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Labile organic matter and fertility of chernozems

Abstract. Soil organic matter can be divided into stable and labile, with the latter directly supporting
plant growth and development during the growing season. To restore soil fertility and ensure high
productivity of agrocenoses, a certain ratio between the labile and stable parts of humus must be
maintained. The purpose of this study was to determine the content of labile organic matter under
different tillage and fertilisation options and to establish the optimal ratio between their content
and the content of total carbon, based on which to develop measures to restore and improve the
fertility of chernozem soils. In stationary experiments, the study investigated the impact of the
intensity of chernozem use, its cultivation and fertilisation systems on the humus state of the
amount of labile organic matter and its ratio to humus carbon. Field research, laboratory method of
soil sample analysis, systematisation, analysis, and generalisation were used in the study. The soil
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Labile organic matter and fertility of chernozems

samples were analysed for humus content according to DSTU 4289:2004 and labile organic matter
content according to DSTU 4732:2007. When chernozems are ploughed up, labile organic matter is
mineralised the most and their share in humus decreases, while when arable land is converted to
fallow land, it is restored the fastest. Minimising tillage systems and applying organic and mineral
fertilisers increases the amount of labile organic matter in the humus of chernozems. The use of no-
till for sixteen years resulted in a 0.13% increase in humus content, and a 0.53% increase over forty-
two years compared to ploughing. The application of organo-mineral fertiliser increased the ratio of
labile organic matter carbon content to total carbon content compared to the unfertilised variants.
A strong correlation was found between the content of labile organic matter in chernozems and the
yield of winter wheat and maize. The practical significance of the research results is to minimise the

fertiliser rate and the C:N ratio to ensure gross crop yields and restore soil fertility

Keywords: humus; mineralisation; humification; winter wheat; maize

INTRODUCTION

Understanding the essence of fertility and the
factors that have the greatest impact on crop
yields and cenosis productivity will help deter-
mine land quality more accurately and allow de-
veloping measures to restore and improve fer-
tility. One of these factors will be the content and
reserves of humusin the root or half-metre layer
of soil, which provides 80-85% of crop yields
(zabaluev et al., 2020). Humus is called an inte-
gral indicator of fertility because it affects most
soil properties, especially chernozems, regu-
lates and coordinates the processes on which
their fertility depends, and determines the level
of crop productivity for a long period (Volkogon
etal., 2019; Oldfield et al., 2019; Rattan, 2020).

Many authors note the ongoing dehumifi-
cation of agricultural land and provide evidence
of a decline in the humus content of Ukrainian
soils, especially chernozem (Litvinova et al., 2019;
Balyuk et al., 2023). According to S. Balyuk et al.
(2023), humus losses are observed on 43% of ar-
ableland at an average rate of 620 kg/ha, and this
process has been ongoing for decades. M. Mayer
et al. (2022) indicate that agricultural use has led
to substantial losses of soil organic matter, ac-
companied by increased CO, emissions and re-
duced soil fertility. That is why, in view of global
warming, it is necessary to ensure the sustaina-
ble development of agroecosystems.

Humus is a multicomponent organic sub-
stance that includes dozens of soil-specific and
non-specific compounds that have different
transformation capacities during the growing
season, including resistance to mineralisation.
Humus substances are divided into stable and

D

labile on this basis. Some authors (Volkogon
et al., 2018) believe that labile organic matter is
associated with the microbiological regime of
the soil and due to their mineralisation, plants
can consume macro- and microelements re-
leased from them. Furthermore, they contain
enzymes and plant growth stimulants, which
also contribute to crop productivity.

Labile organic matter acts as the closest
reserve of micronutrient nutrition, determin-
ing the content and dynamics of mobile forms
of trace elements. Co, Cu, Fe can be actively re-
leased from them and transferred to the soil
solution, while Mn and Zn are subject to fixation.
The positive effect of fertilisation on the humus
state of organic systems is reported in M. Chen
et al. (2022). The issues of regulating the content
of labile organic matter and humus have been
investigated and discussed in scientific sources
by Ukrainian and foreign researchers (Volkogon
etal., 2019; Yang et al., 2019).

Stable organic matter provides soils with
such characteristics as structural and wa-
ter-physical properties, indicators of the
soil-absorbing complex, buffering capacity,
humus group composition, carbon, nitrogen,
phosphorus, and sulphur reserves (Demydenko,
2019; Rattan, 2020). Therewith, J. Zhou et al.
(2021) point out that the supply of labile carbon
to the soil can accelerate the decomposition of
soil organic matter, as well as cause changes in
the dynamics of soil organic matter, changing
the direction and intensity of humus forma-
tion. Therefore, the carbon balance depends on
both the amount and frequency of labile carbon

Plant and Soil Science, (14) 2
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input. They conclude that the supply of labile or-
ganic matter in large quantities can lead to in-
tensive decomposition of soil organic matter.

Potentially mineralised C represented the
largest labile C pool, while microbial N biomass
was the largest labile N pool. As for the rate of
carbon and nitrogen mineralisation, they were
oppositely distributed over the seasons. The
authors also conclude that it is important to
achieve zero soil degradation based on a de-
tailed investigation of organic matter (Kokovi¢
etal.,2021)

The purpose of this study was to investigate
labile organic substances, establish their rela-
tionship and optimal correlation with total soil
carbon and crop productivity, and develop meth-
ods for regulating their amount in the soil to re-
store and improve the fertility of chernozemes.

MATERIALS AND METHODS

The studywas conducted inlong-termstationary
experiments in 2017-2022, which investigated
the impact of the intensity of use of chernozem
soils, different tillage systems and fertilisation
on the content of humus and labile organic
matter, their correlation and relationship with
crop productivity. The virgin chernozem of the
Mykhailivska Tsilyna Reserve was chosen as a
reference, where organic matter transformation
processes contribute to maintaining a high level
of soil humus with an optimal content of labile
organic matter. The amount of labile substances
and their share in chernozem humus were in-
vestigated on virgin plots and fallow land, which
served as models of natural self-regulation of
humus formation and humus accumulation.

In a stationary experiment at the Sepa-
rate Subdivision of the National University of
Life and Environmental Sciences of Ukraine
“0.V. Muzychenko Velykosnitynske Educational
and Research Farm” in Fastiv district, Kyiv re-
gion, the study investigated the impact of 16
years of use of different tillage and fertilisation
systems on the humus and labile organic matter
content, their correlation and relationship with
crop productivity at the Drabivske Experimen-
tal Field of the Cherkasy Experimental Station
of the Educational and Research Centre “Insti-
tute of Agriculture of the National Academy
of Agrarian Sciences” over 42 years of use of
different tillage and fertilisation systems. The

Plant and Soil Science, (14) 2

fallow land options were taken as natural mod-
els of organic matter transformation and resto-
ration of chernozem fertility. The experimental
variants were replicated three times and ran-
domised across replications. Short rotation crop
rotations were used in the experiments.

A 16-year experiment in the Kyiv region at
the Separate Subdivision of the National Uni-
versity of Life and Environmental Sciences of
Ukraine “0.V. Muzychenko Velykosnitynske Ed-
ucational and Research Farm” had the follow-
ing crop rotation: soybeans, winter wheat, grain
maize, barley, and at the Drabivske experimental
field of the Cherkasy Experimental Station of the
Educational and Research Centre “Institute of
Agriculture of the National Academy of Agrar-
ian Sciences” - perennial grasses, winter wheat,
sugar beet, grain maize, barley with grasses.

Soil of the stationary experiment at the SS
of the NULES of Ukraine “0.V. Muzychenko Ve-
lykosnitynske ERF” - a typical coarse-grained
and light-loamy in the forest — was character-
ised by the following indicators: soil sericulture
reaction was neutral, the amount of extracted
cations was 354 mg-eq/100 g of soil, and the de-
gree of saturation of cations was 93.4%.

In the multifactorial stationary experiment
of the Cherkasy State Research Station of the
ERC “Institute of Agriculture of NAAS” at the
Drabivske experimental field, the soil of the ex-
perimental plot was typical low-humus light
loamy chernozem.

Laboratory tests were carried out according
tostandardised methods. The humus contentwas
determined according to DSTU 4289:2004 “Soil
quality. Methods for determining organic matter”
(2005); the content of labile organic matter (LOM)
was determined according to DSTU 4732:2007
“Soil quality. Methods of determining available
(labile) organic matter” (2008). The study was
conducted per the requirements of the Interna-
tional Convention on Biological Diversity (1992).

RESULTS AND DISCUSSION

Soil functioning and fertility depend on envi-
ronmental conditions, soil use, and crop culti-
vation techniques. They determine the intensity
of soil formation processes, their focus on pre-
serving and restoring soil fertility or on increas-
ing degradation processes and loss of fertility.
These factors also affect the integral indicator of

@
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chernozem fertility — the humus content of its
upper layers. According to researchers (Dmytruk
§ Demid, 2019), it is the top 0-50 cm layer of soil
that is crucial for the productive function of
chernozems. This layer accounted for 80-85% of
crop yields in the author’s research. Bagherifam
et al. (2023) emphasise that soil organic matter

plays a key role in the environmental chemistry
of macro- and micronutrients.

Table 1 shows the results of a study of the
impact of different uses of typical chernozem in
the Mykhailivska Tsilyna Reserve on the indica-
tors of their humus state, namely the content of
humus and labile organic matter.

Table 1. Content of humus and labile organic matter in typical chernozem under different uses in
the Mykhailivska Tsilyna Reserve, %

Layers Organic substances
Land of soil, %, of absolute %, of absolute e
cm Humus G, . - C - .
umus virgin soil los virgin soil
Absolute 0-20 879 536 100 0.63 100 117
virgin soil 20-40 | 625 | 362 100 034 100 94
Mown virgin 0-20 779 4.51 841 0.51 810 113
soil 20-40 5.33 309 854 021 677 67
0-20 7.29 423 79.0 0.33 524 7.8
Fallow
20-40 579 3.36 92.8 0.20 64.5 59
0-20 5.62 3.25 60.6 015 175 46
Arable land
20-40 540 313 86.5 011 25.8 35
Note: C - carbon content of humus, %; C,__ - carbon content of labile organic matter

humus lom

Source: compiled by the authors of this study

The table shows that the more intensively
the soil is used, the more humus mineralisation
processes are manifested. Therewith, the com-
ponents of humus that are more easily accessi-
ble to microorganisms mineralise faster. Thus,
while the humus content of mown virgin soil,
fallow land, and arable land compared to abso-
lute virgin soil in the upper 0-20 cm soil layer
decreased by 15.9%, 21.0%, 39.4%, respectively,
the labile organic matter content decreased by
19.0%, 47.6%, and 82.5%, respectively. Given that
these compounds can be an affordable source
of macro- and microelements for plant growth
and development during the growing season,
the findings suggest a substantial decrease in
potential soil fertility and, consequently, crop
productivity. On all variants with natural veg-
etation, they are much more numerous in the
upper 0-20 cm layer, which is saturated with
plant roots and their secretions are part of la-
bile organic matter. Thus, while in the variant

of absolute virgin soil in the 0-40 cm layer their
share was on average 10.6, in mown virgin soil,
fallow land, and arable land, respectively, it was
8.5, 6.9, 41. On arable land their number in the
upper layer is 4.2 times less than in absolute
virgin soil. The high ratio (S__:C, )/100 against
the background of significant humus content of
the upper layers of virgin chernozem indicates
the stability of the humus state of this soil and
itslarge reserves of available macro- and micro-
elements for microorganisms and plants, and
thus high potential productivity. A decrease in
this ratio indicates a deterioration in the condi-
tions for humus formation and a possible deficit
in the balance of organic matter in the soiland a
decrease in its potential fertility.

The natural humus-accumulative process
takes place in chernozems under natural veg-
etation on fallow land, which helps restore the
content of humus and labile organic matter.
Therewith, comparing arable land and fallow

Plant and Soil Science, (14) 2
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land, the share of labile organic matter in hu-
mus increases faster on the latter. Thus, their
content on fallow land increased from 17.5% to
52.4%, i.e., by 34.9%, and humus by only 18.4%,
from 60.6% to 79.0%. Notably, both on virgin
soil and on fallow land, relative changes in the
amount of LOM are 2 times faster than humus.
In the modern period, there are three
primary areas of achieving a neutral level of
degradation while restoring the fertility of
chernozems, including minimising tillage,
biologising fertiliser systems, and ensuring a

deficit-free balance of basic nutrients in crop
rotation (Balyuk et al, 2023). These factors
were studied in a stationary experiment at the
SS of the NULES of Ukraine “0.V. Muzychenko
Velykosnitynske ERF”, which investigated the
effect of different tillage and fertilisation sys-
tems on the humus status of typical chernozem
(Table 2). The table data shows that minimising
tillage helped preserve the organic matter of
chernozems and, when organic and mineral
fertiliser was applied, increased the humus
content.

Table 2. Humus and labile organic matter content and their ratio for 16 years of using different
tillage and fertilisation systems in typical chernozem in the SS of the NULES of Ukraine
“0.V. Muzychenko Velykosnitynske ERF”, %

Fertilizer variants
Straw 1.2t/ha+
Soil ]5?};211? Control (no fertiliser) SI\tIraJrVI\Gl'%t/ 1;1(a+ green manure+
cultivation system om | 12 778" 687768 N, +N P K .
humus | bs | DUMUS | o bs | DUMUS |~ G2
Chumus fos hum Chumus los Chum Chumus fos Chum
020 |« 28 o009 48 | 338 loum | 67 | 22 o020 92
Different depth : : :
ploughing 3.05 348 3.69
20-40 177 011 6.2 202 0.16 79 214 0.23 107
3.26 364 3.85
Different depth 0-20 189 012 6.3 11 0.16 7.6 293 0.28 125
non-ploughing
tillage } 3.01 353 368
20-40 175 0.10 57 205 018 87 514 0.23 107
020 | 228 lom | s | 23 o | 7 32024 109
Mimimum non- ' ’ )
ploughing tillage 297 350 358
20-40 172 0.09 52 203 011 54 502 019 9.3
398
0-20 531 0.30 129
Fallow
392
20-40 297 0.24 10.5

Source: compiled by the authors of this study

Without fertilisation, there was a tendency
to increase the humus content only in the top
0-20 cm of the soil layer. The same pattern was
observed in the content of labile organic matter,
where in the non-ploughing variant their con-
tent was higher than in ploughing.
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Fertiliser application contributed to the
enhancement of the humus-accumulative
process, the accumulation of humus and la-
bile organic matter in both soil layers under
study. The growth in the upper layer of 0-20 cm
was 040-0.53% in the variants with straw and
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mineral fertilisers and increased to 0.54-0.59%
when green manure was also used. In the lower
layer of 20-40 cm, the growth from fertilisa-
tion and green manure use was significant and
amounted to 0.43-0.67%. The effect of fertilisers
on labile organic matter was even more signifi-
cant, with the content of LOM increasing by 1.5-
2.0 times or more compared to the unfertilised
variant. The best results, especially in the topsoil,
were observed in the variants with non-plough-
ing and amounted to 0.24-0.28%. The best indi-
cators of the humus state of typical chernozem
were observed on the fallow land variant, which

served as a benchmark for comparing the effec-
tiveness of soil fertility restoration measures,
and where the humus content was 3.98% and
labile organic matter was 0.30%.

Comparable patterns were observed in the
typical chernozem of the Drabivske experimen-
tal field, where the content of humus and labile
organic matter in the soil decreased without fer-
tilisation (Table 3). Minimal tillage, even without
fertilisers, substantially reduces humus min-
eralisation, as its content is much higher in the
variant of different depth non-ploughing tillage
than in different depth ploughing.

Table 3. Humus and labile organic matter content and their ratio under different tillage and
fertilisation systems in typical chernozem at the Drabivska Experimental Station,
%, average for 2017-2019

Fertilizer variants
Soil Layers = :
cultivation T, Control (no fertiliser) NP, K, ,/ha of crop rotation
system cm humus C . humus C G2
Chumus fos hum Chumus fos Chum
297 3.02
0-20 e 0.041 2.36 py— 0142 811
Different depth 173 175
ploughing 254 295
20-40 1a7 0.035 2.38 171 0.085 4.80
329 3.55
Different depth 0-20 190 0152 808 Soe 0211 103
non-ploughing 200 31
tillage _ 200 214
8 20-40 180 0.079 4.38 182 0.078 4.29
4.02
0-20 233 0113 4.85
Fallow 37
20-40 E 0.061 3.26

Source: compiled by the authors of this study

The content of labile organic matter varied
in proportion to the total humus. Notably, it was
high - 0.152% in the upper 0-20 cm layer in the
variant with different depths of non-plough-
ing tillage, which may be caused by more than
40 years of incorporating plant residues in
this layer. In addition, very low values of the
C,,iCpur Tatio (2.36-2.38) were observed in the
ploughed variant, indicating an unfavourable
humus regime, namely, increased mineralisa-
tion of organic matter caused by intensive till-
age and insignificant new formation of humus

D

substances due to the lack of fresh organic
matter. On the fallow land variant, the humus
content was the highest, and an increased
amount of labile organic matter was observed
in the upper 0-20 cm sod layer saturated with
plant roots. The absence of tillage and excessive
loosening contributes to the formation of more
formed and stable humus substances, which
increase humus accumulation.

Figure 1 shows the dependence of winter
wheat and grain maize yields on the content of
LOM in typical chernozem.
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Figure 1. Influence of LOM content on the yield of winter wheat and grain maize
(polynomial dependence)

Note: a — winter wheat, b - grain maize

The lowest yields of winter wheat and grain
maize are dependent on the content of LOM in
typical chernozem. The lowest crop yields and
LOM content were recorded without fertilisation
and amounted t02.78-3.08 t/haand 0.09-012% for
winter wheat, respectively, and 543-5.62 t/ha and
012-015% for grain maize. When organo-mineral
fertilisers were applied, the yields increased for
winter wheat by 510-5.44 t/ha and 0.14-018%, and
for grain maize by 6.85-7.82 t/ha and 0.16-0.19%.
When green manure was used in this fertilisa-
tion system, the content of LOM and the yield of
grain maize increased to 0.20-0.29% and 7.29-
8.20 t/ha and were the highest, while the produc-
tivity of winter wheat stayed at the same level

The intensification of mineralisation pro-
cesses in chernozems under agricultural use
reduces the proportion of labile organic matter
in the fractional composition of humus. The ap-
plication of fresh organic matter to the soil in
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combination with mineral fertilisers restores
soil humus content, increases the amount of la-
bile organic matter, and helps optimise the for-
mation of soil microorganisms, enhances bio-
logical processes in the soil, which has a positive
impact on potato yields. From an environmental
standpoint, it is undesirable to use mineral fer-
tilisers when there is a deficit of organic matter
in the soil, as this increases gaseous nitrogen
losses and intensifies mineralisation processes
(Volkogon et al., 2018). According to the authors
(Balyuketal,2016),a decrease in the humus con-
tent in the 0-20 cm layer of typical chernozem
from 4.70% in the virgin variant to 3.60-4.00%
under different fertilisation systems led to a sig-
nificant reduction in labile humus substances.
Therewith, in the organic-mineral fertilisation
system, they accounted for 0.38%, 0.22% - upon
mineral fertilisation, 0.15% — upon organic fer-
tilisation, and 0.14% - no fertilisation.
G
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It is safe to say that there is a connection be-
tween total soil carbon and labile organic matter,
and it is logical to assume a correlation between
them and plant productivity. This is noted in the
studies of several authors (Balaevetal,2019). Land
productivity is associated with labile organic mat-
ter as an easily accessible and balanced source
of macro- and microelements for agricultural
plants and microorganisms, which are released
during its mineralisation, and it also contributes
to the release of hard-to-reach compounds into
solution. The authors (Rattan, 2020) note a prom-
inent correlation between the content of LOM and
the yield, and a closer correlation between the
yield and the content of total carbon in the soil.

In modern conditions, it is necessary to
consider not only the crops grown and soil fer-
tility indicators, but climate aridisation. Stud-
ies by G. Wu et al. (2023) revealed the impact of
global warming on changes in soil organic mat-
ter. The multifunctionality of the soil, caused by
enzyme activity, was lower when warming due
to lower soil moisture, nutrient availability and
the supply of labile organic matter. The close
relationship between microbial diversity and
functional genes and soil multifunctionality has
highlighted the importance of soil biodiversity
in maintaining the functioning of agroecosys-
tems, which is linked to nutrient cycling. With
increasing soil and air temperatures, leaving the
straw on the field resulted in higher bacterial
diversity (by 3.6%) and the number of microbial
functional genes of the C, N, and P cycle com-
pared to removing the straw from the field. The
straw reduced the amplitude of soil temperature
fluctuations. Overall, the return of straw created
a favourable habitat for microorganisms and
thus mitigated the adverse effects of warming
on microbial communities and soil functional-
ity. Comparable results were obtained from the
study of the microbiological state of meadow
chernozem soil (Motruk et al., 2021)

In soils where the humus-accumulative
process is manifested and soil fertility is re-
stored, the proportion of labile organic mat-
ter in the humus composition increases. In the
experiment at the SS of the NULES of Ukraine
“O.V. Muzychenko Velykosnitynske ERF”, the
ratio of C__:.C, ~ was the lowest in the vari-
ants without fertilisation and increased with
the improvement of the humus state of the

chernozems, which is typical for the applica-
tion of different fertiliser rates or the use of
minimised tillage. The highest indicators were
observed in multi-depth no-till cultivation and
on fallow land, where they were 10.7-12.5 and
10.5-12.9, respectively. Studies by E. Litvinova
et al. (2019) found that the use of no-till variant
created conditions for increasing the content of
labile organic matter in the arable layer of typi-
cal chernozem by 4-7% compared to ploughing.

Notably, there is a direct correlation be-
tween stable and labile organic substances and
a certain ratio between them should be main-
tained for the soil to effectively perform its pro-
ductive function over a long period of time, as
well as its ecological function in the biosphere
(Lukas & Weil, 2012; Gamkalo & Bedernyk, 2014;
Balyuk et al., 2016).

Due to the high humus content, the C__.C,
ratioaveraged4.85-3.26,andwashighestinthetop
layer upon multi-depth no-till cultivation - 8.08.

Correlation analysis of the data for the
0-20 cm soil layer showed that soil organic matter
stock was positively related to labile compounds,
the proportion of large macroaggregates, and
negatively related to small macroaggregates, aro-
matic compounds, and the aromaticity index. The
accumulation of soil organic matter in the topsoil
under no-till was influenced by the accumulation
of labile organic compounds (Briedis et al., 2023).

ST. Lukas & RR. Weil (2012) found that the
content of labile organic matter is closely related
to total organic carbon in the soil (r=94). The re-
sults of the study show that labile organic mat-
ter can serve as a test in soils where agronomic
practices are used to increase their productivity.

When fertilising the Drabivske experimen-
tal field, an increase in the humus content of
the soil layers was observed under both tillage
systems. The highest results were observed in
the variant of different depth non-ploughing
tillage, where the humus content in the lay-
ers 0-20 and 20-40 cm was 3.55% and 3.14%,
which is 0.25% and 0.14% higher than upon
ploughing, respectively. The content of labile
organic matter was also better here, espe-
cially in the top 0-20 cm of soil. Fertiliser ap-
plication increased their share in the humus
composition, indicating favourable conditions
for the formation of humus substances, the
predominance of humification over humus
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mineralisation and the focus of soil processes
on restoring the fertility of typical chernozems.

In the studies of V.V. Volkogon et al. (2018),
the authors pointed out that it is not possible to
improve the microbiological and nutrient re-
gimes of the soil under the influence of LOM,
although there is little evidence of a direct link
between their content and crop yields. The paper
by T. Yang et al. (2019) notes that grain yields are
correlated with both LOM and soil organic mat-
ter content. The maximum yield was achieved
at an organic matter content of about 4.0% and
a high LOM value. J. Shen et al. (2023) found that
water-soluble organic matter stability is not an
intrinsic trait during initial pedogenesis: sta-
ble water-soluble organic matter compounds
stay after bacteria rapidly utilise its labile com-
pounds, while fungi slowly decompose the re-
maining pools.

