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Background. Fullerenes, one of the allotropic forms of carbon, are the focus of intensive research in nano-
biotechnology. Due to their unique physicochemical properties, there is growing interest in using them to
enhance plant productivity and provide protection against various stresses. However, data on the effects of
fullerenes on different plants are often contradictory.

Objective. To investigate the effect of colloidal water-soluble fullerene Cy, on various stages of tomato deve-
lopment.

Methods. The study examined the influence of fullerene C,, (0—50 pg/ml) on the seed germination of the
Money Maker cv. and the growth and development of seedlings and adult plants. For this purpose, morpho-
physiological parameters such as shoot and root length, number of lateral and adventitious roots, fresh
weight, accumulation of photosynthetic pigments, and nitric oxide (II) were assessed.

Results. Both positive and some phytotoxic effects of fullerene Cy, on tomatoes were observed. Specifically,
inhibition of seedling growth and a decrease in chlorophyll 4 and carotenoid content in adult plants were
noted. Positive effects included an increased seed germination rate, higher fresh weight, greater length and
number of adventitious roots in tomatoes grown in the presence of fullerene Cg,, and a higher nitric oxide
(IT) content in adult plants, which may contribute to enhanced stress resistance.

Conclusions. Fullerene C, at a concentration of 25 ug/ml has a predominantly positive effect on tomato de-

velopment and may be considered a promising nanomaterial for plant biotechnology.
Keywords: fullerene Cg; seed germination; tomato development; plant biotechnology.

Introduction

Global climate changes are creating new chal-
lenges for farmers, such as reducing arable land
and the increased negative impact of stress factors
on crops [1, 2]. The need to overcome the nega-
tive consequences of climate change and ensure
sustainable agricultural production creates an ur-
gent demand for the development of new environ-
mentally friendly fertilizers and plant protection
agents. Uncontrolled use of inorganic fertilizers or
pesticides in the long term leads to negative envi-
ronmental consequences, such as disruption of the
soil microbiome, water pollution, and changes in
the mineral composition of the soil [3]. An alterna-
tive environmentally friendly approach to plant
protection and increasing their productivity is using
new achievements in nanobiotechnology, particu-
larly nanoparticles of various natures that can po-
sitively influence plant growth and increase their
resistance to different stresses. It has been shown
that nanoparticles based on metals, metal oxides
(Au, Ag, Ag,0, TiO,, ZnO, CuO, Fe;0,, ctc.), as
well as carbon nanomaterials (single- and multi-
walled nanotubes, graphene, carbon quantum dots,
fullerenes, etc.) have low phytotoxicity, improve

seed germination, root and shoot growth, increase
photosynthesis intensity, productivity of various
plant species, and their resistance to biotic and
abiotic stresses [3—8]. Furthermore, due to favor-
able physical and chemical characteristics such as
thermal stability, surface functionalization capabili-
ty, hydrophobicity, antioxidant properties, and high
biological compatibility, carbon nanomaterials are
widely used in various fields from mechanics, op-
tics, nanoelectronics to pharmaceutics and me-
dicine [9].

One of the most well-studied types of carbon
nanomaterials is carbon nanotubes — cylindrical
nanostructures with a diameter of 1—40 nm and a
length of up to 10 micrometers, consisting of one
or several layers of graphene (single-walled or mul-
ti-walled carbon nanotubes). There are many pub-
lications [3, 4, 6—9] describing the effects and
mode of their action on various biological ob-
jects, from plant, animal, and bacterial cell cul-
tures to plant or animal organisms, as well as their
potential applications as carriers for drugs, genetic
material, pesticides, or phytohormones, etc.

Another type of carbon nanomaterials are ful-
lerenes — carbon nanoellipses and nanospheres
composed of C, (n > 20) carbon atoms connected
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in penta- and hexagonal clusters forming a spheri-
cal surface. Among fullerenes, the most studied is
fullerene Cq,. The unique physicochemical proper-
ties of fullerene Cg, such as hydrophobicity, anti-
oxidant activity, quantum size determine its nu-
merous biological activities, namely, the ability to
penetrate cell membranes, neutralize reactive oxy-
gen species, inhibit tumor development in animals,
as well as to enhance the expression of genes re-
sponsible for synthesis of phytohormone and pro-
tection from abiotic stresses in plants, activate
growth and development processes, increase the
yield, photosynthesis efficiency, sugar content, and
improve plant resistance to water deficit, salt stress,
etc. [3—5, 8—12].

