.1146/annurev-phyto-07
https://doi.org/10.9734/AF
https://doi/
https://doi.org/10.1007/s0024
https://doi.org/10.1615/IntJMed
https://doi.org/10.1007/s00344-018-98
https://doi.org/10.1134/S10214
https://doi.org/

Tsivileva O.M., Perfileva A.l., Pavlova A.G. The effect of metal-containing biocomposites ...
Lueunesa O.M., leppunseea A.W., Maenoea A.I". BnusiHue memansicodep)xauwjux 6UOKOMMIO3UMOS ...

Conflict of interests

The authors declare no conflict of interests regarding

the publication of this article.

The final manuscript has been read and approved by

all the co-authors.

INFORMATION ABOUT THE AUTHORS

Olga M. Tsivileva,
Dr. Sci. (Biology), Leading Researcher,

Institute of Biochemistry and Physiology

of Plants and Microorganisms, RAS,
13, Entuziastov Ave., Saratov, 410049,
Russian Federation,

X e-mail: tsivileva@ibppm.ru

Alla 1. Perfileva,

Cand. Sci. (Biology), Senior Scientist,
Siberian Institute of Plant Physiology
and Biochemistry, Russian Academy
of Sciences, Siberian Branch,

132, Lermontov St., Irkutsk, 664033,

Russian Federation,

e-mail: alla.light@mail.ru

Antonina G. Pavlova,

Student,

Irkutsk State University,

1, K. Marks St., Irkutsk, 664003,
Russian Federation,

e-mail: pavlovaantonina2013@yandex.ru

KoHepbniukm uHnmepecoe

ABTOpbI 3a8BMSAOT 06 OTCYTCTBUM KOH(IIMKTA
WHTEepPECOB.

Bce asmopsbi npodumarnu u 000bpunu OKOH-
YameribHbIl 8apuaHm pyKornucu.

CBEOEHWNA OB ABTOPAX

LUnBunesa Onbra MuxannoBHa,

A0.6.H., BeQyLmii HayYHbIA COTPYOHWK,
MHCTUTYT Broxmmmnm n omsmonornmn pacteHuni
1 MukpoopraHnsmos PAH,

410049, r. CapaToB, np-T QHTy3nacTos, 13,
Poccuiickas degepaums,

X e-mail: tsivileva@ibppm.ru

MepduneBa Anna UHHOKeHTbLEBHa,
K.0.H., CTapLwuni Hay4HbIV COTPYOHWUK,
CnbMpCKNA MHCTUTYT HU3NONOTN 1
oroxmmun pactenmin CO PAH,

664033, r. UpkyTck, yn. llepmoHToBa, 132
Poccuinickas denepaums,

e-mail: alla.light@mail.ru

MaBnoBa AHTOHUHA MaBpuNoOBHa,
CTYOEHT,

MpKyTCKUIM rocyAapCTBEHHbIN YHUBEPCUTET,
664003, r. NpkyTck, yn. Kapna Mapkca, 1,
Poccuiickaa depepauus,

e-mail: pavlovaantonina2013@yandex.ru

PHYSICOCHEMICAL BIOLOGY / ®U3UKO-XUMUYECKAA BUONOTNA =————= 423


mailto:tsivileva@ibppm.ru
mailto:alla.light@mail.ru