The dependence of winter wheat and grain
maize yields on the content of LOM was strong,
with correlation coefficients of r=0.83 and r=0.85,
respectively. E. Oldfield et al. (2019), using data
from 240 experiments from 29 countries at the
global level, established a link between organic
carbon content from 0.1% to 2.0% and maize and
wheat yields. Thus, the yield of these crops was
1.2 times higher with an organic carbon content
of 1.0% compared to 0.5%. The yield increase
stabilises at a concentration of about 2.0%, and
this value is proposed as a critical limit for tem-
perate soils. An analogous opinion is shared by
L. Rattan (2020), who suggests that the critical
threshold for reducing the organic carbon con-
tent in temperate soils is 2.0%, and for tropical
soils 1.1%. The author notes the relationship be-
tween the content of organic carbon in the soil
and crop yields due to its ability to improve the
water regime of the soil, especially in arid condi-
tions, and provide plants with nutrients, primar-
ily nitrogen, phosphorus, and sulphur.

Thus, the content of LOM can be considered
notonly as an indicator of the humus state of the
soil and a favourable regime of humus forma-
tionin chernozems, but as an indicator of poten-
tial soil fertility and crop productivity.

CONCLUSIONS

The intensity of mineralisation of the organic
matter of chernozems depends on the methods
and period of their agricultural use. Increased
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anthropogenic pressure, intensification of soil
cultivation, and a decrease in the supply of fresh
organic matter to the soil under arable conditions
lead to losses in the content of humus reserves.
When virgin chernozems are ploughed up, labile
organic matter in the humus is mineralised more
rapidly, and when arable land is converted to fal-
low, it is restored more quickly. Relative changes
in the amount of labile organic matter under the
influence of agricultural practices are twice as
fast as humus. Thus, labile organic matter can
be an indicator of changes in the humus state of
chernozems under the influence of agricultural
practices and crop cultivation technologies.

Minimising soil tillage and applying or-
ganic and mineral fertilisers enhances the
humus-accumulative process, increases the
amount of humus and LOM, and increases their
ratio in typical chernozem. The long-term use of
non-ploughing tillage and fertilisation signifi-
cantly increases the humus content, especially
in the top layer, compared to ploughing. During
the 16-year period of their use, the increase in
humus was 0.13%, and during the 42-year pe-
riod - 0.53%. Without fertilisation, the ratio of
labile organic matter carbon to humus carbon
was 2.36-6.3, with fertilisation it was 4.8-12.5.
The highest ratiowasin the case of non-plough-
ing tillage and fertilisation and was 10.9-12.5.

The content of labile organic matter and the
ratio of labile organic matter carbon to humus
carbon in chernozems can indicate potential
soil fertility and favourable conditions for the
growth and development of crops during the
growing season. The prominent ratio of LOM to
humus carbon indicates a favourable humus
condition and the predominance of humification
processes over the mineralisation of organic
matter. A strong correlation was found between
the content of LOM in typical chernozems and
the yield of winter wheat and grain maize with
correlation coefficients of 0.83 and 0.85, respec-
tively. Studies on changes in the content of LOM
in other soil types are considered promising.
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J1a6inbHi opraHi4yHi pe4oBUHMU i POAIOYICTb YHOPHO3€EMIB

AHoTauia. OpraHiyHi peyoBUHHU I'PYHTY YMOBHO MOKHA PO3IUIUTH Ha CTab1IbHi i TabibHi, mpraoMy
ocTaHHi 6e3rmocepeHbo 3a6e3MeUyIOTh PiCT i PO3BUTOK POC/IVH BIIPOJOBIK BETETALIMHOTO ITepiony.
Il BiIHOBJIEHHS POXIOYOCTI I'PYHTIB i BHCOKOI IIPOAYKTHMBHOCTI arpolieHO3iB y HUX IIOBHHHO
BUTPUMYBATHUCh II€BHE CIIiBBiJHOIIEHHS MDK JIabiIBHOIO i CTAbIIBHOI YaCTHHOI TyMycy. MeTa
IOCTiI>ReHHS — BUSHAYWTY BMICT JIab6iTbHUX OPTaHIYHUX PEYOBUH 3a Pi3HUX BapiaHTIB 06po6iTKy
TPYHTY Ta yI0OPEHHS, 8 TAKO)K BCTAHOBUTH OIITUMAJIbHE CITiBBiIHOIIIEHHS MK IX BMiCTOM Ta BMiCTOM
3araJIbHOIO BYIJIEITI0, Ha OCHOBI IKOTO pO3pO6UTHU 3aX0/IH 3 BiTHOBJIEHHS Ta MiABUIIEHHS POIIOYOCTi
YOPHO3eMHUX I'PYHTIB. Y CTallioHApHUX AOCIiaxX BUBYABCA BIIJIUB IHTEHCMBHOCTI BUKOPHCTaHHSA
YOPHO3EeMiB, ix ccTeM 06pobiTKY i ymobpeHHs Ha I'yMyCHUM CTaH KiTBKOCTI JTa6iTbHUX OpraHiuHux
PEYOBUH i iX CIIBBIIHOIIIEHHS 3 ByITIelleM IyMycy. Y po60Ti BUKOPUCTOBYBAJIU II0JIBOBI OCITIIKEHH,
nabopaTopHUM MEeTOJl aHaji3y 3pasKiB IPYHTY, CMCTeMaTH3allifo, aHasi3 Ta y3araJbHEHHS. Y
3pa3Kax [PYHTY BU3Ha4Ya M BMICT TyMycy 3rizHo ACTY 4289:2004 i BMicT 1abibHUX OpraHiyHUX
pedoBuH 3a JICTY 4732:2007. 3a po30pioBaHHS YOPHO3EMIB Halbibille MiHEPaTi3yIOThCS Ta6iTbHI
OpraHiuHi pe4OBUHU i IX YaCTKa B CKJIaZi TYMYCY 3MEHIIYEThCS, a 3a [lepeBeZleHH P B [IepeioTu
BOHU BiJIHOBJIIOIOTBCSA HaMWIIBHAIIe. MiHiMizallia crucreM 06pO6ITKY IPYHTY i BHECEHHS OpPraHo-
MiHepaJIbHOTO yA06peHHs 36iNbIye KiMbKICTh JabiTbHUX OpraHiYHUX PEYOBUH B CKIIAJI TyMyCy
YOpHO3eMiB. 3aCTOCYBaHHA 6Ge3MONNILIEBOTO O6pPOGITKY IPYHTY MPOTATOM LIICTHAALATH DPOKIB
3yMOBWJIA MTiZIBUILIEHHA BMICTY ryMycy Ha 0,13 %, IpOTAroM COpPOKa IBOX POKIB — Ha 0,53 % BIAHOCHO
OpaHKU. BHECEeHHs OpraHo-MiHepaJbHOTO YAO6PEeHHS MMiIBUILYBAJIO CIIiBBIJHOIIEHHS BMICTy
BYIVIEL[IO JIA61TbHUX OpraHiYHUX PEYOBUH JI0 BMiCTY 3araJIbHOTO BYTJIELIIO IIOPiBHAHO 3 BapiaHTaMuU
6e3ymobpeHHs. BCTaHOBJIEHA CUITbHA KOPEJISLIiFHA 3aJIE3KHICTh Mi’K BMiCTOM JTa6i/TbBHUX OpraHigyHMX
pPEYOBUH B YOpHO3eMaxX i BPOKAWHICTIO 03MMOI MIIeHUIN i KyKypyZ3u Ha 3epHo. [IpakTHyHe
3HaYeHHS Pe3yJIbTaTiB JOCITiIKeHb MTOJIATae B MiHiMisallil HopMu yo06peHHS Ta CITiBBiAHONUIEHHS B
HiY C:N z7151 3a6e31e4eHHS BaJIOBOI BPOJKAMHOCTI KY/IBTYP i BiZHOBIEHHS POIIOYOCTi IPYHTIB
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Abstract. Assessment of commercial properties of sweet cherry fruit determines the
competitiveness of fresh fruit in the modern market. The selection of cultivars with the highest
number of high-quality fruits to meet the preferences of all stakeholders is relevant. The purpose
of this study was to substantiate the commercial indicators for assessing the quality of sweet
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Assessment of sweet cherry fruit quality according to the requirements of the modern market

cherry fruit of three ripening periods and to select the most competitive cultivars for sustainable
supply of fresh fruit to the modern market. The methods used in the study were field, laboratory,
and comparative. The commercial properties of 33 sweet cherry cultivars of early, middle, and
late ripening were determined. The sweet cherry fruits of the cultivars under study were divided
into two commercial classes according to fruit size and defects. The fruits were analysed for the
following defects: cracked, scarred, and browned skin. The amount of non-standard sweet cherry
fruit production for each cultivar was determined. For each ripening period of sweet cherry varieties,
the average value of the volume of fruits of classes I-II and non-standard products was established.
A general trend towards an increase in the amount of high-quality fruit raw materials for late-
ripening cultivars was identified. The most valuable cultivars of early (Skazka and Zabuta), medium
(Uliublenytsia Turovtseva and Temp) and late (Anons) ripening were identified, which provided the
maximum number of class I fruits. The maximum production was determined in the Merchant (early
ripening), Cordia (medium ripening) and Karina (late ripening) cultivars. The lowest volume of non-
standard products was found in cultivars of different ripening periods - Skazka, Prostir, and Anons.
The fruit classification into commercial classes can be used to evaluate the fruit of sweet cherry
cultivars and determine the possibility of using them fresh, for long-term chilled storage and for
various further processing methods

Keywords: Prunus avium L.; cracking; fruit diameter; cultivars; commercial classes; fruit browning;

non-standard products

INTRODUCTION

The sustainable development of horticulture is
essential for ensuring food security in Ukraine,
as fruit is an indispensable component of a
healthy diet (Dogbe & Revoredo-Giha, 2021;
Janda et al., 2022). Growing sweet cherries helps
diversify the diet and extend the period of fresh
fruit consumption due to the early ripening of
the fruit. Sweet cherries are characterised by a
pleasant taste, juicy pulp, and a dark red colour.
The study of fruit quality is becoming increas-
ingly important due to the value of sweet cherry
fruit as a food product and as a raw material for
the processing industry.

Sweet cherry (Prunus aviumL.)istheleaderin
the cultivation of fruit plantations, which is a pri-
ority in many countries (Ivanova et al., 2023). This
culture is of tourist importance for the regions
where it is recognised as a geographical brand
(Trusova et al., 2020). According to research by
scientists, sweet cherry fruits are rich in natural
antioxidants (vitamins and polyphenols), which
has a beneficial effect on human health, as they
neutralise harmful radicals and reduce the risk of
some diseases. The sweet cherry fruits are char-
acterised by the presence of an increased amount
of monosaccharides and have a low calorie con-
tent. The content of organic acids, vitamins,
minerals, and biologically active substances

enhances the nutritional, medicinal, and dietary
value of sweet cherries (Vignati et al., 2022).

The demand for sweet cherry consumption
leads to an increase in fruit production and the
study of commercial parameters of fruits of va-
rieties of different ripening periods. This stimu-
lates researchers to analyse fruit raw materials
on the world market to divide them into com-
mercial classes. The quality parameters of sweet
cherries are determined by the preferences of
consumers who are willing to pay high prices for
fruit with the desired characteristics. To meet
the needs of consumers, researchers have fo-
cused on identifying the most important fruit
quality parameters (Lopez et al., 2023).

Scientists in many countries have conducted
online surveys to identify the most attractive
external quality indicators for consumers. The
survey determined the respondents’ attitudes
towards the size and hardness of the fruit, and
the presence of a stalk, depending on their place
of residence. The following dominant charac-
teristics of sweet cherry fruit have been identi-
fied: fruit size and shape, fruit damage, and stalk
length (Paunovi¢ et al., 2022). Consumers prefer
sweet cherry fruit without external defects, not
damaged by pests and not affected by diseases
from pests and diseases.
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According to scientists, it has been found
that the weight of the fruit and its size, as well
as the degree of fruit cracking, depends on the
cultivar (Pereira et al, 2020). In sweet cherry
production, fruit cracking is one of the priority
issues, depending on the amount of precipita-
tion during the ripening period. The fruit crack-
ing defect causes high economic losses. There-
fore, such fruits were inspected depending on
the presence of cracks in the fruit. The emphasis
was on damage in the cheeks of the fruit (lateral
cracks), the lateral scar area or the stem cavity.
Cracking of juicy fruits such as sweet cherries
poses agenuineissuein production and isassoci-
ated with massive commercial losses worldwide.

A study of nine cultivars of sweet cherries
over four years of research revealed the depend-
ence of the type of cracks on the fruit on varietal
characteristics. The cause of deep cracks in the
fruit was determined. According to scientists,
the degree and type of fruit cracking depends
on the cultivar, season, and load on the fruit
tree. Diurnal rhythms and environmental condi-
tions play a role in the development of cracking
(Grimm et al., 2019).

The study of the degree of cherry fruit
cracking is important because it predicts the
depth of tissue destruction of fruit crops. Mi-
crocracks on cherry fruitslead to destruction at
the cuticle level. Macrocracks destroy the skin,
cuticle, and inner cell layers of the fruit (Knoche
§ Lang, 2017). Research has shown that an im-
portant cause of cracking is the rapid absorp-
tion of water by the fruit's skin or the plant’s
vascular system (Brinkmann et al., 2022). In ad-
dition to the elements of cultivation technology
(variety/rootstock combination, tree spacing, ir-
rigation and pruning), fruit characteristics such
as size, firmness, and maturity are also factors
that can increase fruit cracking. S. Correia et al.
(2018) found a low correlation between cracking
and fruit size, shape, and firmness.

The market season for fresh sweet cherries
is short. The fruit is perishable and has a short
shelf life (Wu et al., 2018). Therefore, the study of
sweet cherry fruits of different cultivars accord-
ing to their commercial properties will enable
the distribution of raw materials for fresh con-
sumption, selection of samples for long-term
storage and identify cultivars that are more suit-
able for different types of processing.
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The purpose of this study was to assess the
quality of fruits according to commercial param-
eters of early, medium, and late ripening sweet
cherry cultivars and to identify the most valuable
ones for sustainable supply of fresh fruit to the
modern market. The objectives of this study were
as follows: to describe in detail the methodology
used to assess commercial quality parameters of
sweet cherry fruit according to current market
requirements; to assess the feasibility of effec-
tively distinguishing sweet cherry fruit of differ-
ent ripening periods into commercial classes; to
identify the best sweet cherry cultivars in each
ripening group according to selected commercial
fruit quality parameters to meet the preferences
of all stakeholders and promote food security.

MATERIALS AND METHODS

The study was conducted in 2008-2019 in the
laboratories of the Research Institute of Agro-
technology and Ecology of the Dmytro Motornyi
Tavria State Agrotechnological University. Culti-
vars of three ripening periods were selected for
inspection of sweet cherry fruits and division
into classes I-1I and non-standard products ac-
cording to commercial indicators: 1%t (early) -
Svit Erliz, Merchant, Bigaro Burlat, Rubinova
early, Valerii Chkalov, Skazka, Zabuta; 2™ (me-
dium) - Cordia, Octavia, Vynka, Pervistok, Temp,
Uliublenytsia Turovtseva, Talisman, Dilemma,
Melitopolska black, Orion, Chervneva early,
Dachnytsia, Prostir; 3™ - late — Karina, Regina,
Mirage, Krupnoplidna, Udivitelna, Zodiac, Sur-
prise, Kolkhoznytsia, Kosmichna, Prazdnychna,
Anons, Temporion, Meotida.

For the study, fruits were selected from typ-
ical trees for each pomological cultivar of the
same age with an average fruiting intensity.
Commercial evaluation of sweet cherries was
performed during the period of consumer ripe-
ness. During this period, the fruit flesh was still
quite dense, with a taste and colour inherent in
the pomological cultivar under study. To deter-
mine the diameter of one sweet cherry fruit, a
sample of 100 fruits was taken from 3-5 typical
trees during the period of consumer ripeness.
The repetition of the experiment was threefold.
(Serdiuk et al., 2020). The fruit should be selected
in such a way that the sample is characteristic
of the quality of the harvest of the given season.
The fruits from the trees of the cultivars under
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study were removed completely. If the fruit rip-
ened unevenly, they were partially removed in
proportion to the location of the crop on the tree.

Fruit quality was assessed in the sorting
room. All selected fruits were calibrated by di-
ameter, and then the diameter of one fruit was
determined by dividing the total weight by their
number (100 pcs). Fruit samples were taken in
fourfold repetition. One pack unit was taken as
a repetition. To evaluate the quality of the fruit
according to the indicators of classes I and II,
an average sample of 5% of each package was

taken. The weight of the package was 12 kg. The
commercial properties of sweet cherry fruits
were determined per the current regulatory
and technical document DSTU 8153:2015 “Fresh
sweet cherry. Technical specifications” (2017).
Commercial characterisation and division of
fresh sweet cherry fruits into classes I and Il was
performed according to the following quality
indicators: fruit size, number of cracked fruits,
number of fruits with fresh and scarred me-
chanical damage, number of fruits with brown-
ing of the skin in the form of spots (Table 1).

Table 1. Commercial characteristics of fresh cherry fruit class and permissible deviations

of quality indicators
. Class characteristics
Indicator I i
Fruit size according to largest transverse diameter, mm not less than 20 17
Permissible quality deviations, % not more than
Cracked fruit 2 4
Fruits with mechanical damage:
- scarred 4 10
- fresh 2 4
Fruits with browned skin in the form of spots with an area of 0.2 cm? no more than 4 8

Source: compiled by the authors of this study

The distribution of the sample of fresh sweet
cherry fruit into classes was determined in per-
centage. Fruit diameter yield was determined as
a percentage of the total number of fruits.

RESULTS AND DISCUSSION

The competitiveness of fruit products in the
modern European market is determined ac-
cording to a number of important commercial
properties of fruit. Among the most important
parameters of cherry fruit quality are the size
of the fruit and its cracking. Fruit cracking leads
to a deterioration in the quality of sweet cherry

fruit and causes large economic losses for pro-
ducers (Santos et al., 2023). Cracking of sweet
cherry fruit depends on the cultivar, growing
conditions, rootstock, size, amount of free and
bound water in the cells, elasticity of the skin cu-
ticle and ripening stage (Pereira et al., 2020).
According to the size of the fruit, sweet cherry
varieties of three ripening periods were divided
into commercial classes I and IT and non-standard
products. The inspection of fruits for commercial
properties allowed to determine the percentage of
fresh sweet cherry fruits of I and II classes for the
early cultivars under study 92.8-94.8% (Table 2).

Table 2. Commercial characteristics of early ripening sweet cherry fruits of classes I and II,
non-standard products (2008-2019)

Fruit size by largest transverse diameter, mm not less than: X .
- Q
ClassI, % ClassII, % = | 8§
= = wn
=) . = ) g . =3 (5] 8 Sz
2] = S R = @ = S X = | B
wvar | S8 | B | 8 |88% | o |EE|E g s8% | L | F | &S
Cultvar |\ S8 | E&Q | S |ES2| ® BT |&x| 58| 22 | ¥ | § | EBF
> & oo | EY | heel F |eElue | E9 o g & = = | 8%
N — Q= =99 |23 | 8 Na| Q4| ©o 535 = 0 o0 °
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@ = [Sl=] = - =t = 28| Y = | = = A =
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Rubinova
early 835 0.8 10 0.8 861 | 39 | 24 11 04 78 | 939 6.1
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Table 2. Continued

Fruit size by largest transverse diameter, mm not less than: X .
Class1, % ClassII, % = E S
- 172]
g . =] o g R = o, S Qi
Ex £ o S8 % £ 2 ” o8 5% = gé
Cultivar Q9 2 X Eo. | £E00o| ® |=| B E o 270 o x g | O =
o X L=Na\ B X 2 op* [ R R =S =) R N < [SINa)
o © = Q & nel| 3 |QETY| ES == T — 8
Ng | 2o | B2 |EE2| 8 |8&|2|Fe| BEZ | B | 8|2,
ZR= g 5 e 22g| © |29 |© 9= B =g = @ o 8
g & e 5 s oK 55 E 5 S8 g | 23
E ° |8 57 E° |8 57 S |~
Valerii 86.5 05 04 02 |876| 24| 21| 20 00 65 | 941 | 59
Chkalov
SvitErliz | 829 05 03 02 |839| 24| 24| a1 00 89 |928| 72
Merchant | 825 07 04 03 [839|73| 20| 00 0.8 101 | 940| 60
Kazka 884 06 03 01 |894|33]| 20| 00 01 54 |948| 52
Bigaro 86.8 06 05 03 |882/ 00 40 | 00 11 51 | 933 | 67
Burlat
Zabuta 882 06 04 02 [894|29 ] 20| 00 00 49 |943]| 57
Average 855 06 05 03 |869|32| 24| 10 03 70 | 939 | 61
value

Source: compiled by the authors of this study

The largest number of fruits with a size of
more than 20 mm in transverse diameter was de-
termined in samples of early-ripening cultivars
Zabuta (88.2%) and Kazka (88.4%). The minimum
percentage of fruits with a size of more than
20 mm in transverse diameter was determined
in the sample of Merchant (82.5%) and Svit Erliz
(82.9%) cultivars. Variations in fruit size depend-
ing on varietal characteristics have been investi-
gated previously. Fruit size is a variety trait that
can vary depending on climatic conditions and
agricultural practices (Lanauskas et al, 2023).
Furthermore, the size of the fruit plays a vital
role in assessing the quality of the fruit and
influences consumer perception. According to
A. Wojdylo et al. (2014), most of the sweet cherry
cultivars studied in Poland formed fruits with a di-
ameter ranging from 13.71 (Fortuna) to 25.96 mm
(Stevensbaer). The average fruit diameter of the
33 cherry cultivars under study was 182 mm.
Among them, 8 cultivars had an average fruit di-
ameter of more than 20 mm - Lucyna (20.07 mm),
Morina (2198 mm), Nana (21.31 mm), Wilena
(21.33 mm), Wilga (20.37 mm), Wisok (20.69 mm),
Stevensbaer (25.96 mm), Wolyriska (20.88 mm).

It was found that the maximum amount of
class I products for early ripening cultivars was
produced by the fruits of the Kazka and Zabuta
sweet cherry cultivars — 89.4%. This indicator was
1.5% higher than the average value (86.9%) of the
number of fruits of the first class of early ripening
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cultivars. The lowest number of class I products
was found in the sample of Merchant and Svit
Erliz cultivars — 83.9%, which is 3% less than the
average value in the group of early ripening cul-
tivars. The largest amount of class II products
was found in the sample of sweet cherry fruit of
the Merchant cultivar (10.1%), which is 3.1% more
than the average value (7.0%). In the sample of
sweet cherries of the Zabuta cultivar, the low-
est number of class II fruits was found (4.9%),
which is 2.1% less than the average in the group
of early ripe cultivars. The yield of non-standard
products in terms of fruit size was highest in
the Svit Erliz cultivar (7.2%), which is 1.1% higher
than the average (6.1%). The lowest number of
non-standard products was observed in the Ka-
zKka variety (5.2%), which is 0.9% lower than the
average value of the early ripening group.

In the study, one of the parameters that
increases the yield of non-standard products
is fruit cracking. The publication by G. Fischer
et al. (2021) highlighted that fruit cracking is
caused by external (agronomic and environ-
mental) and internal factors. According to the
authors, the frequency of cracking varies sub-
stantially depending on climatic conditions
during fruit development, different types and
cultivars of fruit, place of cultivation and crop
care. This physiological defect is exacerbated
by an increase in the intensity of precipitation,
especially after the dry season or in regions
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with hot temperatures. The publication of
M. Corneanu et al. (2020) presents the results
of the evaluation of sweet cherry cultivars ac-
cording to resistance to cracking. Eight varie-
ties with low values of fruit cracking (1.3-9.3%)
were identified. A high resistance to crack-
ing was observed in the fruits of the cultivars
“lagirom” (1.3%) and “Paulicd” (3.3%) compared
to the cultivars “Van”’ (46.8%) and “Stella” (74%).

The presence of physiological disorders,
especially fruit cracking, severely limits fruit
production and quality (Ramteke et al., 2017).
This defect affects the appearance of the fruit,
reduces shelf life, and limits uses, causing con-
siderable commercial losses for producers
(Ginzberg & Stern, 2016; Yu et al, 2020). The
cracking resistance of the fruit peel, transporta-
tion, storage, and quality of fruit products dur-
ing storage play a crucial role (Wang et al., 2021).

In the studies conducted, the places where
fruit cracks were detected was not detailed. In
M. Ur. Rehman et al. (2015), three forms of cherry
fruit cracks are described: cuticular cracks at the
stem ends, cracking at the apical (cone) end of the
fruit, and lateral cracks at the cheek seam. Ac-
cording to scientists, the first two forms are shal-
low cracks that appear at both ends of the cherry
fruit and are called “stem” and “nose or apical’
cracks, respectively. These small cracks form at
an early stage of fruit development, leading to a
decrease in the market price of fruit. The third
type starts from the cheeks and spreads over the
bulk of the fruit, causing the greatest physical and
economic damage. As a result of commerecial fruit
evaluation, the percentage of fresh sweet cherry
fruits of classes I and II for the cultivars under
study with an average ripening period of 93.5-
94.5% was determined (Table 3).