However, there is evidence of some negative
effects of fullerenes on plant growth and develop-
ment, as well as certain level of phytotoxicity [3—S5,
71, which can be associated with the disruption of
the cell walls, blockage of plant vessels by fullerene
clusters [13], disarrangement of spindle microtubules
and a decrease in ROS content in mitochondria,
for example, after treatment with fullerene C,, [14].
Considering the prospects for using fullerenes in agri-
culture to increase crop yields and minimize the ne-
gative impact of agrochemicals on plants [15, 16],
in-depth studies of the characteristics of their ef-
fects on various plant species are urgently needed.

Tomatoes are one of the most important fruit
crops worldwide, including in Ukraine. As fulle-
renes were shown to penetrate plant cells of roots,
leaves, stems, petioles and fruits [4], the penetration
and intracellular localization of fullerenes into the
plant depends on their physically and chemically
properties and especially on their size. Water-solu-
ble fullerene Cg, is a non-toxic or low-toxic nano-
particles, which the authors previously proved [17].
This indicates their safe effect on the human body,
so it is essential to study the effect of this type of
fullerenes (Cg,) on plants, in particular on tomatoes.

This paper presents for the first time the study
of the influence of water-soluble stable fullerene
Cq on seed germination and morpho-physiological
parameters of tomato plants with the possibility
of their further use in various biotechnological ap-
proaches in agriculture.

Materials and Methods

Water Solutions of Fullerene. The synthesis,
analysis of its structure and stability, and prepara-
tion of an aqueous colloidal solution of fullerene
C¢o was carried out in the chemical laboratory of
the Institute of Biotechnology at the Technical
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University of Ilmenau (Germany) by Prof. Uwe
Ritter [18]. The study used a stock solution of wa-
ter-soluble fullerene C, at a 150 pg/ml concentra-
tion. Although fullerenes are hydrophobic com-
pounds [19], in this study a novel pristine water-
soluble stable fullerene was used, which was shown
to increase the water conductivity of cellular mem-
branes via incorporation in lipid bilayer and forma-
tion of channels [18], which could facilitate the
water and nutrients uptake by plants.

Study of the Effects of Fullerene Cy, on Tomato.
Tomato (Solanum Ilycopersicum L.) seeds of the
Money Maker cultivar were sterilized with 70% etha-
nol for 2 min and 5% sodium hypochlorite (NaOCI)
for 15 min, rinsed three times with sterile distilled
water for 10 min and then germinated on MST
(Murashige and Skoog nutrient medium for Toma-
toes) medium [20]. The stock solution of fullerene
was applied to the surface of the solidified agar
medium in Petri dishes in the appropriate volumes
that corresponds with the final concentrations (25
and 50 pg/ml) of fullerene Cg, in the MST medium.
Afterward, the Petri dishes were dried under a la-
minar flow. Thus, the concentration of macro- and
microelements in the nutrient MST medium re-
mained the same in both the control and experi-
mental samples. Then, tomato seeds were sown on
the surface of the medium and subsequently exposed
to fullerene Cg, during cultivation and germination
at 24 °C under photoperiod (16 h light/8 h dark).
The frequency of tomato seed germination was
evaluated 7 days after sowing. Control samples
were grown under the same conditions but without
the presence of fullerene Cq. On the 11" day,
such morphometric indicators of seedlings were
studied as: shoot length, main root length, average
length and number of lateral and adventitious roots,
and fresh weight of seedlings.

