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One of the main factors of increasing the productivity of agricultural plants is intensifying the activity of the photo-
synthetic apparatus, since the productivity of crops depends on the ability to absorb solar radiation and convert it into
the energy of chemical bonds for further use in metabolic processes. The amount of photosynthetically active radia-
tion absorbed by crops, in its turn, depends on the area, duration, and activity of the assimilation surface functioning.
The use of fertilizers, that contain trace elements, can further achieve both raising the yield of cultivated plants and
environmental protection. In this regard, the state-of-the-art research on the influence of the main trace elements
(iron, zinc, manganese, molybdenum, cobalt, selenium, boron, titanium) and one macroelement — magnesium — on
photosynthetic characteristics of plants and crops is discussed. Based on the literature data and the results of our own
research, we documented the effect of trace elements on leaves carbon dioxide exchange rates, the content of photo-
synthetic pigments, the antioxidant enzymes activity, as well as the traits of the photosynthetic apparatus capacity. The
influence of nanometals on the content and ratio of pigments, net CO, assimilation rate, and the photochemical activity
of photosystems, including the effect of stress factors, is discussed. The specificities of the influence of nanometals
are discussed and possible mechanisms of the effect of low concentrations of trace elements on plant metabolism are
analyzed. It is shown that trace elements influence photosynthetic processes in plants and the systems of their antioxi-
dant protection. The relevance of trace elements in the development of new strategies to elaborate the technologies
of cultivating next-generation plants, including those that will be based on new physical and chemical properties of
macro- and micronutrients in a nano form, is highlighted.
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Food problems take a special place among the ma-
jor global challenges. The demand for the staple foods
has already exceeded the increase in the yield which
indicates possible shortage of food even in the middle
of the 21* century (Long SP et al, 2015). The aggrava-
tion of the food problem in current conditions is condi-
tioned by many social and economic factors (Ray DK
et al, 2012; Long SP and Ort DR, 2010; Presidential
Commission 2012). For instance, the share of arable
lands in the world increased from 10.4 to 11.06 % i.e.
only by fractions of one per cent, within 1970-2016
(https://data.worldbank.org/). In addition, the share
of agricultural products, used as biofuel, increases as
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well (https://unctad.org/system/). Higher yield of cere-
als, demonstrated since the beginning of this century,
is partially invalidated by agronomic factors, related to
the economic policy: scaling down the use of legumes
in crop rotations and a tendency to reduce the norms
of introducing fertilizers in different countries (Brisson
N et al, 2010; Zhang FS et al, 2013; Zander P et al,
2016; Lesk C et al, 2016). The situation with food pro-
vision for humanity is further deteriorated by climatic
changes. Modern climate is characterized by more
frequent incidents of unfavorable weather conditions
which diminish the productivity of plants (Lesk C et
al, 2016). For instance, according to the data of the Eu-
ropean Commission, a considerable loss in the yield of
wheat (10-78 %) in Europe since the beginning of the
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21 century was mainly caused by drought and heavy
precipitation (https://ec.europa.eu).

Therefore, current efforts of many scientific institu-
tions are focused on searching for new efficient ways
of determining the possibilities to increase the yield of
agricultural plants in modern conditions. The enhanced
photosynthetic efficiency is believed to be the most
promising trend of the mentioned investigations (Zhu
XG et al, 2010; Parry MAJ et al, 2011; Reynolds M et
al, 2011; Morales F et al, 2020). It is conditioned by the
main role of the photosynthesis process in forming bio-
mass and productivity of plants: about 90 % of shoot dry
weight of plants are formed due to the photosynthetic
CO, assimilation (Evans LT et al, 1975; Beadle CL and
Long SP, 1985). It was demonstrated for many modern
species of agricultural plants that the increased yield was
accompanied with higher intensity of photosynthesis per
leaf unit. For instance, the photosynthesis rate in winter
wheat cultivars, created in the 1990s, was 40 % higher
per leaf area unit compared to the ones, created in the
1950s, and grain productivity was 36—800 % higher (Ji-
ang GM et al, 2003). It was also demonstrated that the
rate of photosynthesis of winter wheat cultivars, bred in
early 2000s, fluctuated from 17 to 22 umol/m?s, and the
yield — from 7,080 to 7,965 kg/ha, while in 1956-1965
— 11-14 pmol/m*s and 2,255-3,577 kg/ha respective-
ly (Biswas DK et al, 2008). The increase in the rate of
photosynthesis in soybeans cultivars (by 23 %), caused
by higher concentration of CO,, was also accompanied
with the yield growth from 4.6 to 5.3 t/ha (Morgan PB
et al, 2005; Dermody O et al, 2008). In addition, highly
productive cultivars differ in other indices, related to the
activity of the photosynthetic apparatus, such as stoma-
tal conductance of leaves, the activity of the main photo-
synthetic enzyme — ribulose bisphosphate carboxylase-
oxygenase (Rubisco), the content and gross amount of
chlorophyll (Priadkina GO, 2014).

The results of numerous studies demonstrate that the
optimization of the functioning of photosynthetic ap-
paratus promotes the rise in productivity of different
species of plants (Long SP et al, 2015; Kromdijk J et al,
2016; Hubbart S et al, 2018; Zhu XG et al, 2020). It has
recently been determined that the increase in the con-
tent of pigments (1.5-2-fold increase in chlorophylls
and some xanthophylls) in tobacco lines with higher
expression of lycopene beta-cyclase (DcLCYB ) from
carrots led to 6-23 % rise in the biomass of transgene
lines (Moreno JC et al, 2020).

There is a discussion in the scientific literature about
agronomic, physiological, and genetic ways of opti-
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mizing photosynthetic characteristics of plants and
crops (Parry MAJ et al, 2011). The application of trace
elements may be one of the options. It has been dem-
onstrated that their positive effect on biomass forma-
tion and productivity varies from 10 to 70 % depend-
ing on a trace element, presence, or absence of NPK
(Dimkra CO and Bindraban PS, 2016). Their important
role is related, firstly, to the fact that each of them is
an irreplaceable mineral element, required to perform
one or several functions. Trace elements are involved
in various metabolic processes, including primary and
secondary metabolism, energy exchange, protection
of cells from oxidation, signal transmission, hormonal
regulation, and regulation of genes (Marschner P, 2011;
Kabata-Pendias A, 2011). Secondly, in drought condi-
tions, which are more frequently observed during the
vegetation development, there is lesser uptake of nutri-
ents from soil and transport of metabolites from them
to the aboveground part. The role of trace elements is
also scaling up during the application of intense tech-
nologies, aimed at the formation of highly productive
crops, which grow fast, require high doses of mineral
nutrients, and remove a considerable amount of the lat-
ter from the soil (Morgun VV and Kiriziy DA, 2012).
Therefore, intense uptake and therefore removal of
trace elements by plants reduces their content in soil.
At the same time, both deficiency and excess of trace
elements may cause the impairment of biochemical and
physiological processes in a plant (Marschner P, 2011;
Andersen E et al, 2018; Vatansever R et al, 2017).