Table 3. Commercial characteristics of medium-ripening sweet cherry fruits
of classes I and I, non-standard products (2008-2019)

Fruit size by largest transverse diameter, mm not less than: R
Class 1, % Class 11, % R *§
e} o0 o = ) 00 <o ] =2
E |la |ao | &% 5| § g% 2 | g8
=] =] c o = \ & S o = [ave]
; & g g =% of| % | Ex| £3 % | BF
Cultivar EE Se | Sx E & | ® |nd| & | BES =5 X & S &
5 =] - - |vg| B = = = — >
S oo | & N &S o c o] = = T o =gy ] = s}
SElce | we | EE | £ 55| & B2 £5 | & 2 | g
e8| 2® | o | B | 8 |E ° | BEa| B S a @ R
k7 3 = 0 O = £ g~ 2] < g
&= E S &= f‘: E 8 17} = ..5 G o
g |° 2 E'% 5| 5 E3 =
Vynka 884 | 05 | 04 01 [894] 44 ] 00| 00 03 47 | 941 | 59
Pervystok | 873 | 04 | 06 07 |890] 46 | 00 | 00 06 52 | 942 | 58
Temp 896 | 03 | 02 04 |905] 35| 00| 00 04 39 | 944 | 56
Uliublenytsia | ggg | 4 | 03 03 898 | 20 | 21| 00 02 43 | 941 | 59
Turovtseva
Talisman | 871 | 03 | 04 02 |s8s80| 19 | 00| 40 00 59 | 939 | 61
Dylema 877 | 05 | 03 02 |883| 52| 00| 00 01 53 | 940 | 60
Melitopolska | g;5 | 3 | o1 01 |80/ 61| 00| 00 00 61 | 941 | 59
black
Cordia 829 | 06 | 03 06 |844| 86| 00| 00 05 91 | 935 | 65
Octavia 858 | 04 | 02 02 |866| 54| 00/ 21 00 75 | 941 | 59
Orion 884 | 03 | 03 04 |894] 48| 00| 00 01 49 | 943 | 57
Chervneva | g51 | o7 | 04 07 | 879| 53| 00| 00 08 61 | 940 | 60
early
Dachnytsia | 881 | 06 | 03 03 | 875 40 | 08 02 68 | 943 | 57
Prostir 879 | 05 | 04 03 | 891 34|20/ 00 00 54 | 945 | 55
Averagevalue | 874 04 0.3 0.3 883 | 42 | 06 0.5 0.2 5.8 94.1 59

Source: compiled by the authors of this study
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The maximum number of fruits with a size
of more than 20 mm in transverse diameter
was determined in samples of the mid-season
cultivar Temp (89.6%), which is 2.2% more than
the average value of the group (87.4%). The min-
imum percentage of class I fruits with a size of
more than 20 mm in transverse diameter was
determined in the sample of cultivars Cordia
(82.9%) and Octavia (85.8%), which is 1.6 and 4.5%
less than the average value of the medium-rip-
ening group. The results of the study suggest
that the sweet cherry cultivars under study differ
in fruit size. This conclusion is confirmed by the
data obtained by other scientists. In the study by
M. Corneanu et al. (2020), the sweet cherry culti-
vars with the largest fruit sizes were noted - “An-
dreiag”, “Bucium’, “Stefan”, “Paulicd”, “Golia”, “Van”,
and “Stella”. The average fruit diameter ranges
from 22.4 mm (George) to 25.8 mm (Paulica). The
largest amount of class I products was found in
samples of mid-season cultivars Uliublenytsia
Turovtseva (89.8%) and Temp (90.5%). This figure

was 1.5% and 2.2% higher than the average value
(88.3%) of the number of fruits of the first class of
varieties of medium-ripening period.

The lowest number of class I fruits was found
in the sample of sweet cherry cultivars Cordia
(84.4%) and Octavia (86.6%), which is 1.7 and 3.9%
less than the group average. The largest amount
of class II products was found in the sample of
cherry fruit of the Cordia cultivar (9.1%), which is
3.3% more than the average value (5.8%).

In the sample of sweet cherries of the Temp
cultivar, the lowest number of class II fruits was
found (3.9%), which is 1.9% less than the aver-
age in the group. The number of non-stand-
ard products in terms of fruit size was highest
in the Talisman cultivar (6.1%). The minimum
amount of non-standard products is set for the
Prostir cultivar (5.5%). As a result of the analysis
of commercial indicators of fruits in samples
of late-ripening cultivars, it was found that the
amount of fresh sweet cherry fruits of I and II
classes was 94.1-96.2% (Table 4).

Table 4. Commercial characteristics of late-ripening sweet cherry fruits
of classes I and II, non-standard products (2008-2019)

Fruit size by largest transverse diameter, mm not less than: - o
Class1, % Class1I, % — 3
5§ | 83
=% a, pe g
& E |4 | B 2= Exlg | 2 2= = | &2
= 8% |8 | & S8 o S8 |5 §2) S & ® . e ==
3 SB|EX B [Eg2| ¥ |87 |&x| B3R (E9e | ¥ | B | S&
O 08 |BQ | EY | nes| o voE || &8 P =V — 5_8*
N5 |22 |82 |EE2| 5 | B2 |84 %2 [BEE2 | 58| ¢ | £%
e || @ gsg| = | 2% |© &= |lg=zg| * @ P
= o @ =} =g~ &= © = C=lgi~ z =]
=] 3] (1] = ™ 8 ®© S © = = o
& 9 8 & @ Q = Z
Krupnoplidna | 91.3 0.3 01 0.2 919 19 20 0.0 00 39 | 958 4.2
Karina 859 | 04 0.3 0.2 86.8 7.2 0.0 0.0 01 73 941 59
Regina 877 0.2 0.2 0.2 883 55 0.0 0.7 0.0 6.2 | 945 55
Mirage 903 | 02 0.3 0.2 910 41 0.0 0.0 01 42 | 952 4.8
Udivitelna 904 | 04 0.2 01 911 3.8 0.0 0.0 0.2 40 | 951 49
Zodiak 909 | 05 0.3 0.2 919 33 0.0 0.5 0.0 3.8 | 957 43
Surprise 894 | 04 0.3 0.8 90.9 44 0.0 0.0 0.6 50 | 959 41
Kolkhoznytsia | 899 | 04 0.2 0.7 91.2 41 0.0 0.0 0.7 48 | 960 40
Kosmichna 897 | 03 0.2 0.8 910 43 0.0 0.0 0.6 49 | 959 41
Prazdnichna | 907 | 04 0.3 01 915 41 0.0 04 0.0 45 | 96.0 40
Anons 924 | 02 0.2 0.2 930 32 0.0 0.0 0.0 32 | 96.2 3.8
Temporion 920 | 02 0.3 01 926 3.2 0.0 0.3 0.0 35 | 961 39
Meotida 907 | 04 04 01 91.6 37 0.0 0.0 0.0 37 | 953 47
Averagevalue | 901 | 0.3 0.3 0.3 91.0 41 0.2 01 0.2 45 | 955 4.5

Source: compiled by the authors of this study
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The maximum number of fruits with a size
of more than 20 mm in transverse diameter was
determined in samples of late-ripening cultivars
Temporion (92.0%) and Anons (92.4%). Samples
of cultivars Karina (85.9%) and Regina (87.7%)
had a minimum number of fruits with a size of
more than 20 mm in cross diameter. The de-
pendence of sweet cherry fruit diameter on the
genetic characteristics of the cultivaris also con-
firmed by studies by other authors (Lanauskas
et al., 2023). As a result of studies of 45 cultivars
of sweet cherry by A. Khadivi et al. (2019) in Iran,
it was found that the diameter of sweet cherry
fruit ranged from 18.88 to 2845 mm. According
to E. Iurea et al. (2019), the evaluation of sweet
cherry fruits by size revealed that the fruit di-
ameter of the cultivars under study ranged from
21.8 (Cetatuia) to 24.0 mm (Catélina).

For late-ripening cultivars, the largest
amount of Class I products was produced by the
Anons sweet cherry cultivar - 93%. This figure
is 2% higher than the average number of class
I fruits in the group of late-ripening cultivars
(91%). The minimum amount of class I products
was determined in the sample of sweet cherry
cultivars Karina (86.8%) and Regina (88.3%),
which is 27% and 4.2% less than the average
value in the group of late-ripening cultivars. The
largest amount of class II products was found
in the sample of sweet cherry fruit of the Karina
cultivar (7.3%), which is 2.8% higher than the av-
erage value (4.5%). In the sample of sweet cher-
ries of the Anons cultivar, the lowest number of
class II fruits was found (3.2%), which is 1.3% less
than the average in the group of late-ripening
cultivars. The number of non-standard products
in terms of fruit size was highest in the Karina va-
riety (5.9%), which is 1.4% higher than the average
(4.5%). The lowest number of non-standard prod-
ucts was observed in the Anons cultivar (3.8%).

The number of the class I fruits for early,
medium-, and late-ripening varieties is 86.9%,
88.3%, 91.0%, respectively. A comparative
analysis of the quantity of class I fruit products
revealed a tendency to increase the quality of
raw materials depending on the ripening period.
The volume of class II products for early, medi-
um, and late ripening varieties is 7.0%, 5.8%, and
4.5%, respectively. The number of non-standard
products in terms of fruit size for early, medium,
and late ripening varieties is 6.1%, 5.9%, and

)

4.5%, respectively. There is a gradual increase
in the size of class I fruits and, conversely, a de-
crease in the volume of non-standard products
from early to late ripening cultivars.

A comparable tendency to reduce the num-
ber of cracked fruits is observed in late-rip-
ening cultivars compared to medium- and
early-ripening cultivars. According to scientists,
cultivars with higher skin tensile strength and
elasticity are more resistant to fruit cracking
(Briiggenwirth § Knoche, 2017).

Late-ripening, mid-ripening and early-rip-
ening cultivars in class I products had average
values of cracked fruit - 0.3%, 04%, and 0.6%,
respectively. The sweet cherry cultivars Valerii
Chkalov and Svit Erliz (early-ripening), Talis-
man, Orion, Temp, and Melitopolska black (me-
dium-ripening), Mirage and Regina (late-rip-
ening) had the lowest cracking levels. In class II
products, the average values of cracked fruits in
the groups of late-ripening, medium-ripening,
and early-ripening cultivars were 0.2%, 0.6%,
and 2.4%, respectively. The dependence of sweet
cherry fruit cracking on varietal characteristics
is also confirmed by the studies of other authors
(Measham et al.,, 2014). According to their data,
over 4 years of research, as a result of monitor-
ing the cracking of sweet cherry fruits of differ-
ent varieties, it was found that the lowest level of
crack development was demonstrated by the va-
rieties ‘Sylvia), ‘Summit’, and ‘Van' Cracked fruit
loses its commercial value for the fresh market
and can only be sold locally or for processing.
Cherry fruit cracking is an unpredictable and
economically important problem for growers
worldwide.

The publication by A. Khadivi-Khub (2015)
highlights that the most resistant cultivars to
cracking and with better fruit quality can be
recommended for further cultivation and ob-
taining a sustainable economic effect. These
findings are important for the development of
future management strategies for sweet cherry
fruit cracking. This reduces economic risks for
regions where sweet cherries are a priority fruit
crop (Trusova et al., 2018).

It is known that early-ripening fruits have a
more delicate flesh texture and can deteriorate
more than fruits of medium and late ripening
cultivars. Late-ripening bigaro cultivars with a
dense texture and harder skin are less damaged
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during fruit formation (Ivanova et al., 2023). This
trend may be due to the influence of weather
conditions on the quality of raw materials when
early-, medium-, and late-ripening sweet cherry
cultivars ripen. This trend may also be influ-
enced by the genetic characteristics of cultivars
of these ripening periods.

The evaluation of early-, medium-, and
late-ripening sweet cherry cultivars by com-
mercial classes will allow the fruit to be divided
into categories, which will enable the selection
of raw materials for further use in fresh form,
long-term storage, freezing, and manufacturing
of processed products by heat sterilisation. Fore-
casting the volume of fruit products by commer-
cial classes, having information on the suitability
of raw materials for table and technical use, and
the optimal choice of fruit processing methods
will help processing companies coordinate
their work according to a rational technological
scheme with maximum economic effect.

CONCLUSIONS

The results of twelve years of research suggest
that the average stone weight of sweet cherries
grown in the southern steppe zone of Ukraine
was 841 grams, with an average stone weight of
about 0.56 grams. The sweet cherry cultivars of
three ripening periods were analysed and divided
into commercial classes according to fruit size
and degree of external damage. The maximum
amount of class I products for the group of early
ripening cultivars was produced by the fruits
of the Kazka and Zabuta sweet cherry culti-
vars - 89.4%. The largest amount of products of
the second class of early ripe cultivars was de-
termined in the sample of sweet cherry fruit of
the Merchant cultivar (10.1%), and the smallest —
of the Zabuta cultivar (4.9%). The percentage of
non-standard products in terms of fruit size was
highest in the Svit Erliz cultivar (7.2%), and the
lowest - in the Kazka cultivar (5.2%).

In the samples of medium-ripening culti-
vars Uliublenytsia Turovtseva (89.8%) and Temp
(90.5%), the largest number of class I fruits was
determined. The medium-ripening sweet cherry
cultivars Cordia (84.4%) and Octavia (86.6%) had
the smallest volume of class I fruit. The maxi-
mum percentage of class I fruits with a diameter
of more than 20 mm was observed in the me-
dium-ripening cultivar Temp (89.6%). The larg-
est amount of class II products in medium-rip-
ening cultivars was determined in the sample of
cherry fruit of Cordia (9.1%), and the smallest -
in the Temp variety (3.9%). The percentage of
non-standard products in terms of fruit size was
highest in the Talisman cultivar (6.1%), and low-
est - in the Prostir cultivar (5.5%). The maximum
percentage of class I fruits was determined in
the late-ripening cultivar Anons - 93%. The
largest amount of class II products was found in
the sample of the Karina cultivar (7.3%), and the
smallest amount - in the Anons cultivar (3.2%).
The number of non-standard products in terms
of fruit size was highest in the Karina cultivar
(5.9%), and the lowest - in the Anons cultivar
(3.8%). As a result of the division of fresh sweet
cherries of early, medium, and late ripening into
classes I and II and non-standard products by
commercial properties, a general trend towards
an increase in the number of high-quality fruits
in late-ripening cultivars was established.

The prospect of further research is to evalu-
ate the suitability of sweet cherries of early, me-
dium, and late ripening for long-term storage in
a chilled state and their suitability for the manu-
facture of processed products.
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OuiHIOBaHHSA AKOCTiI NNoAiB YepeLuHi
BiANoOBIiAHO 4O BUMOI Cy4aCHOIro pPUHKY

AHoTauis. O1iHKa KOMEpLIiMHUX BJIACTUBOCTEN IJIOAIB 4yepelHi BU3HaYae
KOHKYPEHTOCIIPOMOSKHICTE CBKUX OPYKTIB HA CYYaCHOMY PUHKY. BUZliIeHHS COPTIB 3 HAlIBUIIIOIO
KUTBKICTIO TUIOAIB BMCOKOI SIKOCTI Ui 3a[OBOJIEHHS YIOAOOaHb YCix 3allikKaBIeHUX CTOpiH
(cTeMiRXONzEpiB) € aKTyaJdbHUM. MeTOW HOCIimKeHHA 6y710 O6I'PYHTYBAaHHA KOMEPLIMHUX
TTOKAa3HUKIB [JIS OLIIHKY SKOCTI TUIOZIiB YepelIHi TPhOX CTPOKIB AOCTUTAHHS Ta BU6OPY HAM6iIbII
KOHKYPEHTOCIIPOMOKHUX COPTIiB IJIsI CTiMKOTO 3abe3redyeHHA CBDKUMHM GPYKTaMU Cy4acHOTO
PUHKY. V XOHi JOCTiIKEHHS BUKOPUCTAHO METOAMU: TOJIBOBUM, TabOPaTOPHUM i MOPiBHIBHUMN.
[TpoBemeHO BU3HAYeHHA KOMEPIIMHNUX BIaCTUBOCTEN 33 COPTIB UepelllHi paHHBOIO, CEpeIHBOrO i
M1i3HBOI'O CTPOKIB JOCTUTAaHHSA. ITJI0AY YepelllHi JOCIiIKyBaHUX COPTIB 3a I0OKa3HUKaMU PO3MipoM
TUTOAy i HasBHiCTIO e eKTiB 6yI10 Mo iIeHo Ha JBa KOMepIIitiHi Kitacy. IIpoBeZieHOo aHaJTi3 IIOAIB Ha
HasBHICTh TaKUX OedeKTIiB: po3TpicHYyTi, 3 pybLaMy, 3 TO6ypiHHAM HIKIpOYKY. BU3HAUYEHO KiJTbKICTh
HeCTaHJIapTHOI IPOAYKILII IJIOZIB YepellHi A1 KOSKHOIO COPTY. [1JIs1 KOXKHOTO CTPOKY JOCTUTaHHS
COPTIB YepeIlHi BCTAHOBJIEHO CepefHE 3HaueHHA obcAry mwioxiB I-II kimaciB i HecTaHZApPTHOI
MIpOAyKLii. BUsiBIeHa 3arayibHa TEHEHLIifA 010 361/TbIIeHHSA KiTBKOCTI AKiCHOI IIJIOZ0BOI CUPOBUHU
IUIA COPTIB Mi3HBOTO CTPOKY AOCTUTAHHA. By/io BUIIEHO HAMGIUIBII I{iHHI COPTH paHHboro (Kaska
i 3a6yTa), cepemuboro (Viobnenuiia TypoBuesa i TeM) i MisHBOro (AHOHC) CTPOKIB JOCTHUTAHHS,
AKi 3a6e3MeYriv MaKCUMaJIbHY KUTBKICTh TIOZIB I Kilacy. MakcHMasIbHa KiJIbKiCTh TTPOAYKIIiI 6yia
BU3HAYEeHa y copTax MepuaHT (paHHIlN CTPOK mocturaHHs), Kopaisa (cepefHil CTPOK JOCTUTAaHHSA) i
Kapina (mi3Hii cTpoK gocTuraHHs). HalMeHIIn 06¢Ar HeCTaHIaPTHOI MTPOAYKIil 6y/I0 BUIIIEHO
y copTax pi3HUX CTPOKiB gocTuraHHs - Kaska, IIpoctip i AHOHC. [IpoBefileHU PO3NOJin GPYKTiB
Ha KOMepLifHi Kj1acu Moyke 6yTY BUKOPUCTAHUI [IJig ITPOBEAEHHS OLIiHKY TUIOMIB COPTiB YepeIHi
Ta BU3HAYEHHS MOJKJIMBOCTI IX BUKOPUCTAHHS Y CBUKOMY BUIVISAI, AJiA TPUBAJIOro 36epiraHHs B
OXOJIOIYREHOMY CTaHi i pi3HUX crIoco6iB MomanbIoi mepepobru
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lodine-containing preparations in grain growing technologies

provides the best bioavailability of water-soluble forms of iodine for plants. At the same time,
the functional role of iodine as a plant nutrient is understudied. The purpose of this study was to
establish and substantiate the effectiveness of iodine-containing preparations in grain crops
cultivation technologies. To fulfil this purpose, field and laboratory studies were carried out. The
field multifactorial experiment was conducted on podzolic chernozems in a stationary experiment
of the Department of Plant Science of the National University of Life and Environmental Sciences of
Ukraine. Mathematical processing of the results was carried out using SAS 9.4 and Agrostat 6 software.
The anti-stress effect of preparations with biologically active iodine under combined pre-sowing
seed treatment and plant treatment during the growing season was identified - significant yield
increments were obtained, even under conditions of severe air and soil drought during the growing
season of grain crops. The application of background doses of fertiliser and the use of biologically
active iodine products ensured a significant increase in yields. The average yield of winter wheat
ranged from 2.96 to 6.46 t/ha; oats - from 2.79 to 5.41t/ha, depending on the background of nutrition,
disinfectant and preparations with biologically active iodine. Iodine-containing preparations are
effective in the system of preventive protection during the treatment of seeds and plants during the
growing season, which can substantially reduce the damage to wheat and oat plants by diseases.
Treatment of crops during the growing season with iodine-containing preparations, especially in
the late microstages, reduces the level of secondary disease infection and prevents infection of seeds
that form on the mother plant and are subsequently the main source of pathogenic infection that
develops after sowing seeds into the soil. The developed regulations will promote the use of iodine-
containing preparations in crop cultivation technologies, which are particularly effective in regions

with iodine deficiency in the environment

Keywords: biologically active iodine; winter wheat; oats; disease damage; yield

INTRODUCTION

An important trend in crop production is the
reduction of harmful chemicals in fertilisers
and the transition to the use of microfertilisers,
which will help increase crop yields without ad-
versely affecting product quality. Halogens are
the least represented chemical group of trace
elements in plant nutrition. Chlorine is the only
trace element currently recognised in plant
physiology for its regulatory effect in proton
transfer reactions in photosystem IL There is a
lack of research on the effect of different con-
centrations and forms of iodine on agricultural
growth, and the results suggest that iodine is
an essential micronutrient for plant nutrition
(Kiferle et al., 2021; Brown et al.,, 2021). It is be-
lieved that the use of iodine will allow obtaining
biologically valuable crop products enriched
with this element for medicinal and dietary nu-
trition (Kiferle et al., 2021; Zaremba et al., 2023).
For a long time, the use of active iodine in agri-
culture was out of the scope of scientists’ atten-
tion due to the initial high cost of production and
its small volumes, which led to preference for
more profitable areas.

Iodine is an essential element for the proper
development and functioning of the human and
animal body (Brown et al., 2021). About 2 mil-
lion people suffer from iodine deficiency in the
diet - a hidden hunger for this micronutrient -
and 50 million have diseases caused by iodine
deficiency (Cakmak et al., 2020; Zaremba et al.,
2023). Iodine deficiency is usually manifested
in regions where soils are poor in this element,
leading to low levels in food and, consequently,
insufficient human consumption (Lyons, 2018).

Currently, many studies and programmes
have been initiated on alternative methods of
iodine intake in human nutrition, and one of
them is biofortification of food or crops (Germ
et al, 2019, Prom-u-thai et al, 2020; Zaremba
et al, 2022). Biofortification of crops using fer-
tilisers, foliar iodine fertilisation, and irrigation
with iodine added to water provide the best bio-
availability of water-soluble forms of iodine for
plants (Dobosy et al., 2020b; Cakmak et al., 2020).
The effect of iodine on plant growth and the ben-
efits of increasing iodine content in plants as a
bio-enrichment for human and animal health
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have been reported (Germ et al, 2019; Kiferle
et al., 2019; Acar et al., 2020). According to the
results of research conducted by scientists in In-
dia, iodine has been shown to have an effective
effect on basmati rice varieties by foliar applica-
tion. Higheryieldsinrice varieties and increased
iodine concentrations in grain were noted. The
results also suggested the presence of geno-
typic variation in response to foliar spraying of
micronutrients and demonstrated that foliar
application of a mixture of I, Se, and Zn can be
an effective simultaneous strategy to bioenrich
rice grain with these micronutrients to address
the hidden problem of iodine deficiency among
Asian populations (Naeem et al., 2021).

The iodine content in plant tissues usually
increases after its exogenous administration.
However, the presence of iodine as a “trace ele-
ment” or “contaminant” in soil and atmosphere
makes it difficult to easily identify effects asso-
ciated with the presence or absence of this ele-
ment (Koening et al., 2020). Studies on the use
of iodine as a source of trace elements in low
concentrations (micromolar range) have shown
a difference in plant growth between control
and iodine-treated plants. This can be perceived
as a positive effect of adding this element to the
nutrition and can also be interpreted as a nega-
tive effect of removing iodine from plant nutri-
tion. An increase in biomass and seed growth,
together with a clear acceleration of flowering,
was observed when plants were fed with KIO,
or KI at a dose of 0.2 and/or 10 pM. However,
the positive effect of iodine on growth was lost
at a concentration of 30 pM, which may indi-
cate that the concentration of 30 uM applied as
I-, may be above the toxicity threshold (Kiferle
etal.,2021). A significant increase in the concen-
tration of iodine in cereals can help prevent io-
dine deficiency in populations with low dietary
intake. The possibility of protein iodination was
confirmed in studies with several types of crops
(Szymandera-Buszka et al., 2021; Kutlu et al., 2023).

