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Abstract. Molecular farming is a rapidly developing field of modern plant biotechnology that can
provide industrial-scale support of biologically active therapeutics for medicine and veterinary. The
review aimed to identify the main strategies for improvement of the efficiency of therapeutic protein
production in plants. To achieve the aim, analyses of Scopus and PubMed databases, generalisation,
and critical evaluation of data regarding to strategies enhancing the efficiency of therapeutic protein
production in plants were conducted. Key criteria that should be covered in selection of a vector for
transformation were identified. Super-binary or tertiary vectors are recommended to optimise the
genetic transformation of recalcitrant species. For transient transformation, magnICON systems
and geminivirus-based vectors were proposed. The ways to overcome plant recalcitrance to the in
vitro culture and to the genetic transformation were reviewed. Methods such as overexpression of
morphogenic genes (WOX, BBM) that increase the efficiency of regeneration were mentioned. The
newest gene delivery systems for precise and accurate gene insertion were reviewed. Tissue-specific,
inducible, or active at certain stages of plant development, promoters are recommended to increase
the expression of target proteins. The study determined that protein stability can be increased by its
targeting to cell compartments or co-expression with protease inhibitors. The study also established
that correction of protein post-translational modifications can improve its biological activity.
Reduction in toxic secondary metabolites of the host is also among the goals. The conclusions can
be used to develop new strategies for optimisation of plant transformation, increasing the yield of
recombinant protein, and improving its therapeutic efficacy
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INTRODUCTION

Molecular farming is a modern technology for
obtaining pharmaceutically valuable proteins in
transgenic plants for medical and veterinary pur-
poses. In contrast to other systems for expressing
recombinant proteins (e.g., bacteria, yeasts, animal
and insect cell cultures) plants are characterised by
their ability to express physiologically active heter-
ologous proteins, accumulate large amounts of bi-
omass in a relatively short period of time, without
the risk of contamination with pathogens to which
humans and animals are susceptible. This signifi-
cantly reduces the safety concerns associated with
such products and the cost of their purification.
However, the commercialisation of plant-derived
therapeutic proteins is limited by low efficiency of
existing genetic transformation protocols for an
economically relevant plants, low protein yield and
glycosylation pattern differences that influence
the efficacy of the plant-derived protein in vivo.

The review aimed to improve the yield and
quality of recombinant therapeutic proteins by
highlighting several strategies that can be applied
at different stages of the technology development.
J.K. Bharathi et al. (2024) summarised these strat-
egies, including optimised gene-delivery methods,
appropriate vector design, use of codon-optimised
sequences of the genes of interest, and the pec-
ularities of plant cell culture approaches. Several
specific methods used in experimental studies
to increase the efficiency of transformation were
also investigated. The gene integration efficiency
can be increased by using transposon systems, as
was reported by V. Kumar et al. (2024). The over-
view by S. Kambampati et al. (2025) stated that
plant transformation using gene editing systems
(e.g., CRISPR-Cas9, zinc fingers) delivered via
nanoparticles could also achieve higher gene in-
tegration accuracy. The following studies high-
lighted strategies aimed to increase transgene
expression. M.O. Pydiura & Ya.B. Blume (2023)
reported that transposons enhance the expression
of transgene. The expression also increased with
integration of genome elements of plant viruses
into vectors (e.g., polymerases). This was demon-
strated in research conducted by Ya.R. Sindarovs-
ka & M.V. Kuchuk (2024) for transient expression
in Nicotiana benthamiana.

The improvement of transformation proto-
cols for the recalcitrant species is also noteworthy.

Udovenko & Ovcharenko

M. Mirzaee et al. (2022) discussed the strategies
applied for efficient transformation of monocots,
which are considered as one of the most recalci-
trant species. The study mentioned that the selec-
tion of suitable promoters, codon optimisation,
incorporation of 5° and 3" untranslated regions
(UTRs) into mRNA to increase its stability, and
subcellular targeting of the recombinant protein
expression are the main strategies that increase
the efficiency of the transformation. Methods
for improved regeneration were also developed
for recalcitrant species. Some more strategies to
overcome the recalcitrance of these species were
discussed. M.B. Belaffif et al. (2025) discussed that
introduction of morphogenic regulator genes
such as Babyboom (BBM), Wuschel-related home-
obox (WUS), and other growth-regulating factors
enhanced regeneration rates in several recalci-
trant plants (e.g., apple - Malus domestica, rice —
Oryza sativa). X. Han et al. (2025) demonstrated
that various in-planta methods can be applied for
recalcitrant species.

The review aimed to explore the key strategies
explored to improve the efficiency of therapeutic
protein production in plants. For this review, the
studies published in journals indexed in Scopus
were used. The systematic literature search by
keywords was performed in Scopus and PubMed
databases. The search was filtered by year (2000-
2025). Strategies used by authors among selected
articles to increase the expression or stability of
recombinant proteins and improve their biological
availability were analysed. The data obtained were
critically evaluated, compared, and grouped into
semantic sections.

VECTOR DESIGN
The transfer of the target gene into the plant ge-
nome (stable nuclear and chloroplast transfor-
mation) or into the cell nucleus for its transient
expression is conducted using vectors that are
transferred into the plant cell by various metods
(Zhi et al., 2022). For plant genetic transforma-
tion and transient expression, vectors based on
Agrobacterium tumefaciens Ti-plasmids, Agrobac-
terium rhizogenes Ri-plasmids, and plant viruses
of the genera Bunyavirus, Potexvirus, Tobamovirus,
Mastrevirus, Tobravirus, Hordeivirus, Cytorhabdovi-
rus, and Nucleorhabdovirus are used (Mahmood et

Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025 11
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al., 2023). The vector choice is fundamental in the
efficiency of plant transformation and target pro-
teinyield. For stable nuclear transformation, Ti- or
Ri-plasmids are used; specific binary and ternary
vectors were created on their basis. A binary vector
was obtained by removing the genes responsible
for crown gall formation found in the wild-type
A. tumefaciens plasmid. This resulted in a system
consisting of a T-DNA binary vector with the gene
of interest and a helper Ti-plasmid, containing
virulence genes (vir) necessary for the insertion of
T-DNA into the nuclear genome. Such binary vec-
tors as pBIN19, pBI121, and pPZP are widely used,
as reported by T. Komori et al. (2007). However, the
use of binary vectors demonstrates rather low ef-
ficiency for species that are difficult to transform
(e.g., monocots). This led to the emergence of up-
dated vectors with increased number of vir genes.
In particular, these are super-binary systems, in
which the T-DNA binary vector contains addition-
al vir genes, and ternary vector systems contain-
ing an additional third plasmid with a vir region.
J. Jeong et al. (2025) demonstrated that the use
of ternary vectors for the transformation of corn,
sorghum, and soybeans increases the efficiency of
transformation by 1.5-21.5 times. Thus, the choice
of vector for stable transformation is determined
by the sensitivity of the producer to Agrobacteri-
um-mediated transformation.

Chloroplast transformation and transient ex-
pression result in relatively higher protein yield
compared to stable nuclear genetic transforma-
tion, but the chloroplast transformation is rather
complicated, while transient expression may cause
some ecological concerns. To perform chloroplast
stable transformation, vectors containing flanking
sequences homologous to plastid DNA regions are
developed. M. Narra et al. (2025) demonstrated
that addition of flanking sequences enabled the
insertion of the target fragment to the selected
site via homologous recombination. In addition,
the developed vectors usually contain regulato-
ry elements, binding sites for proteins that link
RNA with expression regulators (PPR - pentatri-
copeptide repeat), and a selective marker (usual-
ly, spectinomycin/streptomycin resistance gene).
Thus, a substantial aspect in the vector design for
plastid transformation is the selection of the in-
sertion site and the isolation of the necessary se-
quence for the synthesis of flanking regions.

Transient protein expression is primarily
achieved by using viral vectors. The main biologi-
cal limitation of virus-based systems is the sensi-
tivity of the selected host to the virus on which the
vector is based. Q. Chen et al. (2013) reported that
an effective strategy for transient expression is the
use of vectors based on deconstructed plant RNA
viruses, such as the magnICON system. As report-
ed by Y. Gleba et al. (2013), there are many mod-
ifications to the magnICON system, and they are
based on tobacco mosaic virus (TMV), potato virus
X (PVX), cowpea mosaic virus (CPMV), and bean
yellow dwarf virus (BYDV) DNA. With magnICON
system, several monoclonal antibodies (mAb),
antigens, and other therapeutics proteins have
been expressed transiently. J. Hurtado et al. (2020)
highlighted expression of anti-Chikungunya vi-
rus mAb with TMV-based vectors (pICH21595
and pICH11599), K.T. Hamorsky et al. (2013) re-
ported about anti-HIV mAb expression with sin-
gle-component vector based on TMV/TVCV -
pICH38099. H. Karauzum et al. (2012) reported
that the TMV- and PVX-based vectors were used
to express staphylococcal enterotoxin B, mean-
while in H. Nausch et al. (2012) used TMV-based
pICH29912 vector and PVX-based pICH27727,
pICH31160 vectors for interleukin-6 expression.

Q. Chen et al. (2013) noted that the use of
vectors based on geminiviruses (in particular,
BYDV) can be more preferable, in comparison to
the magnICON system, due to a wider range of
susceptible species and a shorter replication pe-
riod. Furthermore, N. Pisuttinusart et al. (2024)
used the pBYR2eK2Md (pBYR2e) vector, which
demonstrated high efficiency in the expression
of a anti-respiratory syncytial virus mAb. The
pBYR2fp vector used by J.-H. Ha et al. (2017) en-
abled efficient expression of human fibroblast
growth factor. Additionally, the effectiveness of
the geminivirus-based vectors can be increased
when the gene of interest is co-deliverd with a
Rep/RepA-supplying vector, coding Rep and RepA
proteins necessary for replication. The successful
super-transformation of N. benthamiana plants
stably producing Rep/RepA proteins under control
of an ethanol-inducible promoter with a gemini-
virus-based vector, encoding Rep/RepA, p19 sup-
pressor, and vitronectin under control of the same
promoter (INPACT platform) was also reported by
B. Dugdale et al. (2018).
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The use of other vectors has also been re-
ported. In particular, D.A. Morris et al. (2021) de-
termined that agroinfiltration of N. benthamiana
with a TMV-based vector (GENEWARE system)
yielded significantly higher amounts of cholera
toxin subunit B compared to previous studies.
Similar observations were made by A. Varsani et
al. (2006) in the case of human papillomavirus
(type 16) L1 protein expression. The PVX-based
vectors are used for the efficient expression of
human fibroblast growth factor (vector pgR107)
in J. Liu et al. (2007) research, human granulo-
cyte-macrophage colony-stimulating factor (vec-
tor pPVXG1) in F. Zhou et al. (2006), and kerati-
nocyte growth factor 1 (pgR107) in Z.-G. Feng et
al. (2014) researches. Thus, the choice of vector
type for plant transformation should be based on
the selected transformation method, the plant’s
sensitivity to A. tumefaciens (in the case of stable
nuclear transformation) and viruses (in the case of
virus-based transient expression). For chloroplast
transformation, it is necessary to determine cor-
rectly the site of gene integration to use a suitable
flanking sequence.

TRANSFORMATION METHOD OPTIMISATION
The choice of delivery method for various genetic
constructs determines the overall effectiveness of
plant transformation. Physical, chemical, and bi-
ological methods of genetic information transfer
are utilised depending on the type of transfor-
mation (stable, transient) and the characteristics
of the host. Stable transformation is applied to
obtain producers that can inherit and transmit
the target gene for the protein of interest to sub-
sequent generations. Such expression results in
comparatively low protein yield. Therefore, this
method is used for plants with high biomass pro-
duction. In contrast, transient expression demon-
strates higher protein yield during a short period
of time, but there is a need for repetitive rounds of
plant treatment to obtain the target product.

Optimisation of transformation methods can
relate to both the selection of optimal conditions
for DNA transfer and to the improvement of plant
regeneration during stable transformation. For ex-
ample, callus cultivation in pneumatic bioreactors
has been proposed by S.S. Barretto et al. (2017) to
increase the regeneration frequency of tobacco
callus expressing the C subunit of tetanus toxin.

Udovenko & Ovcharenko

Another strategy for improvement of plant regen-
eration is the induction of overexpression of tran-
scription factors. The WUSCHEL-related homeo-
box (WOX) transcription factors are essential plant
growth and development regulators. In a study
on N. tabacum overexpressing the MaWOX gene
isolated from mulberry, conducted by H. Zhou et
al. (2025), an increase in regeneration rates and the
Agrobacterium-mediated transformation efficien-
cy was demonstrated. J.A. Teixeira da Silva (2005)
reported that Agrobacterium-mediated treatment
with sonication promotes shoot regeneration from
transverse thin cell layers as explants. J. Zhang et
al. (2025) reported that the regeneration rate in-
creased while overexpressing BBM morphogenic
genes under constitutive and somatic embryo-
genesis-specific promoters. For genetic trans-
formation, the expression of BBM morphogenic
genes under inducible promoters is preferential,
as their constitutive expression results in devel-
opmental abnormalities and regenerant mortality
was highighted by S.D. Bakulin et al. (2025). The
study by D.U. Santos-Ballardo et al. (2019) on cell
pre-treatment with 0.5 M sorbitol prior to particle
bombardment demonstrated optimised transfor-
mation efficiency rate at 60%. Improved transfor-
mation rate in chloroplast transformation with
biolistic could be achieved through increasing the
size of plastids. Research with overexpression of
the FtsZ1 gene (regulating chloroplast division)
in transgenic Solanum tuberosum increased orga-
nelle size (generating macro-chloroplasts), as was
previously reported by A. Occhialini et al. (2020).
Such modified plants can be a suitable hosts that
produce pharmaceutical proteins.

However, new methods of DNA delivery into
plastids have been proposed. For instance, A. Mat-
suoka & P. Maliga (2021) highlighted an approach
to edit the VirD2 and VirE2 genes of A. tumefa-
ciens to use female gametocytes as explants in
the chloroplast transformation with the floral dip
protocol. Genetically engineered A. tumefaciens
integrates T-DNA into the plastid because of the
removal of nuclear localisation signals, and fusion
of the C-terminus of the target protein with VirF
Type IV secretion system signal. Another method
proposed by C. Thagun et al. (2019) is based on
the self-assembled complex, containing DNA, cell
penetrating peptide (CPP), and chloroplast target-
ing peptide (CTP), delivered via syringe/vacuum
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infiltration, microinjection into leaves, roots, fruit
parts, and tubers. One of the methods for the ge-
netic transformation of recalcitrant plants devel-
oped by A. Jakubiec et al. (2021) is the creation of
“minichromosomes”. They are based on the beet
curly top geminivirus (BCTV) and contain the
Rep protein required for vector replication, which
recognises specific VOR sequences (viral origin
of replication), flanking the transgene. For chlo-
roplast introduction, cognate VORs flanking the
chloroplast cassette were used. This vector was
delivered biolistically and amplified independent-
ly of the chloroplast genes. The study also report-
ed the case of episomal plasmid usage, which can
be used for recombinant protein expression in
chloroplasts without integration into plastid DNA
proposed by A. Occhialini et al. (2024). Similar-
ly to classic chloroplast transformation, this ap-
proach can be used for stable expression of mul-
tiple genes. Previous research noted that carbon
nanotubes (CNT) could be used as novel carriers
for recombinant DNA for plant transformation. As
discussed by O.M. Burlaka et al. (2015), CNTs have
higher cell-penetrating properties, enabling the
delivery process tracking and non-covalent load-
ing of the DNA. Thus, the biological properties of
recombinant DNA provide no changes.

The various strategies can be used to increase
the efficiency of transient expression. J.F. Buyel &
R. Fischer (2012) demonstrated that protein yield
depends on concentration of Agrobacterium cells,
temperature, plant, leaf age and its position. The
optimal cell density for N. tabacum transforma-
tion is 0.13-2 at OD,,, plant age — 6-7 weeks after
seeding. This was supported by Y.V. Sheludko et
al. (2007). The study determined that for Nicotiana
species optimal leaf age for treatment is 1-6 days,
and the plant age - 8-10-week-old. To increase
the rate of transient expression, many more ap-
proaches can be applied. K. Norkunas et al. (2018)
summarised that addition of the virus-derived el-
ements into the vector (e.g., CMV 2b, TBSV p19)
decreased post-translational gene silencing ef-
fects; addition of molecules that enhance trans-
formation rate (acetosyringone, vanillin, cinnamic
acid), reduce of oxidation stress (e.g., PVP, lipoic,
ascorbic acid) and also addition of surfactants
(e.g., Silwet-L77, Pluronic F-68, Tween 20) into a
co-cultivation or infiltration medium, and heat
shock treatment of the plants after transformation

enhanced transient expression rate. Thus, treat-
ment of 6-week-old leaf plants with Silwet L-77
(optimal concentration — 0.001%, as higher con-
centration caused leaf damages), resulted in 60-
80% transient expression ratio as has reported by
Y. Zhang et al. (2020). H. Zhao et al. (2017) addi-
tionally mentioned that agents which reduce DNA
methylation (e.g., 5-azacytidine), also increased
the efficiency of expression.

Several optimised transient expression sys-
tems such as AGROBEST (Agrobacterium-mediat-
ed enhanced seedling transformation), FAST (Fast
Agro-mediated Seedling Transformation), and
magnICON were proposed by Y. Gleba et al. (2005).
The AGROBEST method is based on the use of a
disarmed Agrobacterium strain with pre-induced
vir-genes and an optimised culture medium, re-
sulting in a 100% transformation rate of seedlings.
It is necessary to maintain a stable pH of 5.5, as it
suppresses calcium ion uptake, thus inhibiting im-
munity against Agrobacterium infection. The FAST
method is based on the co-cultivation of seedlings
in the medium with surfactants. The absence of
specialised equipment renders this method sim-
ple and low-cost, and it can also be applied to
some plants recalcitrant to Agrobacterium infec-
tion, such as rice. The magnifection technology
(magnICON) is based on Agrobacterium-mediated
delivery of viral DNA vector encoding RNA viral
replicons, which are later spread cell-to-cell with-
in the plant. This method is fast and does not re-
quire specialised equipment, while providing high
transformation efficiency and expression level
(Gleba et al., 2005).

Therefore, the choice of transformation meth-
od is one of the steps that determines the efficien-
cy of obtaining a producer with the desired char-
acteristics. Optimisation of stable transformation
methods mainly includes strategies that improve
gene integration into the genome and improve
regeneration frequency. Optimisation of transient
expression involves creation of conditions that
increase the permeability of the explant to Agro-
bacterium, thereby increasing the entry of vectors
into the plant.

STRATEGIES FOR OPTIMISATION OF GENE
EXPRESSION AND PROTEIN TRANSLATION
Translation is a subtantial step for the expression
of a recombinant protein. M. Beihaghi et al. (2018)
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in with a study on transient expression of CCL21
protein highlighted the Kozak sequence and ER
retention signal (SEKDEL) to the upstream region
of codon-optimised target gene sequence. The
strategy enhanced translational efficiency and
protein accumulation in plants. M.O. Pydiura &
Ya.B. Blume (2023) reported that the inclusion of
introns is central in the enhancing of the target
protein expression. The study suggested that in-
trons may contribute to the stabilisation of mRNA
or improve its processing, thereby increasing the
overall efficiency of protein synthesis.

In some cases, the use of constitutive pro-
moters in transplastomic plants negatively affects
the expression of the protein of interest and the
host’s physiology. Such observations were made
by J.I. Arevalo-Villalobos et al. (2020) when ex-
pressing vaccine candidates against multiple scle-
rosis (BV5S2, BV6S5, and BV13S1) under the con-
stitutive promoter. The constitutive expression
of these proteins was toxic for host plants, and
successful expression was achieved by the Algevir
expression system (geminivirus-based vector with
inducible AlcA promoter from Aspergillus nidu-
lans). The last one is based on the geminivirus ele-
ments with an ethanol-inducible promoter, which
leads to regeneration and stable expression of the
peptides. K. Saba et al. (2019) demonstrated that
tuberculosis antigen ESAT-6 expressed under T7
ethanol-inducible promoter in plastids caused no
pleiotropic effects. Therefore, the use of inducible
promoters is recommended for the expression of
pharmaceutical proteins in transplastomic hosts.

The choice of promoters can influence the suc-
cess of transient expression. Strong promoters ac-
celerate efficient protein synthesis, like those iso-
lated from cotton GhEF1A8 with a 5’UTR region.
B. Sun et al. (2016) demonstrated that GhEF1A8
provides higher expression rates of the target gene
compared to the CaMV 35S promoter. For edible
plants (e.g., tomato — Solanum lycopersicum), an
effective solution is the use of promoters involved
at certain stages of plant development. N. Kuroka-
wa et al. (2013) proposed to use the E8 promoter,
which becomes active during fruit ripening and
results in higher protein accumulation. The study
showed that protein yield in fruits was at least
4-times higher with E8 promoter, compared to
CaMV 35S promoter. This can be explained by the
fact that CaMV 35S promoter reduces its activity
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during fruit ripening, thus resulting in lower yields
that was demonstrated by S.H. Park et al. (2022) in
with a study on colorectal antigen expression in
tomato fruits. The analysis of expression revealed
that protein expression was higher in leaves,
compared to fruits, therefore the researches also
suggest using promoters with high activity when
fruit ripening. Another approach to increase the
efficiency of the biosynthesis is the editing of reg-
ulatory elements. J. Limkul et al. (2015) reported
that usage of 5"UTR from Arabidopsis alcohol de-
hydrogenase, along with HSP (heat shock protein)
terminator increased the yield of B-glucocerebro-
sidase up to 2 times. S. Kanagarajan et al. (2021)
demonstrated that addition of the Kozak sequence
into the 5'UTR region and 12-amino acid link-
er could improve expression of heterodimeric
proteins (e.g., hemoglobin), providing addition-
ally correct folding and stability of the protein.
E. Frangedakis et al. (2021) reported that gene
expression could be greatly increased due to the
presence of an mRNA site for pentatricopeptide
repeat (PPR), which stabilises mRNA. Such stabili-
sation occurred due to protection against exoribo-
nuclease degradation, which can increase protein
yield up to 15% of the TSP.

There are several studies in which increased
efficiency of translation was achieved when plant
viral elements and RNA silencing suppressors
were inserted into the vector. P. Habibi et al. (2018)
demonstrated that insertion to the vector of the
p19, p1, p0 genes, which prevent gene silencing,
resulted in higher levels of griffithsin (used as a
potential HIV entry inhibitor) expression. S. Kan-
agarajan et al. (2021) demonstrated that p19 sup-
pressor was effective for transient expression of
human fetal hemoglobin with the p19 gene solely.
M.-C. Jiang et al. (2019) highlighted the efficiency
of p19 suppressor and ER retention signal co-ex-
pression with human interferon gamma. Transient
co-expression of human iduronate-2-sulfatase
with p38 suppressor and folder enhancer (human
caltreticulin fused with GB1 - streptococcal pro-
tein G, domain B1), also demonstrated high pro-
tein yield production in N. benthamiana. K. Mat-
suo & T. Matsumura (2017) proved that transgenic
N. benthamiana plants with repressed DCL2 and
DCLA4 genes, which mediate foreign RNA cleavage,
produce larger amounts of acidic human fibroblast
growth factor transiently, compared to wild-type
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plants. Targeting protein expression to cellular
compartments is also an effective strategy to in-
crease yield. A. Sorrentino et al. (2005) noted that
for human tissue transglutaminase, higher yields
(up to 2.5 times) were observed when the protein
was fused with the apoplast targeting signal. Sim-
ilar observations were made by S. Singhabahu et
al. (2015) for adenosine deaminase expressed in
tobacco BY-2 suspension cells. In this case, the
protein yield increased up to 336 times compared
to the cytosol-directed proteins.

Apoplast targeting in S. Wirth et al. (2004) was
noted to provide a fourfold increase in expression
for the epidermal growth factor in N. benthamiana.
However, for some proteins, the apoplast targeting
was inefficient. As reported by N.R. Nair et al. (2014)
for human granulocyte colony stimulating factor
stably expressed in BY-2 cells and targeted to ER,
on the contrary, increased protein yields up to 4
times compared to apoplast targeting. Moreover,
in the case of B-glucuronidase, addition to the E7
protein and targeting of expression into thylakoid
lumen, M. Morgenfeld et al. (2014) reported up to
30-40 times higher protein expression. As was pre-
viosly reported by J. Patel et al. (2007), fusion of
elastin-like polypeptides (ELP) with interleukin-10
not only enhanced the purification efficiency but
also increased transient or stable expression of the
target proteins in tobacco leaves.

Thus, the efficiency of expression and transla-
tion can be improved by various methods. To im-
prove translation, it is recommended to optimise
the codons of the target gene and use a co-expres-
sion strategy with genes that regulate mRNA deg-
radation. Expression can be improved by selecting
a promoter that considers the characteristics of
the transformation method (for stable transfor-
mation, inducible promoters are recommended),
the site of protein accumulation, and the stage of
plant development at which synthesis will occur.
Protein expression can also be improved by fusion
with various proteins that direct protein expres-
sion to the desired cellular compartment.

IMPROVEMENT OF PROTEIN STABILITY
AND ENHANCING THE BIOAVAILABILITY OF
RECOMBINANT PROTEINS
Final protein yield is greatly influenced by stability
in plants. Increased protein stability is frequently

achieved by co-expression of protease inhibitors
or auxiliary proteins, which stabilise the target
protein and protect it from proteolysis. It is known
that if the protein is expressed in the cytosol, it can
be degraded by proteases. M. Niemer et al. (2014)
showed that co-expression of the protein with
protease inhibitors (e.g., tomato cystatin 9, toma-
to cathepsin D), or, in the case of transient expres-
sion, by using young leaves, which tend to have
lower protease content, the protein yield could be
increased up to 40%. Fusion of interleukin-2 with
different protease inhibitor proteins (e.g., CMTI -
Cucurbita maxima trypsin inhibitor 1) resulted in a
protective effect against trypsin activity. Protease
level decreased when suspension culture of tobac-
co cells was immobilised in the alginate, resulting
in the rise of protein yield up to 33-fold. This was
demonstrated by K. Nakashima et al. (2013) on
NT1 cells expressing human alkaline phosphatase.

Another strategy to protect proteins from
proteolysis is directing protein translation into
the endoplasmic reticulum (ER). Hence, the ad-
dition of ER retention signal at the C-terminus
(C-KDEL signal) could enhance protein expres-
sion in N. tabacum. This was shown in A. Bidar-
igh Fard et al. (2019) research with etanercept (a
recombinant fusion protein of TNFR2 receptor
with the Fc portion of human IgG1 used for au-
toimmune diseases treatment) expression. Similar
observations were made by N. Gutierrez-Valdes et
al. (2024) for anti-HIV Fc fusion proteins, and by
K. Deepa et al. (2013) for human platelet-derived
growth factor BB. B. Dugdale et al. (2018) in the
study on vitronectin transient expression in
N. benthamiana also showed that ER localisation
of the protein enhances its accumulation. Sim-
ilar observations were made by M. Mazalovska
& J.C. Kouokam (2020). The study demonstrated
that addition of ER retention signal to lectin III,
enhances protein expression up to 3 times, when
transiently expressed in N. benthamiana. However,
some recombinant proteins may be unstable in ER
due to folding defects in this compartment (e.g.,
Nef protein of the HIV). M. de Virgilio et al. (2008)
proposed fusing of the target protein (Nef) with
zeolin that forms protein bodies in which protein
is more stable. Some proteins when their expres-
sion is targeted in ER, may lose their biological ac-
tivity. This was reported by A.P. Soni et al. (2022)

16 Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025



when expressing tumor growth factor 1 and fus-
ing ER retention signal with C-terminus. Thus,
they suggest that the optimal strategy for such
proteins is chloroplast transformation.

Another substantial factors in molecular
farming are bioavailability and therapeutic effi-
cacy of the recombinant plant-derived proteins.
Proteins derived from plants may have reduced
efficacy due to differences in post-translational
processes, especially — glycosylation. To overcome
this problem I. Andrasevic et al. (2025) proposed
the strategy of recombinant protein expression
in CRISPR-Cas9 edited N. benthamiana plants
with knock-down genes of B-1.2-xylosyltrans-
ferase and «-1.3-fucosyltransferase, responsible
for plant-specific protein N- glycosylation pattern.
In case of Chikungunya virus antigen expression,
J. Hurtado et al. (2020) reported that glycoengi-
neered plants showed slightly higher productivity
compared to wild-type plants. Another research
in N. tabacum BY-2 suspension cells, performed
by K. Fujiyama et al. (2007) addressed co-expres-
sion with B-1.4-galactosyltransferase gene, which
resulted in “humanised” N-glycosylation pattern
monoclonal antibody. Similar results were ob-
tained by C. Navarre et al. (2017) for IgG antibody,
“humanised” protein. The researchers expressed
erythropoietin in tobacco plants.