After 14 days, tomato seedlings were transfer-
red to 15 cm long test tubes filled with vermiculite.
The tubes were filled with 8 ml of Hoagland's
medium [21] per tube supplemented with 25 or
50 pg/ml fullerene Cg,, or without fullerene C, in
the control samples. Every 2 days, 3—6 ml of
Hoagland's medium was added to the tubes. Toma-
to plants were grown for 3 months, after which the
effects of fullerene C¢, on plant growth and devel-
opment were assessed. Also, the effects of 25 and
50 pg/ml fullerene C¢, on the accumulation of
photosynthetic pigments in plant leaves and nitric
oxide (II) was measured.

Measurement of Photosynthetic Pigment Content.
After 3 months of plant cultivation in the presence
of 25 or 50 pg/ml of fullerene C,, the photosyn-
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thetic pigments content in tomato leaves was deter-
mined according to the method described in [22].
For this, 100 mg of leaves were homogenized, then
1 ml of 96% ethanol and 0.1 g CaCO; were added
to neutralize plant acids. The homogenate was
transferred to 1.5 ml microcentrifuge tubes and pre-
cipitated for 5 min at 10,000 rpm at +4 °C using an
Eppendorf 5417R centrifuge (Germany). The super-
natant was diluted in ethanol at a ratio of 1:10 and
analyzed using a Specord 200 spectrophotometer
(Analytic Jena, Germany) and WinAspect Plus 4.1
software. The absorption of chlorophylls was mea-
sured at 664.4 nm and 648.6 nm, and carotenoids
at 470 nm. The concentration of pigments was
determined by the formulas [23]:

Co = 13.36.A664.4 — 5.19-A648.6,
Cyyyp = 27.43-A648.6 — 8.12-A662.4,
C... = (1000-A470 — 2.13-Cyyy, — 97.64-Ciyy )/209,

where C,,, is concentration of chlorophyll a, C,,
is concentration of chlorophyll b, C,, is concen-
tration of carotenoids, A664.4 is absorption at
664.4 nm, A648.6 is absorption at 648.6 nm, A470
is absorption at 470 nm, and the final concentra-
tion was expressed as mg per 1 g of fresh weight.
Identification of Nitric Oxide (II) Content. Af-
ter 3 months of cultivation on hydroponics in the
presence of 25 and 50 pg/ml of fullerene Cy,, the
nitric oxide (II) content was measured in tomato
leaves using the method described in [24]. This
method is based on the colorimetric determina-
tion of nitrite anion (NO;), which forms when
endogenous NO in tissues contact with atmospheric
oxygen. For this, 100 mg of tomato leaves were ho-
mogenized in ceramic mortars, 1 ml of distilled wa-
ter was added, and the homogenate was transferred
to microcentrifuge tubes. The tubes were incubated
for 1 min at 98 °C and for 15 min on ice. The sam-
ples were centrifuged for 6 min at 10,000 rpm at
+4 °C using an Eppendorf 5417R centrifuge, and
10 mg of modified Griess reagent (Sigma Aldrich,
G4410) was added to each supernatant. The samples
were thoroughly resuspended and left for 15 min at
room temperature for complete reaction. The absor-
ption was measured at 540 nm using a Specord 200
spectrophotometer (Analytic Jena, Germany) and
WinAspect Plus 4.1 software. The molar concentra-
tion of nitrite anion (NO,) in the samples, which
corresponds to the molar concentration of NO in
plant tissues, was determined using a calibration
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curve previously built with standard NaNO, solu-
tions. The final NO concentration was expressed as
nmol per gram of fresh weight.

Statistical Analysis. All experiments were re-
peated three or more times. At least 50 seeds and
10 plants were used in each individual experiment.
The reliability of the results was confirmed with the
one-way analysis of variance (ANOVA) test. Sig-
nificant differences among means were considered
at P-value of <0.05 level. Statistical data processing
was performed with the use of Microsoft Office
Excel 2019 software.

