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CROWN GALL OF GRAPEVINE
CAUSED BY AGROBACTERIUM IN UKRAINE

Crown gall of grapes is among the diseases affecting grape plants. This is the most dangerous chronic infection of the
grapevine, caused by strains of tumorigenic bacteria Allorhizobium vitis (All. Vitis) (formerly Agrobacterium vitis) and
tumorigenic Agrobacterium tumefaciens (A. tumefaciens), which are able to remain in the plant for a certain time in
a latent state until they appear in favorable conditions for the manifestation of symptoms of this disease. The disease is
not included in the European certification system, and this is due to the fact that in such large wine-growing countries as
Italy, France, Germany, and Austria, which export a significant number of seedlings to Ukraine, they often have a latent
form, and this leads to its spread (Milkus et al., 2012). The disease is systemic and vegetative propagation of affected
bushes leads to the production of infected planting material, thereby contributing to its spread (Lehoczky, 1971; Tarbah
& Goodman, 1986). The relevance of the study is due to the spread of crown gall grapevine in the vineyards of the Odesa
and Mykolaiv regions of southern Ukraine, and for this purpose, the need for timely detection and identification of its
pathogen, sequencing the genome of selected virulent isolates to determine the type of opines and their oncogenicity to
prevent the further spread of the disease. Aim. To conduct a large-scale phytosanitary survey of grape plantations in the
south of Ukraine (Odesa and Mykolaiv regions) to determine the presence of grape plants affected by crown gall. To iso-
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late the causative agent of crown gall and its identification (All vitis) by the PCR method in samples of symptomatic and
asymptomatic material. To study the diversity of agrobacteria by the type of Ti-plasmid by means of genome sequencing
of selected virulent bacterial isolates, and to determine their oncogenicity. Methods. The research was first carried out
by visual inspection of grape plantations to determine the symptoms of the disease, and microbiological and molecular
genetic research methods were used to identify the causative agent. Results. To identify symptoms, namely tumors, vine-
yards in the Odesa and Mykolaiv regions, with a total area of 2,660 hectares, were examined from 2012 to 2020. As a re-
sult of a visual inspection of the vineyards, grapevine plants showing symptoms of crown gall were found on the varieties:
Cabernet Sauvignon, Merlot, and Chardonnay, on average, up to 25% of the total number of tested varieties affected in
the Odesa region and up to 10% in the Mykolaiv region. In 130 grape samples out of 450 selected from vineyards with a
total area of 320 hectares with symptoms of the disease, pathogenic strains of All. vitis and A. tumefaciens were detected
and identified using the primers VCF3/VCR3. 300 asymptomatic samples were taken, and the latent form of the patho-
gen was detected in 20. Grape vine (Vitis vinifera L.) and tumors that were found on different parts of the grape plant
were used to diagnose the disease. Identification of selected bacterial isolates by virulence properties was carried out
using the polymerase chain reaction (PCR) method with A. tumefaciens-specific primers. Determination of the type of
Ti-plasmids was carried out by means of genome sequencing of selected virulent bacterial isolates. It was established that
almost all of them belong to biovar 1 (BV1 A. tumefaciens). When studying the diversity of agrobacteria according to
the type of Ti-plasmid, it was found that they had the oncogenic Ti-plasmid, mainly of the octopine type, and only some
(Od) Ti-plasmid of the nopaline type. Based on the obtained data, it was concluded that in the vineyards of the Odesa
region, crown gall of grapes is caused by agrobacteria A. tumefaciens, mainly of the octopine type, and are oncogenic.

Keywords: grapevine, polymerase chain reaction, Ti plasmids, opines, virulence genes, oncogenes, crown gall, Agrobac-

terium tumefaciens, Allorhizobium vitis.