Thus, considering the significance of the photosyn-
thesis process for the formation of biomass and plant
productivity and the fact that the foliar fertilization for
plants in current conditions becomes a vital element
of the technologies of cultivating plants, we analyzed
the results of investigations on the impact of the main
microelements (iron, zinc, manganese, copper, molyb-
denum, cobalt and boron) on photosynthetic indices on
different levels of the organization of photosynthetic
apparatus. Considering an important function of one of
the macroelements, magnesium (Mg), in the processes,
which take place in chloroplasts (within chlorophyll,
synthesis of protoporphyrin IX, regulation of the struc-
ture of organellas, activity of the primary processes of
photosynthesis) (Husted S et al, 2017; Trinker et al,
2018; Cakmak I and Marschner H, 1992), the impact
of'this trace element on photosynthetic indices was also
analyzed.

The impact of trace elements on the indices of CO,
gas exchange. The studies of the impact of trace ele-
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ments on the main indices of CO, gas exchange (the
rate of photosynthesis, transpiration, stomatal con-
ductance, intracellular CO, concentration) in many
species under different conditions are present in sci-
entific literature. For instance, a 5-fold decrease in
photosynthesis rate was determined for Barbados nut
(Jatropha curcas L.) on the 105" day of the experi-
ment in the variant with iron deficiency compared to
the control plants, cultivated with a complete mix-
ture of nutrients (dos Santos et al, 2013). It was also
demonstrated that on the 4" day after treating French
bean plants using iron with different ligands, the rate
of CO, gas exchange in their leaves increased by 16—
28 % as compared to the control plants, treated with
water (Borowski E and Mihalek S, 2011). It is believed
that a reduction in photosynthesis rate under iron defi-
ciency may be caused by the decrease in PS II activity,
mainly via the impaired absorption of light in light-
harvesting complexes and the decrease in the activity
of the primary quinone acceptor of PS II — QA (Sam-
borska-Skutnik 1A et al, 2019). It was determined dur-
ing field experiments with two different types of soils
(alluvial and cinnamon ones) that both the introduction
of different doses of zinc into soil and its combination
with foliar treatment of plants had a positive effect on
photosynthesis rate in corn leaves in all the experimen-
tal variants (Liu H et al, 2016). The increase in photo-
synthesis rate in winter wheat leaves was determined in
the sand culture after the introduction of either molyb-
denum or zinc into soil or their combined application
(Liu C et al, 2019). A similar effect of the application
of zinc on CO, gas exchange rate (a 1.5-fold increase,
on average) was determined during a two-year field ex-
periments with ten genotypes of Indian wheat (Bharti
Ketal, 2014).

A positive effect of trace elements on CO, gas ex-
change was also demonstrated under the impact of
stress factors of different etiology. For instance, on the
background of low temperatures there was an increase
in photosynthesis rate of two winter wheat lines which
differed in their ability to absorb and accumulate Mo
(Mo-efficient line 97003 and Mo-inefficient line 97014)
— plants, treated with Mo, were compared against vari-
ants without any treatment (Sun X, 2006). Similar data
on the photosynthesis rate increase in the plants, treated
with Mo, under saline stress were obtained for Chinese
cabbage plants (Zang M, 2012). Thus, it was deter-
mined that the treatment of plants with trace elements
promotes the increase in photosynthesis rate under dif-
ferent stresses. In addition, the genotypic differences
in the response of photosynthetic parameters to the
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impact of specific trace elements were determined. So,
the photosynthesis and transpiration rates were much
higher in Mo-efficient line plants, treated with molyb-
denum, compared to Mo-tolerant line (Wu SW, 2014).
It was also demonstrated on different substrates (hy-
droponics, in vegetation pots and on lime-sandy soil)
that old cultivars of Scotch barley (Bere barley) which
absorb and accumulate Mn better, maintain a better
state of photosynthetic apparatus compared to modern
elite lines (Schmidt SB et al, 2019).

The effectiveness of the impact of trace elements
(both introduction into soil and foliar treatment) on
other indices of CO, gas exchange was also deter-
mined. For instance, the improvement of stomatal con-
ductance and transpiration of leaves in French beans
was demonstrated after treating the plants using iron
with organic and inorganic salts as ligands (Borowski
E and Mihalek S, 2011). Simultaneous introduction of
zinc into soil and its application in combination with
foliar treatment of plants increased the transpiration
rate in corn leaves considerably compared against the
control variant (Liu H et al, 2016). On the contrary,
under stress conditions (low temperatures) there was a
decrease in the transpiration rate, stomatal conductance
and intercellular concentration of CO, in the winter
wheat plants, treated with Mo, in lines with contrast
sensitivity to Mo compared to the variant without any
treatment (Sun X, 2006). There are also some scientific
data on the absence of positive effect of trace elements
on photosynthetic indices. For instance, it was demon-
strated that foliar treatment of barley plants with sele-
nium affected the indices of photosynthetic apparatus
activity or CO, gas exchange neither in optimal nor in
stressful conditions (Habibi G, 2013).