Iodine is involved in physiological and bi-
ochemical processes in plants. Plants can ab-
sorb iodine through the root system or through
aboveground organs and their individual struc-
tures (stomata and cuticular waxes) (Humphrey
et al., 2019; Smolen, 2020). The organisation and
functional role of iodine in proteins was also
demonstrated. The iodinated proteins found

Plant and Soil Science, (14) 2

in shoots are mainly associated with the chlo-
roplast and are functionally involved in photo-
synthetic processes, while iodinated proteins
in roots are mainly associated with the action of
various peroxidases (Kiferle et al., 2021).

Low iodine concentrations have been proved
to have a positive effect on plant growth, produc-
tivity, and stress resistance (Medrano-Macias
etal.,2021). While toxic effects are observed when
iodine is applied in high concentrations, espe-
cially in the I- form, which is more phytotoxic
than iodate (I0%-) (Incrocci et al., 2019; Kiferle
etal.,2021). The concentrations of iodine added to
nutrient solutions that are associated with posi-
tive effects on plants (approximately 102-104 nM)
(Medrano-Macias et al., 2021) are comparable to
those of other elements described as micronu-
trients in plant nutrition (Smolenet et al., 2020
Brown et al, 2021), suggesting that iodine may
play an analogous role in plant nutrition.

The purpose of this study was to substan-
tiate and establish the effectiveness of io-
dine-containing preparations in the technol-
ogies of growing grain crops in their diverse
applications.

MATERIALS AND METHODS

To establish the effectiveness of the use of io-
dine-containing preparations for growing grain
crops, in 2021-2022, field studies were con-
ducted in a stationary field experiment of the
Department of Plant Growing at the Separate
Subdivision “Agronomic Research Station” of the
National University of Life Sciences of Ukraine,
Pshenychnevillage, Vasylkiv district, Kyivregion.
The experimental station is in the north-eastern
part of the Right Bank Forest-Steppe. Laboratory
studies were carried out at the Seed and Planting
Material Quality Laboratory of the Department
of Plant Industry at the National University of
Life and Environmental Sciences of Ukraine.
Field experiments were conducted on typ-
ical low-humus coarse-dusty chernozems with
light loamy texture per the developed scheme
(Table 1). To establish the effectiveness of the
preparations and, per the requirements for the
establishment of field experiments, the experi-
mental scheme included three control variants:
absolute control (AC) - no seeds were treated
before sowing and no fertilisers were applied;
control 1 (CF) - no seeds were treated before

(
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sowing, but mineral fertilisers were applied
(the rate of nutrients is specified in the research
methodology for each crop separately), which
were the general background for all variants;
control 2 (CF+P) - seeds were treated with a

protectant and background fertilisers were ap-
plied before sowing. The vegetative plants were
treated according to the microstages of plant
development, which are indicated in the rele-
vant schemes for each crop.

Table 1. Scheme of the field experiment “Efficiency of iodine-containing preparations
in technologies of grain crops cultivation”

) ) Processing during the growing season
No. Variant!? de‘slflg;?artlfon Prc;zeesg;ng BBCH microphase
31-32 51-52 71-72

1 Control AC Absolute control - no fertiliser or seed treatment

2 Control 1 CF Control - background with fertilisation

3 Control 2 CF+P Background fertiliser + protectant

4 BAIn BAIn + - - -

5 BAIn BAIn+1 + + - -

6 BAIn BAIn+2 + + -

7 BAIn BAIn+3 + + +

8 Pln Pln + - - -

9 Pln Pln+1 + + - -
10 Pln PIn+2 + -
1 Pln PIn+3 + + + +
12 P2n P2n + - - -
13 P2n P2n+1 + + - -
14 P2n P2n+2 + + -
15 P2n P2n+3 + + + +

Note: variants 4-15 - background fertiliser has been applied

Source: compiled by the authors of this study

Biologically active iodine (BAI) and two io-
dine-containing preparations (P1 and P2) were
used for pre-sowing seed treatment and twice
for vegetative plants. The concentration of the
initial solution of biologically active fertiliser
was 80 mg/dm?. To treat seeds and plants during
the growing season, a solution diluted in a ratio
of 1:50 was used.

The research was conducted with two grain
crops - winter wheat and oats. Crops differ in the
length of the growing season, which is important
in studies on the effectiveness of iodine in shap-
ing grain yields. At the same time, both crops are
quite severely affected by diseases, especially
under specific weather conditions. The area of
the experimental plot is 25m? with fourfold rep-
etition (Rozhkov, 2016).

The soft winter wheat variety MIP Valen-
cia (erythrospermum variety) was sown, medi-
um-early maturing. Before sowing, phosphorus

and potash fertilisers were applied at a rate of
90 kg/ha of each active ingredient. During the
growing season, nitrogen fertilisation was car-
ried out. Winter wheat seeds in the variant “Con-
trol 2" were treated with the protectant Lamar-
dor® Pro 180 FS, TN. Lamardor is a combination
of three systemic highly active ingredients with
increased effectiveness against Pinicilium, Al-
ternarium, Ramularium, and Helminthospori-
um. Lamardor® Pro controls a wide range of
root rot and is highly effective against smut
and other seed and soil-borne diseases. Winter
wheat seeds were sown in the second decade of
September using a Great Plains seeder with a
working width of 14 m. Seeding rate - 5 million
germinating seeds per 1 ha. The predecessor of
winter wheat was soybeans.

In the research with oats, the Ivory vari-
ety was grown. All variants in the studies, with
the exception of variant 1 “absolute control”,
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were laid on the background of nutrients intro-
duced for pre-sowing cultivation at the rate of
NP, K., + S 225. Fertilisers were applied in the
form of ammonium nitrate and Polifoska, calcu-
lated based on active ingredient (ai): NH,NO,
4541 + Polifoska N, P, K. + S, .. Yields of main
and by-products were determined on a plot-
by-plot basis, using the continuous accounting
method. The resulting weight of winter wheat
and oats was converted to a yield per hectare,
considering weediness and moisture content in

terms of 14% moisture.

Weather conditions in the years of research.
The winter wheat sowing took place in warm
weather with insufficient rainfall. The average
daily airtemperature in September-Octoberwas
at the level of the long-term average - 13.7°C and
87°C, and the amount of precipitation was crit-
ical and amounted to merely 13 and 18 mm, re-
spectively (Table 2). However, November turned
out to be cold, with the temperature at 2.8°C, and
in the second decade it averaged -0.6°C. There-
with, the amount of precipitation was insuffi-
cient and amounted to only 18 mm.

Table 2. Average daily air temperatures, °C

Year Decade | I n | m || v ]|wvvro|vio| x| x [ x ] xu
2021 1 13 | 60| 01 | 65 | 113|178 | 242 | 227 | 148 | 93 | 68 | 02
2 93| 90 | 23 | 95 |151| 22 | 263 | 221 | 167 | 84 | 06 | 24
3 0 | 29 | 57 | 88 |161| 253|238 | 194 | 96 | 85 | 11 | -638
5 27 | -40 | 270 | 827|141 | 217 | 248 | 214 | 137 | 873 | 283 | -30
2022 1 13 | 13 | -05| 64 | 124|204 22 | 214 | 139 | 15| 55 | 17
2 33| 23 | 01 |65 |145/209] 181 | 228 | 128 | 67 | 34 | -33
3 28] 21 | 7 107151 ] 22 [ 222 24 | 125 | 67 | - -
5 16| 10 | 22 |787] 14 | 211 | 208 | 227 | 131 | 830
M}llti'year data 59| -44 | 03 | 84 |149| 178 | 190 | 184 | 138 | 78 | 20 | -21
or a month

Source: compiled by the authors of this study

The winter period in 2021 was substantially
different from previous years of research, with
low temperatures ranging from the second dec-
ade of December — minus 2.4°C to the first decade
of February - minus 1.3°C. This period was char-
acterised by insufficient precipitation (13.8 mm)
and almost no precipitation in February (4.6 mm).

The weather conditions in 2021and 2022 were
characterised by rather low rainfall in the spring.
The spring of 2022 was also characterised by low
temperatures and was prolonged, with a late re-
sumption of the spring vegetation of winter wheat
and oat sowing. The average daily temperature in
March was slightly higher than the long-term av-
erage by 1.9°C, while in April and May the average
daily temperatures were lower than the long-term
average. The average daily air temperatures dur-
ing the active growing season (May-August) were

substantially higher than the long-term average
and the conditions were quite dry. The 2021/2022
growing season was extremely dry. For winter
wheat and oats, there were critical conditions
for moisture supply before sowing and through-
out the growing season (Table 3). Precipitation
fell only in December - at the level of long-term
data - at 49 mm, and then the amount of precip-
itation was significantly lower compared to long-
term data. Thus, in early March and May there was
no precipitation, and in the third decade of May
only 1.2 mm fell, which substantially affected the
growth and development of wheat plants. June
was warm and dry with an average daily tempera-
ture of 22°C, which was 3.2°C above the long-term
average, while precipitation was only 45.8 mm.
July also exceeded the long-term average by 4.3°C,
while precipitation was even lower at 337 mm.

Table 3. Total precipitation, mm

Year | Decade I II I v \% VI VII VIII IX X XI XII
2021 1 26 52 4 13 29 17 16 13 0 1 11 17
2 5 40 14 21 21 28 53 9 4 8 3 14
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Table 3. Continued

Year | Decade | I | 1 | m | Iv | Vv | VI | vi | vil | X | X | X1 | X1
3 33 | 7 | 8 | 1| 66 | 15 1 5 9 9o | 4 | 18
5 64 | 99 | 26 | 45 | 116 | 60 | 80 | 27 | 13 | 18 | 18 | 49

2022 1 5 | 24 | 3 |98 | 0 | 156 | 52 | 62 | 22 |122]| - | -
2 42 | 2 | o | 32| 12 | 82 | 276 | 176 | 352 | 14 | - | -
3 46 | 02 | 22 | 132 | 186 | 22 | 09 0 52 | 24 | - | -
S | 138 | 46 | 52 | 262 | 198 | 458 | 337 | 796 | 624 | 376

M}mi'year data | 5,6 | 330 | 290 | 384 | 433 | 739 | 729 | 578 | 463 | 310 | 41 | 47

or a month

Source: compiled by the authors of this study

This lack of moisture had a negative impact
not only on the development of winter wheat,
but on the spring grain crop, oats.

Statistical analysis of the data was per-
formed using the SAS 94 software package. The
study was conducted per the requirements of
the International Convention on Biological Di-
versity (1992).

RESULTS AND DISCUSSION

Crop yields. The role of iodine in plant nutrition
requires research using various experimental
approaches, as there are many questions re-
garding its necessity for crop growth and devel-
opment. The results of studies by P. Dobosy et al.
(20204), C. Kiferle et al. (2021) indicate a func-
tional role of iodine in plant nutrition. The first
published results on the importance of iodine in
plant nutrition were made by J. Lehr et al. (1958).
Iodine deficiency and iodine supply to plants is
largely related to soil type (Hunchak et al., 2016).
Iodine in a clearly defined concentration range
has a positive effect on plant phenotype (Golob
et al.,, 2020). Experiments have shown that the
removal of iodine from the nutrient solution
harms plant growth, while its introduction in
micromolar concentrations promotes biomass
accumulation and leads to earlier flowering of
plants (Gonzali et al., 2017). The results of the
studies also agree with the opinion that iodine
has a substantial effect on the phenotype of
plants, which is manifested in more intensive
plant growth rates - an increase in linear plant
size and mass. C. Kiferle et al. (2021) were the
first to prove the possibility of protein iodina-
tion. These results strongly suggest the role of
iodine as a plant nutrient (Voogt et al., 2010). The
weather conditions of the growing seasons had
a significant impact on grain yields (Table 4; Ta-
ble 5). The average yield in the control variants

was extremely low - 2.96 t/ha and 279 t/ha in
winter wheat and oats, respectively. The appli-
cation of background doses of fertiliser and the
use of biologically active iodine products en-
sured a significant increase in yields. The aver-
age yield of winter wheat ranged from 2.96 t/ha
to 6.46 t/ha, depending on the nutrition back-
ground, the protectant and preparations with
biologically active iodine. The results of studies
on the effectiveness of iodine in the cultivation
of grain crops, depending on the soil and other
environmental factors, indicate an important
role of this nutrient in the formation of field crop
productivity (Tsukada et al., 2008; Zia et al., 2015)

The effectiveness of iodine-containing
preparations varied over the years. The yield
of winter wheat in 2020/2021 was considera-
bly higher compared to the yield in 2021/2022,
which was formed under drought conditions,
but even under such weather conditions a sig-
nificant level of yield was obtained, which may
indicate an increase in plant resistance to stress.
Increasing plant stress tolerance was also noted,
as wheat grain yields in the 2021/2022 growing
season were quite low, due to extremely dry
conditions throughout the growing season. In
2020/2021, the range of yield changes ranged
from 3.56 t/ha (AC) to 706 t/ha (BAI n+3); in
2021/2022 - from 2.35 t/ha (AC) to 5.85 t/ha (BAI
n+3) with threefold plant treatment during the
growing season with BAI (Table 4). The highest
yields in both growing years were formed with
the integrated use of biologically active iodine -
for pre-sowing seed treatment and threefold
application to vegetating plants.

According to a study by Polish scientists
(Grzanka et al., 2022), iodine application helps
accelerate the emergence and increase the uni-
formity of crops, which was also confirmed by
the present study on wheat and oats.
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The increase in winter wheat yields with the
use of iodine-containing preparations compared
to the yield in the absolute control was 176-
3.50 t/ha; to the background control (CF) - 1.11-
2.83 t/ha; to the CF+P control - from -0.01 t/ha
to +171 t/ha. The maximum yield was formed
under the combined pre-sowing seed treatment
and vegetation treatment in three doses with
BAI - 5.85 t/ha. The formation of such a yield was

possible due to morphological changes in the
plant, the formation of more productive stems
and the differentiation of more synchronously
developed flowers, which manifested in the high
grain/ear, which is also confirmed by A. Golob
et al., (2020) When seeds were treated only with
iodine-containing preparations, the yield was
at the level of the variant where the seeds were
treated with Lamardor protectant before sowing.

Table 4. Winter wheat yield depending on the use of iodine-containing preparations, 2021-2022

Processing during the growing season . Increment, t/ha
: : Yield, t/ha J
Variant BBCH microphase from
31-32 51-52 71-72 2021 2022 mean AC CF CF+P
AC - - - 3.562 2.352 2962 - - -
CF - - - 5.87° 3.02° 445> 149 - -
CF+P - - - 6.984 4.14¢ 5.564 2.60 1.87 -
BAIn - - - 6.44¢ 4.344 5.39d 243 170 -0.20
BAIn+1 + - - 6.764 4 5449 5.65¢ 2.69 196 0.05
BAIn+2 + - 6.84¢ 496¢ 590¢ 294 2.21 0.30
BAIn+3 + 7.06f 5.85f 6.46f 3.50 277 0.86
Pin - - - 6.02° 4.16¢ 5.09¢ 213 140 -0.51
P1n+l + - - 6.34¢ 4314 5.33¢ 2.37 164 -0.28
P1n+2 + + - 6.47¢ 4.394 5434 2.58 1.85 -017
P1n+3 + + + 6.68 4,544 5.61d¢ 2.65 192 0.01
P2n - - - 6.22b 411¢ 517¢ 2.21 148 -044
P2n+1 + - - 6.48¢ 4,254 5.37¢ 241 168 -0.23
P2 n+2 + + - 6.68¢ 4.33¢ 5.51de 2.55 1.82 -0.09
P2n+3 + + + 6.77¢ 4424 5.60¢ 2.64 191 0.01
LSD, 021 018 02

Source: compiled by the authors of this study

In terms of yield, spring grain crops are in-
ferior to winter grain crops. Given that oats are
a wet crop, the average yield of this crop, which
was formed in the dry conditions of 2021 and
2022, was lower compared to winter wheat and

ranged from 2.79 t/ha to 5.41 t/ha (Table 5). Yield
increases were 0.1-2.15 t/ha compared to the ex-
perimental controls. In the variants with the use
of P1 and P2 for seed treatment, the yield was at
the level of the control protectant.

Table 5. Oat yield depending on the use of iodine-containing preparations, 2021-2022

Processing during the growing season . Increment, t/ha
. . Yield, t/ha ’
Variant BBCH microphase from
31-32 51-52 71-72 2021 2022 mean AC CF CF+P
AC - - - 3142 2442 2792 - - -
CF - - - 5020 2.98° 400° 121 - -
CF+P - - - 5.24> 3.78¢ 4.51¢ 172 0.51 -
BAIn - - - 5.26P 3.96¢ 4.61° 182 0.61 0.10
BAIn+1 + - - 548¢ 4.244 4.864 2.07 0.86 0.25

Plant and Soil Science, (14) 2



lodine-containing preparations in grain growing technologies

Table 5. Continued

. Processing during .the growing season Yield, t/ha Increment, t/ha
Variant BBCH microphase from
31-32 51-52 71-72 2021 2022 mean AC CF CF+P
BAIn+2 + + - 5.69¢ 4.56¢° 5134 234 113 0.27
BAIn+3 + + + 5.944 4.88f 541f 262 141 0.29
Pln - - - 518° 3.70¢ 4.44¢ 165 044 -0.97
Pln+l + - - 5.34> 3.94¢ 4.64¢ 1.85 0.64 0.20
P1n+2 + + - 544¢ 4.08¢ 4764 197 0.76 012
P1n+3 + + + 5.50¢ 4344 4924 213 0.92 0.16
P2n - - - 5.16° 371¢ 4.44¢ 1.65 044 -048
P2n+1 + - - 5.26° 3.98¢ 4.62¢ 183 0.62 0.19
P2n+2 + + - 5.38¢ 4214 4.804 201 0.80 018
P2n+3 + + + 5.49¢ 4.39¢ 4944 215 0.94 015
LSD,,, 021 | 018 021

Source: compiled by the authors of this study

Protective effect of iodine. An important
task of the study was to determine the effective-
ness of iodine-containing preparations in com-
parison with one of the most effective protect-
ants - Lamardor® Pro 180 FS, TN.

The examination of wheat and oat crops at
early microstages of crop development helped
obtain the results confirming the protective
properties of iodine-containing preparations
(Table 6; Table 7).

Table 6. Disease incidence (spread) of winter wheat in autumn, %

. Septoria blight Powdery mildew Root rot
Preparation

2020 2021 2020 2021 2020 2021
Control 0 124 874 26.6 204 224 120
Control 1 10.2 561 204 16.7 12.6 704
Control 2 108 041 166 104 242 0.82
BAIn 0.98 045 189 209 2.81 199
Pin 112 0.88 298 3.66 296 2.09
P2n 113 0.88 296 3.68 298 209

Source: compiled by the authors of this study

When seeds were treated with P1and P2, the
protective effect of the preparations was also
noted - the level of disease damage was higher
compared to Lamardor treatment, but signifi-
cantly lower compared to the variants where the
seeds were not treated with the preparations.

Inthe dryautumn of 2020 and 2021, the level
of disease damage to winter wheat plants was
low. Winter wheat plants were most affected in
the absolute control variant, whereinnoseedwas
treated before sowing with either a protectant or
iodine-containing preparations and no fertiliser
was applied: powdery mildew - 26.6% and 20.4%;
Septoria blight — up to 12.4% and 8.74%; root
rot — 22.4% and 12% in 2020 and 2021, respec-
tively. When seeds were treated with BAI, the

D

protective function was close to the effect of the
Lamardor protectant - the level of disease dam-
age was almost the same (Table 6). A comparable
pattern was found for preparations P1 and P2.

Considerable shortfalls in the oat harvest,
poor grain and green mass quality cause nu-
merous diseases. The use of iodine to protect
plants from diseases regulates the expression
of several genes that are mainly involved in the
plant defence response, indicating that iodine
contributes to the increase in plant resistance
to both biotic and abiotic stress. The damage to
oat plants by Septoria blight (Septoria avenae) in
the control variant (AC) was the highest - 874%:
with the introduction of background fertiliser
(CF) it slightly decreased - 5.61; with pre-sowing
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seed treatment with a protectant (CF+P) the
level of damage decreased to 0.41% (Table 7). BAI
seed treatment provided protection of plants
against septoria blight at the level of the protect-
ant - 0.45%. A substantial decrease in the level
of septoria blight infection was also observed
upon pre-sowing treatment of seeds with solu-
tions P1and P2 - 0.88%. Young oat plants are in-
fected with powdery mildew by conidia formed
on carrion and by ascospores at temperatures
ranging from 3°C to 31°C (optimum 15-20°C) and
relative humidity of 50-100%. Conditions for
the development of the disease are particularly

favourable at air temperatures of 18-22°C and
with frequent alternations of warm and humid
days. Powdery mildew epiphytoties are most
common in years with good moisture. Due to low
moisture supply in the spring, powdery mildew
was only present at the initial microstages of de-
velopment, at a rather low level, and the disease
did not develop further. The level of oat dam-
age at the early stages of disease development
in 2021 and 2022 was slightly different, but the
effectiveness of iodine-containing preparations
for plant protection against disease was found to
be reliable (Table 7).

Table 7. Disease damage to oats, BBCH microstage 24-26%, %

. Septoria blight Powdery mildew Root rot
Preparation

2021 2022 2021 2022 2021 2022

Control 0 141 874 34.8 204 26.0 120
Control 1 15.2 561 38.8 16.7 26.8 704
Control 2 234 041 6.21 104 521 0.82
BAIn 345 045 643 2.09 6.04 199
Pln 6.44 0.88 8.21 3.66 6.87 2.09
P2n 6.98 0.88 8.99 3.68 711 2.09

Note: 'BBCH microstage 24-26 corresponds to the tillering phase of oats

Source: compiled by the authors of this study

Iodine-containing preparations had a pro-
tective effect that was slightly inferior to the
protective effect of the protectant. Treatment
of crops during the growing season with io-
dine-containing preparations, especially in the
late microstages, reduces the level of secondary
disease damage and, what is extremely impor-
tant, prevents infection of seeds that are formed
on the mother plant. Seeds are the main source
of pathogenic infection that develops after the
seeds are sown in the soil.

CONCLUSIONS

Based on the findings of this study, it is possible
to draw conclusions about the effectiveness of
the use of iodine-containing preparations for
growing grain crops. The yield of winter wheat
ranged from 2.96 t/ha to 6.46 t/ha, depending
on the nutrition background, the protectant
and preparations with biologically active iodine.
The increment in the use of iodine-containing
preparations to the yield in the absolute control
was 176-3.50 t/ha; to the background control,

fertilisation — 1.11-2.83 t/ha; to the control with a
protectant — up to 171 t/ha. The maximum yield
was formed under the combined pre-sowing
seed treatment and vegetation treatment in
three doses with BAI - 5.85 t/ha. Increments in
oat yields were 01-2.15 t/ha compared to the ex-
perimental controls or were at the control level,
with average oat yields of 2.79-5.41 t/ha.