For proteins that require an O-glycosyla-
tion pattern, the strategy of co-expression with
genes responsible for N-acetylgalactosamine
synthesis can be used, as was previously report-
ed by I.A. Ramirez-Alanis et al. (2018). J. Jez et
al. (2013) showed the successful case of sialylated
human erythropoietin expression in plants. This
was achieved by the addition of six mammalian
genes responsible for sialylation into transfor-
mation vectors. To achieve improved efficiency of
the plant-derived therapeutic proteins, the latter
can be fused with specific peptides or other re-
ceptor-binding ligands, which increase their af-
finity to the target receptor and permeabilises the
blood-brain barrier for the therapeutic drug deliv-
ery. This was demonstrated via fusion of myelin
basic protein with cholera toxin B subunit (CTB)
for Alzheimer’s disease treatment, performed by
N. Kohli et al. (2014). P.S. Lakshmi et al. (2013)
noted that chloroplast-delivered Mycobacterium
tuberculosis antigens (ESAT-6, Mtb72F) fused with
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CTB and cell wall protein LipY demonstrated that
such fusion resulted in higher immunogenicity
and the possibility of the development of low-cost
oral-delivery vaccines.

The production of oral therapeutic agents in
some plant species is limited due to the presence of
toxic secondary metabolites. This is characteristic
of the Solanaceae family species, which are often
used for genetic transformation. Therefore, new
strategies are being developed to reduce the ex-
pression levels of certain toxic secondary metabo-
lites. The study by J. Jeong et al. (2024) highlighted
the possibility ofnicotine reduction by induction
of mutation in BBL and A622 genes by using the
CRISPR-Cas9 gene editing system. K.D. DeBoer et
al. (2011) reported that lowered nicotine content
can be achieved via RNA interference method.
D. Li et al. (2006) highlighted the expression of
B-chain of insulin fused to CTB in tobacco plants
with reduced nicotine content. Several metabol-
ic engineering strategies were also applied to S.
tuberosum. LV.T. Shepherd et al. (2015) noted
the engineered S. tuberosum plants with reduced
content of glycoalkaloids, which was achieved via
down-regulation of glycosyl transferases.

Increasie of protein stability in plants is a
promising area of research, as the final prod-
uct yield is highly dependent on this parameter.
Even with the right choice of producer, transfor-
mation method, vector, and additional strategies
that promote effective protein expression, protein
degradation in the cell will significantly reduce
the efficiency of the entire biosynthesis process.
The study discussed that protein stability can be
increased by targeting the endoplasmic reticulum
and chloroplasts through the addition of signal
sequences. Co-expression of target proteins with
protease inhibitors is also possible. Bioavailability
is also a critical parameter in the development of
therapeutic protein biosynthesis technology. The
main areas of work in this field are the “humanisa-
tion” of post-translational modification patterns
and the minimisation of the expression of toxic
plant secondary metabolites.

CONCLUSIONS
Molecular farming is a promising area of modern
plant biotechnology. However, active develop-
ment is limited by the recalcitrance of many plant
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species to existing genetic transformation proto-
cols. Therefore, the analysis of strategies that can
increase the efficiency of transformation and the
yield of the target protein from the producer is a
substantial and relevant research area. The effi-
ciency of therapeutic protein expression in trans-
genic plants depends on several factors: vector
selection and its design, transformation method,
translation rate, mnRNA and protein stability in the
host cell, and the presence of correct post-trans-
lational modifications. For the correct selection
of the vector, it is necessary to choose the proper
transformation method for the biological charac-
teristics and demands of the selected host. It is
recommended to use super-binary or ternary vec-
tors with Ti-plasmid-based ones for species recal-
citrant to Agrobacterium-genetic transformation.
In other cases (for example, transformation of
dicotyledonous plants), effective transformation
can be achieved using binary vectors. The choice
of viral vector should be based on the sensitivity
of the selected host to the applied virus.

The choice of transgene delivery method also
depends on the biological characteristics of the
host. As a result, plants with high biomass yield
are rationally used for stable transformation,
while plants with a short life cycle, relatively low
biomass yield, and high sensitivity to plant viruses
are used for transient transformation. The choice
of optimisation strategy is aimed at improving re-
generation, reducing the negative effects of possi-
ble interference between target protein synthesis
and basic metabolism (stable transformation), and
creating favorable conditions for the penetration
of a sufficient number of vectors into the plant cell
(transient transformation). Optimisation of tran-
scription, translation, and post-translational mod-
ification levels should be considered at the vector
design stage. To increase the translation rate, a
strategy of codon optimisation, co-expression of
the target protein with RNA silencing suppressors,
and editing of gene regulatory elements is used. At
the stage of vector design, it is possible to increase
future protein stability by adding signal molecules
directing protein expression to the proper cellu-
lar compartments. It is necessary to consider the
post-translational modifications of the target pro-
tein that are essential for its activity in vivo.

For proteins with activity determined by cer-
tain patterns of glycosylation, sialylation, and oth-
er modifications, the need for additional genes or
silencing of certain plant genes is considered at
the vector development stage. The immunogenic-
ity of therapeutic proteins can be enhanced by fu-
sion of the target protein with peptides that have
adjuvant properties or increase the affinity of the
protein to the receptor. In addition, the bioavail-
ability and safety of the protein can be increased
by altering the secondary metabolism of the plant
hosts to reduce the expression of toxic secondary
compounds. Maybe soon specially edited plants
amenable to genetic transformation producing
high yields of correctly glycosylated pharmaceuti-
cal proteins without the necessity of complicated
protein purification will appear.

Further development of more effective pro-
tocols for the genetic transformation and gene
editing approaches of cereals, legumes, etc, is re-
quired. The stability of recombinant protein stor-
age due to their low moisture and protease con-
tent and high protein yield in seeds of these hosts
can increase the recombinant protein production.
Therefore, molecular strategies to increase plant
host regeneration or attempts to increase the bio-
availability of obtained proteins are relevant areas
of future research. The search for new hosts with-
out harmful secondary metabolites for transient
expression of therapeutic proteins and novel vec-
tor design is relevant.
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AHoranis. MonexkynspHe GepMepcTBO — Iie Taly3b CY4acHOI pOCIMHHOI 6i0TexXHOOorii, sika MBUAKO
PO3BMBAETHCS Ta JO3BOJISIE €KCIIPECYBaTy 6GioJOriYHO aKTMBHI TepameBTMYHi 3aCO0M MJIST MeIUIVHU
Ta BeTepuHapii y MpoMMUCIOBUX MacuITabax. MeToI0 11bOro OIMIsiAY OYB MOLIYK OCHOBHMX CTPATeriit, 1o
3aCTOCOBYIOThCS /IS TTiABUIIEHHS eeKTUBHOCTI BUPOGHUIITBA TEPANEBTUYHMX O1/IKiB B poc/imHax. st
IOCSITHEHHSI MeTH Oy/I0 3aCTOCOBaHO aHasi3 6a3 JaHux Scopus Ta PubMed, y3arajibHeHHSI Ta KDUTUUHY
OIIiHKY AaHUX MIOAO CTPATETiii, IO MiABUINYIOTh e(heKTUBHICTh BUPOOHMIITBA TEPAIIEBTUYHOTO Gika
B poCIMHAax. Byno BM3HAUeHO KIIIOYOBI KpuTepii, sIKi C/Ii BpaxoByBaTM MiJ yac BUOOPY BEKTOpa st
TpaHcdopmanii. s ontumisariii reHeTuuHOi TpaHcdopmarii CTiikux BUAIB pEKOMEHAYIOThCS CyIep-
MO/IBiiiHi a60 TpeTMHHI BeKTOPMU. [l TpaH3ieHTHOI TpaHcdopMaliii 3arpornoHoBaHo cuctemy magnICON
Ta BeKTOPU Ha OCHOBI reMiHiBipyciB. PO3MISIHYTO CIIOCO6M MOIOMAHHSI CTiIKOCTi POCIVH O KYJIbTYPH in
vitro Ta reHeTMYHOI TpaHcdopMmailii. 3ramaHo Taki MeToOH, SIK HaJeKcIpecist MmopdoreHHux reHis (WOX,
BBM), 110 migBuilyoTh eeKTUBHICTb pereHepaliii. PO3IIsIHYTO HOBITHI cucTeMM IOCTaBKU TeHiB st
TOYHOTO Ta IIPaBUILHOTO BBEAEHHS T'eHiB. i 36iIbIIIeHHS eKCITpecii 1iIboBUX Oi/IKiB peKOMEHIYIOThCS
TKaHMHHO-cHelnbiuHi, iHaymnoenbHi a60 akKTUBHI Ha MEBHUX CTaNisIX PO3BUTKY POCIMH MPOMOTOPM.
BusHaueHo, 10 cTabifbHiCTh O6iIka MOXKHA MiABMIIMTM IIIISIXOM JOr0 TapreTyBaHHSI B K/IITMHHI
KOMIIAapTMeHTH abo koekcrpecii 3 iHri6itopamu mpoteas. TaKoX B XO[i AOCTiIKeHHS BM3HAUEHO, II0
KODeKIlisl MOCTTpaHUIALiiHMX Mopudikaliii 6i1ka MoOXe MOKpaIIUTU oro 6ionoriyHy aKTUBHICTB;
3MEHIIEeHHST TOKCMYHMX BTOPVMHHUX METAOO0ITiB Xa3siiHa TAaKOX € ONHi€lo 3 Iiyieil. BUCHOBKM MOXYTb
GyTM BUKOPUCTaHI Jjis1 pO3p0O6KM HOBMX CTpATEriii onTuMisaliii TpaHcdopmanii pocivH Ta 36iIbIIeHHS
BUXOIY PEKOMOiHAHTHOTO 6ika

KimiouoBi ciioBa: 6iOTeXHOJOTiSI POCIAMH; TeHeTMYHa iHKeHepisl; POCIMHHI CUCTeMM eKCIIpecii;
dapmaneBTHUHI GiTKK
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Abstract. This study aimed to conduct a comparative analysis of traditional methods (enzyme-linked
immunosorbent assay, polymerase chain reaction) and innovative techniques for diagnosing
ribonucleic acid-containing viruses in plants, in order to assess their effectiveness in detecting
pathogens at early stages of infection. Experimental trials were carried out under laboratory conditions
using wheat, tomato, and cucumber samples infected with typical viral agents. The detection limit,
specificity, analysis duration, cost, and scalability of each method were examined. It was found that
modern molecular approaches - particularly targeted cleavage of genetic material using clustered
regularly interspaced short palindromic repeats with associated proteins, as well as next-generation
sequencing - significantly outperformed traditional methods in terms of sensitivity, accuracy, and the
ability to detect viruses in latent form. In particular, the detection limit for the sequencing method was
0.01 copies per microlitre, while for the targeted cleavage method it was 0.1 copies per microlitre. The
targeted cleavage technology offered an effective balance of speed (1-2 hours), cost (approximately
20 USD per sample), and throughput (up to 200 samples per day), whereas next-generation sequencing,
despite its highest accuracy, required considerable financial and technical resources. The practical
significance of the results lies in providing a scientific basis for integrating innovative diagnostic
platforms into the phytosanitary control system. The proposed approaches enhance the efficiency of
viral pathogen detection, reduce economic losses in crop production, and support the development of
modern biosecurity strategies in agriculture
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INTRODUCTION

Ribonucleic acid (RNA) plant viruses represent
one of the major threats to the stability of agricul-
tural production, causing significant yield losses
and deterioration in product quality. Timely de-
tection of viral pathogens is essential for limiting
the spread of infections; however, traditional diag-
nostic methods often fail to achieve the required
accuracy or speed. This underscores the need for
implementing innovative approaches capable
of improving the effectiveness of phytosanitary
monitoring. The relevance of the topic is deter-
mined by several factors. Climate change and the
intensification of anthropogenic pressure on agro-
ecosystems have led to an increase in the number
of new and recombinant viral strains, complicating
diagnosis. At the same time, the growing demands
of food security require precise and rapid methods
for early pathogen detection under field condi-
tions. Traditional methods, such as enzyme-linked
immunosorbent assay and polymerase chain reac-
tion, remain widely used but are frequently out-
performed by modern molecular technologies in
terms of sensitivity and specificity.

In the scientific literature, the issue of di-
agnosing plant viral diseases has been exam-
ined from multiple perspectives. In the study
by A.O. Potrokhov (2024), it was demonstrated
that assessing the virus resistance of transgenic
plants of the Solanaceae family requires the ap-
plication of highly precise molecular diagnostic
methods capable of detecting infection at early
stages of development. The author emphasised
the importance of integrating biotechnological
tools into the phytosanitary control system. The
study of V.Yu. Mashika & L.Yu. Pushkash (2024),
devoted to pathogenic human viruses, summa-
rised knowledge on immune response mecha-
nisms in viral infections, which is relevant for
understanding virus-plant interactions at the
molecular level. In the study by T.P. Shevchen-
ko et al. (2019), attention was drawn to the role
of specific molecular markers in diagnosing in-
fectious agents. The authors highlighted that the
effectiveness of such methods in crop production
largely depends on the quality of biomaterial
preparation and the validation of diagnostic pro-
tocols. It was particularly noted that test sensitiv-
ity directly depends on the quality of RNA extrac-
tion, confirming the advisability of conducting
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analyses under laboratory conditions to ensure
the reliability of results.

A review of modern approaches to managing
viral diseases of agricultural crops was presented
in the article by S. Tatineni & G.L. Hein (2023).
The researchers pointed out the insufficient sensi-
tivity of traditional methods for detecting viruses
under field conditions and emphasised the poten-
tial of using advanced molecular technologies. In
the study by B. Devi et al. (2024), a comprehensive
analysis of strategies for diagnosing viral infections
in plants was carried out. The authors established
that classical methods, including enzyme-linked
immunosorbent assay (ELISA) and polymerase
chain reaction (PCR), have limitations in specific-
ity and sensitivity, particularly when dealing with
asymptomatic infections or emerging viral strains.
Special attention was given to the advantages of
innovative platforms based on next-generation
sequencing (NGS) and CRISPR/Cas12a (clustered
regularly interspaced short palindromic repeats/
CRISPR-associated proteins), which enable the
detection of viral infections before the appearance
of clinically evident symptoms.

In the monograph by S. Kumar & S. Mau-
rya (2021), particular emphasis was placed on
innovative diagnostic tools that provide excep-
tionally high testing sensitivity and minimise the
likelihood of false results, even in cases of mixed
infections. A comprehensive analysis of current
and prospective diagnostic methods was presented
in the research of A. Singh et al. (2025), which de-
scribed the trend towards a shift from traditional
approaches to molecular technologies with greater
sensitivity and speed. The integration of RNA in-
terference (RNAi) strategies for protecting plants
against viral infections was examined by LT. Bo-
cos-Asenjo et al. (2022). The authors highlighted
the potential of RNAi mechanisms not only as a
tool for precise virus detection but also as an ef-
fective means of controlling pathogens at the level
of genomic regulation. Specifically, RNAi tech-
nologies suppress the expression of viral genes by
introducing double-stranded RNA molecules that
activate the plant’s cellular defence mechanisms.
This approach ensures high specificity of action,
minimises damage to non-target organisms, and
can be adapted for the development of transgenic
varieties with enhanced virus resistance.
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In the context of advances in molecular di-
agnostics of plant viruses, particular attention is
drawn to high-throughput methods that enable
the simultaneous identification of a wide range
of pathogens, including viruses, viroids, and phy-
toplasmas. Such approaches are discussed in the
study of L. Rithesh et al. (2025), which substanti-
ates the advantages of next-generation molecular
platforms for the rapid and accurate detection of
pathogens in complex biological samples. It is not-
ed that integrating high-throughput sequencing
with bioinformatic tools opens new opportunities
for comprehensive monitoring of viral infections
in agriculture. D. Trippa et al. (2024) emphasised
that next-generation sequencing methods provide
the highest sensitivity for early diagnosis of dis-
eases in cultivated plants, yet require substantial
resources for implementation in agricultural pro-
duction. A review of the literature indicates that,
despite the rapid development of innovative di-
agnostic technologies, the practical comparison
of these with traditional approaches under real
production conditions remains insufficiently ex-
plored, particularly in relation to criteria such as
sensitivity, specificity, analysis time, cost-effec-
tiveness, and scalability.

Based on the identified gaps, the aim of the
present study was formulated: to determine the
effectiveness of traditional and innovative meth-
ods for diagnosing RNA-containing viruses in
plants by assessing their technical characteristics,
economic feasibility, and potential for practical
application under laboratory control conditions.
To achieve this aim, the following objectives were
set: to determine the sensitivity, specificity, and
detection limits of traditional and innovative di-
agnostic methods; to assess their effectiveness
under laboratory conditions; and to identify the
limitations and prospects for applying innovative
technologies in the rapid monitoring of viral in-
fections in crop production.

MATERIALS AND METHODS
The research was conducted between March and
December 2024 at the Laboratory of Environ-
mental Plant Genetics and Biotechnology of the
State Institution “Institute of Plant Protection
of the National Academy of Agrarian Sciences
of Ukraine” (Kyiv), which specialises in the ap-
plication of molecular genetic methods for the

identification of phytopathogens and genes con-
ferring resistance to diseases and pests in agri-
cultural crops. Plant samples were collected from
farms belonging to three agricultural enterpris-
es: Agro-Centre Limited Liability Company (LLC)
(Kyiv region), Zoria Agricultural Farm (AF) (Odesa
region), and Ovochevyi Rai Private Enterprise (PE)
(Odesa region). These enterprises were selected
for their active involvement in the cultivation of
wheat, tomatoes, and cucumbers, as well as for the
presence of reported cases of viral diseases in these
crops. The study utilised plant samples of wheat
(Triticum aestivum L.), tomato (Solanum lycoper-
sicum L.), and cucumber (Cucumis sativus L.). The
total sample size comprised 500 plant specimens,
determined through a preliminary statistical pow-
er analysis (a=0.05; B=0.2; medium effect size),
which allowed for the detection of differences of up
to 10% between the diagnostic methods. Samples
were collected randomly from three sources: open
field plots, greenhouses, and experimental planta-
tions. The quantitative distribution across crops
was as follows: 200 cucumber samples, 150 tomato
samples, and 150 wheat samples. For each crop,
appropriate diagnostic methods were applied: all
four methods (ELISA, RT-qPCR, CRISPR/Cas12a,
NGS) for cucumbers (50 samples per method);
three methods (ELISA, RT-qPCR, CRISPR/Cas12a)
for tomatoes (50 samples per method); and two
methods (RTqPCR, NGS) for wheat (75 samples per
method). Subsamples were formed randomly, tak-
ing into account the inclusion criterion of visible
symptoms or suspected latent infection. Exclusion
criteria included mechanical damage or confirmed
bacterial aetiology of the lesion.

Within the study, each of the six viruses was
associated with its corresponding crop, enabling a
comparative evaluation of diagnostic methods with-
in specific phytopathosystems. Cucumber samples
(Cucumis sativus L.) were tested for Cucumber mo-
saic virus, a typical pathogen of this crop. This group
was subjected to all four diagnostic methods — ELI-
SA, RT-qPCR, CRISPR/Cas12a, and next-generation
sequencing (NGS) - allowing for a comprehensive
comparison of approaches. Tomato samples (So-
lanum lycopersicum L.) were examined for Tomato
spotted wilt virus and Squash yellow mosaic virus,
both of which can also infect tomatoes under mixed
infection conditions. For these pathogens, three di-
agnostic methods were applied: ELISA, RT-qPCR,
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and CRISPR/Cas12a. The NGS method was not used
for these viruses due to funding constraints and the
extended time required for analysis.

In the wheat group (Triticum aestivum L.), the
target pathogen was Grapevine leafrollassociated
virus, detected in laboratory samples as a potential
model of a latent infectious process. Although this
virus is not a typical wheat pathogen, it was select-
ed as a model of latent infection owing to its stable
inoculation under laboratory conditions, well-char-
acterised genomic structure, and absence of visible
symptoms during the first 72 hours after infection —
criteria suitable for testing detection limits. For
this crop, only RT-qPCR and NGS were employed.
Additionally, wheat samples included control tar-
gets — Tobacco mosaic virus and Barley yellow dwarf
virus - to verify the specificity of the diagnostic pro-
tocols. These were not primary viruses for the main
analysis but were used to assess false-positive sig-
nals and cross-reactivity. Thus, not all viruses were
tested across all crops. The complete set of diagnos-
tic methods was applied only to Cucumber mosaic
virus, providing a representative basis for compar-
ing the performance of diagnostic platforms. Other
viruses were analysed partially, following their bio-
logical characteristics and the methodological con-
straints in place. This should be taken into account
when interpreting the aggregated results.

To analyse the detection dynamics at the
early stages of infection, separate subsamples
(n=50) were formed for each crop and method,
which were examined at time points of 12, 24, 48,
and 72 hours post-infection. In particular, for the
CRISPR/Cas12a method, such dynamics were as-
sessed in tomato samples (Tomato spotted wilt
virus) and cucumber samples (Cucumber mosaic
virus). To model economic efficiency, two parallel
subsamples of 50 artificially infected tomato (So-
lanum lycopersicum L.) samples with Tomato spot-
ted wilt virus were formed, in which the virus was
detected using either CRISPR/Casl2a or ELISA.
Both groups were analysed for detection time and
associated yield losses within a laboratory sce-
nario, with plant isolation immediately after in-
fection confirmation. Yield losses were calculated
by comparing the biomass of infected plants that
remained in the population until the appearance
of symptoms with that of a control group (n=10),
where infected plants were removed immediately
after laboratory confirmation.
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ELISA diagnostics were performed using com-
mercial kits from Agritest (Italy), RT-qPCR was car-
ried out on the CFX96 Real-Time PCR Detection
System platform (Bio-Rad, USA), CRISPR/Casl2a
assays were implemented using kits from Sherlock
Biosciences (USA), and nextgeneration sequenc-
ing was conducted on the MiSeq platform (Illumi-
na, USA). All analyses were performed in parallel
under laboratory conditions. Both negative controls
(no RNA) and positive controls (known virus con-
centration) were used to ensure testing accuracy. To
determine the limit of detection (LOD), serial dilu-
tions of viral RNA were prepared. The specificity of
the methods was assessed by testing for cross-re-
activity with phytoplasma, Tobacco mosaic virus,
and Barley yellow dwarf virus. Additional cross-re-
activity testing was performed exclusively on wheat
(Triticum aestivum L.) samples, which were selected
as a model system for specificity assessment due
to the absence of the target pathogen at the time
of sampling. Other crops were not included in the
crossreactivity analysis. The ability to detect la-
tent infections was evaluated by sampling plant
material at 12, 24, 48, and 72 hours after artificial
infection through mechanical inoculation. This in-
volved rubbing the leaf surface with an inoculation
suspension containing concentrated viral RNA and
an abrasive (carborundum, 600 mesh), under the
standard laboratory infection protocol.

Data processing was carried out in the R
software environment, version 4.3.1, using the
ggplot2 and dplyr packages. Statistical compar-
ison of method sensitivity employed one-way
analysis of variance (ANOVA) followed by Tuk-
ey’s post-hoc test, as well as Student’s t-test for
independent samples and the Mann-Whitney U
test for non-parametric data. The reliability of the
results was evaluated using the bootstrap meth-
od (1,000 iterations) with the construction of 95%
confidence intervals. The critical significance level
was set at «=0.05. The comprehensive evaluation
of method performance encompassed sensitivity,
specificity, limit of detection, analysis duration,
test cost, cross-reactivity frequency, and scalabil-
ity potential in laboratory practice. Experimental
research on plants, including the collection of
plant material, complied with institutional, na-
tional, or international guidelines. The authors
adhered to the standards of the Convention on Bi-
ological Diversity (1992).
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RESULTS AND DISCUSSION
The comparative evaluation of diagnostic methods
for RNA-containing plant viruses revealed distinct
differences between traditional and innovative
approaches. Enzyme-linked immunosorbent as-
say (ELISA) and real-time reverse transcription pol-
ymerase chain reaction (RT-qPCR) exhibited lower
sensitivity when detecting low concentrations of
viral RNA. In contrast, CRISPR/Cas12a systems and

next-generation sequencing (NGS) provided higher
accuracy and enabled the identification of viruses at
early stages of infection. Table 1 below summarises
the comparative characteristics of these methods
according to key performance criteria: sensitivity,
specificity, turnaround time, analysis cost, require-
ment for specialised equipment, and suitability for
use outside laboratory settings. All methods were
tested under laboratory conditions.

Table 1. Comparative characteristics of diagnostic methods for RNA-containing viruses
in cucumber, tomato, and wheat samples, according to actual laboratory

Method (Sc Zr;sl:::/';‘% Specificity Analysis time (USD(/::as:nple) r:c?:iir’:eﬂee?:ts
ELISA 10 85% 4-6 hours 5 Medium
RT-qPCR 1 95% 2-3 hours 15 High
CRISPR/Cas12a 0.1 99% 1-2 hours 20 High
NGS 0.01 100% 24-48 hours 100 Very high

Note: data for NGS refer only to cucumber (Cucumber mosaic virus) and wheat (Grapevine leafroll-associated virus); the
method was not applied to tomato (Tomato spotted wilt virus) due to constraints. ELISA was not applied to wheat samples

Source: developed by the authors based on original data

As shown in the Table 1, the NGS method
achieved the highest sensitivity (down to 0.01
copies of viral RNA per microlitre) and specifici-
ty; however, it was also the most resource-inten-
sive in both time and cost. The CRISPR/Cas12a
method combined high accuracy with a rela-
tively short analysis time (up to two hours) but
also required specialised laboratory equipment,
making its use outside a laboratory setting im-
practical. RT-qPCR remained the most balanced
option in terms of reproducibility, moderate cost,
and adequate sensitivity. ELISA proved to be the
least effective, both in terms of sensitivity and
its ability to detect infection at early stages. To
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illustrate the results, Figure 1 presents the aver-
age detection efficiency for each method applied
to cucumber, tomato, and wheat samples within
the scope of their actual use. Data are provided
only for crop-virus—method combinations used
in the study: cucumbers (Cucumis sativus L.) —
Cucumber mosaic virus: all four methods (ELI-
SA, RT-qPCR, CRISPR/Casl2a, NGS); tomatoes
(Solanum lycopersicum L.) — Tomato spotted wilt
virus: three methods (ELISA, RT-qPCR, CRISPR/
Cas12a); wheat (Triticum aestivum L.) - Grapevine
leafroll-associated virus: two methods (RT-qPCR,
NGS). NGS was not applied to tomatoes, and ELI-
SA was not applied to wheat (Fig. 1).

m Cucumbers (%)
Tomatoes (%)

= Wheat (%)

m Overall efficiency (%)

Figure 1. Average detection efficiency of RNA-containing viruses in cucumber, tomato,
and wheat samples depending on the diagnostic method applied (n = 500)
Note: n = 500 represents the total number of plant samples examined for the comparative assessment of methods:
200 cucumber samples (50 per method — ELISA, RT-qPCR, CRISPR/Cas12a, NGS), 150 tomato samples (50 per method —
ELISA, RT-qPCR, CRISPR/Cas12a), and 150 wheat samples (75 per method — RT-qPCR, NGS). Data are grouped by crop

according to the diagnostic methods applied
Source: developed by the authors based on original data
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The analysis (Fig. 1) confirmed that NGS and
CRISPR/Cas12a methods achieved substantially
higher detection efficiency compared with ELISA
and RT-qPCR, particularly when applied to sam-
ples at early stages of infection. However, their
laboratory complexity and resource requirements
must be carefully considered when planning their
use in phytosanitary monitoring systems. To sta-
tistically assess differences in method sensitivity,
p-value analysis was conducted using test results
from wheat, tomato, and cucumber samples un-
der laboratory conditions. The comparison be-
tween CRISPR/Cas12a and real-time polymerase
chain reaction (RT-qPCR) showed a statistically
significant difference (p < 0.05), indicating the
higher sensitivity of CRISPR/Casl2a. In con-
trast, the difference between CRISPR/Cas12a and
next-generation sequencing (NGS) was not sta-
tistically significant (p=0.15), suggesting a com-
parable level of effectiveness between these two
methods in detecting RNA-containing viruses in
the tested crops.