The impact of trace elements on photosynthetic pig-
ments. The content of chlorophyll is one of the key traits
of photosynthetic activity in leaves (Singh SK, 2017). A
pigment complex is the basis for photosynthetic trans-
formation of solar energy into the energy of chemical
bonds. Chlorophyll molecules absorb photons of light
and transmit the excitation energy to the photosynthet-
ic reaction centers (Lichtenthaler HK, 1987; Bukhov
NG et al, 1998; Golovko T and Tabalenkova G, 2014).
Under deficiency of solar light, carotenoids are well-
known as light-harvesting pigments, and act to protect
photosynthetic apparatus from the harmful effects of
excess exposure to light (Sun T, 2018). Many articles
have been presented on the research of the effect of
some trace elements and their combined application on
chlorophyll content. For instance, it was demonstrated
that its content in corn leaves increased considerably
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compared against the control after simultaneous intro-
duction of zinc into soil and foliar treatment of plants
with Zn (Liu H et al, 2016). The chlorophyll content
in corn leaves increased also after foliar treatment of
plants with Mg compared against the control (Jezek M
et al, 2015). Field experiments determined the 7-28 %
increase in chlorophyll content in winter wheat leaves
after double foliar treatment of plants with different
doses of either magnesium and copper separately, or
with their combinations compared against the control
(El-Metwally AE, 2010). Spraying of plants with Mg
in different phases of development also increased the
chlorophyll content in soybean leaves (by 5—10 %) but
had insignificant effect on its content in corn (Altaru-
gio LM, 2017). Foliar treatment of French bean plants
with organic and inorganic salts of iron increased the
content of the sum of chlorophylls ¢ and b and carot-
enoids in leaves (Borowski E and Mihalek, S 2011). A
considerable increase in the content of both chlorophyll
forms and carotenoids was determined in winter wheat
leaves in the sand culture after the introduction of ei-
ther molybdenum or zinc into soil or their combined
application (Liu C et al, 2019). Higher accumulation of
chlorophyll and carotenoids in wheat leaves was deter-
mined under low temperature stress and treatment with
Mo, compared against the control variant (Sun X, 2006;
Yu M et al, 2006). Due to the effect of molybdenum,
there was an increase in the number of chloroplasts in
the cell, the volume of mitochondria and the amount of
chlorophyll per chloroplast in sugar beet leaves (Kaiser
BN et al, 2005). In some variants of the experiments
with wheat plants on lime soils, the introduction into
soil of or foliar spraying with Fe and Zn promoted a
considerable (1.75-2-fold) increase in the content of
total chlorophyll in the leaves on the 45" and 70" days
of vegetation (Kandoliya RU et al, 2018).

The impact of trace elements on antioxidant en-
zymes. One of the ways to increase the efficiency of
photosynthetic apparatus of plants both during the veg-
etation and under the effect of unfavorable factors is the
optimization of the antioxidant protection systems (Gill
SS and Tuteja N, 2010; Kolupaev YE, 2016; Vardhini
BV and Anjum NA, 2015). The content and activity of
antioxidant enzymes are relevant components of this
protection, especially under stress conditions (Gill SS
and Tuteja N, 2010; Alscher RG et al, 2002; Kolupayev
YuE et al, 2019). The abovementioned is related to the
fact that under stress the excessively absorbed light
energy can result in the generation of toxic free radi-
cal forms of oxygen (Foyer CH and Noctor G, 2005;
Zhu XG et al, 2010). In addition, during the reproduc-
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tive period of development there is gradual aging of
plant leaves and a decrease in the assimilation of CO,.
Thus, there is a decrease in NADPH consumption dur-
ing the Calvin cycle, which promotes the conditions for
the superreduction of electron transport chain and the
formation of reactive oxygen species (ROS) in chlo-
roplasts which may damage the components of photo-
synthetic membranes and chloroplast stroma (Kiriziy
DA et al, 2014; Munné-Bosch S et al, 2013). Usually,
in response to the enhanced formation of ROS, there is
the activation of the elements of antioxidant protection
system of chloroplasts, the most relevant component
of which is a system of antioxidant enzymes (Foyer
CH and Noctor G, 2005; Asada K, 2006). During a se-
ries of consecutive reactions, they destroy superoxide
radicals and hydrogen peroxide, which are formed in
chloroplasts, thus ensuring the integrity of photosyn-
thetic membranes and active functioning of the elec-
tron transport chain (Foyer CH and Shigeoka S, 2011).

According to the scientific data, the treatment of
plants with trace elements promotes enhanced activity
of antioxidant enzymes. For instance, foliar treatment
of three chickpea cultivars with selenium increased the
activity of superoxide dismutase (SOD, KF 1.15.1.1)
and glutathione peroxidase (KF 1.11.1.9) but had no
effect on the activity of catalase (CAT, KF 1.11.1.6)
(Mohammadi A et al, 2011). A barley genotype, toler-
ant to the boron excess, had the increased activity of
glutathione reductase (KF 1.8.1.7) under high content
of boron in soil, while an efficient one demonstrated its
decreased activity. The first genotype also had the in-
creased SOD activity (Hamurcu M et al, 2017). It was
demonstrated using sandy substrate that after the in-
troduction of zinc into soil or its combined application
with molybdenum there was a considerable increase in
the activity of SOD, CAT and peroxidase (KF 1.11.7)
in wheat leaves (Liu C et al, 2019). Under osmotic
stress, simulated by polyethyleneglycol in the hydro-
ponics culture, the variants with the application of Mo
demonstrated a considerable increase in the activity of
several antioxidant enzymes (SOD, peroxidase, CAT,
ascorbate peroxidase (APO, KF 1.11.1.11)) in the win-
ter wheat cultivar with a not high content of molybde-
num, but when the Mo content was high, the difference
from the control was significant only on some dates.
Higher total and grain productivity of the latter cultivar
allowed for the assumption that the application of Mo
enhanced the ability to remove ROS (Wu SW, 2014).
The mitigation of negative consequences, caused by
drought, in 30-day-old wheat seedlings, grown on a
solution that included Mo, may be related to the fact
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that nitrogen oxide ensures molybdenum-induced an-
tioxidant protection, at least partially via the regula-
tion of nitrate reductase (Wu S et al, 2017). It was also
shown that Zn application enhanced the relative ex-
pression levels of two antioxidant enzyme genes, four
ascorbate—glutathione cycle genes, and two flavonoid
biosynthesis pathway genes under drought stress (Ma
D et al, 2017). Thus, Zn fertilizer could regulate mul-
tiple antioxidant defense systems at the transcriptional
level under drought.

A positive effect of separate trace elements and their
combinations on the activity of antioxidant enzymes
was also determined. For instance, under drought, the
activity of SOD, CAT, and glutathione peroxidase after
the introduction of 6 separate trace elements and their
different combinations was higher in sunflower plants
compared against control variant treatments without
those trace elements (Rahimizadeh M et al, 2007). The
most significant effect was observed in the variant,
treated with a mixture of 4 trace elements (Fe, Zn, Cu,
Mn): the increase in the activity of these antioxidant
enzymes was 48—89 % compared with the control. Fo-
liar treatment of corn plants with microfertilizers, in-
cluding Fe, Zn, Cu, Mn, B, Mo and Mg, also promoted
the increase in the activity of SOD, CAT, and glutathi-
one peroxidase under drought (Sajedi NA et al, 2011).
Therefore, the application of trace elements and their
complexes in a number of cases promoted the inten-
sification of protective reactions in the photosynthetic
apparatus of the chloroplast.