Results

The Influence of Fullerene Cg, on the Morpho-
metric Parameters of Tomato Plants. Previously, when
studying various concentrations of water soluble ful-
lerene Cg, using the Alium-test [25], it was found by
us that the most effective were 25 and 50 pg/ml, so
they were chosen for further study of the influence
of fullerene C,, on tomato. First, the effect of this
nanomaterial on tomato seed germination was as-
sessed. It has been found that after 7 days, the seed
germination frequency was as follows: 49.2% in the
presence of 25 ug/ml and 42.2% in the presence of
50 pg/ml fullerene C,, while in control samples the
frequency of seed germination was 36.5% (Fig. 1a).
Thus, data indicate that the addition of fullerene
C¢o to the nutrient medium at concentrations of 25
or 50 ug/ml increased the germination rate of to-
mato seeds by 34.8% and 15.6%, respectively, com-
pared to the control.

It was also revealed that fullerene C,, affects
the growth and development of tomato seedlings.
In particular, in 11-day-old tomato seedlings grown
in the presence of it, the length of shoots and pri-
mary roots was slightly shorter than in the control.
The average shoot length of seedlings growing in
the presence of 25 and 50 pug/ml of fullerene was
30.36 and 28.2 mm, respectively, while in control it
was 30.52 mm. The primary root length of seedlings
growing at 25 pg/ml was 34.79 mm, 30.42 mm at
50 pg/ml fullerene Cg, and 38.33 mm in control
(Fig. 1b, Fig. 2). Thus, in the presence of fullerene
C¢o, the shoot length of the seedlings decreased by
an average of 0.53% at a concentration of 25 pg/ml
and by 7.61% at a concentration of 50 ug/ml. The
length of the primary root decreased by 9.24% at a
concentration of 25 pg/ml and by 20.63% at a con-
centration of 50 ug/ml compared to the control.



16

Innov Biosyst Bioeng, 2024, vol. 8, no. 4

% 70 : E
5 60 ;
0 <
> 50 I
[& 40
[£ 30
(]
[ 20
& 10
0

control

[§9]

S pg/ml 50 pg/ml

aQ

. e
*

* ok
2
1
0

control

number of roots, N
NN N

25 pg/ml 50 pg/ml

*

gth, mm

*
35 —jj * i—
30 il i
25 i
20
15 ‘ bl

10 E *
M4

len

il

0 i

5 Hl El
* | AR
25 pg/ml

control 50 pg/ml
@ shoot Eprimary root @adventitious roots O lateral roots

W adventitious roots, N O lateral roots, N

en 70 d
2 60 ;
o
5 50 [ * I
z I I
= 40 I
2
- 30

20

10

0

control 25 pg/ml 50 pg/ml

Figure 1: Seed germination frequency (a), the average length of shoots, primary, adventitious, and lateral roots (b), average number
of adventitious and lateral roots (c), and average fresh weight (d) of tomato seedlings grown with the presence of 25 and 50 pg/ml

fullerene Cg. * — p < 0,05 compared to control.

Figure 2: Morphology of tomato seedlings after 11 days of gro-
wing without (a) or in the presence of fullerene Cg, at concen-
trations of 25 (b) and 50 ug/ml (c). Scale bar: 1 cm

Additionally, we studied the effect of fullere-
ne Cg, on the length and number of lateral and ad-
ventitious roots in tomatoes. Although the adventi-
tious roots were found in all samples, both in control
and grown in the presence of 25 and 50 ug/ml ful-
lerene Cg,, the adventitious roots due to the action
of fullerene were longer than in the control. The
average length of adventitious roots of 11-day-old
seedlings grown at 25 ug/ml was 6.48 mm, and
6.2 mm at 50 ug/ml fullerene, whereas in the con-
trol it was approximately 6.15 mm (Fig. 1b). There-
fore, in the presence of fullerene Cg,, the adventi-
tious roots were 5.37% and 0.8% longer than in
control. In contrast, the average length of lateral
roots was greater in the control seedlings (4.78 mm),
while in the presence of 25 and 50 ug/ml of fulle-
rene, it was 3.21 mm and 4.71 mm (Fig. 1b). Thus,
the lateral roots were 32.84% and 1.46% shorter in
the presence of fullerene compared to the control.
The average number of adventitious and lateral roots
was also greater in control. The number of adventi-
tious roots was 2.6 in the control, 2.56 and 2.1 in
the presence of 25 and 50 pug/ml of fullerene Cg,
which is 1.53% and 19.23% less than in the con-
trol. The number of lateral roots was 4.63 in the
control, 4.2 — at 25 ug/ml, and 2.09 — at 50 ug/ml
fullerene Cq,, respectively, (Fig. 1c), which is 9.28%
and 54.86% less than in the control plants.
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In addition, the average fresh weight of Mo-
ney Maker tomato seedling was determined. The
weight of the control seedlings was 49.04 mg,
42.61 mg — grown in the presence of 25 ug/ml, and
53.89 mg — at 50 pg/ml fullerene Cq. The fresh
weight of seedlings grown in the presence of
25 ug/ml fullerene was 13.11% less than in control,
whereas at 50 ug/ml this parameter was 9.89%
greater than control one (see Fig. 1d).