Grapes have been produced in Europe since
ancient times, and it is still the largest area of
grapevine (Vitis vinifera) production, 60 % of the
world area (in 2022, the EU had 3.2 million ha
and Ukraine 30,200 ha (20,700 ha in the Odesa
region); (https://www.ukrstat.gov.ua). Europe is
the largest producer of wine. In addition to the
use for wine production, grapes are also used
for fresh consumptio and as a component in
juices, marmalades, and distillates. Grapes are
also used in the production of oil (from seeds),
tannin, and ethanol (https://ec.europa.eu/info/
food-farming-fisheries/plants-and-plant-prod-
ucts/plant-products/wine_en).

Many pests and diseases, the latter of viral,
phytoplasmal, fungal, and bacterial origin, affect
grapes and cause significant damage to the har-
vest, life expectancy, and fertility of grapevine
plantations (Mahmoodzadeh & Baneh, 2008;
Bisztray et al., 2011a; Wilcox et al., 2015; Hao et
al., 2018; Kovaleva et al., 2022).

Among these diseases is crown gall of grapes.
This is the most dangerous chronic infection of the
grapevine, caused by strains of tumorigenic bacte-

4

ria Allorhizobium vitis (All. vitis) (formerly Agro-
bacterium vitis) and tumorigenic Agrobacterium
radiobacter (formerly Agrobacterium tumefaciens),
which are able to remain in the plant for some time
in a latent state until they appear in favorable con-
ditions for the manifestation of symptoms of this
disease (Burr & Otten, 1999; Voegel & Nelson,
2018). The causative agent of crown gall affects not
only the grapevine but also hundreds of other di-
cotyledonous plants, where the causative agent is
mainly A. tumefaciens (Gohlke & Deeken, 2014).

This grape disease has been known for more
than 100 years (Burr & Reid, 1996). Back in 1897,
Cavara (Cavara 1897) in Italy reported for the
first time about its infectious nature. The caus-
ative agent of bacterial cancer of grapes was first
isolated in 1907 in the USA, and the bacterium
was named Agrobacterium tumefaciens (Smith &
Townsend, 1907). By inoculating several types
of plants, the authors showed that the bacterium
can cause tumors.

Systematics of Agrobacterium spp. changed
many times. Kerr and Panagopoulos, as well as
the results of biochemical and DNA studies by

ISSN 1028-0987. Microbiological Journal. 2026. (2)
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Ophel and Kerr, showed that Agrobacterium spp.,
which were isolated from grapevines, form a sep-
arate group and differ from other isolates isolated
from other fruit, berry, and flower plants (Kerr
& Panagopoulos, 1977; Ophel & Kerr, 1990).
Combined phylogenetic and genomic analyses
have shown that the agrobacteria Rhizobium,
Allorhizobium, Neorhizobium, Ensifer/Sinorhizo-
bium, Pararhizobium, and Shinella are related at
the genus level, called the Agrobacterium-rhizo-
bium complex (ARC) (Weisberg et al., 2020).
Within the ARC, the groups traditionally known
as Agrobacterium tumefaciens, Agrobacterium
rhizogenes, and Agrobacterium vitis are called
biovars (BV1), (BV2), and (BV3) (Kerr & Pana-
gopoulos, 1977; Ophel & Kerr, 1990). A. tume-
faciens was initially considered to qualify as bio-
var-3 (Kerr & Panagopoulos, 1977), but was later
identified as a species and named Agrobacterium
vitis (Ophel & Kerr, 1990), although sometimes
as A. radiobacter (A. tumefaciens biovar 1) and
A. rhizogenes (formerly A. tumefaciens biovar 2)
(Abdellatif et al., 2013; Genov et al., 2015).

Further molecular studies based on multi-
locus sequence analysis (MLSA) showed that
grapevine tumorigenic bacteria classified as
Agrobacterium vitis were distinct from all other
Agrobacterium/Rhizobium strains at the genus
level and were placed in the revived genus Al-
lorhizobium (Musavi et al., 2014, 2015; Habbadi
et al., 2020; Kuzmanovic¢ et al., 2022).