The impact of trace elements on the traits of pho-
tosynthetic apparatus capacity. An important, yet less
studied, aspect of the impact of trace elements is evalu-
ating their application to the photosynthetic apparatus
on different levels of the organization — from subcel-
lular to cenosis. It is known that not all the effects, ob-
served on lower levels of the organization of plants,
are preserved on higher levels (Reynolds et al, 2001;
Kiriziy DA et al, 2014)

The impact of trace elements on shoot dry weight
is studied most frequently. Most of these studies have
been conducted using seedlings and young plants. For
instance, soaking corn seeds for different periods (from
one minute to one hour) in Zn solution increased shoot
dry weight by 4-32 % in 22-day-old plants compared
against the control (Torun B et al, 2017). Growing corn
in the culture medium with zinc increased shoot dry
weight of young plants twice (from 0.6 to 1.2 g) and
decreased the ratio between the roots and the aboveg-
round part of plants (Hong W et al, 2017). Foliar appli-
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cation of iron to tomato plants, grown on hydroponics
with high content of zinc, increased shoot and fruit dry
weight for two investigated cultivars, although the in-
crease was different (Kaya C et al, 1999).

The results of the study on the impact of trace ele-
ments on shoot dry weight of mature plants are more
ambiguous. For instance, while treating with Zn there
was a 20-51 % increase in shoot dry weight in 65 win-
ter wheat cultivars when plants were grown on lime
soil (Cakmak I and Hoffland E, 2012). The data of two-
year field experiments with 10 wheat genotypes dem-
onstrated the difference in the response of genotypes to
the exogenous application of ZnSO, (the introduction
into soil with further foliar treatment of plants): for in-
stance, zinc-sensitive genotype PBW 550 had a consid-
erable (by 86 %) increase in the aboveground biomass
(Bharti K et al, 2014). At the same time, no significant
impact of foliar treatment with zinc was observed on
the biomass of corn and wheat plants (Wang JW et al,
2012). The foliar treatment of barley plants with sele-
nium promoted the increase in biomass by 14 % under
sufficient water supply, and under drought the differ-
ences were insignificant: shoot dry weight without and
with the treatment using selenium was 1120 = 120 and
1210 + 143 mg/plant respectively (Habibi G, 2013). In
two-year field experiments, the positive impact of soil
fertilization using Zn (0, 2.3, 5.7, 11.4, 22.7, 34.1 kg of
Zn per ha) on the mass of straw and grain productivity
of winter wheat was observed for two last introduced
doses, whereas the introduction of Zn under 11.4 kg/ha
resulted in a significant increase in the shoot dry weight
and root surface area in the 30 cm layer of soil while
higher doses of Zn caused an insignificant decrease in
these indices for the roots (Liu DY et al, 2019). The
introduction of six norms of Zn in the field experiment
increased the shoot biomass of corn plants especially
in late phases of development: in the control about
200 g/plant, and in the treated ones 240-260 g/plant (Liu
DY et al, 2020).

The results of the study on the impact of plant treat-
ment using magnesium, iron and complexes of trace
elements on the leaf area demonstrate the increase in
the area of assimilation surface (Rawashdeh H and
Sala F, 2014; Amirani DS and Kasraei P, 2015; Jung
S et al, 2017). A considerable difference was deter-
mined between treated and control plants in terms of
leaf surface area of wheat cultivar Alex. Depending
on the stage, when foliar treatment of plants using Fe
was implemented, application of Fe (1000 mg/L) using
iron chelate [Fe-DTPA, 6 % Fe) on the stages of veg-
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etative growth may maximize the growth (compared
with control, plant height increased from 9 to 12 %),
and development of wheat (the number of plants, flag
leaf area and flag leaf chlorophyll content were higher,
7-13 %, 19-37 % and 8—16 % respectively, in compari-
son with the control) (Rawashdeh H and Sala F, 2014).
Treating plants with a so-called MICROMAX mixture,
including three trace elements (B, Zn, Se), during the
blossoming phase, resulted in a significant increase in
the leaf index of mung bean (Vigna radiata L. Wilc-
zek) under drought compared to the variant without
any treatment (Amirani DS and Kasraei P, 2015). The
results of the study on the impact of foliar treatment
for four wheat cultivars using Fe also demonstrate a
considerable increase in the leaf area index from 3.7—
4.2 m*m to 4.3-5.1 m*m?, and it is noteworthy that
the positive effect was the highest for Rijav cultivar
(increased from 4.2 to 5.1 m?m?) and the lowest — for
Rashid cultivar (increased from 3.7 to 4.3 m/m?) (Kah-
rariyan B et al, 2013).

The influence of nanoparticles on photosynthetic
traits. Many countries are now abandoning the in-
creased use of nitrogen to reduce both the cost of grain
production and negative environmental consequences,
as excessive amounts of nitrogen in the soil cause its
acidification and significantly pollute water resources
(Zhang F and Chen J, 2017) The need to reduce the
technogenic load on the environment, on the one hand,
and the development of nanotechnologies, on the other,
highlight the urgency of studies on the specificities of
the impact of nanoconcentrations of trace elements on
physiological processes in general and photosynthesis
in particular.

Some countries used nanotechnologies to elaborate
a new generation of fertilizers with new properties and
low doses of trace elements. The small size of nanopar-
ticles, the neutrality of their charge, which help facili-
tate their penetration through cell walls, membranes,
etc., determine a high level of their biological activity
(Rameshaiah GN and Jpallavi S, 2015; Morales-Dias A
et al, 2017). In addition, they have fundamentally dif-
ferent qualities, since their mechanisms of action obey
the laws of quantum mechanics (Mitin et al, 2010). The
concentration of some metals (according to their con-
tent) in nanofertilizers can range from hundredths to
thousands of percent (Kosinov MV and Kaplunenko
VG, 2009; Raliya R et al, 2015). At the same time, the
understanding of the interaction between nanoparticles
and plants, including absorption, mobilization, and ac-
cumulation, is still in its infancy (Sanzari I et al, 2019).
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The content of pigments and traits of photochemical
activity of photosynthetic apparatus activity have re-
cently become more frequent objects of studies. Some
articles mention the positive impact of nanometals and
nanocomplexes on the pigment indices. For instance,
plants treated with aerosol-foliar applied TiO, nanopar-
ticles (size 25 + 3.5 nm) in a range of concentrations
from 10 to 1000 mg/kg showed chlorophyll content in-
creasing in the leaves of 28-day-old tomato from 63 to
227 % (Raliya R et al, 2015). The chlorophyll content
index, measured using a chlorophyll measuring appa-
ratus, on the second fully expanded leaf of seedlings of
maize grown from the seeds which were washed with
2 g/L ferrihydrite, is 18 % higher compared with the
control (Pariona N et al, 2017). In our own research, we
have determined the impact of weather conditions on
the efficiency of treating the plants with the complex
of carboxylates of seven trace elements (Mg, Fe, Cu,
Zn, Mn, Mo, Co) on photosynthetic pigments content
(Kapitanska OS et al, 2018). This complex of carboxyl-
ates of biometal-microelements is obtained by means
of erosion-explosive technology with the subsequent
chelation of nanoparticles of metals by natural carbox-
ylic acids. For instance, during a cool and damp period
of spring-summer vegetation, the content of chloro-
phylls in the leaves of three winter wheat cultivars in-
creased less during some phases (by 4-8 %) than under
drought (by 13-19 %) compared to the relevant con-
trols. The content of carotenoids increased by 7 % and
14-15 % respectively. Thus, the impact of treating the
plants with the complex of trace elements on the pho-
tosynthetic pigments content under drought was higher.
No significant impact of the treatments on the ratio of
chlorophyll forms was determined.