In a month tomato plants grown on hydropo-
nics supplemented with fullerene C,, at both con-
centrations (25 and 50 pg/ml) had no significant
differences in shoot and leaf morphology compared
to the control (Fig.3). However, as noted above
the development of greater amounts of adventitious

roots was noted in tomato plants grown in the
presence of 25 and 50 pg/ml fullerene Cg, than in
the control plants (Fig. 4, the Table).

The influence of fullerene C,, on the photosyn-
thetic pigments content in tomato plants. It was
found that the chlorophyll a content was at a simi-
lar level (about 3 mg/g) in control plants and plants
grown in the presence of 25 and 50 pg/ml fullerene
Cq (Fig.5). At the same time, the chlorophyll b
content in the leaves of the control plants was
higher than that of the plants grown in the pres-
ence of fullerene. Its level was at 3.45 mg/g of fresh
weight in control plants, and in the leaves of the
plants grown in the presence of 25 and 50 ug/ml
fullerene, it was 1.45 and 1.5 mg/g, respectively,

Figure 4: Adventitious roots on the stems of tomato plants after 1 month of cultivation in the presence of fullerene Cg: (a) control
line, (b) line grown in the presence of 25 pg/ml of fullerene, (c) line grown in the presence of 50 ug/ml of fullerene. Scale bar: 1 cm

Table: Development of adventitious roots in tomato plants (experimental samples) grown in the presence of fullerene Cg,

Fullerene Cg, Sample
#1 #2 #3 #4 #5 #6 #7
0 pg/ml (Control) + + ++ + + + +
+ 1-2 adventitious roots,
25 pg/ml + ++ ++ ++ + 2—3t adventitious roots,

++ more than 3 adventitious roots
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Figure 5: Photosynthetic pigments content in tomato plants grown
hydroponically in the presence of fullerene Cq. * — p < 0,05
compared to control

which is 57.97% and 56.52% lower than in control.
The carotenoid content in the leaves of plants
grown in the presence of 25 ug/ml and 50 pg/ml of
fullerene was at 1.59 and 1.29 mg/g, and 1.47 mg/g
of fresh weight in the control, respectively. Thus,
in the presence of fullerene Cg,, the carotenoid
content in tomato leaves was 8.16% and 12.25%
lower than in the control.

The Impact of Fullerene on the FEndogenous
Nitric Oxide (II) Content in Tomato Plants. In this
study, it was found that the NO content in the
control plants, grown under hydroponic conditions
for 3 months, was at a level of 11.42 nmol/g of
fresh weight, while in the presence of 25 pg/ml ful-
lerene, the NO content reached 12.1 nmol/g, and
in the presence of 50 ug/ml fullerene — 11.77 nmol/g
(Fig. 6). Thus, the nitric oxide (II) content was
5.61% and 2.97% higher in the presence of 25 and
50 pg/ml fullerene, than in the control.