The anti-stress effect of preparations with
biologically active iodine under combined
pre-sowing seed treatment and plant treatment
during the growing season was identified - sig-
nificant yield increments were obtained, under
conditions of severe air and soil drought during
the growing season of grain crops. Iodine-con-
taining preparations are effective in the system
of preventive protection during the treatment
of seeds and plants during the growing sea-
son, which substantially reduces the damage to
wheat and oat plants by diseases. The damage
to oats in the early stages of development by
diseases in different weather conditions var-
ied, but the effectiveness of iodine-containing
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MoposMicHi npenapaT B TeXHOMOrisIX BUPOLLYBaHHS
3epHOBUX KYJNbTyp

AHOTaUif. AKTyaJIbHICTb AOCTIIKeHHA Ta BUPIillIeHHS MTPo6jeMU BiIKPUTOTO Ta 3aMaCKOBAHOTO
VMOIHOTO TOJIONYBAHHS JIIOZEM, IO IIPOSBIAETHCI Yepe3 HU3KY XBOPOO, € HUHI IMIOGAIbHOIO B
cBiTi. IHiLi#ioBaHO 6araTo AOCIiIXeHb Ta IIPOTpPaM IOJO aJbTEPHATUBHUX METOZIB BBEAEHHS
MoNly B Xap4uyBaHHS JIIOAVHUY i ofuH i3 Hux - 6iodopTudikariia mocieis. Biopoprudikariis mocieis
IIJIIXOM 3aCTOCYBaHHA [OODUB, I103aKOPEHEBOTO IIiIKUBJIEHHS WOAOM - 3a6e3edyioTh
HaMKpally 6i0JIoTiuyHy JOCTYIIHICTh AJIA POCIUH BOZOPO3UYMHHUX GOpM Iofy. B ToM Xe dac
dyHKUiOHANBHA POJIb HOAY, K eJIEMEHTA JKUBJIEHHS JIs POCIINH, € JOCUTH CJ1ab0 LOCITiIKeHOI0.
MeTo10 IOCTiKeHHS € BCTAHOBJIEHHS Ta OBI'PYHTYBaHHA ebeKTUBHOCTI MOJOBMICHUX ITperapariB
B TEXHOJIOTIIX BUPOLIYBAHHA 3epHOBUX KYJBTYp. i1 AOCATHEHHS IIOCTABJIEHOI MeTu 6ynu
TIpOBeeHi ITOJIbOBI Ta JTabopaTopHi AocmimKeHHA. [10/IboBHI 6araTodaKTOPHUM JOCIi 3aK/IamaBcsa
Ha YOpHO3eMax OIiZI30JIEHUX B CTallioOHApHOMY Zocifi Kabeapu pocnuHHUIITBa HYBIII YRpaiHu.
MaTeMaTUYHy 06pO6KY Pe3yJIBTaTiB IIPOBOAUIIN 3 BUKOPUCTAHHAM IIporpaM SAS 9.4 Ta «ArpocTar
6». IneHTrdiKOBaHO aHTHUCTPECOBY Ai0 ITperaparis 3 6i0JI0TYHO aKTUBHUM HOZOM 38 KOM6iHOBaHO1
nepennociBHOi 06po6KY HaciHHS Ta 06PO6KY POCIIMH IT0 BETeTallii — OTPUMAaHO CYyTTEBI ITPUPOCTU
YPOXKaHOCTi, HaBiTb 32 YMOB CHJIBHOI IIOBITPSHOI Ta I'PyHTOBOI ITOCYX{ BIIPOZOBX BereTallil
3epHOBUX KYJBTYp. BHeceHHs GOHOBUX H03 HOGPUB Ta 3aCTOCYBaHHA IperapaTiB 3 6ioyoriyHo
AaKTUBHUM HONOM 3abe3levyuiv CyTTEBE 3pPOCTaHHS YpOKarHOCTi. CepemHs YpOKaMHICTh
MIIIEHUL] 03UMOi KoJIUBasIacs Bif 2,96 1o 6,46 T/ra; BiBca — Bix 2,79 mo 5,41 T/ra 3anmekHo Big boHy
JKUBJIEHHS, IPOTPYHMHMKA Ta [TPEeraparis 3 6i0JI0r4HO aKTUBHUM H0ZoM. VI0ZI0BMIiCHI IIpernapary €
ebeKTUBHUMH B CUCTEMI ITpodiTaKTUUHOI0 3aXHCTY 32 06p06KU HACIHHA i pOCIIMH IT0 BereTaltiii , o
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JIO3BOJISIE CYTTEBO 3MEHIINTH YPaskeHH POCIIMH IIIIEHUITi Ta BiBca xBopobamu. O6pobKa mociBis
I10 BereTallil HOOBMiCHMUMHU IIperapaTaMy, 0COBINBO Ha Mi3HiX MIKPOCTaAifAX LO3BOJIAE 3HU3UTU
piBeHb BTOPMHHOTO YpaskeHHA XBOPO6aMU Ta Iorepemskae iHpiKyBaHHS HACIHHS, 110 GOpMYyeThCS
Ha MaTepHUHCBHKIiM POC/IMHI i B IIOAAJBIIOMY € OCHOBHUM JyKepeJIoM IIaTOreHHOl iHQeKIlil, gKa
DO3BUBAETHCA ITiCTIS BUCIBY HaCiHHA B IPYHT. Po3po6iieHi pernaMeHTH 6y Ay Th CIIPUATH IOIIMPEHHIO
BUKOPUCTAaHHSA MOJOBMICHUX IIpellapaTiB B TEXHOJIOTISIX BHUPOILIYBaHHS CiIbCBKOIOCIIONAPCHKIX
KYJIBTYP, IO € 0CO6IMBO ebeKTUBHUMU [IJISI PETIOHIB i3 IediliuToM HoAy B OB

KniouoBi cnosa: 6ioyoriYHO aKTUBHUN MOJ; IIIEHUIS O03UMa; OBEC; YPayKEHHS XBOpobaMmy;
YPOXKaNHICTh
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Formation of productivity of giant miscanthus
(Miscanthus » giganteus) under symbiosis of its root system
with fungi and bacteria

Abstract. The relevance of the subject under study is to increase the yield of dry biomass of giant
miscanthus plants by using fungi and bacteria in its cultivation technology. The purpose of this study
was to determine the effect of mycorrhization of the root system of this crop by fungi and symbiosis
with bacteria on the growth and development of plants and the formation of their productivity. Field
studies were conducted at the Veselopodilska Experimental Breeding Station of the Institute of
Bioenergy Crops and Sugar Beet of the National Academy of Agrarian Sciences of Ukraine (Poltava
region) during 2017-2019 on saline and slightly saline black soil. The significance of the deviation
between the experimental variants was determined by the P-level calculated according to the
Student'’s test. The use of symbiosis of fungi and bacteria with the root system of giant miscanthus
contributed to positive results in improving plant growth, development and dry biomass yield. The
use of biological products Mycofriend, Mikovital, and Florobacillin (fungi Glomus VS. and Trichoderma
harzianum Rifa, Tuber melanosporum Vittad and bacteria Bacillus subtilis Cohn) significantly
increased the area of the leaf apparatus (by 6.9-19.0%), the weight of the root system (by 4.1-16.3%),
increased plant height (by 3.7-13.6%), and the number of stems (by 5.7-15.1%) compared to the control.
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At the same time, there was an improvement in the soil's moisture-holding capacity by 10.3-23.7%
and its structural and aggregate state - the proportion of clods 0.25-10.0 mm in size was 3.2-57%
higher than in the control. The use of mycorrhizal fungi and nitrogen-fixing bacteria contributes to
an increase in the yield of dry plant biomass by 1.82-6.11 t/ha compared to the control, which is of
practical importance in increasing the raw materials for biofuel production

Keywords: root system weight; leaf area; leaf weight; moisture retention capacity; structural

aggregate state; yield

INTRODUCTION

The global energy crisis is one of the world’s
challenges of the 215t century, and therefore re-
search that complies with international safety
guidelines aimed at improving the environmen-
tal safety of agricultural production, increasing
efficiency and reducing losses is becoming in-
creasingly important (Polovyi et al,, 2021).

Giant miscanthus is a perennial crop for ag-
ricultural production and, under optimal grow-
ing conditions, is suitable for use for a long time
(Lopushniak et al., 2021a; Pidlisnyuk et al., 2022). It
is known that crop yields increase substantially
with the use of fertilisers, and in recent years
there has been a growing trend towards local ap-
plication and pre-sowing seed treatment, which
increases the efficiency of their use (Bielashov
et al, 2022; Kalenska et al, 2022). To improve the
efficiency of crop growth and development, mi-
croorganisms are used to enhance their nutrition
(Dymytrov et al, 2021; Prysiazhniuk & Penkova,
2022). This is evidenced by long-term studies
with miscanthus conducted in the United States,
which show that microbial communities are
formed in the endophytic zone of the soil, which
have a close correlation with the total number of
bacteria and diazotrophs in the rhizosphere of
the root system (Ivanina et al., 2021). The results of
studies conducted in Germany (Semenchuk et al,
2021) proved the existence of specific N-fixing
bacterial species in miscanthus rhizomes, which
can fix nitrogen in organ-specific bacterial com-
munities formed in their zone.

According to literary sources on plants
(Katelevskij, 2020; Gupta & Abbott, 2021;
Nedilska, 2021), microorganisms have a signif-
icant role in these communities, enhancing the
root system's absorptive capacity, optimizing
plant nourishment, and mitigating the adverse
effects of drought and soil salinity. The instabil-
ity of the water balance of plants caused by the
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instability of several factors negatively affectsthe
physiological processes that underlie the forma-
tion of the crop and its quality. Plants need water
for all the biochemical reactions that take place
in their bodies. The decrease in water leads pri-
marily to a deterioration in photosynthesis and
some other biochemical reactions in the plant.

Some authors (Sabluk et al, 2021; Kurhak &
Sliusar, 2021; Honcharuk & Prysiazhniuk, 2022)
have pointed out that water shortages result in a
decrease in chlorophyll biosynthesis, and drought
causes its destruction. The plant consumes the
most water at the beginning of the growing sea-
son and almost all of it is used for transpiration.
Droughts and poor soil aeration lead to a de-
crease in the water content of plant tissues, which
adversely affects their growth and development.
Under this condition, there is a massive death of
roots and a decrease in growth. At the same time,
the use of mycorrhizal fungi and nitrogen-fix-
ing bacteria significantly improves the moisture
supply and nutrition of plants. This is evidenced
by the results of these studies, which for the first
time in the Forest-Steppe conditions of Ukraine
established the effectiveness of using fungi and
bacteria for their symbiosis with the root system
of giant miscanthus plants, which contributes to
increasing its productivity and is important for
biofuel production.

The purpose of this study was to determine
the effect of mycorrhization of the root system
of the Miscanthus giganteus by fungi and its
symbiosis with bacteria on the growth and de-
velopment of plants and the formation of their
productivity.

MATERIALS AND METHODS

Studies to determine the effectiveness of bio-
logical products for improving the growth and
development of giant miscanthus plants were

@
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conducted considering the requirements of the
International Convention on Biological Diversity
(1992), which make provision for the exclusion of
their negative impact on plants, the microbio-
logical state of the soil and the environment, as it
concerns the beneficial interaction of fungi and
bacteria with the root system of this crop.

Field studies were conducted in 2017-2019
at the Veselopodilska Experimental Breeding
Station (VEBS) of the Institute of Bioenergy
Crops and Sugar Beet of the National Academy
of Agrarian Sciences of Ukraine, located on the
left bank of the Dnipro River in the typical For-
est-Steppe zone. Soil cover is characterised by a
variety of soils, with predominantly saline and
slightly saline black soils. The biological prod-
ucts used in the study were Mycovital, Mycof-
riend, and Florobacillin, which were applied to
the soil with a special device in the root zone.

The experiments were carried out in 4 rep-
lications, with an area of 25 m2 According to the
programme, the study investigated the effect of
these microorganisms on leaf water content and
root mass, stem formation, and plant height at
different periods of organogenesis (30, 60, 90,
and 120 days), as well as the moisture-holding
capacity and structural and aggregate state of
the soil and dry biomass yield.

To determine the weight of miscanthus
leaves, they were selected on the indicated days
of the plant vegetation, 25 pcs. from each repli-
cate and weighed on a laboratory balance. The
data were processed using statistical methods.
The significance of the deviation between var-
iants was determined by the P-level calculated
according to the Student's test.

The mass of the root system of plants of this
crop was determined at the specified time. For
this, 10 plants from each replication were dug
up to a depth of 30 cm and cut to the root col-
lar, cleaned of soil, washed with water, dried for 1
hour, and weighed on a laboratory balance.

The area of 100 miscanthus leaves per var-
iant was determined on days 30, 60, 90, 120 of
the plant vegetation by scanning them using the
Pitiole mobile application software. The height
of the plants was measured with a measuring
ruler and the number of stems per bush was
determined simultaneously. The water-holding
capacity of the soil was determined by the dif-
ference in the mass of the soil before and after

&)

drying. For this, 150 g of soil was taken from
each replicate at a depth of 30 cm, weighed, and
placed in a drying oven for 5 minutes at 100°C.

To establish the structural and aggregate
state of the soil, 100-150 g were taken from each
replicate, weighed, sieved on sieves with a mesh
diameter of 0.25 and 10.0 mm, and the propor-
tion of lumps of 0.25-10.0 mm in its total mass
was determined.

RESULTS AND DISCUSSION

In the symbiosis of fungi with the root system
of plants, they colonise their organs internally
or externally, and bacteria produce metabolites
that suppress the development of pathogens
and increase plant immunity. Furthermore,
phosphorus-mobilising bacteria can convert
hardly soluble phosphates from the soil into
mineral phosphoric acid salts available to the
plant and assimilate both organic and mineral
nitrogen. Accordingly, these microorganisms
contribute to a substantial improvement in the
mineral nutrition of plants, and thus to an in-
crease in their productivity. This is evidenced
by studies on the use of biological products with
fungi and bacteria for their root applicationin gi-
ant miscanthus plantings (Kalenska et al., 2022).
[twas established that the use of mycorrhizal
fungi and nitrogen-fixing bacteria improves all
elements of growth and development of mis-
canthus plants and increases their productivity.
Oneoftheessentialelementsofthisprocessisthe
water content of the leaves, which characterises
the level of moisture supply, as this factor largely
determines the productivity of photosynthesis
and, consequently, the productivity of the crop.
In the experiments conducted, the water
content of the leaves of the crop by determining
their wet weight in all variants using biological
products at different periods of plant vegetation
was higher than in the control. At the same time,
it was noted that the greatest impact of fungi and
bacteria on this indicator is manifested in the
early stages of plant growth. Thus, on the 30th
day of organogenesis, the water content of mis-
canthus leaves in the experimental variants was
significantly higher than in the control, while on
the 90th and 120th day of plant vegetation using
all preparations, these indicators were slightly
lower, indicating a more intense saturation of leaf
cells with water in the younger state (Table 1).
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Table 1. Leaf mass of giant miscanthus depending on the symbiosis of fungi and bacteria with its
root system (VEBS, 2017-2019)

Plant Weight of 100 leaves
growing — Mycofriend Florabacillin Mycovital
season, ’ + to control * to control * to control
days g g = P-level | g & P-level| g & P-level
g o g o g 0
30 440 565 | 126 |286| 002 48.8 49 | 110 | 004 | 524 | 84 | 192 0.03
60 66.2 80.9 147 1222| 002 724 6.3 94 | 005 773 | 112 | 169 0.03
90 981 1171 | 190 | 194 | 002 |1061| 79 81 005 | 1120 | 139 | 141 0.03
120 118.8 1434 | 247 1208| 002 |1290 | 102 | 86 | 004 |136.8| 180 | 152 0.03

Source: developed by the authors

Furthermore, this indicator is influenced by
other factors, one of which is temperature. The
optimum temperature for their development is
15-25°C, and deviations from this temperature in
a certain direction negatively affect their condi-
tion. The type of microorganism on which the bi-
ological product is based is also important. Thus,
using the biological product Mycofriend, which is
based on the fungi Glomus VS and Trichoderma
harzianum Rifai, the highest leaf water content
was obtained, which was higher than the control
at different stages of organogenesis.

In the variants with the use of biological
preparations Mycovital and Florobacillin, based
on the fungus Tuber melanosporum Vittad. and
the bacteria Bacillus subtilis Cohn, the increase
in leaf water content compared to the control
was slightly less than with the use of the biolog-
ical preparation Mycofriend.

Root formation is also an essential element
of plant growth and development. This process
is influenced by many factors, the main ones be-
ing soil quality, soil preparation, humidity, and
temperature conditions, etc. As for the effect of
microorganisms on improving the accumula-
tion of underground plant parts and increasing
their mass, there are many examples of their
effective use in the world practice. At the same
time, much attention is paid to the use of myc-
orrhizal fungi from different families, as well

as many types of bacteria. Notably, in the myc-
orrhizal interaction between a plant and a fun-
gus, its mycelium colonises the root system and
actually becomes its extension, forming densely
growing hyphae, and bacteria contribute to the
improvement of metabolism and thus have a
positive effect on the formation of the root sys-
tem of plants and increase its mass.

The conducted research confirms the fact
of a significant increase in the mass of the root
system of miscanthus plants under its mycor-
rhization by fungi and symbiosis with bacteria
in different periods of their vegetation, and this
indicator largely depends on the type of bio-
logical preparation. This process is particularly
affected by Mycofriend (fungi Glomus VS and
Trichoderma harzianum Rifai). In this variant,
the weight of the root system increased the
most compared to the control. The growth of
the root system of plants of this crop is slightly
less than that of the variant with Mycofriend,
when using Mycovital (fungus Tuber mela-
nosporum Vittad.) and Florabacillin (bacteria
Bacillus subtilis Cohn.).

Notably, in the first period of vegetation of
giant miscanthus plants (30-60 days) and in the
later periods of its organogenesis (90-120 days)
the difference in root weight compared to the
control was insignificant, indicating that this
factor did not affect their formation (Table 2).

Table 2. The influence of symbiosis of fungi and bacteria with the root system of Miscanthus
giganteus plants on its mass (VEBS, 2017-2019)

Plant Root system weight of 10 plants
growing S Mycofriend Florabacillin Mycovital
season, ’ * to control * to control * to control
days g g E % P-level | g E % P-level | g E % P-level
30 122 142 | 198 | 16.3 002 |129| 76 6.3 005 | 135 | 136 | 111 0.04
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Table 2. Continued

Plant Root system weight of 10 plants
growing Gorniied Mycofriend Florabacillin Mycovital
season, ongro ’ *+ to control p-level + to control p-level + to control p-level
days 8 g % 8 g % g s %
60 138 157 | 196 | 14.2 002 |145] 69 5.0 0.05 151 | 129 | 94 0.04
90 150 170 | 205 | 137 002 |156| 6.2 41 005 | 164 | 141 | 94 0.04
120 174 197 | 236 | 136 002 |183| 96 55 005 | 190 | 16,6 | 96 0.04

Source: developed by the authors

The formation of a giant miscanthus harvest
is a complex process caused by environmen-
tal factors and biological characteristics of the
growth and development of plants of this crop.
The leaf area is of immense importance. It is di-
rectly related to the overall development of the
plant’s ground mass, since most of it is made up
of leaves. The leaf surface plays a significant role

in absorbing CO, and producing photosynthesis.
The current study found that the microorganisms
based on which the biological products were cre-
ated contribute significantly to the formation of
theleaf surface of giant miscanthus plants. Under
the influence of fungi and bacteria, the leaf area
of plants of this crop during the growing season
was significantly larger than the control (Table 3).

Table 3. Leaf surface area of giant miscanthus plants under symbiosis of its root system
with fungi and bacteria (VEBS, 2017-2019)

Leaf surface area
Plant Mycofriend Florabacillin Mycovital
rowin,
gse asong Ct%ntrol, +to control + to control * to control
’ ous. | thous. level thous. level thous. level
days | m/ha | myha | thous. | o, |P-level| pap, | thous. | | P-level) pop | thous. | | Prleve
m?ha m?ha m?*ha
30 17.2 204 33 |190| 001 187 15 89 | 004 193 21 |123| 003
60 256 30.3 47 1183 | 001 274 18 69 | 004 287 31 |120| 003
90 680.0 7891 | 1091 |160| 002 | 7290 | 490 | 72 004 | 7589 | 788 |116| 003
120 10721 | 12403 | 1682 | 157 | 002 | 11541 | 820 | 77 004 | 11899 | 1178 |11.0| 003

Source: developed by the authors

The greatest difference in this indicator
compared to the control was obtained on day
120 of organogenesis. A particularly noticea-
ble effect on its growth was noted in the vari-
ant with the biological preparation Mycofriend
for its root application to the soil, while in the
variants with other preparations, a slightly
smaller increase in leaf surface was obtained
compared to Mycofriend. When using the bi-
ological products Mycovital and Florobacillin,
the growth of this indicator was 1.08-1.11 times
higher than in the control, while in the variants
with the biological preparation Mycofriend it
was 1.18 times higher.

Plant height is a crucial factor in the produc-
tivity of miscanthus giganteus, similar to other
aspects of plant growth and development. The

higher the stem height, the higher the dry bi-
omass yield, which is an important bioenergy
indicator. Mycorrhizal-forming fungi and nitro-
gen-fixing bacteria play a significant role in de-
termining the height of giant miscanthus plants
when introduced at the root.

It was found that in the variants with the
use of biological preparations, the plant height
was greater than in the control at different pe-
riods of plant vegetation (Table 4). Among the
biological products, the greatest impact on this
indicator was found, as in the previous results,
with the use of the biological preparation My-
cofriend, and with the use of other products, the
increase in plant height compared to the control
was slightly inferior to the performance of the
Mycofriend preparation.
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Table 4. Plant height of giant miscanthus depending on the symbiosis of its root system
with fungi and bacteria (VEBS, 2017-2021)

Plant height
Plant
growing Mycofriend Florabacillin Mycovital
season, Control, cm + to control + to control + to control
days cm cm cm
cm % cm % cm %
30 54 62 7 13.6 57 3 6.0 60 6 10.2
60 112 127 15 134 119 7 6.3 122 10 8.6
90 188 209 21 1.2 195 7 37 201 14 7.2
120 218 244 26 117 227 9 41 235 17 79

Source: developed by the authors

The results obtained on the increase in the
height of Miscanthus giganteus plants in variants
with mycorrhiza and symbiosis with bacteria in-
dicate a significant influence of this factor on this
element of plant growth and development. The
structure of the crop is a crucial element of mis-
canthus productivity, the components of which
determine not only the yield of dry biomass, but
also its quality. One of the main indicators in the

structure of the crop yield is the number of stems
per bush. It was found that in the variants with
the biological product Mycofriend (fungi Glomus
VS and Trichoderma harzianum Rifai) the number
of stems per bush was higher than in the control.
A significant increase in this indicator was also
observed with Mycovital (fungus Tuber melano-
sporumVittad.)and Florobacillin (bacteria Bacillus
subtilis Cohn.) compared to the control (Table 5).

Table 5. Number of stems of giant miscanthus in one bush depending on the symbiosis of its root
system with fungi and bacteria (VEBS, 2017-2019)

Biological preparations
. Mycofriend Florabacillin Mycovital
Indicator Control
’ + to control + to control + to control
pcs. pcs. pcs. pcs.
pcs. % pcs. % pcs. %
Number of stems in 66 76 10 | 151 | 69 4 | 57 | 7@ 6 | 94
1bush

Source: developed by the authors

The greatest number of stems in the bush,
compared to the control, was observed in the
variants with the biological preparation Mycof-
riend. Thus, the root application of biological
products helps to increase the yield structure
of giant miscanthus due to the improvement of
plant nutrition and water balance.

The importance of this research is pointed
out in a number of scientific papers (Katelevskij,
2020; Shuvar et al, 2021), which state that the
use of these microorganisms helps to improve
the moisture supply of plants and has a pos-
itive effect on soil condition. Specifically, it is
pointed out that under dry conditions, which are
often encountered during the growing season,
fungi and bacteria have a positive effect on this

Plant and Soil Science, (14) 2

process. The scientific works of the above-men-
tioned authors note that in variants with the use
of mycorrhizal fungi, the soil moisture holding
capacity increased by 8-10% compared to the
control, which is an important indicator in dry
periods of plant vegetation. Similarly, the works
of several authors (Wang et al.,, 2021; Lopushniak
et al, 2021b) note the significant role of micro-
organisms in the formation of the structural and
aggregate state of the soil.

Thanks to the secretions produced as a result
of theirvital activity, lumps of soil are formed from
its dusty fraction. The present study confirms
these conclusions. It was found that in the vari-
ants with fungi, the moisture retention capacity
of the soil was higher compared to the control due

@
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to the penetration of their filamentous hyphae
into the finest pores of the soil. As in the previous
experiments, the best indicators of soil moisture
retention capacity were obtained in the variants
with the fungi Glomus VS and Trichoderma har-
zianum Rifai (Mycofriend) in the initial period of
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plant vegetation (on day 30 of organogenesis) —
7 mmmore than in the control. With the use of the
fungus Tuber melanosporum Vittad. (Mycovital
preparation), this figure was 5 mm, which is also
positive for improving the conditions of growth
and development of plants of this crop (Fig. 1).
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Figure 1. Soil moisture retention capacity depending on the interaction of mycorrhizal fungi with
the root system of Miscanthus giganteus plants, VEBS, 2017-2019

As for the impact of fungi on improving the
structural and aggregate state of the soil, it was
found that it is substantially improved by creat-
ing a mycelial network and forming an adhesive
component of the glycoprotein-glomatin, which
glues part of the fine fraction of the soil, which
coincides with the findings of several studies (Yu
et al, 2018; Moyano et al., 2020). The proportion
of lumps 0.25-10.0 mm in size in its total weight
was 3.2-5.7% higher than in the control (Fig. 2).