The choice of molecular diagnostic method
should take into account the laboratory environ-
ment, technical capabilities, urgency of analy-
sis, and resource availability. In cases requiring
large-scale testing within limited budgets, ELI-
SA and RT-qPCR remain suitable for laboratory
use due to their relative simplicity, low cost, and
sufficient accuracy. Conversely, for applications
where achieving maximum sensitivity, specificity,
and the ability to detect viruses at early or latent
stages is critical, CRISPR/Cas12a and NGS remain
the most effective options. These methods proved
to be the most informative for detailed laboratory
analysis of viral infections in agricultural crops.

A comparative analysis of traditional and in-
novative diagnostic methods, conducted under
laboratory conditions, confirmed the limitations
of classical approaches, particularly ELISA and
RTQPCR, in detecting viral pathogens at early
stages of infection and when viral RNA concen-
trations are low. In the study by Y.M. Wang et
al. (2022), the advantages of modern molecular
platforms in diagnosing latent infections were
examined in detail. Similar conclusions were
reached in the research of N. Yadav & S.P. Khura-
na (2016), which highlighted the insufficient
sensitivity of traditional serological methods for
the early detection of plant viral infections and
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emphasised the need to introduce molecular tools
foridentifyinglatentdiseaseforms.Thepublication
by A. Mandal et al. (2025) focused on the ad-
vantages of innovative approaches, particularly
CRISPR systems, for the highly specific identifi-
cation of novel and mutant viral strains, aligning
with findings from the present study that demon-
strated the high efficiency of CRISPR/Cas12a in
detecting mutations. Likewise, the study of A. Ol-
mos et al. (2007) noted the superiority of molecu-
lar methods, such as RT-PCR, in accurately diag-
nosing complex pathogens, a point supported in
this study by the absence of cross-reactivity when
using RT-qPCR and CRISPR/Cas12a.

This was made possible by the ability of
next-generation sequencing to perform whole-ge-
nome analysis without the need for prior knowl-
edge of the virus’s nucleotide sequence. The ob-
tained results were consistent with the findings of
M.M. Loépez et al. (2003), which demonstrated that
nextgeneration sequencing enables the detection
of previously unknown viral pathogens in complex
plant samples without the need for prior identifi-
cation. In the study by C. Delmiglio et al. (2023),
the effectiveness of next-generation sequencing
as a tool for strengthening national biosecurity
through the early diagnosis of novel pathogens
was emphasised — an application also demonstrat-
ed in the present research in the context of detect-
ing viruses at low concentrations. The experience
described by G. Tarquini et al. (2023) highlighted
the practical significance of sequencing for mon-
itoring phytoviruses in agricultural crops within
intensive farming zones — conditions comparable
to those replicated in the laboratory modelling
conducted in this experiment.

A separate branch of the experiment fo-
cused on assessing the capability of the CRIS-
PR/Cas12a system to detect early mutations in
the known RNA-containing Tomato spotted wilt
virus, a typical pathogen of Solanum lycopersi-
cum L. (tomato). The experiment was carried out
on laboratoryinfected tomato samples (n = 50),
which formed part of the subsample designated
for testing via the CRISPR/Cas12a method. This
method was selected for its high specificity to
point mutations and sensitivity to nucleotide
sequence alterations at the early stages of infec-
tion. As a result, within 12 hours of controlled in-
oculation, CRISPR/Cas12a successfully detected
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65% of characteristic point mutations. After
24 hours, this figure reached 90%, and after 48
hours - 95% (Fig. 2). The data obtained demon-
strate the high sensitivity of CRISPR/Cas12a to
molecular changes in the viral genome, even at
the early stages of pathogenesis. The method
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proved particularly effective in cases where
RT-qPCR failed to provide a stable signal due to
insufficient target RNA quantity. This capaci-
ty for early mutation detection is promising for
monitoring viral evolution and controlling the
emergence of new strains (Fig. 2).

Percentage of mutation
detection (CRISPR/Cas12a)

24 48

Figure 2. Dynamics of detecting point mutations of the Tomato spotted wilt virus in Solanum lycopersicum L.
(tomato) samples using the CRISPR/Cas12a system under laboratory conditions (n = 50)

Source: developed by the authors based on original data

The graph (Fig. 2) illustrates the increase in
mutation detection efficiency over time following
inoculation. Unlike conventional methods, which
require the accumulation of substantial amounts
of viral material, the CRISPR/Cas12a system ena-
bled the detection of molecular changes within the
first 24 hours. A separate example of the laborato-
ry application of CRISPR/Cas12a demonstrated its
ability to diagnose Cucumber mosaic virus in Cu-
cumis sativus L. (cucumber) samples collected dur-
ing the study that showed no visible symptoms at
the time of testing. A positive result was recorded
10 days before the first external signs of infection
appeared. This made it possible to simulate a rapid
response scenario aimed at isolating conditional-
ly infected plant samples, thereby confirming the
method’s potential for the preventive detection
of pathogens at the latent stage. This approach
has gained particular significance in the context
of active viral evolution and the high susceptibil-
ity of agroecosystems to the spread of infections.
The combined use of next-generation sequencing
(NGS) for the identification of novel viruses and
the CRISPR/Cas12a system for tracking genomic

mutations in established pathogens has formed
the conceptual basis of a new model for laborato-
ry-based plant biosecurity. It has been established
that under conditions of increasing anthropogen-
ic pressure and climate change, which favour the
emergence of new pathogens, such a combination
of methods ensures the timely detection of in-
fectious agents and the monitoring of their evo-
lutionary dynamics — an aspect of critical impor-
tance in the context of food security.

The results obtained were compared with
findings from other scientific studies. In the re-
search of M. Raza et al. (2025), it was demonstrat-
ed that optimising guide RNAs in CRISPR systems
can substantially reduce the risks of cross-reactiv-
ity when diagnosing viruses with high sequence
homology, which aligns with the present find-
ings on the high specificity of CRISPR/Cas12a in
detecting Cucumber mosaic virus. The study by
A. Soni et al. (2024) confirmed the effectiveness
of the CRISPR/Cas13a system in detecting muta-
tions in Tomato spotted wilt virus with a sensitiv-
ity exceeding 95%, consistent with the detection
rates established in this research. In the study by
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B. Krenz et al. (2024a), emphasis was placed on
the ability of the CRISPR/Cas12a system to iden-
tify point mutations within 24 hours of infection,
which corresponds with the results obtained from
the temporal dynamics analysis.

The analysis of sensitivity and specificity was
of critical importance for assessing the effective-
ness of diagnostic methods, particularly under con-
ditions of low viral RNA concentration or the pres-
ence of genetically related pathogens. Innovative
approaches, notably CRISPR/Casl2a systems and
next-generation sequencing (NGS), demonstrated
substantial advantages over traditional technolo-
gies; however, they required separate evaluation
in the context of the limit of detection (LOD) and
the risk of cross-reactivity, which can distort di-
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agnostic results in cases of mixed infections. The
comparison was conducted on laboratory samples
as follows: for cucumber (Cucumis sativus L.), Cu-
cumber mosaic virus was diagnosed using four
methods — ELISA, RT-qPCR, CRISPR/Cas12a, and
NGS; for tomato (Solanum lycopersicum L.), Tomato
spotted wilt virus was diagnosed using three meth-
ods — ELISA, RT-qPCR, and CRISPR/Cas12a (NGS
was not applied); for wheat (Triticum aestivum L.),
Grapevine leafroll-associated virus was diagnosed
using two methods — RT-qPCR and NGS (ELISA
and CRISPR/Cas12a were not applied). In total, 500
samples were analysed: 200 cucumber samples (50
for each of the four methods), 150 tomato samples
(50 for each of the three methods), and 150 wheat
samples (75 for each of the two methods) (Table 2).

Table 2. Comparison of sensitivity, specificity, and cross-reactivity of diagnostic methods for
RNA-containing viruses in cucumber, tomato, and wheat samples under laboratory conditions

Method Limit of detection (LOD) | Specificity Cross-reactivity (number of tested pathogens)
ELISA 10 copies/pL 85% 15% (phytoplasma, bacteria)
RT-gqPCR 1 copy/pL 95% 5% (viral strains with similar sequences)
CRISPR/Cas12a 0.1 copies/pL 99% 0% (10 related RNA-containing viruses)
NGS 0.01 copies/pL 100% 0% (metagenomic selectivity)

Note: the distribution of subsamples corresponded to the actual application of methods for each crop without overlap

between groups
Source: developed by the authors based on original data

As shown in Table 2, the highest sensitivity
was recorded for NGS (0.01 copies/uL), enabling
pathogen detection even at minimal viral loads.
The CRISPR/Cas12a system demonstrated a detec-
tion threshold of 0.1 copies/uL, surpassing RT-qP-
CR by a factor of ten. The ELISA method had the
highest limit of detection (10 copies/uL) and the
lowest specificity among all tested technologies.
In contrast, CRISPR/Cas12a and NGS exhibited
no cross-reactivity in any of the tests, confirming
their advantage in diagnosing mixed infections.
By comparison, RT-qPCR produced false-positive
signals in 5% of cases when genetically related
viruses were present, while ELISA produced such
signals in 15% of cases in the presence of phyto-
plasma and bacterial agents. These findings con-
firm the suitability of highly sensitive molecular
platforms for the diagnosis of latent infections,
particularly in situations where traditional meth-
ods do not provide the required accuracy.

Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025

During cross-reactivity testing, RT-qPCR
and NGS, applied to wheat (Triticum aestivum L.)
samples, demonstrated high specificity. Verifi-
cation was carried out by additional testing for
the presence of related RNA-containing patho-
gens — Tobacco mosaic virus and Barley yellow
dwarf virus - which served as control organisms.
Neither method produced false-positive results,
indicating their high specificity and absence of
cross-reactivity. The NGS method enabled pre-
cise reading of unique nucleotide sequences,
eliminating the risk of misidentification in com-
plex samples. Although RT-qPCR exhibited high
sensitivity, it produced occasional false-positive
signals in the presence of viruses with close ho-
mology; however, such cases accounted for less
than 5%. The CRISPR/Cas12a and ELISA meth-
ods were not applied to wheat and were there-
fore excluded from the specificity analysis at this
stage of the study.
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Innovative approaches, particularly CRISPR/
Cas12a and NGS, not only provided lower limits of
detection but also demonstrated enhanced spec-
ificity, thereby minimising the risk of diagnostic
errors. This combination of parameters is crucial
when monitoring emerging or mutant virus vari-
ants, where accurate viral identification is essen-
tial for rapid response and containment. It was
established that under conditions of potential
multi-component infections or in the early stag-
es of disease development, CRISPR/Casl2a and
NGS maintained consistent performance, whereas
traditional methods exhibited significant limi-
tations. In addition to the technical characteris-
tics of the methods themselves, the accuracy and
reproducibility of results were strongly influenced
by the quality of plant sample preparation. In a
study by N.V. Verma et al. (2022), the importance
of standardising ribonucleic acid extraction proce-
dures was emphasised as a key factor in improving
thereliability of molecular diagnostics. The findings
of the present experiment confirmed this relation-
ship: samples processed according to high-purity
RNA extraction protocols exhibited more consist-
ent signals in RT-qPCR and CRISPR/Cas12a, as well
as reduced variability in repeated measurements.

The practical effectiveness of diagnostic
methods is determined not only by their techni-
cal characteristics but also by temporal, financial,
and logistical factors. Even with high sensitivity,
innovative techniques may be less suitable for
large-scale implementation owing to high costs,

limited availability of specialised equipment, or
the requirement for highly trained personnel.
For a comprehensive evaluation, the diagnostic
methods were compared according to the criteria
of average analysis duration, cost per test, scal-
ability, and availability of laboratory equipment
(Table 3). The ELISA method was applied to cu-
cumber samples (Cucumber mosaic virus) and
tomato samples (Tomato spotted wilt virus). The
RT-qPCR method was used for all three crops: cu-
cumbers (Cucumber mosaic virus), tomatoes (To-
mato spotted wilt virus), and wheat (Grapevine
leafrollassociated virus). The CRISPR/Casl2a
method was applied to cucumbers and tomatoes,
while the NGS method was used only for cucum-
bers and wheat, owing to funding constraints and
the extended analysis cycle. The total number
of samples analysed was 500: 200 cucumbers,
150 tomatoes, and 150 wheat samples.

As shown in Table 3, the CRISPR/Casl2a
method provided the shortest analysis time (on
average 1.5 hours) and a high potential for scala-
bility, offering the capacity to process a substan-
tial number of samples under laboratory condi-
tions. However, its application remained limited
by the low availability of specialised equipment
and the need to optimise the reaction system for
each target virus. The RT-qPCR method, although
slower, offered a balanced compromise between
cost, processing time, and equipment require-
ments, which underpins its use as the baseline
standard for diagnostics.

Table 3. Comparison of analysis time, cost per test, scalability, and availability
of laboratory equipment for diagnostic methods applied to the detection of RNA-containing viruses
in cucumber, tomato, and wheat samples

Method Average analysis time | Cost per sample (USD) Scalability Equipment availability
ELISA 4-6 hours 5 Low High
RT-gqPCR 2-3 hours 15 Medium Medium
CRISPR/Cas12a 1-2 hours 20 High Low
NGS 24-48 hours 100 Very low Very low

Note: all methods were used exclusively under laboratory conditions

Source: developed by the authors based on original data

Next-generation sequencing (NGS), despite
its superior analytical accuracy, required 24 to
48 hours to process a single sample and was the
least accessible in terms of both cost (100 USD
per sample) and technical demands. The ELI-
SA method, owing to its low cost, is suitable for

routine screening; however, its limited sensitiv-
ity restricts its use for the early detection of in-
fections. Therefore, when selecting a diagnostic
method, it is essential to consider not only an-
alytical efficiency but also the practical feasibil-
ity of implementation, depending on available
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resources, the nature of the tasks, and the num-
ber of samples to be analysed.

Speed and efficiency emerged as key crite-
ria for comparing the methods, particularly in
the context of detecting RNA-containing viruses
at the latent stage. Under laboratory conditions,
CRISPR/Cas12a systems enabled the processing of
up to 200 samples per day through an optimised
parallel reaction protocol, although they required
specialised equipment. The next-generation se-
quencing (NGS) method, despite its high analytical
potential, was limited to an average throughput of
10 samples per day, owing to the time required for
library preparation and the computational com-
plexity of data analysis.

The ELISA and RT-qPCR methods remained
suitable for use in settings with limited funding,
particularly for large-scale routine screening. The
results obtained were consistent with the find-
ings of M. Sakthivel et al. (2024), which reported
the effectiveness of these methods for the rapid
diagnosis of infections in silkworms within seri-
culture farms. The authors emphasised the speed,
simplicity, and cost-effectiveness of such tech-
nologies, confirming their value as fundamental
tools for the initial detection of pathogens where
access to advanced equipment is limited. Howev-
er, in cases of low pathogen concentration or ab-
sence of clinical symptoms, their effectiveness was
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considerably reduced. The choice of diagnostic
method depended on specific requirements: CRIS-
PR/Cas12a was considered the most suitable for
rapid detection and mutation screening; NGS for
identifying novel or mixed infections; and RT-qP-
CR and ELISA for baseline monitoring under sta-
ble viral conditions. This justified the need for a
combined approach, adapted to the target objec-
tives and resource constraints. The data were ob-
tained under laboratory conditions using subsam-
ples of 50 specimens per method for cucumber and
tomato cultures, and 75 specimens per method for
wheat, in accordance with the actual application
of the methods. Within each subsample, the dy-
namics of latent infection detection and the as-
sociated yield losses were assessed. Cucumber
(Cucumis sativus L.) — Cucumber mosaic virus: all
methods (ELISA, RT-qPCR, CRISPR/Cas12a, and
NGS) were tested. Tomato (Solanum lycopersicum
L.) - Tomato spotted wilt virus: ELISA, RT-qPCR,
and CRISPR/Cas12a were used (NGS was not ap-
plied). Wheat (Triticum aestivum L.) — Grapevine
leafroll-associated virus: RT-qPCR and NGS were
employed (ELISA was excluded due to low speci-
ficity; CRISPR/Cas12a was not used owing to the
model-specific nature of the virus). The values
presented in Table 4 were averaged from results
obtained only for those crops to which the respec-
tive method was actually applied.

Table 4. Comparison of diagnostic methods by time of virus detection
at the latent stage of infection, using cucumber, tomato, and wheat as examples

Method L toi:fe; cet‘i:;:n el Detection efficiency Impact on yield*
ELISA 72 hours 35% 15-20% loss
RT-gqPCR 48 hours 60% 10-15% loss
CRISPR/Cas12a 24 hours 80% 5-7% loss
NGS 24 hours 95% 3-5% loss

Note: * - yield losses were estimated under a model scenario in which infected plants were removed immediately after
diagnosis, compared with groups where removal occurred after the onset of symptoms

Source: developed by the authors based on original data

As shown in Table 4, CRISPR/Cas12a and NGS
demonstrated the capacity to detect infection as
early as 24 hours after inoculation, achieving 80-
95% detection efficiency and enabling the mod-
elling of minimal yield losses. By comparison,
RT-qPCR detected viruses with up to 60% efficien-
cy at 48 hours post-infection, while ELISA detect-
ed them in only 35% of cases, with a delay of up to

72 hours. This confirmed the advisability of using
highly sensitive methods in laboratory monitoring
systems for early diagnosis and minimisation of
economic risks caused by viral infections (Fig. 3).
Figure 3 illustrates changes in the efficiency of
Tomato spotted wilt virus detection at the latent
infection stage depending on the diagnostic meth-
od used. In a laboratory experiment on 50 tomato
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(Solanum lycopersicum L.) samples infected with
Tomato spotted wilt virus, the CRISPR/Cas12a sys-
tem provided positive detection in 80% of samples
as early as 24 hours after artificial inoculation. By
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comparison, ELISA detected only 10% of infected
samples within the same time frame. By 72 hours,
CRISPR/Cas12a efficiency increased to 95%,
whereas ELISA reached only 35% positive results.

Detection rate (CRISPR/Cas12a)

= Detection rate (ELISA)

-

72

Figure 3. Dynamics of Tomato spotted wilt virus detection at the latent stage in tomato
(Solanum lycopersicum L.) samples using ELISA, RT-qPCR, and CRISPR/Cas12a methods under
laboratory conditions (n=>50 per method)

Note: data for RT-qPCR were obtained but not included in the figure due to high variability of signals during the first
24 hours, which impeded accurate representation of comparative dynamics. The comparison is based on the occurrence

of positive diagnoses at each time point within the examined latent infection period

Source: developed by the authors based on original data

Economic impact modelling based on the ob-
tained data demonstrated that the use of CRIS-
PR/Cas12a reduced tomato yield losses by 50%
compared with the control subsample of 50 speci-
mens, in which Tomato spotted wilt virus was de-
tected using ELISA. Statistical analysis confirmed
significant differences between the methods (Stu-
dent’s t-test, p<0.001), indicating the advantage
of highly sensitive molecular tools for detecting
viruses at the early stages of infection develop-
ment. The study also established that in groups
where diagnosis was performed using CRISPR/
Casl12a, Tomato spotted wilt virus was detected
prior to the appearance of visible symptoms, in-
cluding necrotic spots. Removal of infected plants
immediately after laboratory confirmation, fol-
lowed by targeted treatment, reduced virus trans-
mission within the population by almost 50%. In
contrast, in the groups where ELISA was applied,
intervention was carried out only on the third day
after infection, resulting in yield losses increas-
ing to 30%. The findings were compared with the
conclusions of F. Tenllado et al. (2004), who em-
phasised the importance of molecular diagnostics
at preclinical stages of infection for effectively
limiting virus spread. Similarly, the research of
I. Chakrabartty et al. (2022) confirmed that timely

detection of infections in tomatoes can substan-
tially reduce yield losses, even without the use of
intensive chemical measures. These results were
consistent with the outcomes of the laboratory
study, demonstrating the advisability of incorpo-
rating CRISPR/Cas12a into preventive phytosani-
tary monitoring systems.

Despite their high sensitivity and specificity,
innovative diagnostic methods such as CRISPR/
Casl2a and next-generation sequencing (NGS)
were subject to a number of limitations that con-
strained their widespread adoption in laboratory
practice. The main barriers related to the need for
sophisticated equipment, lengthy optimisation
procedures, and high costs, which restricted the
accessibility of these technologies to laboratories
with limited resources (Table 5). The assessment
was based on the results of experimental appli-
cation of ELISA, RT-qPCR, CRISPR/Casl2a, and
NGS to a total sample set of 500 plant specimens:
200 cucumber samples (50 for each method), 150
tomato samples (50 per method), and 150 wheat
samples (75 per method). All methods were ap-
plied exclusively under laboratory testing con-
ditions. In the study by I. Buja et al. (2021), the
potential of molecular platforms for rapid viral
diagnostics was noted, but difficulties in scaling
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up in the absence of adequate infrastructure were
emphasised. Similar conclusions were drawn by
K. Kalimuthu et al. (2022), who highlighted the
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importance of increasing the adaptability of inno-
vative technologies to local conditions, particular-
ly by reducing costs and simplifying logistics.

Table 5. Main technical, economic, and logistical limitations of diagnostic methods for RNAcontaining
viruses, identified under laboratory conditions during the study of cucumber mosaic virus (cucumber),
tomato spotted wilt virus (tomato), and grapevine leafroll-associated virus (wheat)

Method Technical limitations Economic barriers* Logistical challenges
CRISPR/Cas2a Need for gRNA optimisation High equipment cost . Limited gvallablllty
(2-7 days) in developing countries
NGS Compldexmy of metqgenomlc 100-150 USD per sample Lack of trained personnel
ata processing
. ) Requirement
RT-qPCR Dependence on primer quality 15 USD per sample for a stable power supply
ELISA Low sensitivity to novel strains 5 USD per sample Risk of cross-reactivity

Note: * — barriers were assessed with consideration of reagent costs, technical requirements for equipment, need for

skilled personnel, and pathogen-specific adaptation constraints

Source: developed by the authors based on original data

CRISPR/Cas12a and NGS, despite their high
accuracy, exhibited the most significant limita-
tions. For example, optimising gRNA for CRISPR/
Cas12a could take up to seven days for newly iden-
tified viruses, while the cost of NGS rendered it in-
accessible for small-scale farms. To illustrate the
impact of these factors on practical application,
a chart of limitations was constructed. The eval-
uation was based on the experimental applica-
tion of the methods to a total sample of 500 plant
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specimens, collected without overlap: 200 cucum-
ber samples (Cucumber mosaic virus, 50 per each
of the four methods), 150 tomato samples (Tomato
spotted wilt virus, 50 per method), and 150 wheat
samples (Grapevine leafroll-associated virus, 75
per method). CRISPR/Cas12a was applied to cu-
cumbers and tomatoes; NGS was used for cucum-
bers and wheat; RT-qPCR was applied to all three
crops; and ELISA was used only for cucumbers
and tomatoes (Fig. 4).

B CRISPR/Cas12a
B NGS
RT-gPCR

BELISA

Optimisation time (days) Equipment availability (%)

Figure 4. Comparison of key limitations of RNA virus diagnostic methods (CRISPR/Cas12a, NGS,
RT-qPCR, ELISA) according to technical and logistical parameters
under laboratory testing conditions for cucumber and tomato samples

Source: developed by the authors based on original data

As shown in Table 5 and Figure 4, CRISPR/
Casl2a and NGS required the most advanced
equipment and resources, which restricted their
use in laboratories with limited technical capaci-
ty. For example, optimising guide RNAs (gRNAs)
for CRISPR/Cas12a required between two and sev-
en days when detecting newly identified viruses,

whereas processing metagenomic data with NGS
could take up to 48 hours and required qualified
bioinformatics support. In addition, the cost of
NGS testing (100-150 USD per sample) remained
prohibitively high for small research facilities
and agricultural producers. The RT-qPCR method
proved to be more technically accessible, although
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it depended on primer quality and required a stable
power supply for the equipment. ELISA remained
the cheapest and easiest method to implement,
but it showed low efficiency in detecting new or
weakly expressed strains, reducing its reliability in
diagnosing latent infections.

Prospects for addressing these limitations
included several key directions. In particular, the
development of universal guide RNAs (gRNAs)
for CRISPR/Cas12a systems was proposed, which
would shorten the optimisation phase when work-
ing with new viruses. For next-generation se-
quencing (NGS), the use of cloud-based comput-
ing platforms with automated metagenomic data
analysis was considered promising, as it could sig-
nificantly reduce bioinformatics costs and simplify
procedures for users without specialised training.
Another potential solution was the creation of
mobile laboratory units for the basic implemen-
tation of molecular methods, including CRISPR/
Cas12a, in remote regions. These initiatives would
require the integration of biotechnological ad-
vances with infrastructural changes in the agri-
cultural sector, necessitating an interdisciplinary
approach at the intersection of virology, informat-
ics, agro-engineering, and logistics. Despite exist-
ing technical and economic barriers, innovative
methods remained the most promising tools for
high-precision laboratory diagnosis of viral infec-
tions, ensuring effectiveness in situations where
traditional approaches lacked sufficient sensitiv-
ity or adaptability to emerging pathogenic threats.

The findings were correlated with current sci-
entific developments. In the study by B. Krenz et
al. (2024b), trends in plant virology were analysed,
particularly the application of highly sensitive di-
agnostic platforms for early pathogen detection.
The demonstrated effectiveness of CRISPR/Ca-
s12a and NGS in laboratory testing was fully con-
sistent with the authors’ conceptual conclusions.
In the study of S.K. Sharma et al. (2021), emphasis
was placed on the potential of CRISPR/Cas12a to
enable diagnosis prior to the appearance of clin-
ical symptoms, a finding confirmed by experi-
ments in which viruses were detected as early as
24 hours after infection. Similarly, the study by
A.E. Voloudakis et al. (2022) examined the pros-
pects for RNA-based technologies in strategies to
combat viral infections, particularly at the stages
of detection and immunisation. The present data

aligned with this approach, as molecular meth-
ods based on viral RNA detection proved effective
in diagnosing latent infections. In the study of
C.Padmanabhan & F.].Jan (2025), the importance
of combining molecular platforms within a single
diagnostic system was highlighted as a means of
enhancing the resilience of agroecosystems. The
results of the study confirmed the value of this
approach: the combination of NGS for detecting
new pathogens and CRISPR/Cas12a for monitor-
ing mutations provided the highest effectiveness
in the assessment of infected plant samples under
laboratory conditions.

The study established that CRISPR/Casl2a
demonstrated the highest efficiency for laborato-
ry diagnosis of RNA-containing viruses in tomato
(Solanum lycopersicum L.) and cucumber (Cucumis
sativus L.) samples, delivering high sensitivity
and specificity at the early stages of infection.
Nextgeneration sequencing (NGS) proved most
effective for wheat (Triticum aestivum L.L.) and
cucumber samples, particularly in the context of
comprehensive metagenomic analysis and confir-
mation of the absence of cross-reactivity. RT-qPCR
showed stable performance across all three crops,
although some variability in results was observed
during the early phase of the latent period. ELISA
remained suitable for primary screening but was
limited in sensitivity to new strains and specificity
in cases of mixed infections.

CONCLUSIONS
The study enabled a comprehensive evaluation
of the effectiveness of both traditional (ELISA,
RTgPCR) and innovative (CRISPR/Casl2a, NGS)
diagnostic methods for RNA-containing viruses
in laboratory conditions using samples of wheat,
tomato, and cucumber. Each method was applied
following the characteristics of the viruses typical
for the respective crops, providing representative
data that reflected the specificity of the phyto-
pathosystems. It was established that CRISPR/
Casl2a, as a highly sensitive diagnostic system,
allowed effective detection of Tomato spotted wilt
virus in tomatoes and Cucumber mosaic virus in
cucumbers at the latent stage, as early as 24 hours
postinfection. Next-generation sequencing (NGS),
applied to wheat and cucumber samples, achieved
maximal sensitivity (LOD = 0.01 copies/uL) and
was able to detect even genetically variable or
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previously unknown virus strains. Neither NGS
nor CRISPR/Casl2a exhibited cross-reactivity,
indicatinghigh specificity forbothmethods.RT-qP-
CR,applied across all three crops, confirmed itsreli-
abilitywithamoderatelimitofdetection (1 copy/uL)
and a low level of false-positive results. ELISA,
used for tomatoes and cucumbers, remained suit-
able for basic screening but demonstrated the low-
est sensitivity (10 copies/uL) and a higher likeli-
hood of cross-reactivity (up to 15%).