Discussion

First discovered and synthesized in the 1970s,
fullerenes are widely used in nanotechnology and
biomedicine nowadays. The biological effects of ful-
lerenes and their derivatives have been the subject
of intensive research over the past decade. Their
functional characteristics, such as antioxidant pro-
perties, antibacterial activity, and the ability to ad-
sorb organic pollutants and interact with a wide
range of organic molecules, require comprehensive
and systematic study involving various biological
objects, in particular, plants [9]. When studying the
effect of fullerenes on plants, it is important to
evaluate, first of all, their influence on the key
stages of their development, namely on seed ger-
mination, growth and development of both seed-
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Figure 6: Nitric oxide (II) content in the leaves of tomato plants
grown hydroponically in the presence of fullerene Cg, * — p<0,05
compared to control

lings and adult plants, which was undertaken in
our work to determine the peculiarities of the ac-
tion of water-soluble fullerene C¢, for tomatoes.
The results of our investigation show for the first
time the effects of this type of fullerene on tomato
plants using the Money Maker cultivar as a well-
known model plant for different physiological and
biotechnological studies. In the work, both the
generally used methods of analyzing the morpho-
logical parameters of tomato seedlings and plants
were used, and also advanced approaches were ap-
plied, in particular, the spectrophotometric method
of assessing the content of photosynthetic pigments,
and the accumulation of NO in plant tissues. Taking
into account that NO is an important signaling
molecule involved in increasing plant resistance to
various types of stress [26, 27], it was important to
evaluate how fullerene Cg, affects its endogenous
level in tomatoes.

It should be noted that the results of the pre-
vious studies on the impact of fullerenes and their
derivatives on plants are scarce and contradicto-
ry. Some studies report negative or neutral effects
of fullerene Cq, on the growth and development
of terrestrial and aquatic plants [3, 4, 9]. For exam-
ple, it was shown the inhibition of photosynthe-
sis and magnesium uptake by phytoplankton [28],
and inhibition of growth and accumulation of
chlorophyll in duckweed (Lemna gibba) [29] under
the influence of fullerenes. The other study [30]
showed that the treatment of wheat (Triticum aesti-
vum), rice (Oryza sativa), cucumber (Cucumis sati-
vus), and mung bean (Vigna radiata) seeds with
fullerene at concentrations of 10—500 mg/1, or wa-
tering of the soil with fullerene solution at a con-
centration of 1000 mg/kg did not affect the ger-
mination of these plants. In contrast, fullerenols,
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which are OH-functionalized fullerenes, often have
a positive effect on plant growth, such as stimula-
tion of cell division of green algae Pseudokirchne-
riella subcapitata and hypocotyl growth of Arabi-
dopsis thaliana in vitro [31]. Moreover, seed treat-
ment of bitter melon (Momordica charantia) with
fullerenol even resulted in increased fruit size and
yield by 128%, as well as increased content of bio-
logically active compounds in the fruits, such as
cucurbitacin-B, lycopene, charantin, and inulin [32].

In our study the positive effect of safe for
human water-soluble fullerene Cg4, on tomato seed
germination was found. The most effective concen-
tration was 25 pg/ml, as its application increased
the germination rate of seeds by 12.7% compared
to the control. In addition, this concentration sti-
mulated the formation of adventitious roots and
increased their length in tomato seedlings and
adults plants (see the Table, Fig. 1b, Fig. 4), which
is extremely important at all stages of tomato growth
and development, as well as for the absorption of
nutrients, water and further adaptation to stress
stimuli [33—36].

Despite this positive effect of fullerene Cq, it
was also revealed that seedlings growing in its pre-
sence were slightly retarded in growth and devel-
opment (see Figs. 1 and 2), although adult plants
subsequently grown in the presence of fullerene Cg,
did not differ morphologically from control plants.
Based on this, we can conclude that one of the
possible mechanisms stimulating tomato seed germi-
nation and the formation of adventitious roots is
mediated by fullerene [35, 36]. However, in a pre-
vious study [15] the application of fullerenes didn't
cause any effects on morphometric parameters of
tomato plants. This difference may be due to the
use of various types of fullerenes and different to-
mato varieties in the experiments: in our study it
was the Money Maker cv., and in [15] the Bran-
dywine cv. was used. It should be noted that in
studies [14, 30, 31], the effects of several fullerenes
on various plant species (such as rice and Arabi-
dopsis thaliana) were also evaluated by seed germi-
nation frequency, biomass, shoot and root lengths
of seedlings. Thus, the morphophysiological indica-
tors selected and assessed in our work are sufficient
to study the effect of water soluble fullerene Cg, on
tomatoes at the early stages of their development.