The positive effect of using zinc and copper nanoche-
lates under stressful conditions on chlorophyll content
was determined and variety-specificity of their action
was revealed (Taran N et al, 2017). It was demonstrat-
ed that under conditions of sufficient water supply, the
chlorophyll content in the leaves of winter wheat seed-
lings of the variety Stolichna, (less productive variety,
forrest-steppe ecotype), which grew in the variants with
the addition of zinc and copper nanochelates to the nu-
trient solution, was increasing whereas the difference
for variety Acveduc (more productive variety, steppe
ecotype) was insignificant compared to the variant
without any treatment (Taran N et al, 2017). However,
chlorophyll content was less in both cultivars under
drought: in the treated variant its content decreased by
18-22 %, whereas in the control by 29-45 %. Thus, the
efficiency of applying these nanochelates was higher
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under unfavorable conditions. Seed treatment with zinc
and copper nanoparticles caused the decrease of this
ratio by 12 % in leaves of the Stolichna variety seed-
lings and an increase of 37 % in leaves of the Acveduc
variety seedlings. Drought, on the contrary, induced the
increase of chlorophyll a/b ratio by 32 % in leaves of
the first variety and the decrease of it by 12 % in the
second one (Taran N et al, 2017). However, there is
evidence of a negative impact of some nanoparticles on
the content of photosynthetic pigments. For instance,
the application of silver nanoparticles demonstrated the
opposite effect: there was degradation of chlorophyll b
when 60 mg/L Ag-nanoparticles were applied to rice
plants (Mirzajani F et al, 2013).

The indirect effect of inoculation with the nodule
bacterium Bradyrhizobium japonicum, cultivated in the
medium with chelated nanoparticles of Mo, Ge, and Fe,
was determined on the rate of soybean photosynthesis:
at three true leaves it was 22-35 % higher compared
against the control, except for the variant with Fe, at
budding — 20-58 % higher in all the experiment vari-
ants (Morgun VV et al, 2019). The application of car-
boxylates of these metals in the composition of inocula
activated the processes of CO, assimilation of soybean
regardless of the strain of nodule bacteria. The fact
that all the studied strains of nodule bacteria increased
the CO, assimilation is explained by the fact that the
stimulation of nitrogen-fixing activity by nanometal in-
creased the supply of nitrogen-containing compounds
from the roots. And this, in turn, causes an increase in
the gas exchange of carbon dioxide.

The positive effect of treating plants with specific
nanoparticles on the traits of photosynthetic apparatus
activity (quantum efficiency of photosystem II, photo-
chemical and non-photochemical quenching electron
transport rate) was determined. For instance, the im-
pact of the foliar treatment of sunflower plants with
normal and nanosize zinc oxide (ZnO) under saline
stress and without a stress factor on chlorophyll fluo-
rescence parameters demonstrated an increase in the
maximal quantum yield of PS II (Fv/Fm) while apply-
ing the nanosize zinc oxide (ZnO) to five cultivars of
sunflower (Torabian S et al, 2016). The research of the
impact of nano-silicon on chlorophyll fluorescence
parameters (maximal and true quantum efficiency of
PS 11, photochemical and non-photochemical quench-
ing coefficients, and electron transport rate) in the
leaves of wheat plants, grown on the nutrient solution
without and with silicon, demonstrated a significant
difference between control and experimental plants
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48-120 h after the treatment (Perez CE et al, 2014).
So, maximum and true quantum quenching of PS II
were higher, than that of the control, respectively
by 1-5 and 10-22 % (Perez CE et al, 2014). Our re-
search with two winter wheat varieties (Astarta and
Natalka), grown in pots with 10 kg of fertilized soil
at natural light, demonstrated that the foliar treat-
ment plants with a mixture of seven trace elements,
produced using nanotechnological methods, en-
hanced the resistance of photosynthetic apparatus to
soil drought (Stasik OO et al, 2020). The decrease in
photosynthetic activity of flag leaves in plants treat-
ed with the microelement complex was less (36 and
33 % in varieties Astarta and Natalka, respectively)
compared to untreated plants (46 and 52 %). Under
moisture deficiency, the photosynthetic rate in treated
plants was higher than in ones without treatment: by
22 % for Astarta and 34 % for Natalka. The decrease
in the PS II maximum quantum efficiency was about
2 % in the treated plants of both varieties, while in the
control plants of Astarta and Natalka varieties — 5 and
12 %, respectively. Under drought the PS II true
quantum efficiency of variety Natalka in the treated
plants was higher than untreated plants by 35 %. The
maintenance of higher net CO, assimilation rate and
photochemical activity of PS II under drought was
accompanied with the increase in grain productivity
of variety Natalka plants (by 18 %) (Stasik OO et al,
2020). We have also determined that the treatment of
plants with the same complex increased the activity of
SOD and APX (by 9-60 % depending on the phase of
development and variety) in the chloroplasts of flag
leaves during the period of kernel ripening (Soko-
lovska-Sergiienko OG et al, 2017). At the same time,
some studies have demonstrated that nanofertilizers
had the same effectiveness or were even less effective
than conventional fertilizers: for example, absorption
by leaf wheat of chelated Zn (ZnEDTA) was greater
than Zn oxide nanoparticles (Kopittke PM et al, 2019;
Read et al, 2019).