This is also evidenced by the results of stud-
ies on the growth of the root system weight in
variants using biological products. According
to Table 4, in these variants, the mass of roots is
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Share of soil lumps 0.25-10.0 in
size in its total mass, %

M Control

>? 495 51

[l Mycofriend

significantly higher than in the control, ie., due
to the growth of fungal hyphae and the forma-
tion of arbuscules and vesicles, a mycelial net-
work is created in the soil, which changes the soil
structure, primarily affecting the reduction of its
dusty fraction. That is, the mycelium of the fun-
gus, developing intensively, forms a network that
binds soil particles together. Furthermore, fungi,
settling on the root system and entering into a
symbiotic relationship with it, can accumulate
the adhesive component glycoprotein-gloma-
tin in the soil, which causes parts of its smallest
fractions to stick together, forming lumps of var-
ious sizes and thus improving its structure.

58.6
55 56.1 53.2 54.3

Vegetation days

Mycovital

Figure 2. Proportion of lumps 0.25-10.0 mm in size in the symbiosis of mycorrhizal fungi with the
root system of giant miscanthus plants, VEBS, 2017-2019
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As aresult of the positive impact of microor-
ganisms on plant growth and development and
soil quality, the use of mycorrhizal fungi and ni-
trogen-fixing bacteria contributes to a significant
increase in the productivity of giant miscanthus.
In the experiments conducted, the yield of dry

biomass of this crop in variants with the use of
biological products based on fungi Glomus VS,
Trichoderma harzianum Rifai and Tuber melano-
sporum Vittad. (Mycofriend and Mikovital) and
bacteria Bacillus subtilis Cohn. (Florobacillin)
was significantly higher than the control (Fig. 3).
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Control Mycofriend Mycovital Florobacillin
Biopreparations

Figure 3. Yield of dry biomass of Miscanthus giganteus plants under symbiosis of its root system
with fungi and bacteria, VEBS, 2017-2019

The type of microorganism plays a major
part. In the variants with Mycofriend (fungi Glo-
mus VS and Trichoderma harzianum Rifai), the
yield of dry biomass of miscanthus was the high-
est compared to other preparations and control.
The latter indicates that this biopreparation has
the greatest positive effect on all elements of
growth and development of miscanthus gigan-
teus plants and, accordingly, contributes to the
highest yield of dry biomass of this crop.

CONCLUSIONS

Mycorrhization of the root system of miscanthus
giganteus by fungi Glomus VS and Trichoderma
harzianum Rifai (Mycofriend), Tuber melano-
sporum Vittad (Mikovital) and its symbiosis with
bacteria Bacillus subtilis Cohn (Florobacillin)
contribute to the improvement of plant growth
anddevelopmentandincreasetheirproductivity.

Under this condition, by determining the
dry mass of the leaves, their water content in-
creased by 81-28.6% compared to the control,
which indicates the ability of fungi to form many
branches of filamentous hyphae, which signifi-
cantly increase the area of water absorption by
the root system from the soil, penetrating into
its thinnest pores. The mass of the root system
of Miscanthus giganteus in the variants with
root application of fungi and bacteria to the soil

Plant and Soil Science, (14) 2

was 4.1-16.3% higher than in the control due to
the formation of mycelial network around the
root hairs and the formation of arbuscules and
vesicles by fungi. The role of bacteria in this is
to help improve metabolism in the root system,
which in turn affects its weight.

The height of miscanthus giganteus plants
in the variants with fungi and bacteria was 3.1-
13.6% higher than in the control, which indicates
more favourable conditions for the growth and
development of plants of this crop in the variants
using these microorganisms. In these variants,
the number of stems per bush also increased by
57-15.0% compared to the control, which is an
important component in the formation of crop
productivity.

The leaf surface area of Miscanthus gigan-
teus plants in experiments with fungi and bac-
teria at different growing seasons was 6.9-19.0%
larger than the control, which underlies efficient
solar energy absorption and creation of organic
products.

Apart from the positive effect of fungi on
plant growth and development, the use of these
microorganisms helps improve the soil mois-
ture retention capacity and its structural and
aggregate state. In the variants with mycor-
rhizal fungi Glomus VS and Trichoderma har-
zianum Rifai and Tuber melanosporum Vittad,
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the soil moisture retention capacity was 10.0-
257% higher, and the proportion of lumps 0.25-
10.0 mm in size exceeded the control by 3.2-5.7%.
The yield of dry biomass of giant miscanthus
in variants with biological products was higher
than the control by 1.82-6.11 t/ha, which had a
positive effect on the supply of biofuel raw ma-
terials to the market. This area of research has
the potential for further development in other

highly productive crops used as feedstocks to
produce diverse types of biofuels.
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Cepriii leopriiioBuy Jumutpos

KaHamMAaaT CinbCbKOrocnoAapcbKmMx Hayk, CTapLIMIA HayKOBMIA CNIBPOBITHUK
HauioHanbHMI yHiBepcUTET BiopecypciB i NPUPOAOKOPUCTYBAHHA YKpaiHu
03041, Byn. Tepois ObopoHM, 15, m. Kuis, YkpaiHa
https://orcid.org/0000-0002-0377-9596

Bacunb Tpoxumosuu Cabnyk

[OKTOp CiNbCbKOrocnoAapcbKkmnx Hayk, npodecop

IHCTUTYT BioEHEPreTUYHMUX KyAbTYP i LyKpoBuMx bypakis HAAH
03110, Byn. KniHivHa, 25, m. Knis, YKpaiHa
https://orcid.org/0000-0002-6124-4346

Muxaitno Apocnasosuy lymeHTUK

[OKTOP Ci/IbCKOrOoCnoAapCbKMX HAYK, CTapLLIMA HAYKOBUI CNIBPODITHUK
IHCTUTYT BioeHEpPreTUYHMUX KYAbTYP i LyKpoBuMx bypsakis HAAH

03110, Byn. KniHivHa, 25, m. Kunis, YKpaiHa
https://orcid.org/0000-0001-9052-9650

dopMyBaHHA NPOAYKTUBHOCTI MiCKaHTYyca riraHTCbKoro
(Miscanthus x giganteus) 3a cuM6io3y MOro KopeHeBOi
cuctemm 3 rpubamm Ta 6aKTepiamm

AHOTaLif. AKTyaJIbHICTh 06paHOi TEMU TIOJIATAE Y MTiABULIEHH] BpOXKAaMHOCTI cyxoi 6ioMacy pocivH
MiCKaHTYyCa TiraHTChKOTO 38 BUKOPUCTAHHSA IpU6iB Ta 6aKTepill y TEXHOIOTII I0TO BUPOIIyBaHHSL.
MeTor0 AOCHiAKEHHS € BCTAaHOBJIEHHS BIUIMBY MIiKOpHM3allil KOpeHeBOl CUCTeMU L€l KyJIbTypU
rprubamu Ta cuM6io3y 3 6aKTepiAMU Ha PIiCT i pO3BUTOK POCIIUH Ta GOpMyBaHHS iX TPOAYKTUBHOCTI.
[TonpoBi HOCTiAKEHHS MTPOBOAWIN B YMOBAaX BeceyonominbChbKOl JOCIITHO-CEeTEeKIiMHOI CTaHIIl
[HCTUTYTY 6ioeHepreTUYHUX KyJIBTYP i IIyKpoBUX 6ypsKiB HallioHaapHOI akaZeMil arpapHux HayK
Vrpainu (TTonTaBcbKa 0671aCTh) YIPOAOBK 2017-2019 pp. Ha YOPHO3EMi COJIOHIFOBATOMY Ta C1a6o
COJIOHILIOBATOMy. CYTTEBICTh BiAXWIEHHS MDK BapiaHTaMU [OCIIZIB BU3HAdaJld 33 ITOKAa3HUKOM
P-level, po3paxoBaHUM 3a KpuTepieM CThIOLEHTAa. BUKOPUCTaHHS cUM6io3y rpubis i 6akTepint 3
KOpeHEeBOI0 CUCTEMOIO MiCKaHTyCa TiraHTCHKOIO CIIPUSIO OTPMMAHHIO ITO3UTHBHUX PEe3y/IbTaTiB
y TIOKpallleHHi POCTy, pO3BUTKY POCJIWH Ta MiABUIIEHHI BpOXKarHOCTI cyxoi 6ioMacu. 30KpeMa,
3a BUKOPHUCTaHHA 6ionpenaparie Mikpobperz, Mirositas, ta ®ropobaummin (rpubu Glomus VS.
i Trichoderma harzianum RIFA, Tuber melanosporum VITTAD Ta 6akTepii Bacillus subtilis Cohn)
iCTOTHO 3pocTasia IJIomIa JUCTKOBOTO arapaTy (Ha 6,9-19,0 %), Maca KOpEeHeBOol CUCTEMU (Ha 4,1-
16,3 %), 36inbiImIack Bucora pocivH (Ha 3,7-13,6 %) Ta KinbKicTb cTeben (Ha 5,7-15,1 %) IOpiBHAHO
3 KOHTposieM. BomHouac, BiIMiYaeTbcs ITOKpallleHHS BOJIOTOYTPUMYIOUOI 3LATHOCTI IPYHTY Ha
10,3-237 % i 1oro CTPyKTypHO-arperaTHoro CTaHy — 4YacTKa I'PyZodYoK po3MipoM 0,25-10,0 MM
6ya GBI Bifi KOHTPONBHUX HA 3,2-57 %. BUKOPUCTAHHS MiKOPU30YTBOPIOIOYMX Tpubis i
a30TodiKCyI0UrX 6aKTepili CIIpUsie 3pOCTAHHIO IIOPiBHAHO 3 KOHTPOJIEM BPOXKAMHOCTI Cyx0i biomacu
pocuH Ha 1,82-6,11 T/Ta., 1110 Mae MTpaKTUYHE 3HAUYEHHS Y 361/IbIIeHHI CUDOBUHU /IS BUPOOGHULITBA
6iomanuBa

Knio4yoBi cnoBa: Maca KOpeHeBOi CHCTEMY; IUIOIIA JIMCTKIB, Maca JIUCTKIB; BOJIOTOYTPUMYIOUYa
3[IaTHICTb; CTPYKTYPHO arperaTHUM CTaH; BPOKAHICTD
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Impact of nutrient supply on growth and synthesis
of metabolites of in vitro shoot cultures of S. rebaudiana

Abstract. Stevia rebaudiana plants produce sweet tasting compounds, steviosides, which are 300
times sweeter as sugar and can be used as natural sweeteners. Moreover, stevia leaves contain
high amount of antioxidants. The use of plant compounds as components of functional nutrition
and nutraceuticals is extremely relevant today. The purpose of this study was to investigate the
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Impact of nutrient supply on growth and synthesis of metabolites...

effect of increased nitrogen and saccharose supply on growth and accumulation of steviosides
and anthocyanins as well as antioxidative activity in fast-growing shoot cultures of S. rebaudiana.
The morphological changes of the leaves, the accumulation of steviosides and anthocyanins, and
the antioxidant properties of the extracts were determined. It was shown that during three weeks
of in vitro cultivation of shoots on MS medium with double concentration of nitrogen, the biomass
increased by 71.0%, after application of double concentration of saccharose - by 133%, and after
increasing nitrogen in combination with saccharose supply - by 162.0% compared to the control.
Sucrose stimulated the accumulation of biomass. Anti-oxidative potential after nitrogen application
was 2.4 times higher than the control, and with saccharose supply it increased 2.7 times. Shoots
treated with increased nitrogen and saccharose concentration contained 50.7 and 57.8 mg/g™
steviosides, respectively. However, the combination of nitrogen and saccharose led to accumulation
of 734 1 mg/g™* steviosides. Shoots grown on MS medium culture had 26.0 mg/g™" of steviosides. The
content of anthocyanins was 17 times greater under added nitrogen supply, and 2.3 times greater
after the application of nitrogen and saccharose. Optimum cultivation media developed individually
for each invitro culture increase the production of valuable plant secondary metabolites up to 3 times

Keywords: plant biomass; cultivation; nutrient medium; secondary metabolites; steviosides;

anthocyanins; antioxidative activity

INTRODUCTION

Many health issues and complications - from
cardiovascular diseases, bowel, and dental is-
sues to cancer - have been associated with obe-
sity and excessive consumption of free sugars.
According to WHO recommendations, con-
sumers must reduce daily free sugars intake to
less than 10% of their total calorie intake (WHO
Guideline, 2023). As consumers become more
aware of the health benefits of low-calorie foods,
the market for these products is expected to
grow rapidly (Mordor Intelligence, 2022). Ar-
tificial sweeteners are the predominant sugar
substitutes in the market to produce low-energy
products. In addition, due to the COVID-19 pan-
demic, people started to show more interest in
natural non-caloric sweeteners, such as stevia
(Emergen Research, 2022). Stevia rebaudiana
plant, commonly known as stevia, has been used
by South Americans for thousands of years.
Steviol glycosides are sweetening com-
pounds from the leaves of the S. rebaudiana
plant. However, some steviosides are character-
ized with bitter aftertaste (Nguyen & Tan, 2021).
The technological advantage of steviosides is the
low-cost extraction technology which reduces
the production costs (Al-Taweel et al, 2021).
Steviosides are not only non-caloric sweeten-
ers of natural origin but also are suitable to use
in the food industry due to their technological
characteristics. The attributes of being heat and

PH stable, water and alcohol soluble provides a
technological advantage (Raspe § Silvio, 2022).

S. rebaudiana is the sweetest species of the
genus Stevia which involves about 150 species
of herbs. They belong to the Asteraceae fam-
ily also known as daisy or sunflower family
(Nguyen et al, 2019). S. rebaudiana is an herba-
ceous, semi-bushy, perennial shrub which grows
in humid environments at an average tempera-
ture of 24°C. The plant is native to Paraguay and
some parts of Brazil. For at least 1,500 years, ste-
via leaves have been used in the cuisine of Gua-
rani tribes on a daily basis. Dr. Bertoni rediscov-
ered this plant by the end of 19* century.

Steviol glycosides are mainly found in
plants, including stevia. The molecular structure
of steviol glycosides is described as a sugar mol-
ecule bound to a non-carbohydrate moiety. The
chemical names of individual sweet tasting sub-
stances from stevia plants depend on the type
of sugar they contain, e.g., glucosides (glucose),
pentosides (pentose), fructosides (fructose), etc.
The substances can be converted into sugar and
non-sugar compounds, the so-called aglycones,
by hydrolytic cleavage (Jawad et al,, 2022). Steviol
occurs in the plant as steviol glycosides, which
are sweet compounds.

Moreover, stevia plants hold a high con-
tent of polyphenols, including anthocyanins.
Polyphenols are the secondary metabolites that
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can act as free radical scavengers. However, the
seeds of this plant have extremely low germi-
nation rate (Shevchenko et al, 2010). A promis-
ing method of obtaining S. rebaudiana biomass
with a high and stable content of steviosides and
phenolic compounds, free from plant protection
agents, from mycotoxins that can be synthesized
during unfavourable plant storage conditions, is
the application of in vitro techniques. Addition-
ally, synthesis of metabolites in in vitro cultures
can be regulated through nutrient supply. Due to
the slow growth often encountered in plant cell
cultures, inducing in vitro shoot culture of S. re-
baudiana has been proposed.

The hypothesis of the study is that applica-
tion of certain nutrients as nitrogen and sac-
charose can induce biomass accumulation of
in vitro shoot culture and influence synthesis of
valuable secondary metabolites. The purpose of
this study was to identify the role of nitrogen and
saccharose on growth and biochemical compo-
sition of in vitro shoot cultures of S. rebaudiana.

LITERATURE REVIEW

Numerous protocols for micropropagation
of Stevia rebaudiana have been established
(Ramirez-Mosqueda et al, 2016). Nonetheless,
for the past few decades, the high expenses in-
curred in micropropagation compared to that
seen in traditional field cultivation have been
significant limiting factors (Amien et al, 2022).
The latest developments in plant in vitro tech-
niques have led to a successful transition from
the experimental stage to industrial-scale
production. Cultivation of plant differentiated
in vitro systems from last year is believed to be
an effective method for generating valuable nat-
ural compounds (Hassanein, 2022). Numerous
research studies have investigated the effect
of nitrogen concentration in cultivation me-
dia on the growth and morphogenesis of tissue
cultures. According to J. Wang et al. (2020), the
concentration and chemical form of nitrogen
were deemed as highly significant.

In vitro cultures typically consider nitrate
as the most essential form of nitrogen. Yet, in
many instances, the application of nitrate only
as a nitrogen source has not resulted in success.
Tissue cultures require ammonium as a source
of nitrate ion, according to P. Olgunsoy et al.
(2017) findings on the Rosa sp. callus culture
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cultivation. Research conducted by T. Wu et al.
(2021) has demonstrated that cell cultures of
Nicotiana tabacum can flourish on cultiva-
tion medium containing solely ammonium.
However, the resulting accumulation of biomass
was only half as much as that with a combina-
tion of ammonium and nitrate sources. Mean-
while, S. Alvarez & J.R. Motos (2023) noted that
dicarboxylic acid must also be included to pro-
mote in vitro cultures’ growth if the cultivation
medium solely depends upon ammonium as a
nitrogen source. M.M. El-Dawayati & Z.E. Zayed
(2017) hypothesized that the suitable concentra-
tions of ammonium and nitrate ions in culture
media for in vitro cultures should be selected at
10:15(825:1425 mg/L) of the MS culture. In experi-
ments on hairy root cultures of Psoralea corylifo-
lia, M. Zaheer et al. (2016) demonstrated that the
uptake of ammonium and nitrate was depend-
ent on the pH of the cultivation medium. Under
acidic pH, nitrate was utilized more intensively,
leading to an increase in the alkalinity of the
cultivation medium. The uptake of ammonium
led to a shift in the pH of the medium towards
acidity, which further inhibited the uptake of
ammonium by the cultures.

Plant in vitro cultures are mostly heter-
otrophic, meaning that they use monosac-
charides or disaccharides as a carbon source.
According to T. Fidemann et al. (2018), the con-
centration of saccharides in culture media es-
sentially influences both the growth of biomass
and the synthesis of secondary metabolites in
in vitro cultures. To provide a source of carbohy-
drates, sucrose or glucose is usually added as a
carbon source in concentrations ranging from 2
to 4%. Certain cultures require fructose or malt-
ose as a source of sugar. The selection of the most
efficient source of carbon and its concentration
depends on the species of the plant, as well as
the form of its in vitro cultivation and the objec-
tive of the cultivation, such as the synthesis of
alkaloids or phenolic compounds. K. Ibrahim &
H. Musbah (2018) discovered that Coleus blumei
cell cultures, when subjected to a saccharose
concentration of 2.5% in the cultivation medium,
produced 0.8 g/L* of rosmarinic acid, but after
increasing the saccharose concentration to 7.5%,
the yield of rosmarinic acid reached 3.3 g/L.

Currently, many research groups worldwide
are focusing on cultivating differentiated shoot
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in vitro cultures. Shoot cultures are character-
ized by intensive growth and metabolite synthe-
sis due to their tissue differentiation. According
to M. Kikowska et al. (2020), the biomass accu-
mulation in the in vitro shoot culture of Eryn-
gium alpinum L. was 12.5 times higher than the
biomass growth in callus cultures. A. Krél et al.
(2021) have also demonstrated the feasibility of
effectively utilizing in vitro shoot cultures from
various plants for producing phenolic com-
pounds and antioxidants. In vitro shoot cultures
are particularly valuable due to their capability
of plant tissue differentiation, which contrasts
with undifferentiated cell and root in vitro
cultures, making them capable of producing
metabolites that are not present in the latter.
Equally important, the growth of shoot cultures
is often more intensive when compared to other
in vitro cultures and, in many instances, even
compared to their native counterparts.

MATERIALS AND METHODS

Introduction of in vitro shoot cultures. The sur-
face of S. rebaudiana seeds was sterilised for
5 minutes using 70% ethanol, followed by 10%
sodium hypochlorite for 10 minutes and rinsed
three times with distilled water. The explants (leaf,
nodal, and inter-nodal segments) were cut into
small pieces of approximately 01 cm in length,
one week after germination. The pieces were
transferred to 250 mL Erlenmeyer flasks contain-
ing 50 mL of liquid MS medium and 0.4 mg/L ki-
netin. The cultures were grown at a temperature
of 25°C on a rotary shaker (75 rpm), under illu-
mination of 18:6 (3000 Ix). An autoclave, a sterile
cabinet, and an incubator (VWR, Germany) were
utilized for the in vitro cultivation process. To pre-
pare the material for chemical analysis, the fol-
lowing devices were used: ALPHA 1-4 lyophilic
dryer (Christ, Germany), Memmert thermal cab-
inet, Eppendorf centrifuges (without and with
cooling), vacuum concentrator Speed Vac SC110,
ultrasonic bath, and ultrasonic homogenizer.

Propagation medium. The growth and de-
velopment of stevia cultures were tested for
their susceptibility to four different propagation
medium compositions. A standard nutrient MS
medium, containing 190 g/L* KNO,, 1.65 g/L*
NH,NO,, and 30 g/L" saccharose, with 2% agar,
was used as a control. The experiment tested
modifications of the MS medium with double the

concentration of nitrogen (3.80 g/L* KNO, and
3.30 g/L*NH,NO,), 60 g/L" saccharose, and twice
the concentration of nitrogen and saccharose
(3.80 g/L* KNO,, 3.30 g/L* NH,NO,, and 60 g/L*
saccharose). Cultivation media was autoclaved
at 121°C. Vitamins were added after autoclaving,
using microfiltrationthrough sterile 0.25pmdisc
membrane filters (Membrane Solution, USA).

The experiments were conducted as ran-
domized controlled factorial trials using S. re-
baudiana seeds. The measurement results were
analysed using the ANOVA method - a statistical
technique for variance analysis.

Measurement of anthocyanins. To the S. re-
baudiana, 100 mg was added, and subsequently
750ul1 of CH,COOH/EtOH was also introduced.
For a period of 20 minutes at 85°C, the sample
was placed on the block heater. Subsequently,
the mixture was centrifuged for 5 minutes at
12,000 rpm and the supernatant was collected.
The given extraction procedure was repeated
three times, and all the supernatants were sub-
sequently pooled together. To each sample, 50 pl
37% HCl was added and vibrated on the vortex
for 30 seconds. A=535 nm was used for photo-
metric determination of anthocyanin.

Analysis of steviosides. Stevioside con-
tent measurements were made according to
Y. Shevchenko et al. (2010), with some modifica-
tions. One gram of S. rebaudiana biomass was
ground to a powder in a ball mill. Subsequently,
25 mL of distilled water was added. The samples
were heated to 95°C in a microwave oven for 30
minutes, then cooled to 25°C and filtered using
filter paper. This process was performed three
times, and the extracts were combined in a grad-
uated flask. The total volume was then adjusted to
100 mL using distilled water. To clean 0.5 ml of the
extract,asolid-phase-extraction columnwasused.
The extract was washed with 3 ml of methanol fol-
lowed by 3 mL of distilled water. The final elution
was achieved by adding a mixture of methanol and
acetonitrile in a 50:50 (v/v) ratio to the SPE column
using 1 mL of the said mixture. Subsequently, the
eluted solution was analysed using HPLC, follow-
ing the methodology of Y. Shevchenko et al. (2010).

Determination of antioxidant activity. The
DPPH radical scavenging activity assay was
conducted following A.A. Mohdaly et al. (2011)
method. To obtain an absorbance value of
0.7£0.02 at 515nm, 100 mL of methanol was mixed
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with 6 mL of the stock solution to prepare DPPH
solution (6x105 mol/L%). 0.02 g of the sample was
mixed with 1 mL of distilled water and heated at
95°C for 15 minutes. Afterward, the sample was
centrifuged at 12000 rpm for 5 minutes. 5 pL

supernatantwith2 mL DPPH wasvortexed for30s
and allowed toreact for 30 min. The absorbance at
515 nm was measured using the UV-Vis Spectro-
photometerJena-Specol 2100. The scavenging ac-
tivity was calculated using the following formula:

DPPH (%)=[(Abs.control - Abs.sample)/Abs.control] x 100, (1)

where Abs - is the absorbance at 515 nm.
The study complied with the requirements
of the Convention on Biological Diversity (1992).

RESULTS

In vitro shoot cultures of S. rebaudiana were es-
tablished from seeds as described above. After

e

\
|

in vitro plants 1stday

germination, the shoots were transferred into
a sterile medium and cultivated for 21 days. The
development of shoots cultivated on the MS me-
dium is presented in Figure 1.