Considering that the effect of certain fulle-
renes on plants was studied [13, 19, 30] when they
were grown under hydroponic conditions, we con-
ducted the similar investigation with water so-
luble fullerene C¢, on tomatoes. Nowadays, hydro-
ponic cultivation of crops is quite widespread, so it
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is extremely relevant to improve the quality of
crops grown under hydroponic conditions. The hy-
droponics conditions indeed differ from those of
cultivation in open ground or greenhouse. The main
difference is that hydroponics allows careful con-
trol of different abiotic stresses that affect plants.
However, plants become more susceptible to phy-
topathogens that can form biofilms and negatively
affect the quantity and quality of the yield. During
the cultivation of tomato plants in hydroponics
supplemented with tested concentrations of fulle-
rene Cgy, no significant differences in the morpho-
logy of the aboveground organs between control
and experimental tomato plants were observed by
us (see Fig.4). Moreover, fullerene Cg, stimulated
the formation of adventitious roots, which is ex-
tremely important for the development of this plant
species. Thus, adding fullerene C, to a hydroponic
medium can be a promising approach to increase
their productivity.

Regarding biochemical stress markers — since
the effect of fullerenes on different plant species is
not well studied, it was unclear whether the impact
of fullerenes on tomato plant growth and deve-
lopment would be positive or negative. Base on
this, such physiological markers, as total chloro-
phyll content, which corresponds to photosynthesis
efficiency, and endogenous NO content, a mole-
cule that mediates many physiological processes in
plants, including seed germination, growth, root
development, and adaptation to abiotic stress, were
chosen for evaluation of the fullerene Cg, effect on
tomato plants [26, 27]. It was established that the
effect of fullerene Cg, leads to an increase in the
content of endogenous NO (Fig. 6) in the leaves.
Although the level of endogenous NO was slightly
higher (5.6% at 25 ug/ml and 2.9% at 50 pg/ml),
the increased NO content in tomato plants may
further enhance their resistance to various types of
stress, mediated by NO [37—39]. For instance, a
recent study [40] also demonstrated that fullerenol
increases drought tolerance in sugar beet (Beta vul-
garis) due to its ability to bind water molecules and
reduce oxidative stress caused by water deficiency.
Besides its direct antioxidant activity, NO can in-
duce stomatal closure, programmed cell death,
mediate hypersensitive response and system-acqui-
red resistance reactions during abiotic or biotic
stresses [37—39].

Considering the chemical properties of fulle-
renes it could be supposed that the effects of fulle-
renes on plants might be mediated by their anti-
oxidant properties and interaction with enzymes
involved in the biosynthesis of molecules playing
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an important role in the functioning of plants [7].
It is known that chlorophyll (chlorophyll ¢ and
chlorophyll b) and carotenoids play an essential
role in plant photosynthesis and stress response [23].
The evaluation of chlorophyll content can be used
to monitor the effects of various environmental fac-
tors, the quality of irrigation, light intensity, plant
health, productivity, and more [23]. Therefore, we
studied the influence of fullerene Cg, on the content
of photosynthetic pigments (chlorophyll a and b and
carotenoids) in the leaves of tomato plants. It was
found that in plants grown in the presence of fulle-
rene Cg, the content of chlorophyll » and caro-
tenoids was significantly reduced, but fullerene Cg,
did not affect chlorophyll a, its content was the
same as in the control. Since chlorophyll a is the
main pigment responsible for photosynthesis, it is
important that fullerene C,, did not disrupt its
content in tomato tissues.

Based on the obtained results, it can be stated
that, despite the insignificant negative effect on
tomato seedlings, the positive effect of the studied
water-soluble fullerene C,, at a concentration of
25 ug/ml on the growth and development of toma-
toes prevails over phytotoxicity, since it enhances
seed germination, the formation of adventitious
roots and the content of NO, which can be one of
the physiological strategies for plant adaptation to
various stresses. The use of nanobiotechnological
approaches to improve plant productivity and pro-
tection can become an alternative to such biotech-
nological methods as cell selection, genetic engi-
neering (including the use of relevant target genes
and/or safe selectable marker genes), genome edi-
ting techniques, etc. [20, 41, 42] in nearest future.