There are still scarce studies on the mechanisms of
the effect of small amounts of trace elements on the
plant metabolism. Some researchers such as Kobayashi
M, Verbruggen N and Hermans C, Bityutskyy V, Ma D
believe that nanometals may be involved in the activa-
tion of regulatory mechanisms. The assumption about
the activation of regulatory mechanisms at the effect of
low doses of trace elements may be confirmed by the
results of the study, conducted by Kobayashi et al (Ko-
bayashi M et al, 2004). As boron deficiency affected the
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level of tobacco gene expression, related to the oxida-
tive stress, the authors assumed that boron may act as
a signaling molecule and play a regulatory role due a
faster signal transmission from the cellular wall to cyto-
plasm, which may be involved in the induction of genes
(Verbruggen N Hermans C, 2013). This hypothesis may
be favored by the data about considerable differences in
the expression of Arabidopsis genes, related to circadian
rhythms, the synthesis of ethylene, photoprotective sys-
tems of the photosynthetic apparatus, and the processes
of chlorophyll catabolism in the control and under mag-
nesium deficiency (Bityutskyy V et al, 2017). Thus, the
effect of magnesium may be related to the activation of
several regulatory mechanisms. In addition, the increase
in the relative level of expression of two antioxidant
enzyme genes (for SOD and peroxidase), four genes of
ascorbate-glutathione cycle and two genes, controlling
the synthesis of flavonoids in wheat plants, treated with
zine, was determined under drought compared against
the control (Ma D et al, 2017). So, under drought the
treatment of plants with zinc may affect the regulation
of several antioxidant systems of protection on the level
of transcription. Another mechanism of action for trace
elements may be their function as a source of sustained
release, conditioned by the improvement in the effec-
tiveness of using nutrients (Kopittke PM et al, 2019;
Morgun VV et al, 2019).

Trace elements applied in the form of nanoparticles
have many advantages compared to their analogues ap-
plied in a usual form. Ultrasmall sizes of nanoparticles
promote better bioavailability, the ability to overcome
biological barriers and to better form chemical bonds
with nucleic acids and proteins, integrating into cellu-
lar membranes, penetrating organellas and changing
their functions (Bityutskyy et al, 2017; Ivanov VK et al,
2013). In the form of neutral non-soluble combinations
of elements or reduced metals with zero valency they do
not require the services of ion transfer mechanism and,
due to their small sizes, may penetrate plant cells faster.
For instance, a higher rate of their absorption compared
against common trace elements has been demonstrated
using animal objects. The serum level of female rats 24
hours after injection of selenium in nano treated group
was significantly higher than that of the bulk selenium
group, respectively, 60.01 and 32.67 ppm (Pouri E et
al, 2017). In addition, trace elements in their nanoform
are close to biometalorganic compounds, synthesized in
plant cells, by their biochemical structure and chemical
purity. This is likely to ensure their high biocompatibil-
ity and thus high availability. Thus, the improvement of
photosynthetic characteristics, caused by the applica-
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tion of nanopreparations, will have high biological ef-
fectiveness under smaller doses of application compared
against common trace elements. At the same time, there
is a problem of toxicity or danger of using nanopar-
ticles (Chichiricc6 G and Poma A, 2015; Dykman LA
and Shchyogolev SY, 2017), but we do not discuss these
problems in this review.

Taking into consideration the fact that the improve-
ment of photosynthesis efficiency is currently viewed
as a key strategy of increasing the yield of crops, the
optimization of photosynthetic processes via the ap-
plication of trace elements may be a vital factor, af-
fecting the course of yield formation. The analysis of
the scientific data and the results of our investigations
(Priadkina GO et al, 2014; Kapitanska OS et al, 2016;
Sokolovska-Sergiienko OG et al, 2017; Kapitanska OS
et al, 2018; Stasik OO et al, 2020) demonstrates that
trace elements promote the optimization of working
efficiency of the photosynthetic apparatus of plants due
to the increase in the rate of CO, gas exchange, the
content of photosynthetic pigments, enzymatic activi-
ty, leaf area index of crops and aboveground biomass.
Thus, the effect of trace elements is manifested both on
lower and more complex levels of organizing the pho-
tosynthetic apparatus. A positive effect of using trace
elements is related to their direct and indirect involve-
ment in photosynthetic processes and in the activation
of different regulatory mechanisms. The genotypic dif-
ference in the response of photosynthetic parameters
to the impact of specific trace elements (Bharti K et
al, 2014; Hamurcu M et al, 2017; Kahrariyan B et al,
2013; Taran N et al, 2017; Schmidt SB et al, 2019; Wu
SW, 2014) may be used to breed highly productive
plants. As the treatment of plants with trace elements
enhances the resistance of the photosynthetic apparatus
to the effect of stress factors, including drought, sali-
nization, low temperatures, etc., their application may
promote the improvement of plant productivity under
the mentioned conditions (Sajedi NA et al, 2011; Zang
M, 2012; Wu SW, 2014; Torabian S et al, 2016; Ma D
et al, 2017; Stasik OO et al, 2020). The maintenance of
efficient work of photosynthetic apparatus on the back-
ground of increasing air temperature, more frequent
droughts, and heavy precipitations along with the en-
larged geographical ranges and activity of pests, and
spreading of diseases, is getting special significance in
modern conditions.

The results of numerous studies demonstrate that
trace elements affect the metabolic processes, starting
with the molecular level (controlling the expression
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level of some genes, photochemical activity of photo-
systems) and ending with the cenotic level (leaf area

index of the crop and productivity) (Table).

Given that enhancement of the photosynthetic ef-
ficiency is now seen as a key strategy to increase crop

yields (Parry MAJ et al, 2011; Long SP et al, 2015),

The impact of trace elements and their mixtures in a common and/or nano- form (under different stress/non-stress conditions)
on the photosynthetic parameters and indices of the production process for different agricultural plants

Trace element/

Index . Culture Stress factor Source
mixture
Maximum quantum Se Wheat - Perez CE et al, 2014
efficiency of photosystem | Zn Sunflower Salinization Torabian S et al, 2016
I (PS 1II)
Rate of photosynthesis, PS | Mg + Fe + Cu +Zn + | Wheat Drought Stasik OO et al, 2020
I maximum and true quan- |+ Mn + Mo + Co
tum efficiency
Rate of photosynthesis Fe French beans - Borowski E Mihalek S, 2011
Mo Wheat - Wu SW, 2014
Mo Wheat Low temperature | Sun X, 2006
Mo Chinese cabbage | Saline stress Zang M, 2012
/n Wheat - Bharti K et al, 2014
/n Corn - Liu H et al, 2016
Mo, Zn, Mo + Zn Wheat Depleted substrate | Liu C et al, 2019
Mo, Ge, Fe Soybean - Morgun VV et al, 2019
Transpiration rate, stomatal | Mo French beans - Borowski E Mihalek S,
conductance, intercellular 2011
CO, concentration
Stomatal conductance, Mo Wheat Low temperatures | Sun X, 2006
transpiration rate
Transpiration rate Zn Corn - Liu H et al, 2016
Content of chlorophylls a Mg Corn - Jezek M et al, 2014
and b Zn Corn - LiuHetal, 2016
Fe, Zn Wheat - Kandoliya RU et al, 2018
Mg, Cu Wheat - El-Metwally AE, 2010
Fe Corn - Pariona N et al, 2017
Ti Tomato - Raliya R et al, 2015
Cu+Zn Wheat Drought Taran N et al, 2017
Mg + Fe + Cu+ Zn + | Wheat Drought Kapitanska OS et al, 2018
+ Mn + Mo + Co
Content of chlorophylls Mo French beans - Borowski E Mihalek S, 2011

a and b, as well as total
carotenoids

Activity of ascorbate peroxi-
dase, catalase, and peroxidase
Activity of nitrate reductase
Activity of superoxide dismu-
tase, catalase, and peroxidase
Activity of superoxide dismu-
tase, catalase, and glutathione
oxidase