Practical results indicate that CRISPR/Cas12a
provided an optimal combination of high accura-
cy, rapid analysis time (1-2 hours), scalability (up
to 200 samples/day), and relatively moderate cost
(20 USD/sample), making it a promising baseline
tool for laboratory-based phytosanitary diagnos-
tics. Although NGS remained the most precise
method, its routine application was constrained
by high costs (100 USD/sample), the need for so-
phisticated technical equipment, and specialised
personnel. The limitations identified in these

Pavelko et al.

innovative methods — specifically the requirement
for gRNA optimisation in CRISPR/Casl2a and
the complexity of metagenomic data processing
in NGS - highlight the need for further research.
Future directions include the development of uni-
versal gRNA sets, automated analytical platforms,
and integrated diagnostic strategies. Both CRIS-
PR/Cas12a and NGS have the potential to substan-
tially enhance agri-biosafety by enabling early
detection of infections and reducing crop losses,
which is critically important in the context of cli-
mate and epidemiological challenges.
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AHoTaiisg. MeTol0 JOCTIMKEeHHS Oy/n0 3AifiICHEHHSI TIOPiBHSUIBHOTO —aHali3y TpaauIiiiHux
(imyHO(epMeHTHMIT aHaTi3, TIoJIiMepa3Ha JIAHITIOroBa peakilis) Ta iHHOBAIliiiHMX MEeTOIiB iarHOCTUKMA
BipyCiB, 1110 MiCTSITh pUOOHYK/IETHOBY KMC/IOTY, y POCIMHAX JIJIS OL[iHKM iXHbOT e(peKTUBHOCTI Y BUSIBJIEHHI
MaTOTeHiB Ha PaHHIX CTalisgx iHeKLiiiHoro npoiecy. EkcriepyMeHTanbHi BUITPOOYBAHHS IIPOBOIMIICS
B1a60OpaTOPHUX YMOBAX i3 BUKOPMCTAHHSIM 3pa3KiB IIIeHNIIi, TOMAaTiB i OTipKiB, iHPiKOBaHMX TUITOBUMMU
BipycHUMM 36yTHMKaMU. Byro mocimkeHO MeXy AeTeKlii, creiudiuHicTs, TpUBaIiCTh aHaTi3y, BaPTiCTh
TOCTiIsKeHHS Ta MOK/IMBOCTI MacIITAGHOTO 3aCTOCYBAHHS KOSKHOTO 3 METOiB. YCTaHOBJIEHO, IO CYYaCHi
MOJIEKY/ISIPHI MiZX0AM, 30KpeMa TeXHOJIOTisI CIIPSIMOBAHOIO PO3LIeIJIeHHS] TeHeTUYHOTO MaTepiany 3a
JIOTIOMOT'0OI0 KJIACTEPHMX ITOBTOPiB KOPOTKUX MaTiHAPOMHMX ITOCTiIOBHOCTE 3i CIIONyueHMMM HiTKamMu,
a TaKoXX CeKBeHYyBaHHS HOBOTO IMOKOJIiHHS, 3HAUHO TepeBUILYBaIM TPaguLiliHi METOAY 3a UyTAUBICTIO,
TOUHICTIO Ta 3ATHICTIO 0 BUSIB/IEHHS BipyCiB y 1aTeHTHii ¢popMi. 30KkpeMa, Meska JeTeKLii i MeTOLy
cexkBeHyBaHHS ctaHoBwia 0,01 Korii Ha MiKpOMiTP, a IyIsT METOAY CIIPSIMOBAHOTO po3iieruieHHs — 0,1
Komii Ha MiKpoMiTp. BCTaHOB/EHO, IO TEXHOJIOTiS CIIPSIMOBAHOTO pO3IIEIUIEHHS 3abe3mevyBaja
edexTuBHe moemHAHHS ImBUAKOCTI (1-2 romuuu), BaprocTi (6aM3bKo 20 monmapiB 3a 3pa3ok) Ta
npomnyckHoi 3gatHocTi (o 200 3paskiB Ha [00Y), TOMi SIK CEKBEHYBAHHSI HOBOTO ITOKOJIiHHSI, ITOTIPU
HalBUILY TOYHICTh, IOTPeOyBaao 3HauYHMX (iHAHCOBUX i TeXHIYHMX pecypciB. [[paKTUYHA 3HAYYILiCTh
pesy/nbTaTiB MOJSTa€ y CTBOPEHHI HAYKOBOTO MiAIPYHTS AJIs iHTerpauii iHHOBaL[iiHMX N1aTHOCTUYHUX
matdopMm y cucremy (iTocaHiTaApHOTO KOHTPOJIIO. 3aMPOIIOHOBAHI MiAX0AN CIPUSIIOTDH ITiIBUIIEHHIO
e(heKTUBHOCTI BUSBJIEHHS BipyCHMX IaTOTEHiB, 3HVDKEHHIO €KOHOMIUHMX BTPAT Y POCAMHHUIITBI Ta
(bopMyBaHHIO CyyaCcHUX CTpaTeTiit 6i06€3MeKn Y CillbCbKOMY TOCITOAAPCTBi
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Abstract. The article examined the issue of soil biotesting as an effective indicator approach to
assessing the ecological state of land subjected to anthropogenic pressure from local sources of
pollution. The objects of the study were soil samples taken near potentially hazardous man-made
sites, namely landfills. Toxicity was assessed using phytotests of oil radish (Raphanus sativus d. var.
oleifera Metzg.), which proved to be a sensitive indicator of the presence of harmful substances in the
soil environment. At the same time, an analytical determination of the content of heavy metals (Cd, Pb,
Zn, Cu) in the soil was carried out. The results of phytotesting showed a decrease in seed germination
compared to control samples, which is evidence of the toxic effect of the soil environment. A decrease
in germination energy and suppression of primary biomass growth were also observed. A close
correlation was found between high metal content and suppression of growth parameters of oil radish,
indicating an interdependence between chemical indicators of pollution and the biological response of
organisms. In particular, a decrease in the length of seedlings was observed, indicating the biological
activity of heavy metals. In some samples, 30% germination was recorded, indicating a critical level of
toxicity. Biotesting combined with chemical analysis made it possible to identify areas with the most
critical environmental conditions. The proposed approach can be useful for environmental services,
local authorities and land management institutions for operational monitoring of soil condition
and identification of pollution hotspots. The methodology can be adapted for monitoring industrial
areas, sanitary surveillance areas, and areas near transport routes. The results of the study confirm
the feasibility of using integrated approaches to monitoring, including both analytical methods and
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bioindication tests. This approach provides a more objective assessment of environmental risks and
can be used to plan measures for the rehabilitation of contaminated areas, soil fertility conservation,

and sustainable land use

Keywords: ecotoxicology; germination index; biomonitoring; agroecosystem risks; test plants;

toxicological sensitivity

INTRODUCTION

Unauthorised landfills, especially those located
near agricultural land, pose a significant environ-
mental threat due to the release of heavy met-
als into the soil. Heavy metals are highly persis-
tent, accumulate easily and have a toxic effect on
plants, soil microflora and food chains. Phytotox-
icity — reduced germination, growth inhibition and
reduced plant biomass - is often an early indicator
of soil contamination. Analysis of the phytotoxici-
ty of soils contaminated with heavy metals due to
unauthorised landfills is crucial for assessing envi-
ronmental risk and protecting food security.

International studies focus on the analysis of
heavy metals in soils near illegal landfills and re-
lated phytotoxicity. In their article, authors C. Du
& Z. Li (2023) investigated soils near a historic
landfill in northern China. As part of the study, 376
soil samples were collected to assess the content
of nine heavy metals: As, Hg, Sb, Cu, Pb, Cd, Ni,
Zn and TI. The results showed that in many plac-
es, metal concentrations exceed the established
limits for agricultural land. In addition, based on
the calculation of the health risk index, a high po-
tential for carcinogenic effects on the population
living near the specified territory was established.

In the article by M. Sabir et al. (2022) investi-
gated the level of heavy metal contamination (As,
Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn) in soils near open
landfills in Pakistan and assessed the risks to hu-
man health and phytotoxicity due to the bioaccu-
mulation of metals in plants. The authors analysed
soil and plant samples and found that heavy metal
content often exceeded safe limits, especially near
landfill boundaries. They also showed that plants
growing in these conditions could be a source of
toxic elements entering the food chain, highlight-
ing the need for monitoring and remediation of
such areas. Research by M. Bozym (2022) indicates
that leachates from landfill waste are highly toxic
to Lepidium sativum, leading to a significant re-
duction in the germination index (GI< 50%), espe-
cially in the case of blast furnace dust waste. This

indicates the significant phytotoxic potential of
waste that enters the soil near landfills.

Among Ukrainian studies, there was a publi-
cation by V. Melnychenko (2024) that examined
the phytoremediation of soils contaminated by
military and anthropogenic influences, with an
emphasis on the accumulation of heavy metals
and the possibility of using phytotests to assess
phytotoxicity. In a study conducted by O. Datsko et
al. (2024) from Sumy National Agrarian University,
an ecological assessment of the heavy metal con-
tent in soils in the Sumy and Chernihiv regions
contaminated by explosions and anthropogenic
influences was carried out, with an analysis of the
consequences for agrocenoses. Another study by
L. Kucher et al. (2023) revealed soil damage near
Donbas coal dumps, where exceedances in the
concentrations of Pb, Co, Cr, Cu, and Zn led to
changes in the composition of plant cover and a
decrease in plant biomass.

Other international studies also emphasise
the relevance of using phytotesting for early detec-
tion of toxicity. For example, S. Morales-Hernan-
dez et al. (2022) described the use of various plants
for phytoremediation of soils from urban landfills
in Mexico, where sensitive plants capable of accu-
mulating Pb, Cd, Zn and other metals were identi-
fied and indicated a decrease in the viability of test
cultures. A. Acharya et al. (2023) also analysed the
global status and prospects of phytoremediation
of heavy metals in soils, in particular emphasising
the need for field studies and the use of indicator
plant species for effective toxicity assessment and
soil remediation. These studies prove that un-
authorised landfills are a stable source of heavy
metal accumulation in the soil, and phytotesting
based on the growth and development of indicator
plants effectively reflects the level of phytotoxic-
ity. Despite this, in the Ukrainian context, there is
a lack of localised phytotoxic assessments of soils
near illegal landfills using modern methods and
test cultures. According to research by S. Albert &
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E. Bloem (2023), bioindication methods allow for
the assessment not only of the presence of individ-
ual chemicals, but also of the actual toxicity of mix-
tures, including their bioavailability and possible
synergistic or antagonistic interactions. This gives
an advantage over traditional analytical methods,
which often do not reflect the full complex toxic
impact of pollutants in natural soil conditions.

Such an assessment is more relevant when
studying the impact of local sources of pollution,
which are characterised by complex, often unsta-
ble combinations of toxicants. In addition, soil
acts as an important reservoir of organic carbon,
which is a critical element of the global carbon cy-
cle. In their work, P. Borrelli et al. (2020) emphasise
the importance of soil resources in the context of
climate change and land use change, noting that
the ability of soil to accumulate carbon not only
helps maintain fertility but is also one of the lead-
ing natural mechanisms for adapting to climate
challenges. At the same time, current trends in the
intensive use of soil resources in agricultural pro-
duction are causing accelerated degradation of the
soil cover. As noted by O.H. Tarariko et al. (2017),
such degradation poses a direct threat not only to
global food security but also to the long-term sus-
tainable development of humanity.

The aim of the study was to assess the phyto-
toxic properties of soils contaminated with heavy
metals as a result of unauthorised landfills, using
biotesting of indicator plants to determine the
level of environmental risk to agroecosystems and
the potential for subsequent phytoremediation.

MATERIALS AND METHODS

Soil samples were collected in the third decade of
July 2024. The research focused on two unauthor-
ised landfills located in the Chernihiv and Cher-
kasy regions. The first landfill (Object 1) is located
within the Nizhyn district, Bakhmach territorial
community of the Chernihiv region (51°09°45°N,
32°42’14’E), 17 km from the city of Bakhmach. The
Object covers an area of 2.25 hectares. The second
landfill (Object 2) is located within the Uman dis-
trict, Kniazha-Krynytska territorial community of
the Cherkasy region (49°06°22‘N, 29°44’18’E), 4
km from the village of Kniazha Krynytsia. Its area
is 0.2 hectares.

Soil sampling scheme. Soil samples were tak-
en within technologically polluted areas, directly
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near landfills, at a depth of 5-20 cm. For each of
the sites, sampling was carried out in three direc-
tions, selected according to the spatial location of
the landfill, possible directions of pollutant migra-
tion and safe access. At Object 1, samples were tak-
en to the north, northeast and southeast. In each
direction, three samples were taken at a distance
of 5 metres from the landfill body. At Object 2,
sampling was carried out to the west, north and
south, also with three samples in each direction
at a distance of 5 metres from the landfill body.
The control (background) point was established
at a distance of about 30 metres from the landfill
boundary, in an area that had not been directly af-
fected by human activity. The control point area is
characterised by the absence of signs of economic
activity, which allows these samples to be used for
comparative analysis.

Analytical determination of heavy metal con-
tent. Laboratory studies of soil samples were car-
ried out at the State Institution “Derzhgrunto-
horona”. The content of heavy metals (Pb%, Cd%,
Cu*, Zn*) was determined by atomic absorption
spectrophotometry (AAS) using the AAS KVANT-2
AT device, which is highly accurate and widely
used in soil chemistry. The samples were prepared
by extracting mobile forms of metals with a buff-
er ammonium acetate solution with a pH of 4.8.
After filtration of the extracts, the metal concen-
trations were determined spectrophotometrically
in accordance with the requirements of current
national standards:

e DSTU 4770.6:2007 (2007) — copper (Cu);

e DSTU 4770.2:2007 (2007) — zinc (Zn);

e DSTU 4770.3:2007 (2007) — cadmium (Cd);

e DSTU 4770.9:2007 (2007) - lead (Pb).

This approach made it possible to obtain an
objective quantitative assessment of the level of
soil contamination with potentially toxic elements.

Bioindicative methods: Phytotesting. To assess
soil phytotoxicity, Raphanus sativus d. var. oleif-
era Metrg (ISO 22030:2005, 2005), a represent-
ative of the Brassicaceae family, was selected as
the biotest object. This species is widely used in
biotesting due to its high sensitivity to heavy met-
als, rapid germination and ease of cultivation in
laboratory conditions. Oil radish is recommended
by ISO 11269-2:2012 (2012) as a standard test Ob-
ject for assessing soil phytotoxicity. Other plants
were not used in this study because oilseed radish
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provides sufficient sensitivity and representative-
ness for primary environmental monitoring. The
involvement ofadditional speciesis possibleatlater
stages, but is not critically necessary in this study.

Biotesting methodology. Radish seeds were
pre-disinfected in a 1% potassium permanganate
solution for 15 minutes, followed by rinsing with
distilled water. The biotest was carried out in
10 cm diameter Petri dishes with filter paper mois-
tened with water extract from the soil (ratio 1:2).
Ten seeds were sown in each dish and incubated
in a thermostat at a temperature of 22-24 °C for 7
days. Each sample was analysed in two replicates.
After the exposure, the following parameters were
evaluated: percentage of germinated seeds, root
length, and stem length. The results were inter-
preted according to the ISO 11269-1:2012 (2012)
toxicity scale.

To assess the condition of the soil cover, nine
soil samples were taken from each of the studied
objects (Object 1 and Object 2). The selection was
carried out in three directions, with three samples
in each direction, which ensured the spatial rep-
resentativeness of the sample. The phytotoxicity
study was carried out for each sample in two rep-
etitions, which are further referred to in the text
as (1) and (2). This scheme was implemented for
samples from both objects — Object 1 and Object 2.

Processing of results and analytical approach.
To process the obtained data, methods of varia-
tional statistics were used with the calculation of

Leliushok et al.

mean values, standard deviation and coefficients
of variation. Statistical analysis was performed us-
ing Microsoft Excel software.

General methodological concept. A comprehen-
sive approach combining analytical (chemical)
and bioindication (phytotesting) methods made
it possible to reliably assess the ecotoxicological
state of the soil cover near unauthorised landfills.
The selected methods ensured the sensitivity, rep-
resentativeness and reproducibility of the results,
which is critically important for environmental
monitoring and further justification of measures
for soil rehabilitation.

A correlation analysis was performed to quan-
titatively assess the relationship between the con-
tent of heavy metals in the soil and the phytotoxic
effect on the test Object Raphanus sativus var. The
calculations used the concentrations of mobile
forms of heavy metals (Pb%*, Cd*, Cu?, Zn?") and
the corresponding biometric indicators of seed-
lings (root length, stem length). The calculations
were performed in Microsoft Excel. The analysis
revealed a statistically significant correlation be-
tween the level of soil contamination with lead,
cadmium and copper and the germination indi-
cators of oil radish. This confirmed the impact of
toxicants on the initial stages of plant ontogene-
sis, which allowed the results to be used as an in-
dicator of environmental risk in the studied areas.
Table 1 below shows the sampling scheme and
sample labelling.

Table 1. Procedure for selecting soil samples and their labelling

Name of Objects \ Direction \ Labelling of samples \ Distance from the landfill body, m

Object 1

11 5

North 1,2 10

1,3 15

11,1 5

North-East 11,2 10

1,3 15

11,1 5

South-East 1,2 10

11,3 15
Object 2

11 5

West 1,2 10

1,3 15

11,1 5

North 1,2 10

11,3 15

Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025
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Table 1. Continued

Name of Objects Direction Labelling of samples Distance from the landfill body, m
1,1 5
South 11,2 10
1,3 15

Source: developed by the authors

Thus, the following studies were conducted:
the content of mobile forms of Pb?*, Cd?*, Cu?%,
Zn*, mg/kg was determined in selected soil sam-
ples; the level of acute toxicity was established
using a biotest object, the experiment was laid for
a period of 7 days Raphanus sativus d. var. oleifera
Metrg (ISO 22030:2005, 2005); the morphological
composition of the waste was determined. The
experimental studies of plants complied with in-
stitutional, national and international guidelines.
The authors adhered to the standards of the Con-
vention on Biological Diversity (1992).

RESULTS AND DISCUSSION

The results obtained indicate a decrease in the
germination rate and energy of oil radish on soil
samples taken near unauthorised landfills com-
pared to control samples. Despite the fact that
the concentrations of heavy metals (Pb%, Cd¥,
Cu?*, Zn*) did not exceed the established maxi-
mum permissible values, a pattern was identi-
fied: soil samples with lower germination rates
of the phytotest culture showed higher relative
concentrations of these elements. This indicates
the potentially negative impact of heavy metals,
even within acceptable concentrations, on the bi-
ological activity of the soil. Therefore, phytotest-
ing results can be a reliable indicator of hidden
or cumulative soil toxicity, which emphasises the
advisability of a comprehensive approach to as-
sessing the condition of soil cover in areas adja-
cent to landfills.

Determining the morphological composition
of waste

The settlement in Chernihiv region faces a prob-
lem in the area of solid waste management, which
manifests itself in the growing negative impact of
waste on the environment and the health of peo-
ple and animals, in particular stray dogs living
near landfills. It should be noted that plastic waste
(21%) and paper waste (23%) predominate in the
waste structure.

The work of A. Illiash et al. (2023) provides
an analysis of the morphological composition
of household waste in several regional centres
of Ukraine. According to their data, fluctuations
in the proportions of plastic (9-29%) and paper
(2.5-14%) largely correlate with the socio-eco-
nomic level of the settlements. The results of this
study (plastic — 21%, paper — 23%) coincide with
this range, confirming the representativeness and
comparability of data on the impact of the private
sector and the level of urbanisation. The article
by LV. Satin & O.S. Panchenko (2021) develops an
improved methodology for analysing the morpho-
logical composition of waste, broken down into
specific fractions, including paper, polymers, or-
ganic matter, etc. The authors note that in private
residential areas, the share of paper was 7-14%,
and the share of polymers was 9-22%. The figures
obtained in this study (paper — 23%, plastic — 21%)
slightly exceed the upper limit of the published
values, which may be due to the active growth in
the use of plastic packaging. A pattern has also
been observed that the larger the rural population
and private sector, the slightly higher the percent-
age of organic and food waste. It should also be
noted that in recent years, emissions of plastic
packaging products and plastic food packaging,
mainly polyethylene, have increased, accounting
for 16% at this landfill (Fig. 1).

Figure 1 shows the characteristics of waste
in the settlement of Kniazha Krynytsia, Cherkasy
region. The landfill is mainly polluted with waste
generated by the local residents living nearby. The
main components are: plastic waste (28%) — the
largest portion of the waste. Plastic is a long-last-
ing environmental pollutant, as it takes hundreds
of years to decompose. It can enter the soil and wa-
ter, causing ecological problems. Paper and card-
board (27%) — a significant part of the waste con-
sists of paper products, which decompose relatively
easily and can be recycled. This indicates a large
proportion of packaging materials in the waste.
Polyethylene (17%) — one of the most persistent

46 Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025



forms of plastic, which pollutes the environment
and causes serious ecological issues. Glass (16%) —
does not decompose naturally, but is well-suited
to recycling. Its considerable share indicates con-
sumption of products in glass containers. Rubber
waste (7%) — such as old tyres, which are hazard-
ous to the environment as they decompose very

16%

Paper and cardboard mlIron

m Glass

Organic waste

Leliushok et al.

slowly and can release toxic substances. Organic
waste (2%) — decomposes the quickest, but may
produce unpleasant odours and attract rodents
and insects. Iron, textiles, and wood (1% each) —
although their share is small, they also require
proper disposal or recycling. Below is the morpho-
logical composition of waste for Object 2 (Fig. 2).

B Rubber waste
m Plastic waste  Textiles

Wood Polyethylene

Figure 1. Average morphological composition of selected waste samples Object 1, %

Source: developed by the authors

17%
27%

m Glass

Paper and cardboard mIron

Organic waste

B Rubber waste
m Plastic waste 1 Textiles

Wood Polyethylene

Figure 2. Average morphological composition of selected waste samples Object 2, %

Source: developed by the authors

The morphological analysis of municipal sol-
id waste (MSW) at Object 2 showed that synthetic
materials dominate the waste stream (Fig. 2). Plas-
tic waste makes up the largest fraction at 28%, in-
cluding single-use packaging and containers. This
indicates excessive plastic consumption and a poor
system for waste separation. Paper and cardboard
follow at 27%, representing a valuable recyclable

material. Polyethylene accounts for 17%, mainly
consisting of bags and films. Glass makes up 16%;
it is an inert component that can be recycled to
save raw materials and energy. Rubber waste — 7%,
which can include worn-out tyres and other tech-
nical materials. Smaller fractions include organic
waste (2%), which can produce methane and foul
odours, and iron, textiles, and wood (1% each).
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Metals are recyclable, wood can be biodegraded
or used for energy, while textiles are particularly
difficult to dispose of due to synthetic additives.
The long-term accumulation of these materials at
unauthorised landfills can cause toxic compounds

to migrate into the soil, altering its chemical and
toxicological properties. Therefore, a soil study
was conducted around the Object to assess the
potential environmental impact. Table 2 provides
the results from soil samples at Object 1.

Table 2. Content of mobile forms of heavy metals in soils (mg/kg), Object 1, third decade of July 2024

Sacmp|e MPC mg/kg North North-East South-East

ode 1,1 1,2 1,3 11,1 11,2 11,3 1,1 11,2 1,3
Cu, mg/kg 3.0 0.675 0.42 0.355 0.559 0.465 0.48 0.208 0.55 0.425
Zn, mg/kg 23 1.854 0.211 0.391 1.925 1.129 0.434 2.262 0.849 4.761
Cd, mg/kg 0.7 0.203 0.248 0.286 0.215 0.225 0.179 0.153 0.25 0.175
Pb, mg/kg 6.0 2.14 1.543 2.245 0.8 0.764 1.59 1.25 1.805 1.472

Note: MPC — maximum permissible concentration
Source: developed by the authors

Contamination by heavy metals is one of the
main environmental problems affecting soil qual-
ity, water resources, and ecosystem health. Heavy
metals can accumulate in the biosphere and influ-
ence microorganisms, plants, and higher trophic
levels, including humans. Table 2 shows that in
all samples the concentration of Cu (copper) does
not exceed the maximum permissible concentra-
tion (MPC) of 3.0 mg/kg. Copper is known to be
an essential micronutrient for plants; however,
its excess may lead to toxic effects such as disrup-
tion of growth and development of root systems.
At all sampling points, Zn (zinc) is below the MPC
of 23.0 mg/kg, indicating no significant tech-
nogenic pollution. Zinc is necessary for enzyme
function in plants and microorganisms, although
high concentrations may cause phytotoxicity. All
measured values of Cd (cadmium) are below the
MPC of 0.7 mg/kg, which suggests a natural origin
of the metal. Cadmium is a highly toxic element,
and its accumulation in soils can disrupt plant me-
tabolism and adversely affect organisms. The con-
centration of Pb (lead) in all samples is lower than
the MPC of 6.0 mg/kg, indicating no large-scale
anthropogenic contamination. Lead is hazardous
to the environment and human health as it can ac-
cumulate in plants, enter food chains, and cause
neurotoxic effects.

According to V. Laptiev et al. (2024), the con-
centration of Cu and Zn in the plant biomass of Er-
igeron canadensis in Dnipro significantly exceeded
background values, even though the total content
of these metals in the soil had not yet exceeded

regulatory limits. This corresponds with the find-
ings of the present study: it was observed that the
concentrations of Cu and Zn in the soils did not
exceed the MPC but were higher in the samples
with lower germination rates of radish. The re-
search demonstrates that even permissible levels
of heavy metals affect bioavailability and accumu-
lation in plants.

Similar conclusions were drawn in the work
of N. Chernykh et al. (2021). Their study of soils
near the Sharra landfill (Tirana, Albania) revealed
that, despite Cd and Pb levels being clearly with-
in norms, accumulation of heavy metals in Trifo-
lium repens was already recorded, which reduced
germination. Unlike the present study, where the
main focus was on phytotoxic effects through re-
duced germination, the aforementioned work em-
phasised the translocation of metals into plant
tissues. Thus, the results of this study support the
observations of other authors regarding the risks
of hidden toxic effects of heavy metals even within
regulatory limits.

Differences in the content of heavy metals
are observed across the three sampling directions,
although none of the recorded levels exceed the
maximum permissible concentrations. In Direc-
tion I, the highest maximum concentrations of Pb
(2.245 mg/kg) and Zn (1.854 mg/kg) were recorded,
which may indicate either the local natural origin
of these metals or a minor influence of anthropo-
genic factors. In Direction II, the values of heavy
metals remain relatively stable, without sharp
fluctuations, which may suggest the absence of
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pronounced sources of contamination. At the same
time, in Direction III, the highest values of Zn
(4.761 mg/kg) and Pb (1.805 mg/kg) were observed
compared to other directions. This is likely due
both to the natural properties of the soil and the
influence of local sources of pollution, in particu-
lar transport infrastructure or industrial facilities.

From Table 2, a preliminary conclusion can
be drawn about the experiment at Object 1. All
measured concentrations of heavy metals in soil
samples do not exceed the maximum permissi-
ble concentrations, which indicates the environ-
mental safety of the studied area and the absence
of significant anthropogenic load. The highest
values of zinc and lead were recorded in Direc-
tion III, which may point to local peculiarities of

Leliushok et al.

the geochemical composition of the soil or the
presence of potential minor sources of contam-
ination, although all indicators remain within
permissible limits. Overall, all sampling points
demonstrate similar results without significant
deviations, which further confirms the absence
of considerable technogenic impact. At the same
time, given the ability of heavy metals to accu-
mulate in the soil environment, it is advisable to
continue monitoring studies and environmental
risk assessments, particularly in the context of
their potential entry into food chains. In general,
the results of the study indicate a stable ecological
condition of the area and no signs of critical soil
contamination by heavy metals. Table 3 presents
the results of soil samples from Object 2.

Table 3. Content of mobile forms of heavy metals in soils (mg/kg), Object 2, third decade of July 2024

MPC mg/kg Western Northern Southern
Sample Code
1,1 1,2 1,3 11,1 11,2 11,3 11,1 11,2 1,3
Cu, mg/kg 3.0 0.429 0.405 0.62 0.635 0.412 0.49 0.18 0.115 0.67
Zn, mg/kg 23 1.234 | 0.723 0.873 8.097 3.788 1.467 0.425 0.135 0.128
Cd, mg/kg 0.7 0.37 0.324 0.253 0.135 0.18 0.265 0.108 0.188 0.205
Pb, mg/kg 6.0 0.903 1.041 0.832 2.125 2.395 1.575 0.668 0.705 0.68

Note: MPC — maximum permissible concentration
Source: developed by the authors

Soil contamination by heavy metals is one
of the key environmental issues affecting eco-
system functioning, biodiversity, and the state of
the agroecological environment. The conducted
studies (Table 3) showed that the concentrations
of the analysed metals (Cu, Zn, Pb, Cd) in the soils
of the studied area do not exceed the maximum
permissible concentrations (MPC), which indi-
cates the overall environmental safety of the ter-
ritory. The highest level of Zn (8.097 mg/kg) was
recorded in Direction II, Pb (2.395 mg/kg) also in
Direction II, Cd (0.37 mg/kg) in Direction I, while
Cu (3.0 mg/kg) remained within the norm across
all directions. The spatial distribution of met-
als suggests the influence of local natural factors
(such as soil type, pH, organic matter content) or
a weakly expressed anthropogenic impact (trans-
port emissions, small-scale waste burning or ac-
cumulation). Although the concentrations of met-
als do not exceed MPC, even minor accumulation
may lead to long-term changes in the structure of
the microbiocenosis, a reduction in phytobiomass,

Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025

and toxic effects on root systems, particularly un-
der conditions of increased bioavailability (e.g.,
in acidic soils). This could threaten the decline of
agronomic fertility and increase the risk of heavy
metals entering food chains.