The effect of nutrient composition in culti-
vation media on the dynamic biomass growth of
sprout cultures was investigated.

in vitro shoot culture

14t day 21stday

Figure 1. In vitro shoot culture growth of S. rebaudiana

In vitro shoots of S. rebaudiana demon-
strated a significant positive response to ni-
trogen and saccharose application in terms of
biomass accumulation. The initial weight of
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the shoots grown on MS medium at the time of
transformation was 20 g/flack?, and after three
weeks of cultivation, it increased to 122.3 g/flack?!
(see Fig. 2a).
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Figure 2. Biomass growth (a) and antioxidant activity (b) of in vitro cultures of S. rebaudiana
on the 21t day of cultivation
Note: MS is the standard medium, MS2N is the MS medium with twice the concentration of nitrogen, MS2S is the
MS medium with twice the concentration of saccharose, MS2NS is the MS medium with twice the concentration

of nitrogen and saccharose
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Raising the KNO, and NH,ZNO, concen-
trations in the MS medium from 1.90 g/L* and
1.65 g/L1 to 3.80 g/L* and 3.30 g/L7, respec-
tively, stimulated a significant accumulation
of biomass in the shoot cultures. After 21 days
of cultivation, the sprout biomass reached
2091 g/flack?, a 71% increase compared to the
control group. Raising the saccharose con-
centration in the MS medium from 30 g/L* to
60 g/Lresulted in the formation of 285.0 g/flack™
of shoot biomass, which was 133% higher than
the biomass in the control group. After applying
additional nitrogen and carbohydrate sources,
the fresh weight of the sprout cultures reached
321.6 g/flack?, which was 199.3 g more than the
biomass of shoot cultures grown on MS medium.
Four different media showed varying results
concerning the growth parameters of the stevia
sprout cultures. For the growth of S. rebaudiana,
MS medium was the least suitable. This con-
clusion can be drawn from the results obtained
21 days after in vitro sprout cultivation, which
are represented in Figures 1 and 2. These data
showed statistically significant differences for
all other experiment variants.
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a) steviosides, mg g

Y. Shevchenko et al. (2010) showed that the
DPPH-free radical scavenging capacity of the
shoot culture of stevia grown on the MS me-
dium was 34.07% on the 21% day of cultivation
(Fig. 1b). Increasing the nitrogen supply led to
an enhancement of DPPH to 62.8%, which was
2.5 times higher than in the tissues of stevia
cultivated on MS medium. The treatment with
60g/L" of saccharose rather than 30g/L* did not
affect the DPPH significantly compared to the
additional application of nitrogen. However, it
captured 88% prevalence of the control plot.
The combined modification of MS medium,
with increased nitrogen and carbohydrate con-
tent, resulted in the formation of 78% DHHP ac-
tivity. Afterward, it was concluded that it could
be attributed to the higher concentrations of
steviosides and anthocyanins present in the
plant biomass.

The application of additional KNO, and
NH,NO, caused an accumulation of 5070 mg
of steviosides per 1 g of fresh weight of biomass
in the shoots after 21 days of cultivation. This
amount was 95% more than that in cultures
grown on MS medium (Fig. 3a).
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Figure 3. Content of steviosides and anthocyanins in in vitro cultures of S. rebaudiana
on the 215t day of cultivation
Note: MS is the standard medium. MS2N is the MS medium with twice the concentration of nitrogen compared
to the standard medium, MS2S is the MS medium with doubled saccharose concentration, MS2NS is the MS
medium with doubled concentration of nitrogen and saccharose

The culture’s stevioside content increased
to 57.8 mg/g* after a 21-day cultivation period,
with the additional carbohydrate source
resulting in a 71 mg/g? increase compared to

the nitrogen treatment. The plot with in vitro
cultures supplied with additional nitrogen and
saccharose had the highest stevioside content,
exceeding the control by 2.8 times and reaching
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73.40 mg/g™. The content was 2.8 times higher
than the control, reaching 7340 mg/g.

The anthocyanin content in the shoot cul-
ture of S. rebaudiana reached 2.3 mg/g* of fresh
biomass after being cultivated for 21 days on
MS medium. Synthesis of 3.98 mg/g* of antho-
cyanins occurred after supplementing with
a double concentration of KNO, and NH,NO,
compared to MS medium typical concentration.
Application of 60 g/L* saccharose, instead of
30 g/L?, caused a two-fold increase in anthocy-
anin quantities. The substance content of this
plot reached 5.22 mg/g?, which was similar to
that after the treatment of sprout culture with
increased nitrogen and saccharose concentra-
tions. The combination of nitrogen and saccha-
rose did not have as significant an effect as the
single application of saccharose alone.

MS is among the most commonly used me-
dia for in vitro plant cultures. Additionally, B5
medium (Gamborg), LS (Linsmaier § Skoog),
Velicky and Martin, and Blaydes and Heller me-
dium compositions are widely used. The selec-
tion of the cultivation medium depends on the
requirements of the initial plant and cultivation
form, such as callus, suspension, hairy root,
or shoot cultures. The MS culture is commonly
employed for in vitro cell cultures, whereas B5 is
used for hairy root cultures. On the other hand,
LS medium is known to promote intensive bio-
mass production in many cases. M.H. Zenk et al.
(1978) conducted several tests to produce the
indole alkaloid serpentine using Catharanthus
roseus suspension cell cultures. The alkaloid
content in cell cultures was dependent on the
nutrient medium’s composition. It was discov-
ered that LS medium was optimal for the pro-
duction of alkaloids, whereas MS medium was
optimum for cell growth.

J.J. Zhong (2001) demonstrated that the in-
tensity of alkaloid synthesis in cell suspension
cultures of Holarrhena antidysenterica varies
depending on the form of nitrogen in the culti-
vation media. Adding nitrogen to the MS nutri-
ent solution stimulated anthocyanin formation
in cell suspensions of Vitis vinifera. D.J. Kim &
H.N. Chang (1990) reported the increased pro-
duction of shikonin in Lithospermum eryth-
rorhizon cell cultures under the influence of
increased nitrogen concentration. However,
K. Sakamoto et al. (1994) reported that a reduced
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level of total nitrogen in the cultivation media
improved the production of capsaicin in Capsi-
cum frutescens and anthraquinones in Morinda
citrifolia. It is possible to conclude that the re-
sponse of in vitro culture to increased nitrogen
supply may differ, depending on the physiologi-
cal and biochemical status of native plants.

JJ. Zhong's (2001) research revealed that
the accumulation of alkaloids in Holarrhena
antidysenterica and shikonin in Lithospermum
erythrorhizon suspension cell cultures were
significantly affected by the carbon source. In
1980, Knobloch and Berlin examined the impact
of saccharose concentration on the synthesis
of indole alkaloids in Catharanthus roseus cell
cultures, ranging between 4-12%. It was found
that the optimal concentration of sucrose was
8%. Moreover, by increasing the sucrose concen-
tration to 8%, the yield of benzophenanthridine
alkaloids in Eschscholtzia californica cell sus-
pension culture increased tenfold and reached
150 mg/L* (Berlin et al., 1981). However, Do and
Cormier (1990) found that greater amounts of
sucrose may induce osmotic stress in cells of
suspension cultures, resulting in reduced bio-
mass accumulation, but also increased antho-
cyanin production in Vitis vinifera cell cultures.

N. Sae-Lee et al. (2014) added NH,NO, in
quantities of 0.5, 1.0, 5.0, and 10.0 mg/L to the MS
medium as a nitrogen source to stimulate Vitis
vinifera cv. Pok Dum cell culture growth and in-
duce secondary metabolite synthesis. The opti-
mum result was achieved using MS medium en-
riched with 0.5 mg/L* NH,NO,. On the 14* day of
the experiment, the biomass of the cell cultures
was 27.8 g/L", representing a 5.6-fold increase
compared to the control group.

F. Akbari et al. (2018) showed an increase in
shoot length, seedling dry weight, and leaf fresh
weight of steviawhen NH,NO, was applied along
with KNO,.

In this experiment, increasing the con-
centration of KNO, and NH,NO, in MS medium
stimulated intensive biomass accumulation
of shoot cultures. After a 21-day cultivation
period, the biomass of sprouts was 71% higher
than the biomass of shoots grown on the control
plot on MS medium. The increase in saccharose
concentration in MS medium elicited 2.3-fold
growth stimulation of biomass. The combination
of extra nitrogen and carbohydrates was found
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to be the most effective. This methodology stim-
ulated biomass accumulation, which exceeded
the control plot by 2.6 times. The stevia sprout
cultures’ growth parameters varied across four
distinct media. The MS medium was found to be
the least suitable for the growth of S. rebaudiana.
This conclusion was drawn based on the results
obtained after 21 days of in vitro sprouts cultiva-
tion, as presented in Figures 1 and 2. These data
show significant statistical differences when
compared to all other experimental variants.
Evaluating the antioxidant potential is im-
portant for determining the stability of a product
during storage, and this value has a direct rela-
tionship with the concentration of substances
with antioxidative properties. Substances with
antioxidative properties can reduce the number
of free radicals in foods and are therefore impor-
tant components of a healthy diet (Nshimiyimana
§ He, 2010). Plant secondary metabolites,

including polyphenolics such as anthocyanins,
are known for their high antioxidant potential.

Prior research into the antioxidant poten-
tial of phenolic compounds has shown that their
mechanism of action involves directly captur-
ing free radicals. Furthermore, free radicals
(ROO) oxidise phenolic compounds and inac-
tivate them, causing the fragmentation of less
reactive substances (Smetanska et al., 2021). The
phenolic compound radical (O) formed during
the reaction is stable. The unpaired electron
can delocalise within the aromatic ring and can
cause dimerisation, dismutation, recombina-
tion with other radicals, oxidation of quinones,
producing semiquinones. Semiquinones can re-
act with other radicals, forming stable quinones
(Mohdaly et al., 2010). Antioxidants can prevent
or inhibit substrate oxidation, thus eliminating
or decreasing the oxidative damage caused to
target molecules (Fig. 4).

Phenolic compounds (OH) + ROO’—>» Phenolic compounds (0" ) + ROOH

Semi- qulnone resonance
—_——

ROOH RO

ROOH Qumone

Figure 4. Mechanism of neutralization of reactive radicals by phenolic compounds

Source: A. Mohdaly et al. (2010)

Y. Shevchenko et al. (2010) demonstrated
that the DPPH of the shoot culture of stevia in-
creased by 150% after the introduction of addi-
tional nitrogen supply. However, the application
of saccharose caused a slight increase in DPPH
compared to the control. On the other hand, the
combined application of additional nitrogen and
saccharose positively influenced the increase of
DPPH in plant tissues. There has been a recent
rise in demand for industrial biotechnologies
and natural antioxidants, aimed at replacing
synthetic analogues. Free radicals are responsi-
ble for lipid peroxidation, which in turn can lead
to many chronic illnesses in humans, including
cancer and cardiovascular disorders; thus, they
play a crucial role in their development.

N. Sharma et al. (2015) also reported that
using a nutrient MS medium with twice the

concentration of NH,NO, and 4.5% sucrose in-
creased the growth of S. rebaudiana cell cultures
and the synthesis of steviol glycosides. Yet, the
steviol glycoside amount in cell cultures was
2.99 mg/g*, whereas in the leaves of the original
plants, it was 40.0 mg/g.

These studies indicate that nitrogen posi-
tively affects the content of steviosides and an-
thocyanins, while sucrose has an even stronger
impact. The concentration of steviosides in in vitro
culture was 2.7 times higher after the treatment
with nitrogen and sugar as in MS-cultivated in
vitro S. rebaudiana. Anthocyanins are second-
ary metabolites found in plants that respond
to stressors from unfavourable biotic and abi-
otic conditions, such as a lack or an excess of
minerals. According to N. Sae-Lee et al. (2014),
there was an increase in the accumulation of
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anthocyanins in grape (Vitis vinifera L.) cell sus-
pension cultures with increased nitrogen supply.
The effect of various concentrations of am-
monium nitrogen on anthocyanin synthesis was
investigated in in vitro cell cultures of Rosa hy-
brida by P. Olgunsoy et al. (2017). The induction
of rapidly growing callus was observed during
cultivation on MS solid medium with 4.0 mg/L?*
2,4-dichlorophenoxyacetic acid, but without ad-
ditional nitrogen supply. According to J.J. Zhong
(2001), raising the nitrogen content of the nutri-
ent medium augments the anthocyanin com-
position in suspension cultures of Vitis vinifera.
T.P. Magangana et al. (2018) demonstrated that
the availability of nitrogen directly affects ste-
viol concentration in microplants. Microplants
subjected to a medium containing half the phos-
phate concentration were associated with the
highest levels of stevioside (740 mg g/L).
Suspension cultures of Nicotiana tabacum
have been found to accumulate more nicotine
when exposed to increased saccharose concen-
tration, resulting in osmotic stress (Shibasaki
et al, 2007). Aralia cordata cell suspension
cultures showed decreased anthocyanin syn-
thesis with a higher concentration of sucrose at
5%, whereas a concentration of 3% sucrose pro-
moted anthocyanin accumulation. The osmotic
pressure was also increased by adding mannitol
to the medium, and it was discovered that after
the addition of 3 g/L of this substance, the level
of anthocyanins accumulated in the Vitis vinifera
culture was elevated by up to 1.5 times, reaching
55 pg/cell? (Dai et al., 2014). An additional boost
in anthocyanin content was observed in the
callus cultures of Euphorbia milli grown in MS
medium plus 7% sucrose. This indicates that, in
numerous instances, growth-promoting envi-
ronments are distinct from those required for
synthesising secondary metabolites in cultures.

CONCLUSIONS

It was established that various breeding en-
vironments had diverse effects on in vitro

development of stevia culture. The four chosen
media demonstrated distinct outcomes in terms
of the growth parameters and synthetic poten-
tial of stevia cultures.

The MS medium was the least suitable for
S. rebaudiana growth. The biomass increased
twice as much as the control plot, after nitro-
gen and sucrose content was increased. The
best medium for obtaining steviosides was MS
with twice the nitrogen concentration. The ste-
vioside content exceeded the control by 182.0%.
However, this environment was less suitable for
accumulating biomass. Anthocyanin accumula-
tion increased by 1.5-fold with an additional ni-
trogen supply and 2.0-fold was associated with
an increased sucrose concentration. This could
be due to the role of carbohydrates in the antho-
cyanin biosynthetic pathway.

The findings strongly suggest that it is pos-
sible to modify the nutrient solution according
to various tasks, such as increasing the biomass,
antioxidants or certain valuable metabolites like
steviosides and anthocyanins. In this particular
case, the MS medium with a doubled nitrogen
and sucrose supply can be used for high bio-
mass production of stevia hoot culture and for
obtaining antioxidants. To increase biomass for
stevioside production, it is advantageous to in-
crease nitrogen supply and possibly extend the
cultivation period. For anthocyanin production,
increasing the saccharose content in the culti-
vation media would be meaningful.

Achieving the optimal nutritional environ-
ment using MS is an important step in the inno-
vative biotechnology of obtaining valuable sec-
ondary metabolites from plants, considering the
biological features of each in vitro culture.
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Bn/inB NOXXMBHUX PEYOBUH Ha PIicT i CUHTEe3 MeTaboniTiB y
KynbTypaxX naroHis in vitro S. rebaudiana

AHoTauia. PociuHu cTeBil pebaymiaHy BUPO6GIIAIOTh COMOAKI Ha CMaK CIIONYKUA - CTEBIO3UIM,
aKi B 300 pasiB conopli 3a IIyKOp i MOXKyTb BUKOPHCTOBYBATUCS K HaTypPaJIbHI MiZICOMOAKyBadi.
KpiM TOrO, TUCTA CTeBil MICTUTh BEJIUKY KUIBKICTb aHTMOKCUIAHTIB. BUKOpUCTAHHA POCIVHHUX
CTIOJIyK IK KOMIIOHEHTIB (QYHKIIIOHAJIBHOTO XapuyBaHHS Ta HYTPULIEBTUKIB € HAJ3BUYANHO
aKTyaJIbHUM Ha CbOTONHIIIHIN AeHb. MeTo0 ZaHol po6oTu 6y/I0 LOCTIAUTY BIUIUB ITiIBUIIEHOTO
Q30THOTO JKUBJIEHHS Ta CaxXxapo3W Ha PiCT i HAKONMYEHHS CTeBiO3UZIB Ta aHTOLiaHIB, a TAKOX
QHTHOKCUIAHTHY aKTUBHICTh y WIBUAKOPOCIUX KYIBTypax IaroHiB S. rebaudiana. BusHaueHO
MopdosoriuHi 3MiHM JIMCTKIB, HaKONUYEHHS CTeBiO3WIIiB i aHTOLiaHIB Ta aHTUOKCUIAHTHI
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BJIACTUBOCTI eKCTPaKTiB. [ToKa3aHo, 110 IIPOTArOM TPbOX THIKHIB KyJBTMBYBAaHHS IIaroHIB in Vitro
Ha cepemoBHINi MS 3 MoABINMHOI KOHIIEHTpalli€lo a30Ty 6iomaca s6inbiviaca Ha 71,0 %, micis
3aCTOCYBaHHA IOABIMHOI KOHIIEHTpAIlil caxaposu — Ha 133 %, a Imiciia 36iIbIIeHHA a30TY B ITO€HAHHI
3 [1ogavelo caxapos3u — Ha 162,0 % mopiBHAHO 3 KOHTposieM. Caxapo3a CTUMYIIoBajia HAaKOIIUYeHHSA
H6ioMacu. AHTUOKCUAAHTHU ITOTEHLIIial ITicjIs BHECEHHS a30Ty 6YB Y 2,4 pasu BUILIUM 33 KOHTPOJb,
a IIpu BHECEHHI caxaposu - ¥ 2,7 pa3u. [Tarouu, o6pobiieHi miABUILIEHOI0 KOHIIEHTPALi€0 a30Ty Ta
caxaposu, Mictviu 50,7 Ta 57,8 Mr/r" cTeBio3UiB BiAMOBimHO. OfHAK ITOETHAHHS a30TY Ta Caxapo3u
TIPU3BOAWJIO [0 HaKoMM4eHHsS 73,47 Mr/r! creBio3uziB. [TaroHu, BUPOIIEH] Ha cepemoBHIli MS,
MicTuim 26,0 Mr/T! cTeBio3uAiB. BMicT aHTOIIiaHIB 6yB B 1,7 pa3u 6LIBIINM 33 YMOBU BHECEHHS a30Ty
Ta B 2,3 pasu 6i/IbIIMM 32 YMOBY BHECEHHS a30Ty Ta caxapo3u. ONTHMaIbHI JKUBUIbHI CEPEIOBUILA,
po3pobiieHi iHAMBIAYyanbHO IJIg KOKHOI KYJIBTYpU in vitro, 36iNBIIYIOTh ITPOAYKLIIO IHHHKX
BTOPUHHUX METAbO0JIITIB pOC/IUH 10 3 pasiB

KniouoBi cnoBa: pocnuHHa 6ioMaca; KylbTUBYBaHHS; IIOXKUBHE CEpEIOBUIIE; BTOPUHHI
MeTab0JIiTH; CTeBIO3UAY; aHTOLIIAHN; AaHTUOKCUAAHTHA aKTUBHICTD
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Methodology for determining the residual content
of active ingredients of agrochemicals in surface waters

Abstract. Agricultural water bodies are multifunctional objects in the agricultural production cycle.
Residual amounts of the active ingredients of pesticide agrochemicals can enter and contaminate
a water body during some agro-technological tasks. The purpose of this study was to investigate
the conditions for the extraction of residual amounts of xenobiotics from surface water containing
suspended particles and to measure their content by chromatographic methods. To determine the
optimal conditions for the extraction of target xenobiotics, the values of the lipophilicity parameters
of their molecules were considered. The methodology for determining the content of lipophilic
xenobiotics by chromatographic methods with mass-selective detection in surface water samples
includes a step of separating suspended particles, the content of which in the samples under study
was controlled by gravimetric analysis and varied within 135-1500 mg/m?. The target compounds
were extracted using n-hexane and acetonitrile. The analytes in the acetonitrile concentrate were
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determined according to high-performance liquid and gas chromatography with mass-selective
detectors (HPLC/MS/MS and GC/MS). The achieved limit of detection of xenobiotics was 0.02 pg/m?,
the limit of quantification of xenobiotics was 010 pg/m?. To substantiate the possibility of applying
the proposed methodology, the following indicators were investigated: linearity of analytical signals
with the amount of analytes in the solution, correctness, convergence, and accuracy of measurement
results. The linear concentration range of the method for the determination of xenobiotics of diverse
groups is 0.10-1.00 pg/m?, characterised by a regression coefficient of the linear dependence of
the measurement of individual compounds (R?) exceeding 0.99. The degree of analytes recovery
(percentage of recovery r, %) was within 85-120%, which indicates the acceptability of the proposed
xenobiotic extraction procedure. The error of the measurementresults was calculated as the standard
deviation (S, %), which did not exceed 6%. The findings of this study suggested that the developed
methodology is suitable for monitoring the residual content of active ingredients of agrochemicals
in surface waters and predicting the level of water pollution

Keywords: lipophilic xenobiotics; extraction; water bodies; surface water; suspended solids;

chromatography

INTRODUCTION

The anthropogenic load of pesticides on the en-
vironment, specifically on water bodies located
in close proximity to the area where plant pro-
tection products are used, is an undeniable fact.
Crop cultivation technologies involve the use of
plant protection products and require further
control of their residual amounts in products
and in the environment, including water.

It was proved (Kurbatova et al.,, 2022) that
xenobiotics of different chemical nature and
mechanism of action, when released into nat-
ural water bodies with wastewater from indus-
trial enterprises, municipal and agricultural
facilities, adversely affect metabolic processes
in the tissues of aquatic organisms. The impact
of xenobiotic substances on aquatic organisms
poses not only a constant threat but entails an
urgent need to monitor the threats they pose and
develop modern methods for restoring polluted
ecosystems (Piwowarska § Kiedrzyriska, 2022).

To assess xenobiotic contamination of a wa-
ter body, the content of individual xenobiotics is
measured and compared with their maximum
permissible concentration (MPC) or assessed
using multiplicative models using various pa-
rameters of anthropogenic load (DSanPiN
8.81.2.3.4.-000-2001, 2001; Gonzalez-Gaya et al,,
2021). The results of monitoring the content of
pesticides of different chemical groups in wa-
ter correlate with the amount of precipitation
that washes away and transfers xenobiotics
directly with runoff to surface water bodies or
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ensures their movement to different depths up
to groundwater layers. The presence of long-
term effects and remote occurrence of some pol-
lutants from diverse groups of pesticides in water
bodies is associated with the physicochemical
properties of their molecules, the specific fea-
tures of the processes of degradation, migration
and biotransformation of molecules in the soil
(Baran et al,, 2021). The duration of migration in
soil layers ranges from one year to decades, es-
pecially for organochlorine pesticides. Atrazine,
the active ingredient of herbicides, has an MPC
in water of reservoirs of 0.001 mg/m? (DSanPiN
8.81.2.34.-000-2001, 2001). Residual amounts
of atrazine are found in water bodies almost af-
ter several months of the last application in ag-
ricultural areas close to water (Prukjareonchook
et al., 2023). Scientists use different methods to
determine atrazine in water bodies (Hassan et al.,
2023, Huang et al., 2023). Since 2004, according to
the Stockholm Convention on Persistent Organic
Pollutants, nearly 170 countries have banned the
use of DDT insecticides for agricultural purposes.
The MPC for this persistent pollutant in water is
0.002 mg/m?3.Itis in the focus of modern monitor-
ing studies of water resources around the world
(Sackaria & Elango, 2020; Linlin et al., 2020).
Considering the nature of the samples and
detection methods, researchers managed to de-
tect even small concentrations of xenobiotics in
water bodies, their accumulation processes and
dispersed-phase distribution (Stefanac et al,

@
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2021; Milyukin & Gorban, 2021). Atrazine and
DDT are lipophilic xenobiotics that are absorbed
by aquatic organisms in aquatic ecosystems and
adsorbed to suspended particles of sand, clay,
silt, plankton, and plant decomposition prod-
ucts. The component composition of not only
the extracts obtained from water, but the sedi-
ment removed during the preparation of a lab-
oratory water sample is also under investigation
(Tereshchenko et al., 2020).