Activity of superoxide dismu-

tase and ascorbate peroxidase

Mo, Zn, Mo + Zn
Mo, Zn, Mo + Zn
Se

Mo

Mo
Mo, Zn, Mo + Zn

Fe+7Zn+ Cu+ Mn +
B +Mo + Mg
Fe +Zn+ Cu+ Mn

Mg+Fe+Cu+Zn+
Mn + Mo + Co

Wheat
Wheat
Chickpea

Wheat

Wheat
Wheat

Corn

Sunflower
Wheat
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Low temperatures
Depleted substrate

Osmotic stress

Drought
Depleted substrate

Drought

Drought

Sun X, 2006; Yu M et al, 2006
Liu Cetal, 2019
Mohammadi A et al, 2011

Wu SW, 2014

Wu S etal, 2017
Liu Cetal, 2019

Sajedi NA et al, 2011

Rahimizadeh M et al, 2007

Sokolovska-Sergiienko OG
etal, 2014
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End of table
Index Trace.element/ Culture Stress factor Source
mixture
Activity of superoxide dismu- Mg Wheat Drought MaD etal, 2017
tase and peroxidase, genes
expression level
Shoot dry weight Zn Corn - Torun B et al, 2017
Zn Wheat Lime soil Hong W et al, 2017
Cakmak I and Hoffland E,
2012
Shoot and fruit dry weight Fe Tomato High Zn content in | Kaya C et al, 1999
the substrate
Aboveground biomass Se Barley - Habibi G, 2013
Zn Wheat - Bharti K et al, 2014
Zn Corn - Liu DY et al, 2020
Weight of straw and roots Zn Wheat - Liu DY etal, 2019
Area of leaves Fe Wheat - Rawashdeh H, Sala F, 2014
Canopy leaf area index Fe Wheat Kahrariyan B et al, 2013
Mg Corn Jung S et al, 2017
B, Zn, Se Mung bean — Amirani DS and Kasraei P,
2015

Note. — — No impact of stress factors.

optimizing photosynthetic processes through the use of
trace elements can be an important factor for improv-
ing crop yields. In addition, trace elements impact the
systems of plant protection from the oxidative stress
via the enhanced activity of antioxidant enzymes. It is
becoming especially relevant in current conditions of
climatic changes. Thus, the fertilization of plants us-
ing trace elements should become an integral part of
modern technologies of cultivating different agricul-
tural crops. The development of nanotechnologies and
the elaboration of preparations with new properties and
low concentrations of trace elements may also serve as
the basis for the development of next-generation bio-
ecologic technologies. However, a wide application of
nanomaterials in agriculture requires thorough prelimi-
nary analysis of their safety for man, animals and the
environment and economic efficiency. The elaboration
of new phytonanotechnologies would be facilitated by
the combined efforts of plant physiologists, geneticists,
and agronomists.

The article contains, apart from the data obtained
from the study of the relevant literature also the results
of our own research investigations of the project “Phys-
iological foundations of enhancing productivity and
resistance of agricultural plants under global climatic
changes”, conducted within the framework of a target
program of scientific studies of the Department of gen-
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eral biology, NAS of Ukraine, “Fundamental founda-
tions of forecasting and preventing the negative effect
of climatic changes on the biotic systems of Ukraine”
(program budget classification code 6541030).

BnuiuB MikpoeseMeHTIB y KiaacH4Hiii
Ta HaHO(OPMi Ha GOTOCHHTE3 BUILUX POCIMH Y 3B’ SI3KY
3 MiABUIIEHHAM MPOAYKTHBHOCTI

I". O. llpsinkina

[HCcTuTYT (isionorii pocianH i reHeTHKH
HarmionansHoi akagemii Hayk YKpaiHu,
By BacumnbkiBerka, 31/17 Kuis, 03022

E-mail: galpryadk@gmail.com

OmHUM 3 OCHOBHHMX YHMHHHKIB 30UIBIICHHS BpPOXaHHOCTI
CUIBCHKOTOCTIONIAPCHKHUX POCIHH € IiABHIIEHHS aKTUBHOCTI
(DOTOCHHTETHYHOTO anapary, OCKUIbKH IIPOLyKTUBHICTH T10-
CiBIB IOB’S3aHa i3 3/ATHICTIO TOIIMHAHHS COHSYHOI pa-
miamii i ii IepeTBOPEHHS B CHEPTIiI0 XiMIYHHUX 3B’SI3KIB IS
MOAAJBIIOT0 BHKOPHUCTaHHS B METa0OJIYHHX Mpolecax.
KinpKicTh MOMIMHEHOI TOCiBaMU ()OTOCHMHTETHYHO aKTHB-
HOi pajiaiii, B CBOIO 4Yepry, 3aJIe)KUTh Bij IUIOLIi, TPHBa-
JIOCTI Ta aKTUBHOCTI (DYHKIIOHYBaHHS aCUMIISLIHHOI I10-
BepxHi. B cy4acHMX yMOBax IiJBUIIEHHS BPOXaWHOCTI
KyJIBTYPHHUX POCJIHH 1 OJJHOYAcHE 3HMKEHHS TEXHOTCHHOTO
HaBaHTaKEHHS TI0B’A3yIOTh 13 3aCTOCYBaHHIM MiKpOIOOpHUB.
VY 3B’A3Ky 3 UM, B OISl OOTOBOPEHO CYYacHWH CTaH
JIOCII/PKEHb BIUIMBY OCHOBHHMX MIKPOEGJIEMEHTIB 1 MarHiro
Ha (POTOCUHTETHYHI XapaKTEPUCTUKH POCIHH 1 nocisiB. Ha
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0a3i miTepaTypHHX MAaHWX Ta pPE3yJbTaTiB BIACHUX JOC-
JDKEHb TPOaHali30BaHO BIUTMB MIKPOEIEMEHTIB Ha IIO-
Ka3HUKH Ta3000Miny CO,, BMIiCT ()OTOCHHTETUIHHX IirMEH-
TiB Ta aKTHBHICTh aHTHOKCHIAHTHUX (PEPMEHTIB B JIMCTKAX,
a TaKOX MOKA3HUKH HOTY)KHOCTI PO3BHTKY (POTOCHHTETHY-
HOTO amapary. Po3missHyTo 0cOOMMBOCTI Aii HAHOMETAliB
Ha BMICT Ta CIIBBIJHOIIEHHS ITITMEHTIB, IHTEHCHUBHICTH
acUMIIALT CO2 Ta TIOKa3HWKHA (POTOXIMIYHOI aKTHBHOCTI
¢dorocuctem. BpaxoByroun po3BUTOK HAHOTEXHOJOTIH, 00-
TOBOPEHO OCOONMBOCTI JIii HAHOMETATIB Ta MpoaHali30oBa-
HO MOXIIMBI MEXaHi3MH BIUIMBY HHU3BKHX KOHIICHTpAIil
MiKpOEJIEMEHTIB Ha pOCITUHHNH MeTaboiizM. OOTpyHTOBaHO
e(eKTHBHICTH 3aCTOCYBaHHS MIKPOENIEMEHTIB 3a Iii cTpe-
COBHMX YMHHHKIB, BUCBITJICHO iX 3HAUCHHS JUIS PO3BHUTKY
HOBHX CTpaTerii po3poOKH Oi0CKONOTIYHUX TEXHOIOTIN
HACTYITHOTO TTOKOJIiHHS.