The obtained results may serve as a basis for
environmental risk assessment, taking into ac-
count the spatial characteristics of contamination,
as well as for the development of effective recla-
mation measures — in particular, the selection of
phytoremediation methods according to the level
of metal bioavailability. In addition, the findings
may be applied in planning the locations of sort-
ing stations or other waste management facilities:
areas with the lowest concentrations of toxicants
may be prioritised for further development with
minimal environmental burden, whereas direc-
tions with localised increases in concentrations
require additional monitoring. The concentrations
of heavy metals in soil do not exceed MPC, which
confirms the ecological safety of the studied are-
as. The highest levels of Zn and Pb were observed

49

(e

w

ar

LAy



P

P

Unauthorised landfills as a source...

in Direction II, likely linked to natural or anthro-
pogenic factors. All sampling points demonstrate
stable indicators without critical deviations.

Since heavy metal concentrations do not ex-
ceed permissible levels, their presence in soils is
primarily attributed to natural processes, such as
mineral weathering. However, possible anthro-
pogenic factors include transport emissions, in-
dustrial sources, and the use of agrochemicals.
Although soil concentrations remain below MPC,
their levels in the biosphere may change under
the influence of natural and human-induced pro-
cesses. The accumulation of cadmium and lead
in soils may lead to their entry into food chains,
negatively affecting human and animal health. It
is also important to consider the bioavailability of
metals, as even low concentrations may be toxic to
microorganisms and plants.

The results indicate that concentrations of
heavy metals (Cd, Cu, Pb, Zn) in the studied soils
do not exceed the established maximum permis-
sible concentrations (MPC), pointing to the rela-
tive ecological safety of the study area. The spa-
tial distribution of metals demonstrated certain
local fluctuations, which may be attributed to
both natural factors (geochemical features, soil
properties) and anthropogenic influences (trans-
port, local unauthorised landfills, use of agro-
chemicals). Nevertheless, even at concentrations
below MPC, heavy metals can accumulate in bio-
ta, creating risks for agroecosystems, biodiversi-
ty, and human health through their transfer into
food chains. In this regard, emphasis should be
placed not only on total concentrations but also
on bioavailability, which determines the actual
impact on living organisms. To reduce risks and
plan further environmental protection measures,
it is recommended to:

1. Regular monitoring of soils for heavy met-
al content over time, particularly in areas where
higher concentrations of Pb and Zn were detected.
Such an approach will enable timely identification
of changes in the chemical composition and as-
sessment of pollution trends.

2. Study of metal bioavailability using mod-
ern biotests and chemical fractionation analyses.
This will make it possible to determine which
fraction of the elements is potentially hazardous
to plants and microorganisms, even at low overall
concentrations.

3. Assessment of soil parameters such as pH,
organic matter content, granulometric composi-
tion, and cation exchange capacity, which directly
influence the mobility of metals. For instance, soil
acidification may significantly increase the toxici-
ty of heavy metals.

4. Establishment of sorting stations and con-
trol over unauthorised waste disposal. The results
may be used to identify priority areas for land rec-
lamation or reconnaissance when planning the
development of environmental infrastructure.

5. Conducting environmental risk assess-
ments with the use of models of contaminant mi-
gration in the soil — plant system. This will allow
prediction of the long-term impact on the agroe-
cosystem and ensure scientifically sound planning
of agricultural land use.

6. Involvement of local communities in envi-
ronmental monitoring and awareness campaigns
on household waste management, since local pol-
lution is most often caused by indirect impacts of
domestic activities.

Thus, the results of the study are not mere-
ly descriptive but may serve as a basis for deci-
sion-making in the fields of environmental mon-
itoring, land reclamation, and the organisation of
waste management infrastructure. The practical
application of the obtained data will help to re-
duce environmental pressures and preserve soil
resources for sustainable use. The concentrations
of heavy metals recorded in both data sets do not
exceed the maximum permissible concentrations,
which indicates a relatively stable environmental
condition of the soil cover in the study area. At the
same time, the detected increase in zinc (Zn) con-
tent in direction II (Table 3) may indicate the pres-
ence of a local anthropogenic source of pollution,
which requires further observation and clarifica-
tion of its spatial distribution. A slight increase in
lead (Pb) concentrations in the same direction may
also be an indicator of the influence of anthropo-
genic factors, in particular transport or industrial
activity. Additional monitoring studies will al-
low assessing the spatial and temporal dynamics
of heavy metal distribution in the soil, as well as
identifying potential pathways for their migration
in the environment. In general, the soil is charac-
terised by a satisfactory ecological state, but the
detected local anomalies in Zn and Pb content in
direction II justify the need for further monitoring.
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Study of acute toxicity levels using oil radish
as a biotest Object conducted at Object 1
Northern direction. In each of the three directions,
ten seeds were sown in two replicates. The table
below presents the number of germinated seeds
relative to the total number of seeds sown. Number
of germinated seeds: I,1(1) — 3 out of 10, 1,1(2) - 8
out of 10, I,2(1) — 7 out of 10, I,2(2) - 6 out of 10,
,3(1) — 3 out of 10, [,3(2) — 8 out of 10. The high-
est germination rate was recorded in directions
I,1(2) and 1,3(2) (8 germinated seeds each), which
may indicate a lower level of toxicants in the soil
compared to other directions. In contrast, the low-
est germination rates were recorded in directions
I,1(1) and 1,3(1) — only 3 seeds each.

In the work of K. Phoungthong et al. (2016),
the effect of leachates from inert materials ob-
tained by leaching ash waste from waste inciner-
ation plants on the germination of wheat seeds
(Triticum aestivum L.) was investigated. It was
found that at extreme pH values, as well as at
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elevated heavy metal content in leachates, a de-
crease in seed viability and inhibition of root
growth were observed. These findings show that
even moderate levels and dependence on the envi-
ronment can affect seed viability. This is similar to
the results of the study: in areas with lower germi-
nation rates (I,1(1); [,3(1)), seed development was
also inhibited despite normal heavy metal content.

The study by S. Hazratqulov et al. (2024) ex-
amined how the treatment of organic waste reduc-
es the availability of heavy metals, which stimu-
lates plant growth, particularly root growth. The
authors argue that even in the presence of metals
in the soil, bioavailability determines the effect on
germination. The data obtained in the study sup-
port this view: at points with better germination
(1,1(2); L,3(2)), the bioavailability of toxicants is
likely to be lower, although the total metal con-
tent was within normal limits. Below is an analysis
of the phytotoxicity of oil radish in direction I of
Object 1 (Fig. 3).

B Number of germinated seeds out of 10
Average stem length (mm)

Average root length (mm)

1,3(2)

Figure 3. Bioindication of soil contamination with seed germination

Source: developed by the authors

Within the framework of biotesting of oil rad-
ish in different directions of Object 1, variability
in germination and morphometric indicators of
plants was revealed (Fig. 3). The lowest values of
stem and root length, as well as a reduced number
of germinated seeds, were recorded in direction
I,3(1), indicating an increased level of soil phy-
totoxicity at this point. In contrast, better growth
indicators were observed in direction I,1(2), which
may indicate a lower level of contamination. A de-
crease in germination was observed in directions
I,1(1) and I,3(1), indicating an increase in heavy
metal content at these points. These are areas
close to the source of pollution, as these sam-
ples also had an accumulation of debris before it
was removed to the general waste. A significant

reduction in root and stem length indicates plant
stress at the cellular level. The situation is particu-
larly critical in direction I,1(1), which has the low-
est average morphometric values.

North-Eastern direction. Within the study, the
phytotoxicity of soils was assessed using bioindi-
cation approaches, in particular, the reaction of
seed germination and morphometric parameters of
seedlings. Ten seeds were sown in each experimen-
tal direction (I, 1(1); I1,1(2); I1,2(1); I1,2(2); I1,3 (1);
I1,3(2)). Variability in seed germination and growth
indicators was established, indicating different
toxicological quality of soils in the study area.

The maximum germination values (70%) were
recorded in areas II,1(1) and II,1(2), indicating a
relatively low level of phytotoxicity in these areas.
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The lowest germination rates (30%) were found in
direction II,2(2), indicating significant growth in-
hibition under the influence of existing pollutants.
At the same time, the maximum morphometric
parameters of stems (27.2 mm) and roots (8.2 mm)
were found in direction II,3(2), indicating optimal
growth conditions. The worst indicators of root
system development (3.2 mm) were also record-
ed in direction I1,2(2), which, combined with low
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germination rates, indicates the presence of bio-
logically active toxic substances even in the ab-
sence of significant exceedances of the maximum
permissible concentrations of heavy metals. Such
approaches are relevant in the context of increas-
ing anthropogenic transformation of landscapes
and the need to restore degraded areas. Below is
an analysis of the phytotoxicity of oil radish in di-
rection I of Object 1 (Fig. 4).

B Number of germinated seeds out of 10
Average stem length (mm)

Average root length (mm)

11,3(2)

Figure 4. Morphometric parameters and germination

Source: developed by the authors

In direction II (Fig. 4), the overall seed ger-
mination rate was relatively stable; however,
root length remained shorter than stem length,
indicating a slowdown in root system develop-
ment. This morphological response may suggest
the chronic action of pollutants that do not crit-
ically affect germination but inhibit normal plant
growth. Bioindication has proven to be an effec-
tive method for assessing spatial variation in soil
contamination. Based on a combination of indi-
cators — seed germination, root length and stem
length - it can be concluded that: the most con-
taminated area is I1,2(2); the least contaminated,
in terms of phytotoxicity, are II,1(2) and I1,3(2);
the direct correlation between root length and
contamination confirms the sensitivity of the root
system to toxicants, especially heavy metals that
suppress meristematic tissue growth.

South-Eastern direction. Number of germinat-
ed seeds: III,1(1) — 7 out of 10; III,1(2) — 6 out of
10; I11,2(1) — 10 out of 10; II1,2(2) — 10 out of 10;
I11,3(1) — 8 out of 10; I11,3(2) — 9 out of 10. The low-
est germination rates were observed in samples
I11,1(1) and II1,1(2), which may indicate increased
anthropogenic pressure, despite only minor lev-
els of heavy metals in these samples. In contrast,
samples II1,2(1) and III,2(2) showed 100% germi-
nation, suggesting relatively better soil quality or
lower levels of contamination.

52

Average stem length (K): III,1(1) — 18.1 mm,
1L,1(2) - 11.0 mm, II1,2(1) - 34.0 mm, II1,2(2) -
36.3 mm. Average root length (C): IIL,1(1) -
6.4 mm, II[,1(2) - 3.7 mm, II[,2(1) - 24.5 mm,
I11,2(2) — 18.4 mm. The low values of germina-
tion and morphometry in directions III,1(1) and
I11,1(2) may indicate a deterioration in the eco-
logical state of soils. Improved values in III1,2(1)
and III,2(2) suggest potentially lower contami-
nation. Longer stems and roots in these samples
are a sign of better metabolic activity and the
absence of phytotoxic substances. From an eco-
toxicological perspective, the most contaminated
samples are III,1(1) and III,1(2), as confirmed by
low germination percentages and morphomet-
ric parameters. Conversely, samples I1I,2(1) and
I11,2(2) demonstrate high levels of germination
and growth, indicating relatively clean soil con-
ditions in these directions.

The results of the bioindication study con-
firm the relevance of including phytotesting in
systems of ecological monitoring and soil assess-
ment. The obtained indicators may be used to
substantiate ecological risk assessment, to plan
reclamation measures, or to organise waste sort-
ing facilities with due consideration of toxicant
bioavailability and their impact on biodiversity.
The findings also highlight that chemical analy-
sis of element content alone does not provide a

Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025



complete picture of ecological threats. Phyto-
testing makes it possible to determine the bio-
availability of toxicants and their effects on liv-
ing organisms, which is particularly important
for assessing real ecological risks. The practical
significance of the study lies in the possibility of
zoning the territory according to degrees of phy-
totoxicity. The spatial variations observed in seed
germination and morphometric characteristics of
plant development may serve as a basis for eco-
logical mapping of the area and for identifying
zones with increased toxic pressure.

The obtained results allow for the formulation
of recommendations regarding the further use of
such areas. Specifically, plots with low germination
and significant suppression of growth processes
(e.g., site I1,2(2)) should be temporarily excluded
from intensive agricultural use or subjected to re-
stricted use under special agrotechnical regimes.
To reduce ecotoxic pressure, phytomelioration
measures should be applied, including the culti-
vation of plant species tolerant to contamination,
the introduction of organic ameliorants, and the
implementation of biological remediation. Par-
ticular attention should be given to reclamation
planning. Plots that exhibit high levels of phy-
totoxicity should be identified as priorities for
reclamation, since even relatively low pollutant
concentrations in the soil are associated with sup-
pression of plant viability. The study results are
also relevant for assessing the suitability of these
territories for infrastructure development, par-
ticularly for waste-sorting stations. The presence
of phytotoxic manifestations indicates potential
risks linked to the long-term use of such areas for
waste management facilities.

Study of acute toxicity levels using

a biotest Object conducted at Object 2

Western direction. The highest germination rate is
observed in samples I,1(1) and 1,1(2), with 9 and 8
out of 10 seeds, respectively. The lowest level is in
samples 1,2(2) and 1,3(2), with only 5 germinated
seeds each, indicating potential soil contamina-
tion. Below is an analysis of oil radish germination
in direction I of Facility 2 (Fig. 5).

The percentages shown in Figure 5 do not
reflect the absolute percentage of germination
for each sample (out of 10 seeds), but rather the
relative share of each sample in the total number

Leliushok et al.

of germinated seeds in the western direction. For
example, for sample 1,2(2), 5 seeds out of 39 total
seeds in this direction germinated, which is 13% —
this is the percentage shown in Figure 5.

l,3ﬁ
15%

1,2(1)
15%

Figure 5. Percentage of germinated seeds
in the Western direction
Source: developed by the authors

The biotest conducted confirmed the varia-
bility of oil radish seed germination shown in Fig-
ure 5 and indicates different levels of phytotoxic-
ity of the samples studied. The highest biological
activity of the soil was observed in the first sam-
ple 1,1(1), where the highest percentage of ger-
minated seeds was recorded. On the other hand,
some samples showed inhibition of germination,
which may be due to the presence of pollutants.
In general, the results indicate an uneven distri-
bution of toxicity within one direction, which in-
dicates localised soil contamination. The average
values of stem and root lengths indicate a negative
impact of contamination in directions I,2(1), I,2(2)
and [,3(2), where the lengths are significantly low-
er compared to control samples I,1(1) and I,1(2).
Below is an analysis of the phytotoxicity of oil rad-
ish in direction I of Object 2 (Fig. 6).

Samples I,1(1) and 1,1(2) can be considered
reference samples or the least contaminated, as
they show high germination and morphometric
characteristics (Fig. 6). The decrease in germina-
tion rates in samples 1,2(2) and [,3(2) indicates
probable increased soil contamination, especially
with heavy metals or residual agrochemicals. The
results confirm the advisability of further analysis
of the chemical composition to confirm the eco-
toxicological status of these samples.

Southern direction. According to the data ob-
tained, the number of germinated seeds was:
111,1(1) - 4 out of 10, I11,1(2) - 7 out of 10, II1,2(1) -
5 out of 10, I1,2(2) - 10 out of 10, I11,3(1) - 3 out
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of 10, II1,3 (2) — 5 out of 10. There is variability
in germination, which indicates the heterogene-
ity of the impact of pollution factors at different
sampling points. Morphometric indicators of
plants: stem length (K) varies from 18 to 142 mm.
The maximum stem length values (over 100 mm)
were observed in samples II1,2(2) and IIL,3(1),
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which may indicate local areas with relatively
better conditions for seedling development; root
length (C): varies from 2 to 36 mm. Shorter root
lengths (<10 mm) are recorded in most samples,
which is an indicator of the presence of toxic sub-
stances in the soil that inhibit the development
of the root system.

B Number of germinated seeds out of 10
Average stem length (mm)
Average root length (mm)

|
1,3(2)

Figure 6. Bioindication of soil contamination based on seed germination

Source: developed by the authors

In general, shorter roots compared to stem
length indicate an increased toxicant load, as
the root system is more sensitive to pollutants. A
high percentage of seeds that did not germinate
also confirms the presence of toxic stress. he sit-
uation is particularly critical in samples III,3(1)
and III,3(2), where the number of germinated
seeds was the lowest (3-5 out of 10), which may
indicate the level of soil contamination. Below is
an analysis of the phytotoxicity of oil radish in
direction III of Object 2 (Fig. 7).

The results of biotesting indicate differ-
ences in the phytotoxicity of soil samples in di-
rection III in Figure 7. There is a general trend
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towards reduced seed germination and suppres-
sion of growth parameters (stem and root length)
at certain points, which may indicate the pres-
ence of toxicants in the soil. At the same time,
some samples show better growth indicators,
which indicates local heterogeneity of contami-
nation. Data analysis shows significant heteroge-
neity of soil contamination in the southern direc-
tion. The main indicators of contamination are a
decrease in root length, a decrease in the number
of germinated seeds, and a disruption in the ratio
between stem and root development. The signs
of stress indicate the need for soil remediation
measures in this area.

m Number of germinated seeds out of 10
Average stem length (mm)
Average root length (mm)

-
111,3(2)

Figure 7. Bioindication of soil contamination based on seed germination

Source: developed by the authors

54

Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025



Northern direction. In each variant of the
experiment, 10 seeds were sown, but since the
experiment was conducted in two replicates,
the total number of seeds was 20. Therefore,
the analysis of germination took into account
the total indicators of both replicates. Seed ger-
mination: II,1 - 11 out of 20 germinated seeds
(5+6)=55% germination, II,2 — 6 out of 20 seeds
germinated (2 +4)=30% germination, II,3 — 8 out
of 20 seeds germinated (3 +5)=40% germination.
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Thus, the best germination was observed at
points II,1, indicating a relatively lower level of
soil contamination. The worst germination rates
(only 30%) were recorded at points II,2. Analysis
of the average values of stem length (K) and root
length (C) for each point: I,1 (average values):
Stem (K): ~33 mm Root (C): ~25 mm, II,2 (aver-
age values): Stem (K): ~6 mm, Root (C): ~5 mm,
I1,3 (average values): Stem (K): ~26 mm, Root
(C): ~25 mm (Fig. 8).

m Number of germinated seeds out of 10
Average stem length (mm)

Average root length (mm)

11,3(2)

Figure 8. Bioindication of soil contamination based on seed germination

Source: developed by the authors

The morphometric indicators of seedlings at
points II,2 are significantly lower, which indicates
a strong inhibition of growth processes shown in
Figure 8, most likely due to the presence of toxic
substances in the soil. The length of the root and
stem is on average reduced by 4-5 times compared
to II,1. Low seed germination energy and sup-
pressed seedling development at points 11,2 may
indicate the presence of significant concentrations
of toxicants or pesticide residues in the soil. The
reduction in stem length indicates a general sup-
pression of photosynthetic activity in seedlings.
In turn, the indicators in I1,3 are intermediate: al-
though germination is insignificant, morphomet-
ric characteristics indicate the adaptation of some
plants to the present contaminants. This may
indicate a less toxic but still disturbed chemical
composition of the soil.

Similar results were observed in a study by
J. Bae et al. (2016), who studied the effect of heavy
metals (Zn, Pb, Ni, Cu, Cd) on the germination of
Ambrosia artemisiifolia and legume seeds. The au-
thors noted that even moderate concentrations
of these metals significantly reduced germina-
tion energy and inhibited seedling development,

with the root being particularly sensitive. This is
consistent with the results of this study, where
root length is one of the most affected indicators
in contaminated sites. In a study by I. Sanjosé et
al. (2021) using Salsola vermiculata as an example,
it was found that an increase in the concentration
of Cd, Cu, Pb and Zn in the soil led to a delay in
germination and a decrease in seedling biomass.
In particular, the authors point out that the most
contaminated samples showed a decrease in stem
length, which, in their opinion, is a consequence
of a general decrease in photosynthetic activity.
These results are similar to the observations at
points IL,2 of this study, where stem growth inhi-
bition was also found, which can be interpreted as
a decrease in photosynthetic efficiency due to tox-
ic load. Thus, the results of both analysed studies
confirm the hypothesis of the negative impact of
heavy metals on seed germination and morpho-
metric characteristics of seedlings, which is con-
sistent with the conclusions of the present study.
The only difference is the type of test objects used
in the studies (in I. Sanjosé et al. — a steppe plant,
in J. Bae et al. - weeds and legumes), but the gen-
eral trends remain similar.
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Thus, the generalisation of the data presented
indicates a clear trend of inhibition of seed germi-
nation and initial plant growth under the influence
of heavy metals. Common features are a decrease
in germination energy and a reduction in root and
stem length, reflecting the overall toxicity of the
soil and a decrease in photosynthetic activity. The
results obtained confirm the relevance of data from
other authors and reinforce the argument in favour
of using phytotesting to assess soil contamination.

Correlation analysis of Raphanus sativus d.
var. oleifera Metrg germination under condi-
tions of soil contamination with heavy metals
The study found a statistically significant correla-
tion between the level of soil contamination with
heavy metals (lead, cadmium, copper) and the

germination rates of oil radish. Details are given in
the table below for Object 1 (Table 4).

Based on the results of the analysis, the fol-
lowing conclusions can be drawn: high concentra-
tions of Cu?* do not cause a sharp decrease in seed
germination, but may slightly reduce the number
of germinated seeds. Higher concentrations of
Zn*) theoretically may promote better root and
stem growth, but the number of germinated seeds
does not increase significantly. Excess Zn** can be
toxic, but in this experiment, growth is observed.
Even in small concentrations, Cd** negatively af-
fects germination and growth, reducing the num-
ber of germinated seeds and the length of the root
and stem. Pb?, like Cd?%, inhibits seed germination
and plant growth. Higher concentrations lead to a
decrease in the number of germinated seeds.

Table 4. Correlation analysis of Raphanus sativus d. var. oleifera Metrg germination by Object 1

Copper (Cu?)
Concentration Cu Root Germination Stem Germination Number of Germinated
Sample Mark
(mg/kg) (R). mm (S). mm Seeds. pcs
) | -repeat-19 | -repeat-9 | -repeat-3
a 0.675 (highest) Il - repeat - 33 Il - repeat -7 Il -repeat-8
| -repeat-19 | - repeat-7 | - repeat-7
.1 0.208 (lowest) Il - repeat - 31 Il - repeat - 17 Il - repeat - 6
Zinc (Zn%)
sambple Mark Concentration Zn Root Germination Stem Germination Number of Germinated
P (mg/kg) (R) (S) Seeds. pcs
) | - repeat - 20 | -repeat-10 | -repeat-4
.3 4.761 (highest) Il - repeat - 31 Il - repeat - 9 Il - repeat -9
| - repeat - 22 | - repeat-7 | - repeat-7
2 0.211 (lowest) Il -repeat -7 Il -repeat-9 Il -repeat-6
Cadmium (Cd%)
Sample Mark Concentration Cd Root Germination Stem Germination Number of Germinated
P (mg/kg) (R) (S) Seeds. pcs
. | - repeat - 20 | -repeat-5 | - repeat-3
3 0.286 (highest) Il -repeat-19 Il -repeat-9 Il -repeat-8
| -repeat-19 | -repeat-7 | -repeat-7
.1 0.153 (lowest) Il - repeat - 31 Il -repeat-17 Il -repeat-6
Lead (Pb*)
Sample Mark Concentration Pb Root Germination Stem Germination Number of Germinated
P (mg/kg) (R) (S) Seeds. pcs
. | - repeat - 20 | - repeat-5 | - repeat-3
3 2.245 (highest) Il -repeat-19 Il -repeat-9 Il -repeat-8
| - repeat - 29 | -repeat-3 | -repeat-5
h2 0.764 (lowest) Il - repeat - 11 Il - repeat - 3 Il - repeat - 3

56

Source: developed by the authors

It has been determined that heavy metals
(especially Cd** and Pb*) have a toxic effect on
seed germination, reducing both the number of
germinated seeds and the length of the root and

stem. Cu?* and Zn?*" in moderate concentrations
can slightly stimulate growth, but their excess
also inhibits germination. The presence of heavy
metals in the soil is a serious environmental
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problem, as they reduce plant viability, which can
lead to reduced yields and ecosystem disruption.
When determining the level of acute toxicity, it
was found that the lowest germination rates of
the biotest Object were recorded at a distance of
5 metres from the landfill body at the northern
point, namely 30% seed germination, where the
Zn* level was 1.854 mg/kg. The highest germina-
tion energy level was observed in the sample at a
distance of 15 metres from the landfill body at the
south-eastern point, namely 100% seed germina-
tion, which is 92% higher than the germination of
plant roots and 76% higher than the germination
of plant stems from the control experiment.
According to M.O. Alotaibi (2024), studies
of the effect of cadmium (Cd) and lead (Pb) on
the germination of Cymbopogon comosum seeds
showed a marked inhibition of germination, as
well as a change in the protein profile of seed-
lings, confirming the toxic effect of these metals
at concentrations above a certain threshold. This
conclusion is consistent with the results of the

Leliushok et al.

present study — a low germination rate (30%) was
recorded at the point with elevated Zn?" content
along with Cd*" and Pb?, indicating the inhibito-
ry effect of heavy metals even at relatively low
concentrations.

Author M. Sharifi-Rad (2017) investigated
the effect of cadmium (Cd), chromium (Cr), cop-
per (Cu), nickel (Ni) and zinc (Zn) on the germi-
nation and development of Hyssopus officinalis
in laboratory conditions at concentrations of 50,
100 and 150 pM. The results showed that all met-
al stressors significantly inhibited germination,
reducing the germination rate, root and stem
length, and biomass, with the order of inhibition
strength being Cr > Cd > Cu > Ni > Zn. This partly
coincides with the observations: moderate levels
of Zn could stimulate the development of indi-
vidual indicators (for example, at the southern
point there was 100% germination), but at Zn
values ~1.85 mg/kg, growth inhibition was noted.
The table below shows the correlation analysis
for Object 2 (Table 5).

Table 5. Correlation analysis of Raphanus sativus d. var. oleifera Metrg germination by Object 2

Copper (Cu?)
sample Mark Concentration Cu Root Germination Stem Germination Number of Germinated
P (mg/kg) (R), mm (S), mm Seeds, pcs
) | -repeat-72 | - repeat - 29 | -repeat-3
.3 0.67 (highest) Il - repeat - 49 Il -repeat-19 Il -repeat-5
| - repeat - 59 | -repeat-19 | -repeat-5
.2 0.115 (lowest) Il - repeat - 76 Il - repeat - 26 Il - repeat - 10
Zinc (Zn%)
Sample Mark Concentration Zn Root Germination (R) | Stem Germination (S) Number of Germinated
(mg/kg) Seeds, pcs
) | - repeat - 27 | -repeat-13 | -repeat-5
Ih1 8.097 (highest) Il - repeat - 40 Il - repeat - 21 Il - repeat-6
| -repeat-72 | - repeat - 29 | -repeat-3
.3 0.128 (lowest) Il - repeat - 49 Il -repeat-19 Il -repeat-5
Cadmium (Cd*)
Sample Mark Concentration Cd Root Germination (R) | Stem Germination (S) Number of Germinated
(mg/kg) Seeds, pcs
) | - repeat - 49 | - repeat - 22 | - repeat-9
a 0.37 (highest) Il - repeat - 68 Il - repeat - 30 Il - repeat - 8
| - repeat - 25 | -repeat-7 | -repeat-4
1,1 0.108 (lowest) Il - repeat - 26 Il -repeat-8 Il -repeat -7
Lead (Pb?*)
Concentration Pb Lo . Number of Germinated
Sample Mark (mg/kg) Root Germination (R) | Stem Germination (S) Seeds, pcs
) | -repeat-11 | -repeat-4 | - repeat -2
h2 2:395 (highest) Il -repeat-6 Il -repeat-6 Il - repeat -4
| - repeat - 25 | -repeat-7 | -repeat-4
.1 0.668 (lowes) Il - repeat - 26 Il -repeat-8 Il - repeat -7

Source: developed by the authors
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The results of the studies showed that an in-
crease in the content of Cu?, Zn*" and Pb?*' in the
soil negatively affects the germination of oil radish
(Raphanus sativus var.), which indicates the phyto-
toxic effect of these metals even at concentrations
that do not exceed the MPC. The lowest germina-
tion rate (30%) was recorded in the northern area
near the landfill, where the concentration of Pb?
was 1.575 mg/kg. In the control sample, 100% ger-
mination was observed.