The purpose of this study was to investigate
the conditions of extraction from surface water
and to measure the content of residual amounts
of active ingredients of agrochemicals by chro-
matographic methods.

MATERIALS AND METHODS

The solvents and reagents used in the study
corresponded to the qualification “for chroma-
tography” and “purity for analysis™ acetonitrile,
isopropanol, acetone, deionised water, n-hex-
ane, sodium chloride, sodium citrate, magnesi-
um sulphate. Water samples from non-flowing
water bodies and from adjacent rivers were col-
lected per (DSTU ISO 5667-4:2003, 2003; DSTU
ISO 5667-6:2009, 2012), and a series of labo-
ratory samples were prepared. These samples
contained suspended compounds. Model sys-
tems (based on deionised water and on labora-
tory samples of surface water) were created to
find optimal conditions for sample preparation
for extraction of xenobiotics. The model systems
contained lipophilic and hydrophilic xenobiotics
introduced by dissolving the respective analytical
standards produced by Sigma-Aldrich. Reference
data on the physical and chemical properties of
these xenobiotic molecules were collected from
the ChemDraw library. Suspended solids were ex-
tracted from water samples according to the vac-
uum filtration method developed and tested in
our previous studies using nylon membrane fil-
ters (Tereshchenko et al,, 2020). The gravimetric
analysis was performed using a KERN analytical
balance of the first accuracy class (division value
0f 0.0001g). The dry residue (D ) was quantified by
mass concentration, calculated according to the
following formula:

D, = m/V, ®
where D_is the mass concentration of suspended
solids in the water sample, mg/m3; m is the mass
of suspended solids removed from the water

sample on the filter, mg; V is the volume of the
water sample, m®.

The dry residue was quantitatively trans-
ferred to an extractor and extracted in two steps
with n-hexane and acetonitrile. The aqueous
filtrate was divided into two parallel laboratory
samples and subjected to extraction with n-hex-
ane, buffering of the solution, followed by ex-
traction with acetonitrile. The obtained extract
was evaporated in portions of 10 cm?® and dried
to dryness in a flask of a rotary evaporator RV05
basic 2-B IKA, the concentration ratio was 30:1.
The content of chemical compounds in the ob-
tained concentrate was investigated according
to chromatographic methods. The xenobiotics
content was measured by high-performance
liquid and gas chromatography with mass-se-
lective detectors (HPLC/MS/MS and GC/MS)
using HPLC UltiMate 3000-MSD 3200 Q TRAP
and Agilent Technologies 7890-MSD 5975C in-
struments. Statistical processing of the exper-
imental data was performed using the Micro-
soft Excel software package, the measurement
error was calculated as the standard deviation
(SV, %), and the degree of xenobiotic extraction
from artificially enriched laboratory samples
was estimated as a percentage (r, %). The proper
functioning of the measuring equipment was
checked using test mixtures, and the test results
were recorded and analysed using Schuchart’s
control cards (DSTU ISO 7870-2:2016, 2016).

RESULTS AND DISCUSSION

To perform laboratory control of the content of
residual amounts of pesticide formulations in
surface water, standardised or proprietary meth-
ods that have passed the validation procedure are
used. However, the variability of the component
composition of agrochemicals, the complexity
and high cost of xenobiotic determination stud-
ies prompts researchers to further search for
optimal conditions for the extraction and de-
termination of pollutants in surface waters. The
methodology proposed in this paper differs from
the existing ones (Lopez et al, 2015; Milyukin &
Gorban, 2021) by using organic solvents unified
for chromatographic analysis and extraction of
target substances, a lower temperature regime
at the stage of evaporation of the extractant,
and a new concentration interval that allows
working with water samples contaminated with
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pesticides of different chemical groups. Valida-
tion studies of the developed model of the meth-
odology for investigating safety indicators allow
applying the methodology for monitoring surface
waters of Ukraine. The search for a methodology
for effective monitoring and detection of the ef-
fects of mixing surface water with various sourc-
es of pollution is described in the studies of other
authors (Linlin et al., 2020; Pinasseau et al., 2023),
which do not consider the content of suspended
particles and their ability to absorb pesticides,
but assume the presence of xenobiotics of vari-
ous chemical groups in water.

At the preparatory stage of creating a new
laboratory control methodology, it is necessary
to assess the possibility of extracting target an-
alytes from the sample (Tereshchenko et al,
2020), and, considering potential sources of
contamination and the results of literature re-
search, to create an expanded list of contami-
nants (Lopez et al., 2015; Pinasseau et al., 2023).
The study of lipophilic xenobiotics in natural
water samples is complicated by the presence of
suspended particles that can be adsorbed by an-
alytes (Milyukin & Gorban, 2021). Sample prepa-
ration for testing should include the extraction
of xenobiotics from the dispersed medium

(water) and their desorption from the dispersed
phase (suspended particles). The main param-
eters that allow predicting the course of the
extraction process of each xenobiotic are the
value of the dipole moment of its molecule, the
analyte distribution constant in the octanol-wa-
ter system (C_,) and the logarithm of the distri-
bution coefficient in the octanol-water system
(logD) (Sangster, 1997). These parameters are
widely used in numerous theoretical and exper-
imental models and studies of the distribution
of differently functional chemical compounds
in a system of two immiscible solvents (Ferrari
et al., 2018; Milyukin & Gorban, 2021). Given the
changes in the component composition of agro-
chemicals, the persistence of xenobiotics in the
environment and the prevalence of the use of a
certain list of pesticides (Pinasseau et al., 2023),
the search for optimal conditions for the meth-
odology of extraction of target xenobiotics
began with the consideration of the values of
lipophilicity parameters (logD) of the molecules
of active ingredients of various pesticide for-
mulations (Table 1), which are allowed for use in
Ukraine and are subject to laboratory control in
products and environmental objects (DSanPiN
8.81.2.34.-000-2001, 2001).

Table 1.logD parameter and pesticidal effect of xenobiotic molecules

Pesticide logD Pesticidal effect
Atrazine 2.58
Acetochlorine 414
Bifenox 4.37 Herbicide
Glyphosate -312
Dicamba -1.88
Paraquat -4.50
Acephate -0.85
DT 686 Insecticide
Deltamethrin 6.21
Imidocloprid 119
Oxadixyl 138
Propamocarb 0.84 Fungicide
Ciproconazole 3.09
Fosetyl -0.70
Ethephone -1.89 Growth regulator

Source: compiled by the authors of this study

Table 1 shows that the following pesticides
cannot be extracted with octanol in the model
laboratory methodology for the study of the list
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of pesticides: acephate, glyphosate, dicamba,
paraquat, fosetyl, ethephon, since they are li-
pophobic (hydrophilic) compounds. Therewith,
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atrazine, acetochlor, biphenox, DDT, deltame-
thrin, imidocloprid, oxadixyl, propamocarb, and
ciproconazole are lipophilic and are subject to
redistribution to the organic layer. To extract
xenobiotics from the samples considered in Ta-
ble 1, the extraction conditions proposed in this
study were applied, which differ from the ex-
traction conditions proposed by other authors,
specifically, at the first stage by gravimetric

accounting of suspended particles and sub-
sequent extraction of xenobiotics (Sackaria &
Elango, 2020; Milyukin & Gorban, 2021; Milyukin
& Gorban, 2022).

In general, the scheme of sample prepara-
tion according to the proposed methodology is
presented in Figure 1, aimed at the extraction of
target xenobiotics molecules characterised by a
wide range of lipophilicity parameters (Table 1).

Suspended solids extraction and gravimetric analysis (stage 1)

"

Extraction of xenobiotics and separation of suspended solids (stage 2)

.

Concentration of working solutions (stage 3)
Gravimetric analysis and calculation of mass content

-

Chromatographic analysis of working solutions, prepared samples and analytical standards of xenobiotics,
creation of programme files (stage 4)

-

Calculations and preparation of the research protocol (stage 5)

.

Quality control of sample testing.
Measurement of reference materials (stage 6)

Figure 1. Schematic of the methodology for laboratory control of xenobiotics in water samples
with suspended solids

Source: compiled by the authors of this study

The proposed methodology is interesting
because different molecules with appropriate
logD parameters (Table 1) can be studied in the
extract, and the methodology is not overloaded
with the extraction and measurement of pesti-
cide degradation products, specifically atrazine,
which was investigated by other authors (Lopez
et al.,, 2015) in surface water extracts.

1110° c. u. (a)
4
y=4-10"x - 5-108
3 R?=0.9987
2
1
0 Py .

3 6 9

Since mass spectrometric methods of re-
search allow identifying chemical compounds
according to their individual characteristics,
namely: retention time on the chromatographic
column (t, min), the ratio of the ion mass to its
charge (m/z). The results are used to obtain cali-
bration dependencies (Fig. 2) and further quan-
titative analysis.

(b)

24 y=3-10" - 3-10°
R?=09981

16

0.8

9
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Figure 2. Scaling dependence of the intensity of the analytical signal of DDT (a) and imidacloprid (b)
on their content in the calibration solution: study by GC/MS (a) and HPLC/MS/MS (b)

Source: compiled by the authors of this study
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To establish the specificity of the method-
ology and the efficiency of the extraction of tar-
get components, mixtures of xenobiotics char-
acterised by different logD values were used in
the study (Table 1). Due to their physicochemical
properties, hydrophilic xenobiotics are not ex-
tracted by organic extractants and do not inter-
fere with the chromatographic control of target
substances. The difference in logD values of lipo-
philic analytes is noteworthy. Based on the analy-
sis of logD values, it can be expected that DDT will
be extracted into the organic layer most rapidly
and in larger quantities, while imidocloprid will
be extracted most slowly and with concentration
losses. The efficiency of lipophilic xenobiotics
extraction into the organic layer can be amplified
by buffering the aqueous layer with salt mixtures
(Hrybova et al, 2019), the ions of which inhibit
the ionisation of functional groups of xenobiotic
molecules and shift the equilibrium towards the
formation of target organic molecules, which en-
sures reproducibility of the results of the study
of model solutions and is a more affordable way
to extract pesticides compared to the method of
their solid-phase extraction from water and wa-
ter-containing objects (Harshit et al., 2017). Quan-
titative control of the analytes content was per-
formed using the methods of chromatographic
separation and mass spectrometric measurement
described above in the experimental procedure.

Fixing the noise value and calculating the
ratio of the noise value on the chromatogram to
the analytical signal value of each individual xe-
nobiotic allowed determining the limit of iden-
tification (qualitative detection) and the limit of
quantification of the lipophilic substances men-
tioned in the study. The limit of quantification of
a xenobiotic is set as the concentration of a sub-
stance that produces an analytical signal (peak)
on a chromatogram, the intensity of which is 10
times higher than the intensity of system noise
(signal: noise ratio = 10). Considering the pre-
liminary concentration (30 times), the limit of

detection of xenobiotics is 0.02 pg/m?, the lim-
it of quantification of xenobiotics is 0.10 pg/m?.
The linearity of the analytes’ signals on the chro-
matograms with their content in the samples is
within 010 pg/m? to 100 pg/m?3 The analysis of
the experimental observations and the obtained
equations of calibration dependencies, together
with the approximation values, indicate the high
sensitivity of the mass spectrometric detectors
used in this study (Fig. 2). The water samples,
with a content of 135+20 to 1,500+100 mg/m?3 of
suspended solids, required a stepwise extrac-
tion of the dispersion medium and dispersed
phase analytes. The resulting acetonitrile ex-
tracts were combined for chromatographic
control. For the metrological certification of the
multi-stage methodology for measuring the
xenobiotic content, a study was conducted to
determine the convergence, accuracy, and re-
producibility of the measurement results. Given
that the amount of data required for statistical
analysis can vary, four parallel water samples
were prepared in each series of studies. One
sample from the created parallel of samples was
studied as a blank sample of surface water (with-
out xenobiotics), which helped control matrix
signals and identify non-target co-extractive
substances. Three samples were studied in par-
allel after artificial introduction of xenobiotics
in the amount of: 0.10, 0.50, and 1.00 pg/m3. The
measurements of each sample were repeated
ten times, which helped obtain a sample of data
for estimating the standard deviation (S, %). The
results of the chromatographic control of arti-
ficially contaminated samples were compared
with the expected xenobiotic content. The pa-
rameter that characterised the accuracy of the
measurement results was the degree of xenobi-
otic extraction after artificial contamination, or
the percentage of return (r, %) of the xenobiotic
added to the sample. Quantitative parameters
for assessing the convergence and accuracy of
measurements are presented in Table 2.

Table 2. Results of the evaluation of xenobiotics measurement in surface water samples under
convergence conditions (n=10, P=0.95)

L. Added to the sample ‘ Defined r ‘ S
Xenobiotic :
pg/m’ %
0.10 012 120.0 55
Atrazine 0.50 049 98.0 29
1.00 1.00 100.0 31
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Table 2. Continued

i Added to the sample \ Defined r \ S
Xenobiotic

pg/m? %

0.10 0.10 100.0 41

Acetochlorine 0.50 0.51 1020 29

100 100 100.0 27

0.10 011 1100 54

Bifenox 0.50 048 96.0 51

100 100 100.0 31

0.10 011 1100 27

DDT 0.50 0.50 100.0 19

100 100 100.0 15

0.10 0.10 100.0 4.8

Deltamethrin 0.50 0.50 100.0 3.5

1.00 100 100.0 19

0.10 012 120.0 51

Imidocloprid 0.50 0.50 100.0 41

100 100 100.0 29

0.10 011 110.0 47

Oxadixyl 0.50 048 96.0 4.5

100 100 100.0 29

0.10 011 110.0 59

Propamocarb 0.50 045 90.0 39

100 100 100.0 54

0.10 0.10 100.0 49

Ciproconazole 0.50 0.50 1000 2.5

100 100 100.0 17

Source: compiled by the authors of this study

Comparison of the amounts of xenobiotics
introduced into the sample with the determined
amounts showed that under the optimal condi-
tions of the proposed method, both a decrease
(loss) of analyte content and an increase in ana-
lyte content occurred. As the amount of analyte
added to the sample increases, the recovery rate
of this substance approaches 100%. The lowest
concentrations of administered xenobiotics are
characterised by results that exceed the cor-
responding expected value. By examining the
degree of extraction of substances that were
added to the sample in an amount according to
the values of the middle of the linear range, one
can see a decrease in the parameter (90-100%).
This is conditioned upon the integration of an-
alytical signals on the chromatogram with ran-
dom noise, which has the greatest impact on the
signals generated by the lowest concentrations
of analytes. Analysing the obtained values and
considering the methodological recommenda-
tions for acceptance of measurement results

(Document SANCO/12571/2013, 2013), the re-
sults obtained can be considered satisfactory,
as they do not exceed the permissible deviation
of the expected content (80-120%) and indicate
the suitability of the methodology for measure-
ment. Inturn, the value of the standard deviation
(Sr, %) can be used to assess the convergence of
measurement results, as it is obtained as a re-
sult of experimental work carried out under the
same conditions using the same equipment, by
the same researcher, in a short period of time,
i.e., under convergence conditions. The obtained
standard deviation value does not exceed 6.0%,
which shows the proximity of the results ob-
tained, the result being within a fairly narrow
range within the method error.

Toverify the possibility of performing meas-
urements according to the optimal conditions of
the methodology by independent performers
using different batches of reagents and at dif-
ferent times of measurement, the conditions
were created, and the metrological parameters
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of intra-laboratory accuracy were calculated.
Four parallel water samples were prepared: a
blank sample and three samples with artificially

added xenobiotics, pg/m* 0.20, 040, 0.60. The
quantitative parameters of the definition are
presented in Table 3.

Table 3. Results of evaluation of xenobiotics determination in surface water samples under
precision conditions (n=10, P=0.95)

. Added to the sample ‘ Defined r ‘ S,
Xenobiotic

pg/m? %

0.20 018 90.0 37

Atrazine 040 0.39 975 43

0.60 0.59 98.3 27

0.20 0.20 100.0 3.5

Acetochlorine 040 0.38 95.0 29

0.60 0.62 103.3 27

0.20 0.19 95.0 49

Bifenox 040 0.37 925 47

0.60 0.57 95.0 44

0.20 0.20 100.0 25

DDT 040 0.39 975 19

0.60 0.61 1017 16

0.20 0.20 100.0 23

Deltamethrin 040 0.39 975 34

0.60 0.58 96.7 2.8

0.20 018 90.0 41

Imidocloprid 040 041 102.5 40

0.60 0.60 100.0 39

0.20 018 90.0 45

Oxadixyl 040 042 105.0 41

0.60 0.58 96.7 3.8

0.20 017 85.0 57

Propamocarb 040 0.36 90.0 49

0.60 0.61 1017 50

0.20 0.20 100.0 25

Ciproconazole 040 0.39 975 23

0.60 0.62 103.3 27

Source: compiled by the authors of this study

As a result of the studies, it was found that
the standard deviation of the results of deter-
mining the content of xenobiotics in water sam-
ples obtained under conditions of intra-labo-
ratory precision ranges from 1.6 to 57%, which
indicates the absence of systematic errors in the
implementation of laboratory control according
to the conditions of the proposed methodology.

CONCLUSIONS

Thus, the laboratory control of xenobiotics in
surface waters with suspended solids content
from 135+20 to 1500+100 mg/m? has several
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features. The proposed method for determining
the content of lipophilic xenobiotics in surface
water samples includes several stages: separa-
tion of suspended particles from water samples
by vacuum filtration using membrane filters; ex-
traction of target compounds from the dry resi-
due using n-hexane and acetonitrile.

The treatment of the aqueous filtrate be-
tween the n-hexane and acetonitrile extrac-
tions includes a stage of buffering the solution
with salt mixtures to enhance the efficiency of
xenobiotic extraction into the organic layer. Hy-
drophilic xenobiotics are not extracted with an
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organic extractant and do not interfere with the
chromatographic control of target substances.
The resulting extracts are concentrated thirty
times in a rotary evaporator at 40°C to a volume
of 1 ml. Laboratory control of xenobiotics is con-
ducted according to high-performance liquid
and gas chromatography with mass-selective
detectors (HPLC/MS/MS and GC/MS).

The linearity of the analytical signal on the
chromatograms was recorded in the study of
xenobiotics of diverse groups in the concen-
tration range of 010-1.00 pg/m?, the regression
equations are characterised by correlation coef-
ficients (R?) greater than 0.99. The limit of detec-
tion for xenobiotics is 0.02 pg/m?, and the limit
of quantification is 0.10 pg/m>. The degree of an-
alytes extraction ranges from 85 to 120%, which
indicates the acceptability of the proposed xe-
nobiotic extraction procedure.

The results of measuring the content of xe-
nobiotics in surface water analysed in this study,
obtained under conditions of convergence and
intra-laboratory reproducibility, give grounds to
assert that the developed method is suitable for
use in other laboratories equipped pursuant to
the requirements of the method. The proposed
methodology will allow monitoring the content of
xenobiotics in the surface waters of Ukraine. Fur-
ther research in the context of this issue may ex-
pand the list of xenobiotics that can be identified
by the developed methodology in surface waters.
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MeToauKa BU3HAUYEHHS 3aJ/IMLLKOBOro BMICTY aKTUBHMUX
iHrpepieHTIiB arpoxiMiuHUX NpenapaTiB y NOBepXHEBUX Bogax

AHoTauiga. BozoiMu CiTbCBKOTOCIIOZAPCHKOTO TPU3HAUYEeHHS € 6araTodyHKIiOHATbHUMU
obeKTaMU y LMKIi BUPOGHUIITBA CiIbCBKOTOCIIONAPCHKOI IPOAYKIIL. 3ayUINIKOBI KiJIBKOCTI
AKTMBHUX IHTPEMi€HTIB arpoxiMiKaTiB TPyIy MEeCTULNIIB MOXKYTh ITOTPAIUIATY i 3a6pyAHIOBATH
BOZOMMHMUIIIE TIifl YaC BUKOHAHHS HU3KU arpOTEXHOJIOTIYHUX 3aBJaHb. MeTOI0 [aHOI po60TH CTajIo
BUBYEHHS YMOB BUJIyUEeHHS 3 IIOBEPXHEBOI BOAY, L0 MiCTHJIA 3aBUCII YaCTHMHKY, 3aJIUIIKOBUX
KiJIBKOCTEN KCEHOGIOTHKIB Ta BUMipIOBaHHA iX BMICTy xpomarorpadiuHuMM MeTomaMu. [Jis
BU3HAUEHHS ONTUMAaJIbHUX YMOB EKCTPAaKIlii I[IIbOBUX KCEHOGIOTHMKIB PO3ITIAHYTO BEIUYUHU
rmapaMeTpiB JTinmodimbHOCTI iX MOIEKy1. MeToAVKa BUSHaYEHHS BMiCTY JTMOpiTbHIX KCEHOBIOTHKIB
xpoMarorpadiyHUMU MeToZaMHU 3 Mac-CeJeKTHBHUM [IeTeKTyBaHHAIM y 3pa3KaxX ITOBepXHeBOl
BOAY MICTUTH eTall BiJOKpeMJIeHHs 3aBUCIINX YAaCTUHOK, BMICT KOTPUX B JOCIIAKEHUX 3pa3Kax
KOHTPOJIIOBaBCA rpaBiMeTPUYHUM aHaJTi30M Ta BapiloBaBcs B Aiama3oHi 135-1500 Mr/m3. EKCTpaKIIito
LIITBOBUX CIIONYK 3ZiMCHEHO 3a JOTIOMOTrOI0 H-TeKCaHy Ta alleTOHITpWIy. B alleTOHITpMIBHOMY
KOHILIEHTpAaTi BU3HAUaIM aHaTiTH 6e31ocepefHbO METOJaMU BUCOKOebERTUBHOI piIMHHOI Tara30B01
xpomarorpadii 3 Mac-celeKTUBHUMU feTekTopamu (BEPX/MC/MC Tta I'X/MC). ocarHyta Meska
BUABJIEHHA KCEHOb6IOTHKIB cTaHOoBMIIA 0,02 MKI/M3, MesKa KiJIbKICHOIO BU3HAYEeHHA KCeHObIOTUKIB
cTaHoBUTS 0,10 MKT/M3. 17151 06T pYHTYBaHHS MOXKJIMBOCT] 32CTOCYBaHHS 3aIIPOIIOHOBAHOI METOJUKU
IIPOBEZIEHO NOCIIMIKeHHS [TOKAa3HUKIB: JIIHINHOCTI BEIMYMH aHAJITUYHUX CUTHAJIIB BifI KiJIbKOCTI
aHAJITIB B PO3YMHI, IPAaBUIBHOCTI, 36DKHOCTI, IPeIn3iiHOCTI pe3ynbTaTiB BUMipIoBaHb. JIiHIMHUN
IiarasoH KOHIIEHTPALiM 3aCTOCYBaHHSA METOAUKU [JI1 BU3HAYEHHS KCEHOGIOTUKIB pi3HMX
rpyn cTaHoBUTh 0,10-1,00 MKT/M®, XapaKTepU3YEThCA BEIMYMNHOIO KoedillieHTa perpecii miHiriHOi
3aJIEKHOCTI BUMIpIOBAaHHA iHAMBiAyanbHUX crionyk (R?), mo mepesuinye 0,99. CTYIIiHb BUIyYEHHA
aHaJIiTiB (BimcoToK IIOBEpHEHHA T, %) 3HAXOAUTHCA B Meskax 85-120 %, 110 BKa3ye Ha IPUWHATHICTD
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3aITPOITOHOBAHOI TIPOLIEyPU EKCTPaKIlil KCceHO6iOoTHKiIB. IIoXM6Ka pe3ylIbTaTiB BUMipIOBaHHS
pO3paxoBaHO Yepes3 cepeJHbOKBaApaTUUHE BilXWJI€HHSA (Sr, %), He TiepeBuIlyBaa 6 %. PesyasraTu
IOCHIKEHHS II0Ka3yloTh, L0 pPO3pobjeHa METOAWKA € IPUAATHO IJi1 MOHITOPMHIOBUX
JIOCTiIKeHb 3a/IMIIKOBOI0 BMiCTy aKTMBHUX iIHTPeZI€HTIB arpoXiMidYHUX ITpeIiapariB y IOBEpXHEBUX
BOJZlax Ta ITPOTHO3YBaHHS PiBHA 3a6pyIHEHHS BOLOUM

KniouoBi cnoB.a: ntirnodinbHi KCeHO610TUKY; EKCTPAKIIif; BOAHI 06 €KTH; TOBEpXHEBa BOIA; 3aBUCTI
YaCTUHKY; XxpoMaTorpadis
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