KurouoBi ciioBa: HaHoMeTanu, POTOCHHTETHYHI MIrMEHTH,
aHTHOKCHAAHTHI pepMenTH, acuminsiis CO,.
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IMPABUJIA AJ11 ABTOPIB

V xypHani «Agricultural Science and Practice» myOuikyroTbcst pe3yisraté (yHIaMEHTAIBHHAX JOCIIDKeHb 3 TUTaHb arpoHOMii, 6ioorii,

OioTexHoMOoTii Ta 6i0iHKEHEePil, BETEPHHAPHOI METUIINHH.

JpyKytoTbest hyHIaAMEHTaJIbHI CTATTi, OVIAAM JIITEpaTypH, KOPOTKi MOBIIOMIICHHS, siKi paHime He BumaBanucs. OcoOIMBO MPOCHMO
YHHUKATH TEXHIYHOTO TUIariaty Ta camoruiariaty. Pemaxiiist 1y’xe yBaKHO BiJICIIKOBYE I1i MOMEHTH.

Pyxonmcu HagcunaroTbes Ha KoHineHniiiHe pelieH3yBaHHS CIIeIiaicTaM BiIIOBIIHOT ray3i.

3a YMOBH MO3UTUBHOI PEIeH3i1 3 PyKOIHCOM 3HalOMUTBCS HAyKOBHH penakTop — KoHdineHmiiino.

CratTi HaJCMIIAIOTECS YKPaiHCHKOI0/POCIHCHKOI0 MOBOIO, EPEKIIAAIOTHECS B peaKilii OS3KOIITOBHO 1 MyONiKYIOThCS JIMIIE aHITIHCHKOI0
MOBOIO; pe3foMe — YKpaiHChKOIO MOBOK. B enexrponHiii Bepcii xyprany (http:/www.agrisp.com) 3 2014 p. po3MimIyloTbcs pe3tome,
CIIHCOK JIITepaTypH 1 MOBHUHN TEKCT CTAaTel aHITIHCHKOI0 MOBOIO (OKPIM IIOTOYHOTO POKY).

Kouxniii crarti npucBoroerbest mudposmii inentudikarop (DOI), mo crpusie KOPEeKTHOMY PO3MOBCIO/KEHHIO MaTepialy CTarTi B
Mepexi [HrepHeT.

KommuieKkT 10KyMeHTiB, He0OXiZHUX /ISl peecTpauii cTaTTi.

Enexmponnoio noutmoio HadCunawmyca:

* JINCT — HampapJeHHs Bix opranizamii (pdf);

* IOTOBIp MpO Tepeaavy aBTopchkux mnpas (pdf), opopmireHHid Ta MiAMTHUCAHUI OKPEMO KOKHHUM 13 CIIIBaBTOPiB, HAPHUKIAI, 4 aBTOPH —
4 noroBopH (3pa3oK JOTOBOPY Ha CalTi XKypHaIy);

= 3BepTaeMo Bairy yBary Ha Te, 1110 IOTOBip Ipo Tepeady aBTOPCHKUX MpaB HaOyBae YHHHOCTI MiC/sl IPUHHATTS CTaTTi
1o my6mikarii. Y pasi BigxuiaeHHs Bamiol crarTi pekoseriero yKypHaily I0roBip aBTOMaTH4HO BTpadae cuity. [lianmucanss 1orosopy
aBTOPOM (AaBTOpaMH) O3Hada€, 10 BiH (BOHM) O3HAMOMIICHHIT Ta 3TOJHUI 3 YMOBAMH JOTOBODY;

= pykonuc nonaetses doc, docx; inmocTpartii; Tabmui.

CrarTi 000B’3KOBO CYNPOBOIKYIOTHCS YKPaiHCHKO-aHIIIICHKUM CJIOBHHKOM CHeIU(iuHIX TepMiHiB (He MeHIIe 30), BUKOPHCTaHUX Y
CTaTTI.

Pykonuc mae micruru:

= ingexc YIK;

* Ha3BY CTaTTi aHITIHCHKOIO i YKPATHCHKOIO MOBAMU;

* Ipi3BHIIIA Ta IHII[iaJIM BCIX aBTOPiB IBOMa MOBAMH;

* Ha3By i MOLITOBY aapecy(u) 3 iHIeKcaMH YCTaHOB(BH), e panioe(10Th) aBTop(1), ABOMA MOBAaMH;

* GIICKTPOHHY IIOIITY BCIiX aBTOPIB, aBTOpA AJISI INCTYBAHHS [TO3HAYNUTH 3iPOYKOIO.

CTpyKTypoBaHi pe3loMe aHIIICPKOIO Ta YKPalHCHKOIO MOBaMH MOBHMHHI MaTH i€HTUYHHH 3MmicT (koxkHe He meHmie 1500 3HakiB 3

npobinamu). Crpykrypa pestome: Mera. Meronu. PesynabraTtn. BucnoBku. Kirrouosi ciioBa.

He mooicna 6 pesrome Konitosamu peuenHs 3 po3oinie cmammi — nepeghpasyiime ix. Pestome — ye ocHoeHi nonoscenuss Bawoi nayrkogoi
pobomu. Lle Bawa pexnama, ii npouumaioms mucsaui HaQyKoeyig y piznux 6azax 0anux — momy 60Hd nogunHa 6ymu 3p0o3yminoio, 8UiepnHoio,
ocobnueo nynkm "memoou”.
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