This pattern is confirmed by the studies of
K. Phoungthong et al. (2016), who also found in-
hibition of wheat (Triticum aestivum L.) germina-
tion under the influence of soluble forms of heavy
metals, especially copper and lead, in waste lea-
chates. The authors found that even without ex-
ceeding the regulated limits for metal content in
ash residue extracts, there was a significant de-
crease in the energy of germination and growth
of primary roots, which is consistent with the re-
sults obtained in this study. In addition, a similar
approach to studying phytotoxicity was applied
by S. Hazratqulov et al. (2024), who assessed the
impact of heavy metals in soils stabilised with or-
ganic waste. According to their data, the greatest
growth inhibition occurred at high bioavailability
of lead and zinc, and the use of bioamendments
significantly reduced phytotoxicity. Unlike their
work, no soil remediation was carried out in this
study, but the results obtained regarding the sen-
sitivity of germination to Pb* and Zn?*" confirm
that even under natural conditions there is a
high risk of phytotoxic effects of these elements
near unauthorised landfills. Thus, a summary of
the available literature data and the results of
this study indicates a stable negative reaction of
plant biotests to elevated concentrations of heavy
metals, in particular Pb*, Cu?* and Zn?*, even at
relatively low levels of contamination, which is
characteristic of areas with long-term exposure to
landfill waste.

The results of the study, which demonstrate
the impact of heavy metals (in particular Cu¥,
Zn*, Pb?") on the phytotoxicity of soils in the area
of unauthorised landfills, can serve as an impor-
tant basis for planning measures for recultivation
and the organisation of sorting stations. Firstly,
identifying the points with the most negative im-
pact of heavy metals on plant development allows
for the targeted identification of priority areas for

reclamation. The use of biotests, as in this study,
helps to assess the real biological effect of pollu-
tion, which is critical for the selection of adequate
restoration technologies (e.g., phytoextraction,
amendment application, use of biological prepa-
rations). This information contributes to the op-
timisation of resources and the improvement of
the effectiveness of measures. Secondly, data on
specific toxic metals that dominate the pollution
indicate the need to sort waste according to its
composition to prevent the further spread of tox-
icants. The organisation of sorting stations with
a focus on the removal of metal and hazardous
components from waste can significantly reduce
the level of heavy metals in waste, reducing the
risk of soil contamination. Thus, the results ob-
tained are a valuable scientific basis for the devel-
opment of a comprehensive waste management
system that combines preventive measures with
technical solutions to minimise phytotoxic ef-
fects and improve the ecological condition of are-
as near landfills.

CONCLUSIONS

The study showed that the soil samples taken near
the landfill did not contain heavy metal concen-
trations exceeding the maximum permissible con-
centrations (MPC). Despite the absence of toxico-
logically hazardous levels of contamination, the
results of phytotoxic testing showed a decrease in
seed germination, indicating an inhibitory effect
on growth processes. Thus, for Object 1, the lowest
seed germination rate (3 out of 10 in each repeti-
tion) was recorded at points with the highest con-
centrations of cadmium (0.286 mg/kg) and lead
(2.245 mg/kg), indicating their impact on phyto-
toxicity. A similar trend was observed for Object 2:
at the highest content of Zn (8.097 mg/kg) and Pb
(2.395 mg/kg), the number of germinated seeds
decreased to 5-6 out of 10, while with a decrease
in these concentrations, germination increased to
8-10 seeds. In addition, the reduction in the length
of roots and stems of seedlings at elevated con-
centrations of heavy metals confirms the presence
of a negative effect even within acceptable levels.
For example, at the lowest Zn content (0.128 mg/
kg), the root length reached 72-73 mm, while at
the highest content, it was only 27-40 mm.

The results obtained confirm the feasibility of
combining chemical analysis with bioindication
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methods in assessing soil condition, particularly
in terms of ecotoxicology. It is planned to continue
regular monitoring of soils in areas adjacent to
solid waste landfills, using phytotesting as a sen-
sitive tool for early diagnosis of potential envi-
ronmental threats. The results of the study are of
great practical and scientific importance for fur-
ther improvement of approaches to environmen-
tal monitoring of soil condition in areas affected
by landfills. The proposed phytotesting method-
ology can be integrated into the system for eval-
uating the ecotoxicity of soil cover as a sensitive
indicator of early changes in the soil environment
that are not always detected by standard chemi-
cal analysis. The use of a bioindication approach
allows the detection of hidden forms of pollution
caused by the complex influence of factors that

Leliushok et al.

do not exceed regulatory indicators but still have
a negative impact on living organisms. Prospects
for further research include expanding the number
of research sites, conducting seasonal monitoring,
and studying the synergistic effects of several pol-
lutants simultaneously in order to comprehen-
sively assess the phytotoxic potential of soils in
areas affected by solid waste landfills.
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AHoramig. V ctaTTi po3mISIHYTO TUTaHHS 6iOTeCTyBaHHS IPYHTY SK e(peKTMBHOTO iHAMKATOPHOTO
ITiIXOy IO OLIiHKM €KOJIOTiYHOTO CTaHy 3eMeJib, 10 3a3Hal0Th aHTPOIIOTeHHOTO HaBaHTAXXeHHS 3 60Ky
JIOKQJIIbHUX pKepen 3a6pymaHeHHs. O6’eKTaMyu MOCTiIKeHHS OynM 3pasku IPYHTY, Bimi6pani mo6mmusy
MTOTEHIIiTHO HEOE3IMeUHMX TEXHOTeHHMX iITHOK, & CaMe 3 TEPUTOPiit cMiTTe3BauI,. [IpoBeIeHO OLIiHKY
TOKCUYHOCTI 32 IOITOMOT0I0 DiTOTECTiB Ky/IbTYpU penbku oniiiHo1 (Raphanus sativus d.var. oleifera Metzg.),
IO BUSIBWIACS UYTIMBMM iHAMKATOPOM HASIBHOCTI MIKiIJIVBUX PEUYOBUH Yy I'PYHTOBOMY CEPeIOBMUII.
IMapasenbHO 3[iliCHEHO aHaiTMYHE BU3HAUEHHS BMicTy Bakkux MetainiB (Cd, Pb, Zn, Cu) y rpyHTax.
Pesynbraty GiToTECTyBaHHS 3acCBiqumiM 3HMKEHHSI CXOKOCTi HACiHHSI TIOPIBHSIHO 3 KOHTPOJIbBHUMMU
3pasKkaMu, 110 € CBiJUeHHSIM TOKCUUHOI Jii IPYyHTOBOTO cepenoBuiiia. TaKoXK CIIOCTepiraaocs 3MeHIIeHHS
eHeprii MpOpOCTaHHS Ta MPUTHIYEHHS POCTY MEepPBMHHOI Giomacu. BuUSIBIEHO TiCHWMIT KOpensiiitHumit
3B’130K MDK BMCOKMM BMICTOM MeTaliB i MPUTHIYEHHSIM POCTOBMX IapaMeTpiB KyJbTYpU peIbKu
ONTiiTHO1, IO BKa3y€e Ha B3a€MO3AJIEKHICTh MK XiMiUHMMM TIOKa3HUKAMU 3a6pyIHEHHS Ta 6i0MOTiYHOI0
BIJIMOBiAJI0 OpraHi3MiB. 30KpeMa, CIIOCTEePirazocs 3MeHLIEHHS NOBXMHM IPOPOCTKIB, IO CBiTUUTH
Mpo 6GioNoriyHy aKTUBHICTh BasKKMX MeTasliB. Y Oesikux 3paskax 6yno 3adikcoBaHo 30 % MpopOCTaHHS,
IO CBigYMTH PO KPUTUUHMIT PiB€Hb TOKCUMYHOCTI. BioTeCcTyBaHHS B MO€AHAHHI 3 XIMiYHMM aHaTi30M
IO3BOJIMJIO BUSIBUTU AiISTHKM 3 HAMOUIbII KPUTUYHMM €KOJIOTiUHMM CTaHOM. 3aIipOITIOHOBaHMIA Miaxis,
MOXe OyTM KOPUCHMM JIJIsl €KOJIOTIUHMX CITykO, OPraHiB MiCIIEBOTO CAMOBPSIAYBAHHS Ta YCTaHOB, IO
3aiiMalOThCsSl 3eMJIeYCTPOEM, [IJisI ONepaTUBHOTO MOHITOPUHTY CTaHY I'DYHTIB Ta BUSIBIEHHSI «Tapsumnx
TOUOK» 3a0pymHeHHS. MeToayuka MoOxe OyTM aJanToBaHA JAJII MOHITOPMHTY IPOMMCIOBMX 30H, 30H
CaHiTapHOTO HAIJISIY, @ TAKOK TEPUTOPIi MO6IM3Y TPAHCITOPTHUX MaricTpasieit. Pe3ynbTaT JOCTiIsKeHHS
MiATBEePIKYIOTh AOIiIbHICTh BUKOPUCTAHHS iHTETpPOBAHMUX ITiIXOMiB 10 MOHITOPMHTY, 110 BKIIOYAIOTh
SIK QaHATITUYHI MeTOAM, TaK i 6GioiHauKaniitHi Tectu. Takuii migXim 3a6esnedye 6ibill 06’ €KTUBHY OI[IHKY
PU3UKIB AJI51 JOBKI/UISI Ta MOsKe 6YTV BUKOPUCTaHUI 15 IJIAHYBAHHS 3aX0[iB 3 peabiiTalii 3a6pyqHeHNX
TepPUTOPiii, 36epekeHHST POAIOYOCTI I'PYHTIB i CTAIOTO 3€MIEKOPUCTYBAHHST

Ki11040Bi cj1oBa: eKOTOKCMKOJIOTIS; iHIEKC MTPOPOCTaHHS ; 6i0MOHITOPUHT; PU3VIKM JIJIST aTPOEKOCUCTEM;
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Abstract. The growth of the world’s population and the reduction of fertile soil areas due to global
climate changes require advanced scientific solutions to increase the yield of major food crops to ensure
food security. The purpose of the study was to investigate the effect of graphene oxide nanoparticles
at different concentrations and processing methods on the linear and weight parameters of common
cabbage seedlings (Brassica oleracea) of the ultra-early variety ‘Iyunska’. Physiological research methods
were used to determine the morphometric parameters of plants and seed germination. Nanostructured
colloidal solutions in the concentration range of 20, 50, and 70 pg/mL and two treatment methods — seed
priming and root application — were used to evaluate the effect of graphene oxide. It was found that
graphene oxide stimulated the germination of cabbage seeds when soaking the seeds in solutions of all
the concentrations under study. The highest seed germination rate was observed in the group where a
solution with a nanoparticle concentration of 20 pg/mL was used for priming. It was in this group that
the seed germination rate was 83%, which significantly exceeds this indicator in the control group - 56%.
Root application of graphene oxide solutions of similar concentrations did not cause significant changes
in the specified indicator, which remained within the control values. In this paper, it was proved that the
morphometric parameters of cabbage seedlings reacted more positively to the action of nanoparticles
during seed priming in contrast to the application by irrigation. Priming cabbage seeds with different
concentrations of graphene oxide caused an increase in the linear characteristics of seedlings, which was
most pronounced mainly at a concentration of 20 pg/mL: the total length of plants increased by 32.8%,
the length of the STEM by 26.8%, the average length of the roots by 37.7% compared to the control
group. The average plant weight and root weight showed the greatest growth when treated with seeds in
a graphene oxide solution with a concentration of 70 ug/mL. The only indicator that reacted negatively
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to nanoparticle priming is the weight of the seedling stem, which decreased at all concentrations. The
use of carbon nanoparticles in crop production is a promising area of agricultural technologies, which
can provide not only high seed germination rates, but also stimulate the growth and development of food
crops with properly selected concentrations and processing methods

Keywords: carbon nanoparticles; nanopriming; plants; seed germination; growth rates

INTRODUCTION

Recent global trends in the agricultural sector have
led to an increase in interest in innovative ap-
proaches in agricultural technologies that would
improve the growth, increase the yield and stress
resistance of food crops without negatively affect-
ing the quality and safety of final products. Cabbage
is an important food crop that is in high demand
in domestic and international markets. It is grown
in both northern and southern countries. The area
occupied by cabbage is estimated by FAOSTAT to be
2.6 million hectares (Food and Agriculture Organ-
isation of the United Nations, 2025). Cabbage con-
sumption differs significantly in quantitative indi-
cators in different countries of the world, which is
conditioned by the culinary traditions of the popu-
lation. It is used fresh for cooking, and in processed
form (fermentation, canning).

According to L. Ray et al. (2021), extracts and
phytocomponents isolated from B. oleracea var.
capitata, has antitumour, antihypertensive, an-
ticholesterolemic, antioxidant, anti-inflammatory,
antibacterial, anticoagulant, and haepatoprotec-
tive effects. J.J. Uuh-Narvaez & M.R. Segura-Cam-
pos (2021) indicated that cabbage is a food product
that can be used in food therapy, and as a preven-
tive ingredient for type 2 diabetes. The main bio-
active compounds present in cabbage varieties are
phenolic acids, flavonoids, anthocyanins, and fibre,
which help inhibit amylolytic enzymes respon-
sible for converting carbohydrates into sugars.

As noted by O. Statilko et al. (2024), different
varieties of cabbage differ in the composition of bi-
ologically active compounds. Thus, for varieties B.
oleraceae var. capitata f. rubra it is characterised by
a high content of phenolic compounds, in particu-
lar anthocyanins, and for varieties B. oleraceae var.
capitata f. alba — glucosinolates. The level of these
compounds also varies depending on the variety.
According to W. Wu et al. (2021), ten glucosinolates
were found in red cabbage, including 4-methoxy-
glucobrasicin, neoglucobrasicin, glucoalisin, glu-
cobrasicin, glucoraphanin, glucoiberin, progoitrin,

gluconapine, and sinigrin, have antibacterial, an-
ti-inflammatory, and antioxidant properties. Y. Ge-
laye & E. Tadele (2022) noted that the cultivation
of cabbage and its productivity depends on many
factors, in particular, soil fertility, proper agro-
nomic practices — pinching, thinning. According
to research by M. Saba et al. (2025), organic cab-
bage cultivation is becoming increasingly popular,
as it has higher levels of essential nutrients, anti-
oxidants, and phytochemicals than traditionally
grown counterparts. This is achieved by not using
chemicals to treat plants and fertilise the soil.

]J.D. da Silva Fonseca et al. (2024) determined
that the rapid development of nanotechnologies
leads to an increase in the popularity of using
metal and nonmetal nanoparticles in crop produc-
tion, in particular, as pesticides, nanofertilisers,
and elicitors. Nanoparticles (NP) obtained from
organic substances by “green” synthesis can im-
prove nutrient absorption, soil quality, seed ger-
mination, and plant growth. L. Xuan et al. (2023)
indicated the ability of metal nanoparticles to
pose a potential threat to the environment due to
accumulation in soils and bio-objects and public
health as a result of their migration in food chains.
Risks of using carbon nanoparticles, according to
N.Xin et al. (2023), still being studied. Information
on the optimal application rates of carbon nano-
particles, their agronomic efficiency, influence on
the physiology of agricultural crops, and the bio-
chemical quality of soil is very limited.

Undoubtedly, graphene/graphene oxide has
significant application potential in various in-
dustries and medicine, as it has a number of ad-
vantages. However, according to the study by
A.N. Ghulam et al. (2022), its exposure to the
environment can affect the soil microbiota,
plants, and animals. That is why it is important
to find out the consequences of this effect, since
graphene nanoparticles are of increasing interest
for use in agricultural technologies. According to
X. Zhang et al. (2022), in scientific studies, there
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are mixed data on the effect of these nanoparti-
cles on the plant body. Some researchers note the
positive effects of graphene on the growth and de-
velopment of various plant species, while others
note the toxic effect, which manifests itself in the
form of physical (mechanical damage and block-
ing) and physiological and biochemical effects
(activation of the development of reactive oxygen
species, a decrease in the activity of antioxidant
enzymes, and effect on the photosynthetic appa-
ratus of plants).

Elucidating the mechanisms and consequenc-
es of graphene exposure on plants will weighing
all the benefits and risks of its use and making ap-
propriate decisions on the further use of these na-
noparticles in the agricultural sector. The purpose
of the study was to evaluate the effect of graphene
oxide on the morphometric parameters of com-
mon cabbage (Brassica oleracea) varieties ‘Iyun-
ska’ by soil application and seed priming.

1. Sterilisation

R

‘ ‘ 3% H202
solution

minutes |
T

MATERIALS AND METHODS

The research was conducted in the educational
and scientific laboratory “Biochemistry and phy-
tobiotechnology” at the Department of Physiol-
ogy, Plant Biochemistry, and Bioenergetics of the
National University of Life and Environmental
Sciences of Ukraine in May-June 2024. Object of re-
search was a common cabbage (Brassica oleracea)
of the ultra-ripe variety ‘Iyunska’. Seeds were sown
in a universal substrate of the following compo-
sition: riding peat, lime flour, perlite, river sand;
macronutrients: nitrogen (N) — 80-140 mg/L, phos-
phorus (P,0,) - 100-150 mg/L, potassium (K,0) -
140-180 mg/L, trace elements. A 3% solution of
hydrogen peroxide (H,0,) and 0.006% solution of
boric acid (H,BO,) were used for pre-sowing seed
treatment. Pre-sowing seed treatment was carried
out according to the following scheme (Fig. 1). Fur-
ther treatment of seeds and plants was carried out
with colloidal solutions of graphene oxide.

2.Rinsing

Wash three times
i / with distiled water

3. Boric Acid Treatment
il

0.006% Boric
Acid solution

20 minutes

Figure 1. Pre-sowing treatment of cabbage seeds

Source: created by the authors

Synthesis and characterisation of structured
graphene oxide nanoparticles. Samples of highly
stable water-soluble dispersed graphene oxide
(GO) nanoparticles at an initial concentration of
4 mg/mL were provided by Graphenea S.A. (San
Sebastian, Spain). The authors confirmed the
structural organisation and stability of the sam-
ples using high-resolution microscopy and dy-
namic light scattering. The studies used an aque-
ous solution of GO in the concentration range: 20,
50, and 70 pg/mL.

Experiment scheme. Cabbage seeds were
planted in 7 trays, each of which had 24 wells,

6 seeds in one well: Group 1 - control (without
NP treatment); Group 2 - seeds were pre-soaked
(priming) in a solution of graphene oxide with a
concentration of 20 pg/mL; Group 3 - seeds were
pre-soaked in a solution of graphene oxide with a
concentration of 50 pg/mL; Group 4 - seeds were
pre-soaked in a solution of graphene oxide with a
concentration of 70 pg/mL; experimental groups
5, 6, 7 — cabbage seedlings were watered with
graphene oxide solution at concentrations of 20,
50, 70 pg/mL, respectively, on days 5 and 10, 5 mL
in each well. In addition, all plants were watered
at intervals of 4 days with water in the amount
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of 10 mL per well. The graphene oxide concentra-
tions and application intervals used in the study
were selected experimentally, having previously
analysed existing scientific data and conducted
appropriate pilot studies.

Plants were examined at the stage of 2 leaves
(20 days from the moment of planting seeds in
the ground). Seed germination was evaluated,
and morphometric studies of plants with the de-
termination of such indicators as plant length,
stem, root, leaves, weight of plant, stem, and roots.
The sample of plants in the study consisted of 30
seedlings from each study group. The results ob-
tained were processed statistically using gener-
ally accepted methods of variational statistics by
Yu.l. Prylutskyi et al. (2017) and using the Micro-
soft Excel 2010 software suite. Changes in P<0.05
were considered statistically significant. The
plant research was conducted in accordance with
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institutional, national, and international guide-
lines and compliance with the Convention on Bio-
logical Diversity (1992) standards.

RESULTS AND DISCUSSION

Carbon nanomaterials have the potential to im-
prove seed germination, nutrient availability, and
stress resistance. Increasing crop yields is impos-
sible without developing sustainable agricultural
methods, which require additional research into
the mechanisms underlying the effects of carbon
nanoparticles on plant growth and development.
Seed germination is an indicator that is mainly de-
termined by the quality of seed material, and also
depends on the cultivation technology, soil and
climatic conditions, and other factors. The results
of the study showed that the germination rate of
cabbage seeds varied significantly in the experi-
mental groups (Fig. 2).

*
Soaking GO Watering Watering Watering
70 pg/mL GO 20 GO 50 GO 70
pg/mL pg/mL pg/mL

Figure 2. Seed germination (%) of cabbage (Brassica oleracea) on Day 20 of cultivation by various
methods of treatment with graphene oxide nanoparticles

Note: * p<0.05 compared to the control
Source: created by the authors

It was found that the highest percentage
of seed germination of 83% was observed in the
Group 2, where the seeds were primed (soaked) in
a colloidal graphene oxide solution with a concen-
tration of 20 pg/mL. This figure was significantly
higher than in the control group (56%), in which
the plants were watered only with water. Groups 3
and 4 also showed higher germination rates, name-
ly 66% and 62%, in which seeds were primed with
graphene oxide solutions with concentrations of
50 and 70 pg/mL. It is characteristic that in groups
5, 6 and 7, where graphene oxide was introduced

by irrigation, the seed germination rate did not
exceed that in the control group of plants (Fig. 2).
Cabbage plants grown from seeds pretreated with
graphene oxide solutions at concentrations of 20,
50, and 70 pg/mL had, on average, a longer over-
all length than the control group. The greatest
increase in this indicator (32.8%) was observed
at a low graphene oxide concentration of 20 ug/
mL, while nanoparticle concentrations of 50 and
70 pg/mL were slightly lower, but also stimulated
linear plant growth by 23.5% and 19.5%, respec-
tively, compared to the control (Fig. 3).
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Figure 3. Morphometric parameters (cm) of cabbage (Brassica oleracea) on Day 20 of cultivation by
various methods of treatment with graphene oxide nanoparticles

Note: * p<0.05 compared to the control
Source: created by the authors

Plant groups in which plants were treated
with graphene oxide nanoparticles by irrigation
at concentrations of 20 and 70 pg/mL did not
have a statistically significant difference in length
compared to plants in the control group. However,
watering with a colloidal solution with a concen-
tration of 50 pg/mL also stimulated plant growth,
since their length exceeded the same parameter of
the control group by 19.0%, respectively (Fig. 3).
In addition, the length of the STEM and root of
plants was estimated by various processing meth-
ods. In the groups where seeds were primed with
graphene oxide solutions with concentrations of
20, 50, and 70 pg/mL, the average stem length in-
creased by 26.8%, 26.9%, and 20.6%, respectively,
compared to plants in the control group. In the
experimental groups where graphene oxide root
treatment was used by double irrigation, a 21.6%
increase in stem length was observed only at a
nanoparticle concentration of 50 pg/mL, while no
statistically significant changes were observed at
other concentrations compared to the plants of
the control group (Fig. 3).

According to the data obtained (Fig. 3) exper-
imental groups of cabbage plants in which seeds
were primed with graphene oxide nanoparti-
cles with concentrations of 20, 50, and 70 pug/mL
showed an increase in the average root length by
37.7%, 19.1%, and 18.1%, respectively, compared

with the control group. Those plants that were
treated with nanoparticle solutions by irrigation
were not characterised by statistically significant
changes in root length at concentrations of 20 and
70 pg/mL, and only at concentrations of 50 pg/mL,
an increase of 15.5% was noted. Changes in the
average length of cabbage leaves were also noted,
and depending on the method of treatment with
nanoparticles, they were different. In particular,
in the groups where seeds were pre-soaked in
graphene oxide solutions with concentrations of
20 and 50 pg/mL, the average leaf length was 13.0
and 21.1% longer, respectively, compared to the
control group (Fig. 4).

In the experimental groups where irrigation
was used, on the contrary, a decrease in the av-
erage leaf length of 20 and 70 pg/mL was noted
by 13.3% (Fig. 4). Soaking seeds in graphene ox-
ide solutions significantly affected the mass of
plants. In the control group, the average plant
weight was 213.4 mg. In the groups where seeds
were primed with colloidal solutions of graphene
oxide with concentrations of 20, 50, and 70 pg/
mL, this indicator increased by 23.4%, 59.1%,
and 68.5%, respectively. However, no statistically
significant changes were observed in the groups
with root application of nanoparticle solutions
in the specified concentration range compared to
the control (Fig. 5).
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Figure 5. Total weight and root weight (mg) of cabbage seedlings (Brassica oleracea) on Day 20 of
cultivation by various methods of treatment with graphene oxide nanoparticles

Note: * p<0.05 compared to the control
Source: created by the authors

In addition to the total weight of the plant,
the weight of the ground and underground parts
of cabbage seedlings was also estimated. Accord-
ing to the results obtained (Fig. 5) the weight
of roots differs significantly in the experimen-
tal groups. In the control group, the average
root weight was 152.6 mg. In the experimental
groups where cabbage seeds were primed with
graphene oxide solutions with concentrations
of 20, 50, and 70 pg/mL, this indicator increased
by 1.61, 2.0, and 2.2 times, respectively, com-
pared to the control. No significant changes in
this indicator were observed in the experimental

groups where irrigation with similar nanopar-
ticle solutions was used compared to the con-
trol group. The results of comparing the stem
weight showed that cabbage seedlings whose
seeds were previously soaked in a graphene ox-
ide solution with a concentration of 20 pg/mL
had a stem weight 79.3% lower than that of the
control group plants. Similar changes, but less
pronounced, were observed in the experimental
groups where solutions with concentrations of
50 and 70 pg/mL were used, namely, a decrease
in the weight of the ground part of seedlings by
43.1% and 56.6%, respectively (Fig. 6).
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Figure 6. Weight of cabbage seedling stems (Brassica oleracea) on Day 20 of cultivation by various
methods of treatment with graphene oxide nanoparticles, cm

Note: * p<0.05 compared to the control
Source: created by the authors

No statistically significant changes in stem
weight compared to the control were observed in
the groups with root application of nanoparticle
solutions in the specified concentration range
(Fig. 6). Thus, graphene oxide affects seed germi-
nation and morphometric parameters of cabbage
seedlings (Brassica oleracea), in particular, the to-
tal length of plants and the length of the stem, root
and leaves, and the total weight of plants and the
weight of ground and underground parts. The de-
gree of this effect depends on several factors, name-
ly, the concentration of the colloidal solution of
nanoparticles and the method of their application.

The study by S. Kondratenko et al. (2023) and
this study on the effects of graphene oxide share
a common goal — to improve productivity of Bras-
sica oleracea by using external biologically active
factors and assessing their impact on the morpho-
metric parameters of plants. Seed germination is
one of the critical points that ultimately deter-
mines the quantity and quality of the resulting
crop. According to M.T. MacDonald & V.R. Mo-
han (2025), advanced agricultural technologies
involve the use of seed priming to increase its
germination and stress resistance. According to
M.S.Rhaman et al. (2021), seed priming is a physi-
ological method that involves first moistening the
seeds and then, usually, drying them, which helps
to optimise metabolic processes before germina-
tion, increases the percentage and rate of ger-
mination, improves plant growth and yield both
under optimal conditions and under the action

of biotic or abiotic stresses. S. Chakraborti et
al. (2022) and M.T. MacDonald & V.R. Mo-
han (2025) note that seed priming can be carried
out either with ordinary water or with solutions
containing various substances of both biological
and chemical origin. Both studies demonstrate
innovative approaches to stimulating the growth
and development of food crops in the context of
contemporary challenges to food security.

As indicated by S. Chakraborti et al. (2022),
substances of biological origin used for bio-prim-
ing include: bacteria, fungi, seaweed extract,
humic and fulvic acids, chitosan. Therewith,
A. Shelar et al. (2021) and M.T. MacDonald &
V.R. Mohan (2025) report that chemical priming is
carried out using organic acids (ascorbic, salicylic,
pyroline), inorganic salts (sodium chloride, potas-
sium nitrate, calcium chloride, calcium sulphate),
osmotically active substances (sugar, polyethyl-
ene glycol, glycerol, manitglycinbetaine sorbitol),
benzimidazoles, synthetic phytohormones, anti-
oxidants, etc. According to A. Shelar et al. (2021),
recently, seed nanopriming involving engineered
nanoparticles, in particular chitosan nanoparticles
with copper/zinc or lignin loaded with gibberellic
acid, metal nanoparticles, metalloids, and carbon,
has become increasingly common. As the results
showed, priming seeds with colloidal solutions of
graphene oxide of various concentrations (20, 50,
and 70 pg/mL) can significantly increase the ger-
mination rate of cabbage seeds. The greatest in-
crease in the percentage of seed germination was
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noted at the lowest studied concentration. The
results obtained were confirmed by other studies.