References

Conclusions

Summarizing the obtained data, it can be con-
cluded that the studied stable water-soluble fullere-
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'Y “IHcTUTYT XapUoBoi GioTexHonorii Ta reHoMmiku HaljioHanbHoi akagemii Hayk Ykpaitn®, Kuis, Ykpaina
’HaljioHanbHuit yHiBepcuTeT Biopecypcis | NPUPOAOKOPUCTYBaHHS Ykpaitu, Kuis, YkpaiHa

BMNNnUB ®YNEPEHY C¢ HA POCITUHU TOMATY

Mpo6nemartuka. PynepeHn, ogHa 3 anoTponHUX popM BYrNeLto, € NPeaMeTOM IHTEHCUMBHUX AOCHiAKeHb y HaHoGioTexHonorisx. 3aB-
OSKWN YHiKanbHUM Di3UKO-XiMiYHUM BNACTMBOCTSAM 3pOCTaE iHTepecC A0 iX BUKOPUCTaHHA ANS NiABULWEHHS NPOAYKTUBHOCTI POCNWH i 3a-
XMCTY Bif pi3HMX cTpeciB. OfHak AaHi Npo BNuB chynepeHiB Ha pi3Hi BUAW POCMWH € AELLO CYNepeYqriuBuMm.

MerTa. [locniguti BNmB KONoigHoOro BoAopo3vuHHoro dynepeHy Ceo Ha pi3Hi dha3v po3BUTKy TOMaTiB.

MeToauka peanisauii. Busuascs Bnnus dynepeHy Cgo (0—50 MKr/Mn) Ha cxoxicTb HaciHHA copTy MaHi Melikep, picT i po3BuToK
NPOPOCTKIB i 4OPOCMX POCHUH. NS LbOro ouiHBanu ixHi Mopdodi3ionoriyHi NoKasHUKN: AOBXMHY NaroHiB, KOPEHIB, KiNbKiCTb Bi4HUX,
nNpuaaTKOBUX KOPEHIB, CUPY Macy, HaKoMMYeHHst POTOCUHTETUYHUX NirMeHTiB Ta okcuay asoTy (II).

Pe3ynbTaTtn. BCTaHOBNEHO SIK MO3UTUBHY, TaK i NeBHY ITOTOKCUMYHY gito dynepeHy Cgo Ha TOMaTU. 3okpema, cnocTepirany NPUrHiYeHHs
POCTY MPOPOCTKIB, @ TakoX 3HWWKEHHS BMICTY xrnopodiny b Ta KapoTMHOIAIB Y 4OPOCAMX POCAMH. MO3NTUBHI edeKTn BKNoYanu iHayKLuito
NPOPOCTaHHSA HACiHHS, 36iNbLUEHHS CMPOI Macu, JOBXMHU Ta KifbKOCTi 404ATKOBUX KOPEHIB TOMaTIiB, BUPOLLEHMX 3a MOrO HasiBHOCTI, a
TakoX NigBuLeHnn BMICT okemay asoTy (I) y gopocnux pocnuHax, Lo, MOXIUBO, CNPUATAME NiABULLEHHIO CTINKOCTI POCAUH A0 Pi3HMX
BUAIB CTPECIB Y pasi IX BUHUKHEHHS.

BucHoBku. [JocnigxyBanuii dpynepeH Cgo y KOHLEHTPALIi 25 MKr/MN Mae nepeBaXkHO MO3WTUBHUIA BNIMB Ha PO3BUTOK TOMATIB i MOXe
posrnagaTncs sik NepcnekTUBHUA HaHoMaTepian Anst 6ioTexHonorii pocnuH.

KntouoBi cnoBa: pynepeH Cego; NPOPOCTaHHS HACiHHSA; PO3BUTOK TOMATiB; B6i0TEXHOMOrIA POCINH.