According to the results obtained by I. Ve-
ra-Reyes et al. (2024), graphene oxide accelerated
seed germination and seedling growth of S. lycoper-
sicum at concentrations up to 200 mg of L-* due to
an increase in the content of reactive oxygen spe-
cies (ROS), which led to rapid seed germination and
higher germination rates. N. Yan et al. (2024) note
that priming peanut beans with graphene oxide
at a concentration of 400 mg L-! causes activation
of the carbon and nitrogen metabolic pathways in
seeds. As indicated by L. Yang et al. (2024), a possi-
ble mechanism of effective action of nanopriming
on seed germination is stimulation of aquaporin
expression and activation of amylase formation.

The ability of graphene to penetrate the seed
shell is also proven, which, according to M. Zhang et
al. (2015), can disrupt the integrity of the seed coat
and thus facilitate water absorption, which ulti-
mately ensures faster germination and higher ger-
mination rates. Thus, summing up the analysed lit-
erature data, it can be argued that graphene oxide
promotes the germination of plant seeds, in par-
ticular cabbage, due to the following main mech-
anisms: accumulation of reactive oxygen species
in seeds; increased activity of specific enzymes in
places of starch accumulation and activation of
a number of metabolic pathways; expression of
genes, in particular aquaporin; development of me-
chanical pores in the seed coat by nanoparticles.

However, A. Srivastava et al. (2021) note that
seed priming affected not only the germination
process, but also the preservation of the stimu-
lating effect and increased stress resistance dur-
ing plant ontogenesis. According to N. Louis et
al. (2023), priming-induced epigenetic changes
can persist and may further affect the priming-in-
duced transgenerational stress memory of plants.
According to the results obtained, soaking cab-
bage seeds in graphene oxide solutions not only
improved its germination, but also contributed to
linear plant growth, exceeding similar morpho-
metric parameters of cabbage seedlings of those
research groups in which nanoparticles were used
by irrigation. However, a decrease was noted in
plants obtained from primed seeds compared to
the control of only one indicator — the raw weight
of stems, which did not change in the experimen-
tal groups with watering.

Tkachenko et al.

Similar effects of graphene on plant growth
have been observed by other researchers. Accord-
ing to M. Zhang et al. (2015), tomato seedlings
grown from graphene-treated seeds had slightly
less biomass accumulation than the control, but
had significantly longer stems and roots than the
control. Z. Zhou et al. (2023) noted that graphene
oxide at concentrations of 20, 80, and 140 mg-*
increased the relative growth rate of I. pseudacorus
and their dry weight, which, according to the re-
searchers, is associated with improved regulation
of photosynthetic electron transfer in PSII, the
activity of endogenous endothelial cells, and the
efficiency of light energy conversion. However,
according to X. Xiao et al. (2022), various forms of
graphene oxide negatively affected photosynthe-
sis in Brassica napus L. plants. Reduced graphene
oxide reduced the chlorophyll content and activity
of the Rubisco enzyme. Graphene oxide directly af-
fected chloroplast membranes, photosystems, and
F-type ATPases, damaged photosystems and chlo-
roplast structure, and inhibited carbon fixation.

However, the T. Lopes et al. (2021) found that
GO nanoparticles prevent the development of abi-
otic stress in plants. Thus, graphene oxide in com-
bination with a bacterium Rhizobium sp. applied to
maize plants, increased osmotic and antioxidant
protection under drought conditions. According
to L. Zhao et al. (2022), graphene oxide increased
the activity of protective enzymes in soybean
plants, hormone content, and the expression of
drought-related genes. M. Mazhar et al. (2025) not-
ed that soybean plants treated with graphene ox-
ide nanoparticles at concentrations of 50 and 100
ppm showed better growth parameters, reduced
oxidative stress, increased activity of antioxidant
enzymes (peroxidase, superoxide dismutase, cat-
alase), and reduced arsenic accumulation in seeds
under the action of the corresponding stress fac-
tor. Thus, the results of the study, and data from
other authors, indicate a predominantly positive
effect of graphene oxide nanoparticles on the
growth and development of agricultural plants. It
should be noted that the use of OG nanoparticles
by seed treatment is more effective.

CONCLUSIONS
Seed germination and morphometric parame-
ters of cabbage seedlings (Brassica oleracea) were
studied by various methods of treatment with a
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nanostructured aqueous solution of graphene ox-
ide. It was found that colloidal solutions of graphene
oxide nanoparticles in the concentration range of
20, 50, and 70 pg/mL during seed priming improve
the germination of cabbage seeds, while the lowest
studied concentration of graphene oxide showed
the best results. The root introduction of NP did
not affect the similarity index, which indicates the
importance of choosing the method of using nano-
particles to obtain a specific effect of exposure.

It should be noted that other studied indi-
cators of cabbage seedlings also reacted more to
the action of graphene oxide during seed prim-
ing and did not change much during their root
application. In particular, there was an increase
in such indicators of cabbage seedlings as the
total length of plants (19.5-32.8%), stem length
(20.6-26.9%), average length of roots (18.1-37.7%)
and leaves (13.0-21.1%), average plant weight
(23.4-68.5%, and average root weight (1.6-2.2
times) after soaking cabbage seeds in graphene
oxide solutions, while each of them had variable
changes depending on the nanoparticle concen-
tration. The only indicator that decreased with
both methods of applying graphene oxide was
stem weight, which requires further research to
determine the cause of this effect. Thus, seed
priming has a pronounced effect on the linear and
mass parameters of seedlings, and in addition,
this method is more convenient for use in crop

production due to the ease of reproduction, eco-
nomical use of nanoparticles, and reducing the
risk of soil contamination with carbon nanoalo-
tropes. Research in the chosen area is promising
for the development of crop production, increas-
ing the yield and stress resistance of agricultural
crops in the conditions of total changes in climat-
ic conditions and soil quality. But given the con-
tradictory results regarding the effectiveness of
various methods of graphene oxide applications
obtained in this study and by other researchers,
it is necessary to further investigate the mecha-
nisms of influence of these nanoparticles and op-
timise practical methods of application with the
selection of appropriate concentrations.
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OuiHka BNAnBY oKcnAay rpadeHy Ha MOpPOMETPUYHI NOKAZHUKU KanycTu
ropoaHbOi (Brassica oleracea) 3a pisHMX cnoco6is 06po6Ku
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AHoTanist. 3pocTaHHS KiJbKOCTiI HaceJeHHS Y CBiTi Ta 3MeHIIeHHS IJIOL PONIOYMX I'PYHTIB y
3B’3Ky 3 II06aAbHMMM KIAiMaTMUYHMMY 3MiHaMM BMMAaraloTh CyYaCHUX HAYKOBMX DillleHb I[0JI0
361/IbLIIEHHS BPOKATHOCTI OCHOBHUX ITPOJOBOIBUNX KYJIBTYD 3 METO 3a6e31eUeHH S TPOA0BOJIbYO0T
6e3mexku. MeToo po6OTH 6YyJIO AOCHIOAUTU BIJIMB HAHOYACTMHOK OKCUAY TpadeHy 3a pi3HUX
KOHIIeHTpalliil Ta cmoco6iB 06po6KYM Ha JiHiliHI i BArOBi MOKa3HMUKY CisSTHIIIB KaIyCTU TOPOJHbOI
(Brassica oleracea) ynbrpapaHHboro copty ‘TroHcbhKa. Y poboTi BMKOpuUcTOBYBaiau ¢iszionmoriuni
MeTOIM [OCTiJKeHHSI 3 BMU3HAUEHHSM MOPQPOMETPUYHUX IIOKA3HMKIB POCIAMH Ta CXOXKOCTI
HaciHHA. ISl OLiHKM BIUIMBY OKCcUAY rpadeHy BUKOPUCTOBYBalIM MOro HAHOCTPYKTYpPOBaHi
KOJIOIIHI po3uMHM y AiamasoHi KoHieHTpailiit 20, 50, 70 MKr/MJa Ta ABOX CII0COGiB 06po6GKU —
NpaitMiHrOM HaciHHS Ta KOpeHeBUM BHeCeHHSIM. BcTaHOBIeHO, 1110 OKCUJ rpadeHy CTUMYJIIOBaB
CXOXICTb HaCiHHS KalyCcTM IIpM 3aMOUYyBaHHI HAciHHS B pO3UYMHAX BCiX [AOCHiAXKyBaHUX
KOHIeHTpaliit. HaiiBuiuit moka3HMK CXOKOCTi HACiHHS BimMivaau y TpyIi, e [Jist mpaiiMiHTy OYB
BMKODUCTAHUI PO3UMH 3 KOHILleHTpali€o HaHo4yacTMHOK 20 MKr/mia. Came B 1iif Tpymi CXOXiCTb
HaciHHS cTaHOBUJIA 83 %, IO CYTTEBO MEPEBUIIYE Iieii MOKAa3HUK B KOHTPOJbHiN rpymi — 56 %.
KopeHeBe BHeceHHsI PO34YMHIB OKcuAy rpadeHy aHaJOriyHMX KOHLEHTpaliffi He BUKIMKAIO
CYyTTE€BMX 3MiH 3a3HAUEHOrO IOKAa3HMKA, SIKMI 3a]1MLIABCS B MeXXax KOHTDOJIbHMUX 3HaueHb. Y
poborTi JoBegeHo, o MOPGOMeTPUYHI MOKa3HUKY CiSTHI[iB KaMyCTH GiMbLI MO3UTUBHO pearyBaiu
Ha [1i10 HAHOYACTYHOK 32 MMPaiiMiHI'y HACiHHS B IPOTMBAry BHECEHHIO CIToco60M monuBy. [IpaiiMminr
HaCiHHS KalyCTy PisHMMM KOHIIEHTPAIiIMU OKCUIY TpadeHy 06YMOBJIIOBAB 36i/IbIIeHHS TiHITHMUX
MOKA3HUKIB CisIHI[iB, sike OYI0 Hait6inbll BUpaskeHUM IMepeBakHO 3a KOHLeHTpawii 20 MKr/mi:
3arajibHa JOBKMHA POC/IMH 36inbuimaach Ha 32,8 %, mOBXMHA cTe61a Ha 26,8 %, cepeqHs JOBXMUHA
KOpeHiB Ha 37,7 % MOpiBHSHO 3 KOHTPOJbHOIO Tpynolo. CepenHs mMaca POCAMH i Maca KOpDeHiB
1oKa3aJiu HalibinbIne 3pocTaHHS 3a 06pO6KM HACIHHS B PO3UMHI OKCUAY IpadeHy KOHIIEHTPalli€lo
70 MKr/Ma. EIMHUM TTOKA3HMUKOM, SIKMiT HETaTMBHO BiJpearyBaB Ha MpaiiMiHT HAHOYACTUHKAMMU,
€ Maca crebJsa CisIHIIiB, IKa 3MeHIIM/IACh 3@ BCiX KOHIIEHTpaliii. BUKOpUCTaHHS HAHOYaCTUHOK
BYTJIEII0 Y POCTMHHUIITBI € TepCIIeKTYBHYM HaIIPSIMKOM arpOTeXHOJIOTiii, [0 MOsKe 3a6e3MeunTy
He JIMIlle BUCOKi MOKA3HUKM CXOKOCTi HACiHHS, a it CTUMYJIOBATU PIiCT i PO3BUTOK MPOLOBOIBUMX
KYJIbTYD 3a IIPaBUJIbHO Mifi6paHuX KOHIIEHTpalliii Ta crioco6iB 06po6KM

KnrouoBi ciioBa: ByIielleBi HAHOYACTUHKM; HAHOTIPAMIiHT; POCMHM; CXOXKICTb HACiHHS ; TTOKAa3HUKMA
pocTy
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Abstract. Viral plant diseases are one of the main causes of soybean crop losses in Ukraine, and the
lack of systematic monitoring and limited use of modern diagnostic methods make it difficult to
effectively control the spread of viral pathogens. The purpose of the study was to assess the prevalence
of major viral pathogens in soybean crops in the Central Forest-Steppe of Ukraine. A combination of
serological analysis and molecular method was used to detect soybean mosaic virus, soybean vein
necrosis virus, and alfalfa mosaic virus. The results showed that the overall infection rate of soybean
crops was 40.7% according to real-time polymerase chain reaction data with reverse transcription. The
species composition of pathogens showed clear differentiation: soybean mosaic virus was detected
in 20.0% of samples, soybean vein necrosis virus — in 8.0%, alfalfa mosaic virus - in 7.3%. The real-
time reverse transcription polymerase chain reaction method showed higher sensitivity compared to
the enzyme-linked immunosorbent assay method, revealing an additional 13 positive samples. The
most significant discrepancies between the methods were observed when detecting alfalfa mosaic
virus, where the molecular method detected 50% more positive samples. Regional analysis revealed
the highest infection rate in the Cherkasy region (44.0%), with the maximum prevalence of soybean
mosaic virus (22.0%). A moderate correlation was found between symptom severity and threshold
cycle values for soybean mosaic virus (r = -0.62), whereas for soybean vein necrosis virus and alfalfa
mosaic virus, the correlation was statistically insignificant. The results confirmed the high prevalence
of viral infections among soybean crops in the study region. The results obtained will allow stating
phytosanitary services, breeding institutions, and agricultural producers to implement regional-
differentiated strategies for protecting soybeans, which will reduce crop losses and increase the
effectiveness of phytosanitary measures
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INTRODUCTION

Soybeans (Glycine max L.), as a strategically im-
portant leguminous crop, faces significant threats
from viral pathogens that cause crop losses and
degrade product quality. In the context of growing
global demand for vegetable protein and the need
to ensure food security, effective control of viral
diseases of soybeans is becoming a priority for the
agricultural sector of Ukraine. A particular threat
is the ability of viruses to spread rapidly, form new
strains and form mixed infections, which compli-
cates phytosanitary control. The lack of monitoring
systems and the limited use of molecular diagnos-
tic methods necessitates a comprehensive study of
the prevalence and identification of the main viral
pathogens of soy in Ukrainian agrocoenoses.

According to a recent study by L. Mishchen-
ko et al. (2022), soybean crop losses from viral
diseases can reach 30-70%, depending on the re-
gion and pathogen. The study included the inves-
tigation of seed and transmissible viral diseases
in various soybean genotypes. The influence of
viral infections on crop productivity in Ukraine
was established. The results showed the need for
constant monitoring of the phytosanitary condi-
tion of crops. On the territory of Ukraine, which is
one of the leading soybean producers in Europe,
the phytosanitary situation remains tense, as ev-
idenced by the monitoring data of the most dan-
gerous soybean and potato viruses, conducted by
A. Dunich et al. (2024), presented the results of di-
agnostics of the main viral pathogens of soy on the
territory of Ukraine. The study included analysis
of samples from different regions of the country.
The researchers noted the need to find sources of
virus resistance in soybeans.

International studies show increased attention
to the investigation of soy viral pathogens, which
is conditioned by their rapid spread and signifi-
cant economic losses. The study by A. Hameed et
al. (2022) was devoted to a comprehensive analysis
of environmental interactions in the SVNV system
(soybean vein necrosis virus) — plant thrips, where
key factors contributing to the rapid spread of the
virus have been identified. However, the issue of
regional features of SVNV distribution in Ukraine
remains unexplored, which is one of the key as-
pects of this study. Studies of co-infections of vi-
ral pathogens are important. J. Zhou & L.E. Tzan-
etakis (2020) proved the ability of SVNV to move
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systematically in soybean plants in the context
of co-infection with the bean pod spot virus, us-
ing state-of-the-art molecular detection methods.
However, the question of the prevalence and fea-
tures of the course of mixed infections in Ukrainian
agrocoenoses remains poorly understood. The ge-
netic aspects of viral pathogens were investigated
by O.A. Abdalla et al. (2020), who found a signifi-
cant variety of AMV isolates (alfalfa mosaic virus)
in Saudi Arabia, which explains the difficulty of
controlling this pathogen. Despite this, the issue of
genetic variability and biological features of AMV
in Ukraine requires additional study. The problem
of seed transmission of viruses is reflected in the
paper by D.N. Bhagwatkar et al. (2025), where the
role of seed transfer Carlavirus vignae was estab-
lished in the development of soybean diseases in
India. For Ukrainian conditions, similar studies are
limited, which makes it necessary to investigate
seed transmission of viruses in local conditions.

Diagnostic methods are presented in the pa-
per by M.G. Elmore et al. (2022), who demonstrated
the potential of metagenomic sequencing to de-
tect a wide range of viruses. However, the practical
implementation of this method in Ukraine is diffi-
cult due to technological limitations, which led to
the choice of more affordable RT-qPCR methods
in this study. The development of SVNV manage-
ment tools is presented in the study by C. Zambra-
na-Echevarria (2021), but their adaptation to the
conditions of Ukraine requires additional research,
considering local characteristics. The study by
S. Zambrana-Echevarria (2021) was dedicated to
developing tools for SVNV management and to-
bacco streak ilarvirus in soy. The study included
the development of virus detection methods and
control strategies. The researcher proposed an
integrated approach to the management of these
pathogens. Given the complexity of three-way in-
teractions between viruses, their carriers, and host
plants, A. Hameed (2020) investigated three-way
interactions between SVNV, thrips, and soybean
plants. The study included laboratory and field
studies of these complex relationships. The re-
sults demonstrate the influence of various factors
on the effectiveness of virus transmission.

The purpose of this study was to assess the
prevalence of major soybean viruses in agrocoe-
noses of the Central Forest-Steppe of Ukraine. To
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achieve the goal, the following tasks were set: to
take samples of soybean plants with symptoms of
viral damage from different regions of the Central
Forest-Steppe of Ukraine; to perform serological
analysis using the DAS-ELISA method for prima-
ry screening for the presence of SMV, SVNV, and
AMV,; to conduct molecular identification of virus-
es using RT-qPCR and compare the effectiveness
of serological and molecular diagnostic methods.

MATERIALS AND METHODS

Selection and preparation of plant material. The
selection of plant material was carried out in
the period from June to August 2024 on soybean
crops of the ‘Annushka’ variety at the agricultur-
al enterprises of three regions of the Central For-
est-Steppe of Ukraine: Cherkasy (private enter-
prise “Luvais”), Poltava (limited liability company
“Agris”), and Vinnytsia (private joint stock compa-
ny “Podillia Foods Company”). Approximately 100
hectares of crops were surveyed using the route
method, from which plants suspected of having a
viral infection were selectively sampled. The crite-
rion for selection was the presence of at least one
of the characteristic symptoms of the virus: a pro-
nounced mosaic colouring of the leaves in combi-
nation with a wrinkled surface of the leaf blade, a
strong deformation - fern-like or corrugated edges
of the leaf, local necrotic spots of brown or black
colour, and general shortening of internodes and
curling of the upper leaf tiers. The total number
of individual leaf samples selected was 150 units
(50 samples from each region), which was approx-
imately 5-7 plants from each hectare of the sur-
veyed area. Sampling was carried out in sterile dis-
posable gloves using disinfected scissors to avoid
cross-contamination between samples.

Each selected sample, consisting of two or
three upper leaves with a growth point, was pre-
pared for further analysis. After visual evaluation,
each sample was divided into two identical parts
to apply different diagnostic methods. The first
part of the leaves without grinding was placed in
a separate sterile plastic container with a capacity
of 50 mL with perforation for gas exchange. These
containers were placed in a portable refrigerator —
a cooler bag with cold storage batteries, where the
temperature was maintained in the range of +2°C
to +4°C. Under such conditions, the samples were
transported to the laboratory, where they were

stored in a refrigerator at a stable temperature
of +4°C and a relative humidity of 80-90% for no
longer than 48 hours before the enzyme-linked
immunosorbent assay, which allowed maintaining
the stability of viral antigens.

The second part of the sample intended for
molecular diagnostics was subjected to instant
cryogenic fixation. For this purpose, the leaves
were individually immersed in a container of liquid
nitrogen for 30-40 seconds, which provided an in-
stant stop of all enzymatic processes and prevent-
ed RNA degradation. Next, cryogenically treated
samples were individually packed in pre-sterilised
foil bags and placed for long-term storage in a
freezer with forced air circulation at a stable tem-
perature of -80°C (Thermo Scientific, USA). This
storage regime guaranteed the preservation of the
integrity of nucleic acids throughout the entire
study period. Before RNA extraction, the samples
were transported to the laboratory in dry ice con-
tainers that maintained a temperature of -79°C.

Serological analysis by DAS-ELISA. Serolog-
ical analysis was performed under laboratory
conditions by two-stage enzyme immunoassay
(DAS-ELISA) in accordance with the standard
protocols given in the manufacturer’s instruc-
tions. Commercial kits were used to detect soy-
bean mosaic virus (SMV), soybean vein necrosis
virus (SVNV), and alfalfa mosaic virus (AMV) from
“Loewe Biochemica” (Germany). Extraction of
plant antigens was performed by homogenising
0.1 g of leaves in 1 mL of soluble buffer (extraction
buffer) included in the kit. The sandwich complex
was created on 96-hole tablets for ELISA (Nunc,
Denmark). Incubation with primary and second-
ary antibodies, and with a conjugate (alcalic phos-
phatase), was performed in a thermostat at 37°C.
The tablet was washed using a small laboratory
microplate washer. The substrate p-nitrophenyl
phosphate (pNPP) was used for visualisation. In-
cubation with the substrate was carried out in the
dark at room temperature of 23°C for 60 minutes.
The reaction was stopped by adding 3M NaOH.
Optical density (OD) at a wavelength of 405 nm
was measured on a vertical spectrophotometer
for microplates “Multiskan GO” (Thermo Fisher
Scientific, Finland). The sample was considered
positive if its optical density value exceeded the
arithmetic mean of the negative control values by
at least three times.
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Molecular diagnostics by RT-qPCR. Molecu-
lar diagnostics were performed in the laboratory
using real-time reverse transcription and poly-
merase chain reaction (RT-qPCR). Total RNA was
isolated from 100 mg of cryogenically crushed leaf
tissue using the “Ukrbiopreparat” kit (Ukraine) in
accordance with the manufacturer’s instructions.
The concentration and purity of the obtained
RNA preparations were evaluated using a Nano-
Drop 2000 spectrophotometer (Thermo Fisher Sci-
entific, USA). The A260/A280 ratio for all samples
was in the range of 1.8-2.0. Reverse transcription
was performed using the “Reverta-L” kit (Ukraine)
in a reaction volume of 20 pl containing 1 pg of to-
tal RNA, random hexameric primers, and M-MuLV
polymerase. The reaction was performed accord-
ing to the following programme: 10 minutes at
25°C, 60 minutes at 42°C, and 10 minutes at 70°C
to inactivate the enzyme.

Real-time polymerase chain reaction was
performed in a CFX96 Touch amplifier (Bio-
Rad, USA). The 25 pl reaction mixture contained
1X PCR buffer (polymerase chain reaction),
2.5 mm MgCl,, 200 uM each dNTP, 0.2 uM forward
and reverse primer, 0.5 ul intercalating dye SYBR
Green I (Ukraine), 1 unit Taq-DNA (deoxyribonu-
cleic acid)-polymerase (Ukraine) and 2 pl matrix
c¢DNA. Species-specific primers were used to de-
tect viruses, the sequences of which were taken
from literature sources. To detect soybean mosa-
ic virus primers SMV-F (5-CGA-GCA-AGC-AGT-
TCA-AGA-CC-3’) and SMV-R (5-TCT-GCC-ATA-
ACC-ATG-GAC-GA-3’) were aplied, described in
the paper by B. Xue et al. (2021). To detect soybean
vein necrosis virus (SVNV) used primers SVNV-F
(5°-ATG-GGT-TTG-GGA-AGA-AGG-TG-3") and
SVNV-R (5-TCA-AGC-AAC-TCC-AGC-ACC-at-3’)
published in the paper by C. Groves et al. (2016).
For detecting alfalfa mosaic virus applied prim-
ers (5-ATGCTACCCAGGCATGTATATTT-3’) and
(5’-GCTGCATCTTTCGCCAGAA-3’) that amplify
the capsid protein gene region.

The amplification protocol included ini-
tial denaturation at 95°C for 3 minutes, followed
by 40 cycles, each consisting of denaturation at
95°C for 15 seconds, primer annealing at 60°C for
20 seconds, and DNA synthesis at 72°C for 30 sec-
onds. After amplification, melting curves were
constructed by slow heating in 0.5°C increments
from 65°c to 95°C to confirm the specificity of the
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synthesised PCR products. In each run, negative
control without matrix (no template control, NTC)
and positive control were used. The sample was
considered positive if the amplification threshold
cycle (Ct) was less than 35, and there was a clear
peak on the melting curve with a melting point
identical to the positive control. Experimental
plant studies, including the collection of plant ma-
terial, were in accordance with institutional, na-
tional, and international guidelines. The authors
adhered to the standards of the Convention on
Biological Diversity (1992).

Quantitative analysis of viral load and statisti-
cal data processing. To quantify the viral load, the
threshold cycle values were analysed. Quantita-
tive calibration was performed using a series of
ten-fold dilutions of recombinant plasmids con-
taining target regions of viral genes. A standard
curve with a correlation coefficient R% > 0.98 was
constructed for each virus. The linearity range for
all detected viruses was from 10 to 108 copies/
pl. The threshold cycle values were interpreted
as follows: Ct < 30 indicated a high concentra-
tion of the virus (> 10° copies/ul), Ct 30-35 indi-
cated an average concentration (103-10 copies/
ul), and Ct > 35 indicated a low concentration of
the virus (< 103 copies/ul). Samples with Ct >40
were considered negative. Quantitative analysis
was performed using the CFX96 Touch analyser
software (USA), with automatic calculation of the
virus concentration based on standard curves.
Each sample was analysed in three repetitions,
and the mean Ct value was used for further cal-
culations. Statistical processing of the obtained
data was performed using Microsoft Excel 2019
and Statistica 12.0 software suite (USA). Differ-
ences between the frequency of virus detection
by different methods were estimated using the
nonparametric criterion x2 (chi-square). The dif-
ference was considered statistically significant at
the significance level p<0.05.

RESULTS

Results of serological analysis by DAS-ELISA

Serological analysis by DAS-ELISA showed a sig-
nificant level of infection of soybean crops with
viral pathogens in the study region. Out of a total
of 150 samples analysed, a positive response to the
presence of at least one of the three viruses under
study was recorded in 48 samples, which is 32.0%
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of the total sample size. The average optical den-
sity (OD4gs) of positive samples was 0.85 +0.23,
which significantly exceeded the negative con-
trol value (0.12 # 0.04). In all positive samples,

the optical density value exceeded the positivity
threshold (0.36) by at least 3 times. The results of
serological analysis by the DAS-ELISA method are
presented in Table 1.

Table 1. Results of serological analysis of soybean samples by DAS-ELISA method

Research area TOtasla'::;:;:ser i SMV-positive | SVNV-positive | AMV-positive Generarlai; B
Cherkasy 50 11 (22.0%) 4 (8.0%) 3(6.0%) 18 (36.0%)
Poltava 50 9 (18.0%) 3(6.0%) 3(6.0%) 15 (30.0%)
Vinnytsia 50 7 (14.0%) 5(10.0%) 3 (6.0%) 15 (30.0%)
Total 150 27 (18.0%) 12 (8.0%) 9 (6.0%) 48 (32.0%)

Note: the sum of individual infections may exceed the total number of infected samples due to the presence of mixed

infections that were not detected by the DAS-ELISA method

Source: compiled by the authors based on the conducted research

A detailed analysis of the species composition
of pathogens revealed a clear differentiation in the
prevalence of individual viruses. The most com-
mon pathogen was soybean mosaic virus (SMV),
which was identified in 27 samples, accounting
for 18.0% of the total number of plants tested.
The average optical density for SMV-positive sam-
ples was 0.92 £0.18. Soybean vein necrosis virus
(SVNV) took the second place in prevalence - it
was detected in 12 samples (8.0%), with an aver-
age value of OD405=0.76+0.21. The least common
among the pathogens under study was alfalfa mo-
saic virus, which was detected in 9 samples (6.0%)
with an average optical density of 0.68+0.15.

Statistical analysis using the x? criterion did
not reveal statistically significant differences in
the frequency of virus detection between differ-
ent study areas (p >0.05), which was confirmed
by the following indicators: total infection varied
between 30.0-36.0%, the prevalence of alfalfa mo-
saic virus was 6.0% in all three regions, and the
detection rate of soybean mosaic virus has only
minor differences between regions (from 14.0%
to 22.0%). However, analysis of the distribution of
infection by region revealed certain trends. In the
Cherkasy region, the highest overall infection rate
was observed — 36.0% (18 positive samples out of
50), while in the Poltava and Vinnytsia region this
figure was 30.0% (15 positive samples out of 50
in each region). The distribution of certain types
of viruses by region also showed certain regional
features: SMV was most common in the Cherkasy

region (22.0%), while SVNV was more often de-
tected in the Vinnytsia region (10.0%).

It was noted that the colour intensity (OD4gs)
of positive samples correlated with the severi-
ty of visual symptoms in the field. Samples with
pronounced mosaic and leaf deformity symptoms
showed OD4os values above 1.0, while samples
with mild symptoms had values in the range of
0.4-0.7.In 6 samples (4.0% of the total), OD4,s val-
ues close to the threshold level (0.36-0.42) were
observed, which could indicate the initial stages of
infection or a low titre of the virus in plant tissues.

Effectiveness of molecular diagnostics
and comparative analysis of methods
Molecular diagnostics using real-time reverse
transcription and polymerase chain reaction
(RT-gPCR) showed an advantage in sensitivity
compared to DAS-ELISA serological analysis. The
overall detection rate of viral pathogens was 40.7%
(61 positive samples out of 150), which is 8.7 per-
centage points higher than the indicator obtained
by the ELISA method. A detailed analysis of the de-
tection efficiency of individual viruses showed that
the advantage of RT-qPCR was most pronounced
for detecting alfalfa mosaic virus (AMV), where
the molecular method detected 50% more positive
samples (12 vs. 8), and for soybean vein necrosis
virus, where the difference was 8.3% (13 vs. 12).
Quantitative analysis of threshold cycle val-
ues (Ct) showed a high titre of viruses in infected
plants. The Ct range for positive samples ranged
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from 24.3 to 32.7 cycles. The lowest Ct values (high-
er virus concentration) were observed for SMV — an
average value of 26.5 2.3, which correlated with
pronounced symptoms of mosaic and leaf deform-
ity. For SVNV, the mean Ct value was 28.1£3.1,and
for AMV - 30.4 2.8, which indicates a lower con-
centration of these pathogens in plant tissues.
Statistical analysis using the x? criterion
revealed a statistically significant difference

Hrynchuk & Antipov

between the effectiveness of the DAS-ELISA
and RT-qPCR methods (x?=8.45; p<0.01). The
RT-qPCR method revealed an additional 13 pos-
itive samples that showed negative results in
serological analysis. The detection of 4 samples
with Ct values in the range of 31.5-32.7 was in-
dicative, which indicates a low concentration of
the virus, insufficient for detection by the ELISA
method (Table 2).

Table 2. Comparative characteristics of the effectiveness of DAS-ELISA and RT-qPCR methods

Parameter DAS-ELISA RT-qPCR Difference
General detection 48/150 (32.0%) 61/150 (40.7%) +13 samples (+8.7%)
SMV 27/150 (18.0%) 29/150 (19.3%) +2 samples (+1.3%)
SVNV 12/150 (8.0%) 13/150 (8.7%) +1 sample (+0.7%)
AMV 8/150 (5.3%) 12/150 (8.0%) +4 samples (+2.7%)
Mean Ct - 26.5-30.4

Note: (-) in the DAS-ELISA column for the “mean Ct” parameter indicates that the enzyme-linked immunosorbent
assay method does not provide for determining the threshold cycle; (-) in the “Difference” column for the “Mean Ct”
parameter, conditioned by the lack of comparable data in the DAS-ELISA method

Source: compiled by the authors based on the conducted research

The analysis in Table 2 demonstrates the
advantages of the molecular diagnostic method.
The most significant increase in sensitivity is ob-
served for detecting alfalfa mosaic virus, where
the polymerase chain reaction method detected
50% more positive samples. Overall detection
of viral infections increased by 8.7% when using
the molecular method, which confirms its higher
effectiveness for comprehensive monitoring of
soy viral diseases. Analysis of regional samples
showed that the differences between the meth-
ods were most pronounced in the Vinnytsia re-
gion, where RT-qPCR detected 6 positive samples
more than ELISA, while in Cherkasy and Poltava
region this difference was 4 and 3 samples, re-
spectively. This may indicate regional features
of the development of viral infections and the
level of accumulation of the virus in plants. The
melting curves of all positive samples showed
clear peaks with characteristic melting points:
82.5°C £0.5°C for SMV, 85.2°C £0.3°C for SVNV,
and 79.8°C £0.4°C for AMV, which confirms the
specificity of amplification and the absence of
non-specific PCR products. Atypical Ct values
(more than 34 cycles) were observed in 5 samples,
which, however, had characteristic melting curves

and were classified as weakly positive. The results
confirm that the RT-qPCR method is a sensitive
tool for early diagnosis of soy viral infections, es-
pecially in cases of low virus concentrations and
for detecting AMV, which shows the lowest titres
in plant tissues.

Spread of viral infections

and detection of mixed infections

A detailed analysis of the obtained results of mo-
lecular diagnostics allowed establishing a complex
structure of the spread of viral infections among
soybean crops in the study region. The overall in-
fection rate determined by RT-qPCR was 40.7%
(61 samples out of 150), which indicates the accu-
mulation of viral pathogens in soybean agrocoe-
noses. The regional distribution of infected sam-
ples showed clear territorial features: the highest
level of infection was registered in the Cherkasy
region (44.0%, 22 samples), a slightly lower indi-
cator was observed in the Vinnytsia region (40.0%,
20 samples), and the lowest number of infected
plants was found in the Poltava region (38.0%, 19
samples). The value of the study is the detection of
mixed infections that could not be reliably identi-
fied by the serological method (Table 3).

Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025 79

LAy

LAy



R

Y

Detection and identification of soy viruses...

Table 3. Regional distribution of viral infections and mixed infections according to RT-qPCR data

Type of infection Cherl(::); (l;;egion Polt(ar:l: 5r(t)e)gion Vinn)(l:si:; l;;egion (::::5:\:))
SMV 11 (22.0%) 9 (18.0%) 10 (20.0%) 30 (20.0%)
SVNV 4(8.0%) 3(6.0%) 6 (12.0%) 13 (8.7%)
AMV 3(6.0%) 4 (8.0%) 4(8.0%) 11 (7.3%)
SMV + SYNV 3(6.0%) 2 (4.0%) 2 (4.0%) 7 (4.7%)
SMV + AMV 1(2.0%) 1(2.0%) 1(2.0%) 3 (2.0%)
Ge”erig't’;fec“on 22 (44.0%) 19 (38.0%) 20 (40.0%) 61 (40.7%)

Source: compiled by the authors based on the conducted research

Molecular diagnostics revealed 10 cases of
co-infections, which is 6.7% of the total number
of analysed samples. The most common combina-
tion was SMV and SVNV, which was recorded in 7
samples (4.7%). Less common was SMV and AMV
co-infection was detected in 3 samples (2.0%).
Analysis of the threshold cycle (Ct) values for
samples with mixed infections showed a pattern:
in 8 out of 10 cases, the dominance of one of the
viruses was observed, which was manifested in Ct
values that differed by 3-5 cycles. Soybean mosaic
virus showed the highest prevalence in the Cher-
kasy region (22.0%), which is associated with fa-
vourable climatic conditions for the development
of aphids carrying this virus. Soybean vein necro-
sis virus was most common in the Vinnytsia re-
gion (12.0%), which is probably conditioned by the
presence of reservoir plants and favourable condi-
tions for thrips development. Alfalfa mosaic virus
showed the most uniform distribution between
regions (6.0-8.0%), which may indicate a stable
circulation of this pathogen in the agrocoenoses
of the region.

Another aspect of the study was the analysis
of the relationship between the type of infection
and the severity of symptoms. In samples with
mixed infections, significantly more pronounced
symptoms of the lesion were observed: intense
mosaicism, severe deformation of leaf blades, ne-
crotic spots, and pronounced dwarfism of plants.
The mean Ct value for samples with mixed infec-
tions was 25.8 + 1.9, which indicates higher vi-
ral concentrations compared to monoinfections
(28.3%2.4). The geographical distribution of mixed
infections also had its own characteristics. The
highest frequency of co-infections was observed
in the Cherkasy region (8.0%), where 4 cases of
mixed infections were detected. In the Poltava and

Vinnytsia regions, this figure was 6.0% and 6.0%,
respectively. This may indicate a more intensive
epiphytotic process in the Cherkasy region, which
requires additional research to identify the caus-
es and factors of such differentiation. The results
highlight the importance of considering mixed in-
fections when assessing the phytosanitary condi-
tion of soybean crops and developing protection
measures, since co-infections can significantly
enhance the pathogenic effect and lead to more
significant crop losses.

Correlation between symptoms and infection
intensity and diagnosis specificity

A detailed analysis of the relationship between the
clinical manifestations of viral infections and lab-
oratory indicators of infection intensity revealed
patterns that are important for practical diagno-
sis. For SMV, a moderate negative correlation was
observed between the severity of symptoms and
Ct values (r =-0.62; p < 0.05), which indicates a
clear relationship between the severity of clinical
manifestations and the concentration of the virus
in plant tissues. Samples with a pronounced mo-
saic (4-5 points) showed Ct values in the range of
24.3-26.8, while plants with mild symptoms (1-2
points) had Ct values of 28.5-31.2. The strongest
correlation was observed for mosaic symptoms
(r=-0.58) and leaf blade deformity (r=-0.61), while
the association with necrotic spots was less pro-
nounced (r=-0.42).

For SVNV, the correlation between symptoms
and Ct values was weak and statistically insignifi-
cant (r=-0.34; p>0.05). This may indicate a more
complex pathogenesis of this virus, where clinical
manifestations depend not only on the concentra-
tion of the virus, but also on other factors, such as
the age of the plant, environmental conditions or

80 Biological Systems: Theory and Innovation, Vol. 16, No. 3, 2025



characteristics of the variety. Samples with charac-
teristic vein necrosis had Ct values in a wide range
from 26.8 to 32.4, which confirms that there is no
direct association between visible symptoms and
viral concentrations. For AMV, correlation analy-
sis showed the weakest association between symp-
toms and Ct values (r=-0.28; p>0.05). This may be
conditioned by the fact that AMV causes atypical
or mild symptoms on soybean, and the fact that
the pathogen may be latent or cause symptoms
only under certain environmental conditions. Of
interest is also the analysis of samples with mixed
infections, where a significantly stronger corre-
lation was observed between the total symptom
score and the mean Ct values (r=-0.71; p<0.01).
This confirms the synergistic effect in co-infec-
tion, when the presence of two viruses leads to
more pronounced symptoms at the same concen-
trations of pathogens.

The specificity of the developed PCR system
was carefully analysed using a detailed study of
melting curves. For SMV, clear peaks were ob-
served with a melting point of 82.5°C * 0.5°C,
which corresponds to the expected amplicon size
of 233 bp. For soybean vein necrosis virus, the
melting point was 85.2°C*0.3°C, which is typical
for a longer fragment of nucleocapsid protein. For
AMYV, peaks with a melting point of 79.8°C+0.4°C
were recorded, which corresponds to a fragment of
the capsid protein gene. All melting curves showed
a single-modal character with no side peaks, which
indicates high amplification specificity and the ab-
sence of primer dimers or non-specific products.

Control experiments confirmed the high re-
liability of the molecular method. All negative
controls (n=15) showed no amplification for 40
cycles, while controls without a matrix (NTC,
n=12) also remained negative, which excludes
the possibility of contamination. Positive controls
for each virus (n=9) showed stable Ct values with
a coefficient of variation of less than 3.2%, which
confirms the reproducibility of the method. An
additional confirmation of specificity is the fact
that Ct values correlated with the results of sero-
logical analysis: samples with low Ct values (high
virus concentration) usually showed a strong pos-
itive response in ELISA, while samples with high
Ct values were often weakly positive or negative
in the serological test. This pattern was particu-
larly clear for SMV, where the correlation between
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OD values in ELISA and Ct values in RT-qPCR was
r=-0.59 (p<0.05).

DISCUSSION

The results obtained regarding the high preva-
lence of viral infections among soybean crops in
the Central Forest-Steppe of Ukraine are consist-
ent with research data from other regions of the
world. The overall infection rate of 40.7% detected
by RT-qPCR correlates with the results of studies
in India, where viral infections also pose a seri-
ous problem for soybean producers, as indicated
in by N. Sandra et al. (2021). The high prevalence
of SMV may be due to its ability to transmit seeds
and effective transmission by aphids, which is
confirmed by studies of the genetic structure of
populations of this virus, which were conducted by
M. Usovsky et al. (2022). A long period of preserva-
tion of the viability of the virus in seeds and a wide
presence of vectors in agrocoenoses contribute to
maintaining a high level of infection.

The advantage of the RT-qPCR method over
DAS-ELISA in detecting viral infections is con-
firmed in current studies. Current approaches to
virus screening using eDNA-based electronic sam-
ples show promise for global monitoring of soy
viral diseases, as noted in the paper by M.R. Ribei-
ro-Junior et al. (2025), and is consistent with the
need to introduce more sensitive diagnostic meth-
ods in the phytosanitary control system. Detection
of mixed infections in 6.7% of the samples under
study is important for understanding the epiphy-
totic process. Studies of interactions between dif-
ferent viruses in soybean plants have shown that
co-infections can significantly affect disease de-
velopment and crop productivity. Combinations of
viruses with different transmission mechanisms
are dangerous, which complicates control meas-
ures, as noted by S. Tatineni & G.L. Hein (2023).

The regional features of the spread of viruses
identified in the study were confirmed in interna-
tional scientific works. Differences in the preva-
lence of viruses between Cherkasy, Poltava and
Vinnytsia regions are consistent with data from
studies in Bangladesh, where significant region-
al variability in the prevalence of soymean vi-
ral pathogens was also observed, as indicated by
M.F.Khatun et al. (2025). In contrast to the study in
Indonesia conducted by E. Uge et al. (2023), which
revealed a clear correlation between climatic
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conditions and the prevalence of mosaic viruses,
this study failed to establish a direct relationship
between climatic parameters and infection rates,
which may be conditioned by the relative uni-
formity of climatic conditions in the Central For-
est-Steppe of Ukraine in comparison with various
climatic zones of Indonesia, and differences in the
species composition of vectors and their ecologi-
cal features. However, the identified trends in the
regional distribution of individual viruses, in par-
ticular, the increased prevalence of soybean vein
necrosis virus in the Vinnytsia region, may be of
practical importance for the development of dif-
ferentiated plant protection measures. The detec-
tion of AMV in soybean agrocoenoses in the Cen-
tral Forest-Steppe of Ukraine is consistent with
the global trend in the spread of this pathogen.
H.A.Hobbs et al. (2012) recorded the appearance of
AMV on soybeans in North Dakota, indicating the
virus’ ability to adapt to new geographical areas.
The latest data by R. Dawoud (2025) highlighted
the significant potential of AMV for genetic var-
iability, which explains its successful circulation
in various agroecosystems. The high frequency of
detection of AMV in Ukrainian soybean crops may
be associated with a wide range of host plants and
the ability of the virus to persist for a long time
in plant residues, which justifies the need for con-
stant monitoring and development of specialised
control measures.

Correlation analysis between the severity of
symptoms and Ct values confirms the complexity
of visual diagnosis of viral infections. The mod-
erate negative correlation for SMV (r = -0.62) is
consistent with current studies using artificial in-
telligence to identify soy diseases by K. Zhang et
al. (2021). However, the lack of a statistically
significant correlation for SVNV and AMV indi-
cates limited visual assessment methods, which
is not fully consistent with the results of studies
of automated diagnostic systems by K. Zhang et
al. (2021), which demonstrated high accuracy for
various types of viral lesions. This is conditioned
by the more complex pathogenesis of SVNV and
AMYV, and their ability to cause atypical symptoms
depending on the physiological state of the plant.
The need to introduce a comprehensive system of
protection measures was confirmed by the results
of breeding studies. The high level of infection of
soybean crops with viral pathogens in Ukraine is

consistent with the need to use molecular markers
and genomic selection in breeding programmes,
which was considered by F. Lin et al. (2022). Iden-
tification of SMV resistance genes in internation-
al studies by D. Wang et al. (2022) and J. Chu et
al. (2021) confirmed the prospects of creating sus-
tainable varieties for the conditions of Ukraine.
The study by D. Wang et al. (2022) presented a
comprehensive analysis of the genetic loci re-
sponsible for SMV resistance. The researchers
identified a key QTL (quantitative trait locus) on
chromosome 13, which explains up to 68% of the
phenotypic variability of viral resistance. The val-
ue is that the researchers were able to map a new
Rsv4 gene that provides resistance to a wide range
of SMV isolates. The study by J. Chu et al. (2021)
complemented these results by focusing on stud-
ying the Rsv1 gene in various soy genetic popula-
tions. The researchers found that allelic variations
in this gene cause different levels of resistance to
SMV, with the most effective alleles providing im-
munity to 95% of known virus isolates.

The use of RNA interference to control SMV
demonstrated the effectiveness of this approach,
which is fully consistent with the results of the study
by H. Luan et al. (2020), where transgenic plants
with the Vmal2 gene turned off showed increased
resistance to SMV. However, the effectiveness of
RNA interference for controlling SVNV and AMV
remains poorly understood, unlike SMV, for which
specific control strategies have been developed.
The use of viral vectors for induced gene silencing
opens up new horizons in the fight against soy vi-
ral infections, which is confirmed by the innovative
study by M. McCaghey et al. (2021). The research-
ers demonstrated that a vector based on the bean
pod spot virus can effectively deliver constructs for
RNAi-mediated silencing of oxaloacetate-acetyl-
hydrolase genes in Sclerotinia sclerotiorum, which
led to a significant reduction in the development of
soy disease. This approach is useful for controlling
viral infections, as it allows purposefully inhibiting
the replication of viruses or disrupt their life cycles,
creating resistance at the molecular level. The ad-
vantage of this technology is the ability to quickly
adapt to new strains of viruses by changing siRNA
sequences, which is important in the context of
constant evolution of viral pathogens.

Adevanced multi-mix approaches radically
change the methodology of breeding virus-resistant
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soybean varieties, which is fully confirmed in the
study by A. Bisht et al. (2023). Comprehensive
analysis of transcriptomics, proteomics, and me-
tabolomics reveals not only individual resistance
genes, but also entire networks of molecular in-
teractions that form systemic resistance to viral
infections. However, according to S. Rahman et
al. (2023), the introduction of these advanced
technologies in the breeding process requires sig-
nificant investment in equipment and training.
In the context of Ukraine, these restrictions are
particularly relevant, which makes it necessary
to gradually introduce omics technologies — first
with a focus on transcriptome analysis as the most
accessible method, with further expansion to full-
scale multi-omics studies. The use of genomic se-
lection to improve virus resistance is confirmed in
international studies, but its practical implemen-
tation requires adaptation to local conditions and
pathogenic complexes. The use of high-through-
put sequencing to detect new and emerging viral
pathogens is fully consistent with the findings of
R. Fowkes et al. (2021), where this method helped
to identify turnip yellows virus and soybean dwarf-
ism virus in peas in the UK.

The study by M. Solomiichuk & M. Pik-
ovskyi (2021) examined the use of Pseudomonas
fluorescens and stimulating substances to fight
pathogens, improving the productivity of soy-
beans. In turn, this study focused on detecting
mosaic viruses and soy necrosis using molecular
methods, in particular PCR. Both studies con-
tribute to reducing soybean crop losses by using
different approaches to pathogen control. The
effectiveness of the applied diagnostic methods
is confirmed in contemporary studies on soy pa-
thology. The use of a combination of serological
and molecular methods to detect viral infections
is consistent with the approaches described for the
diagnosis of fungal and oomycete soy pathogens
in B. Hosseini et al. (2023), which notes the impor-
tance of combining different methods for accurate
pathogen identification. However, in contrast to
the diagnosis of fungal diseases, where real-time
PCR and enzyme immunoassay methods are wide-
ly used, for viral pathogens, molecular methods
show higher efficiency, which is confirmed by the
detection of an additional 13 positive samples
using RT-qPCR compared to DAS-ELISA. Biotech-
nological approaches to creating virus-resistant
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soybean varieties show promise in global research.
Development of a guide RNA delivery system us-
ing the ALSV virus for genomic editing proposed
by Y. Luo et al. (2021) is consistent with the need
to develop innovative methods to protect against
SMV, which is identified as the dominant patho-
gen in this study. However, in contrast to the ex-
perimental conditions of the study by Y. Luo et
al. (2021), the practical application of such tech-
nologies in Ukraine requires further research. The
use of CRISPR/Cas systems to create virus resist-
ance is a promising area, but its effectiveness in
controlling SVNV and AMV remains poorly under-
stood. The molecular mechanisms of natural re-
sistance to SMV described in international studies
may explain the high prevalence of this virus in
Ukraine. Detection of an NLR receptor that recog-
nises the cylindrical SMV inclusion protein in the
study by J. Yin et al. (2021) offers a molecular ex-
planation of the mechanisms of resistance, which
is partially consistent with the data obtained on
the high prevalence of SMV (20.0%). However, in
contrast to the experimental conditions of the
study, J. Yin et al. (2021), where specific resistance
genes were studied, the presence of functional al-
leles of these genes may be limited in Ukrainian
soybean varieties. This makes it necessary to intro-
duce marker-associated breeding for introgression
of SMV resistance genes in Ukrainian varieties.

The conducted study confirmed the effective-
ness of molecular diagnostic methods for detect-
ing soybean viral pathogens in Ukraine. The re-
sults obtained substantiate the need to introduce
an integrated approach to phytosanitary monitor-
ing, combining serological and molecular meth-
ods. The identified regional features of the spread
of viruses and the frequency of mixed infections
form the scientific basis for the development of
differentiated plant protection measures aimed at
reducing crop losses and improving the efficiency
of soybean production in Ukraine.

CONCLUSIONS
Based on the conducted comprehensive study on
the detection and identification of soybean viruses
by molecular diagnostics methods, a high level of
prevalence of viral infections among soybean crops
in the Central Forest-Steppe of Ukraine was estab-
lished. Serological analysis by the DAS-ELISA meth-
od revealed a total infection rate of 32.0%, and the
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highest rates were observed in the Cherkasy region
(36.0%). Among the three viruses studied, soybean
mosaic virus was the most common — 18.0%, which
indicates the need to strengthen phytosanitary con-
trol over this particular pathogen.

The RT-gPCR method showed a statistically
significant 8.0% increase in sensitivity, detecting an
additional 12 positive samples, and when detecting
alfalfa mosaic virus, the number of positive samples
detected increased by 50%. This justifies the fea-
sibility of using RT-qPCR as the main method for
accurate diagnosis, especially in the early stages of
infection. For the first time in the study area (Cen-
tral Forest-Steppe of Ukraine), mixed infections
were identified with a frequency of 6.7% of the total
number of analysed samples. SMV + SVNV co-in-
fection was the most common (4.7%). The identi-
fied mixed infections highlighted the complexi-
ty of the epiphytotic situation and the need for a
comprehensive approach to diagnosis. Correlation
analysis revealed varying degrees of association
between visual symptoms and laboratory parame-
ters for individual viruses. For soybean mosaic vi-
rus, a moderate negative correlation (r=-0.62) was
established between the severity of symptoms and
threshold cycle values, which indicates the possi-
bility of using visual assessment for preliminary di-
agnosis. Regional analysis revealed differentiation

in the spread of viruses: the highest total infection
was recorded in Cherkasy region (44.0%), and the
maximum prevalence of soybean vein necrosis vi-
rus — in Vinnytsia region (12.0%), which may be due
to climate features and the presence of vectors.

The conducted study has certain limitations,
among which the regional specifics of the sample
are highlighted, covering only three regions of the
Central Forest-Steppe, the lack of monitoring of
the dynamics of virus accumulation during the
growing season, and the limited diagnosis of the
three main viruses without considering other po-
tentially dangerous pathogens. The prospects for
further research include expanding the geogra-
phy of monitoring to other agroclimatic zones of
Ukraine, studying the influence of climatic factors
on the development of viral infections, and devel-
oping multiplex PCR systems for simultaneous de-
tection of a wider range of pathogens.
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AHoranis. BipycHi XBopo6u poC/INH € OIHI€I0 3 OCHOBHUX NPUUMH BTPAT BpoXkaro coi B VkpaiHi, a
BiICYyTHiCTbh CUCTEMHOT'O MOHITOPMHTY Ta 0OMEXKEHICTh 3aCTOCYBaHHS CyYaCHUX METO/IiB 1iaTHOCTUKY
YCKIaHIOITh eeKTUBHMIT KOHTPOIb MOIMPEHHS BipyCHUX maToreHiB. MeTo po6oTu 6yna oliHKa
MOUIMPEHOCTi OCHOBHUX BipyCHMX TaToreHiB y mociBax coi llenTpanbHoro Jlicoctemy YkpaiHu.
BukopucTaHo KoM6iHaIlil0 CepoNOriYHOTO aHaIi3y Ta MOJIEKY/ISIPHOTO METOAY /i HeTeKIlii Bipycy
MoO3aiku coi, Bipycy HEKpO3y XKMJIOK cOi Ta Bipycy mo3aiku awiepHu. PesynbraTu mnokasanu, 110
3arajibHuit piBeHb iHikoBaHOCTI MOCiBiB coi cTraHOBUB 40,7 % 3a JaHMMM ITOJiMepa3Hoi JIaHI[I0rOBO1
peaxkiiii y peaqibHOMY 4aci 3 3BOPOTHOIO TpaHCKpuUIIli€lo. BuaoBuii ckia rnmaToreHiB JeMOHCTPYBaB
yiTky nudepeHiianito: Bipyc Mmo3aiku coi BussieHo y 20,0 % 3paskiB, Bipyc HEKpO3y KMJIOK COI — Y
8,0 %, Bipyc Mo3aiku nonepHn -y 7,3 %. MeTop nosniMepa3Hoi 1IaHIIIOTOBOI peaklilii y peaJibHOMY yaci
3 3BOPOTHOIO TPAHCKPUIII[i€I0 TTOKA3aB BUIIY YYTIUBIiCTh MOPiBHSIHO 3 METOAOM iMyHO(GEPMEHTHOTO
aHasi3y, BMSBMBIIM AONATKOBI 13 mo3uTuMBHMX 3paskiB. Haii6inbumr 3HayHi po36iXHOCTI MiX
MeTOJaMM CIIOCTEpIraJucs MpM BUSBJIEHHI Bipycy Mo3aiku JOIepHM, Ae MOJIEKYISIpHUI METO[,
BUSIBUB Ha 50 % 6inblile TO3UTUBHMUX 3pa3KiB. PerioHaqbHMit aHasIi3 BUSBMUB HaliBUINy iHGiKOBaHiCTh
y UYepkachkiit obmacti (44,0 %), 3 MaKCMMaJIbHOIO IIOMIMPEHiCTIO Bipycy mo3aiku coi (22,0 %).
BcTaHOB/IEHO TTOMipHY KOpessIlil0o MiXXK BUPA3HICTI0O CMMIITOMIB Ta 3HaUYeHHSIMM MTOPOTOBOTO LIVKITY
IJ1st Bipycy Mo3aiku coi (r=-0,62), Toai K IJid Bipycy HEKpO3Y KMJIOK COI Ta BipyCcy MO3aiKu JIIOLlepHU
KOpesisIis 6y/ia CTATUCTUYHO He3HAUYIIO. BUCHOBKM MiATBEPAMIM BUCOKMIT PiBeHb MOMIMPEHOCTI
BipycHMx iHdeK1iit cepen mociBiB coi B perioHi JociimkeHHs. OTpuMaHi pe3yabTaTu IO3BOJSITH
IepkaBHUM GiTOCaHITApHUM CIYy:KO6aM, CeNMeKIifHUMM YCTaHOBAaM Ta arpoBUMPOOGHMKAM BIPOBALUTU
nudepeHIiiioBaHi 3a perioHaMu cTpaTerii 3aXMUCTy COi, [0 AO3BOMUTb 3MEHIIUTY BTPATU BPOXKAIO Ta
MigBUIIUTY eDeKTUBHICTD diToCaHITAPHUX 3aX0AiB

KiniouoBi c1oBa: ceposioriuHuit aHas1i3; mojxiMepasHa JaHIIoroBa peakilist; iMmyHopepMeHTHMIT aHaTi3;
Ko-iHeKk1Iist; ¢piTocaHiTapHMT MOHITOPUHT
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