Recent studies have proven that the genomes
of different strains of A. tumefaciens contain dif-
ferent types of Ti and plasmids encoding the pro-
duction of different types of opines derivatives of
amino acids. Other types of Ti-plasmids encode
the synthesis of octopin and agropin (Bini et al.,
2008; Slater et al., 2009; Christie, 2014). The role
of different opinions on tumor identification is
determined only by the strain of bacteria. This
gave rise to the possibility of dividing agrobac-
teria into groups regardless of their genetic or-
igin: strains inducing octopin-containing tum-
ors have a rough surface; nopaline-containing

ISSN 1028-0987. Microbiological Journal. 2026. (2)

tumors mostly have a smooth surface (Gordon
Jay E., & Christie Peter J., 2014). Their ability to
induce a tumor containing nopaline or octopine
depends on the presence of a certain Ti-plas-
mid in the agrobacterium strain. The exchange
of plasmids between strains is always associated
with the replacement of synthesizing capacity in
the induced tumor (Faist et al., 2023).

It was found that different species of Agrobac-
terium are represented by many strains, virulent
and avirulent (Kawaguchi et al., 2015). Virulence
is determined by a number of genes, and each
avirulent strain lost genes required for tumori-
genesis (Lacroix & Citovsky, 2013; Subramoni
et al., 2014). Virulent strains containing Ti or
Ri plasmids induce tumorigenesis (Kawaguchi
et al.,, 2015). Virulence mainly depends on the
transcription of virulence genes, involved in the
transfer of T-DNA into the genome of the host
cell. After the integration of T-DNA into the ge-
nome of a eukaryotic cell, the transformed cell
begins to synthesize opines (Gordon Jay E., &
Christie Peter J., 2014).

Crown gall is a disease that is very common
in vineyards worldwide and causes great damage
(Kuzmanovic et al., 2018), but is not included in
the European quarantine lists, although it is in-
cluded in the European Plant Protection Organ-
ization (EPPO) certification scheme. PM 4/8 (2):
PM 4/8 (2): Pathogen-tested material of grape-
vine varieties and rootstocks (EPPO, 2008). In
connection with the absence of quarantine re-
quirements for crown gall, when exporting to
Ukraine, grape vine planting material was not
previously checked for latent infection. Perhaps,
this led to an increase in the number of grape
plants in Ukraine suffering from crown gall
(Milkus et al., 2012). Detection of plants with
latent infection during import and export and
in plantations is very important to prevent out-
breaks and spread of the disease and to maintain
vineyard productivity (Kuzmanovi¢ et al., 2018).

Varieties of grapes are sensitive to crown gall to
a different degree, and the degree of their damage
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depends on the variety, the climatic zone of culti-
vation, and the variation of strains of the causa-
tive bacteria (Al vitis and A. radiobacter) (Burr,
1984; Gillings & Ophel-Keller, 1995; Burr & Ot-
ten, 1999; Kawaguchi, 2011b; Genov et al., 2019).

It has been established that the yield of grape
plants affected by crown gall decreases by 10—
20%, the sugar content of berries — by an aver-
age of 15—20%, biometric and technological in-
dicators deteriorate, and vine ripening is delayed
(Schroth et al., 1988; Burr & Otten, 1999; Yagci
& Gozener, 2018). The continental climate of
Ukraine, periodic frost, and mechanical damage
to perennial wood contribute to the manifestation
of the crown gall symptoms (up to 50%) (Milkus
et al., 2005; Milkus et al., 2012). Frost damage is
known to increase grapevine damage by this dis-
ease (Burr & Otten, 1999; Voegel & Nelson, 2018).

Crown gall is a systemic, chronic disease (Le-
hoczky, 1971; Bauer et al., 1994; Burr & Otten,
1999; Johnson et al., 2016), and the means of
protection against it are almost non-existent,
mostly it is timely detection of latent infection
with modern diagnostic methods, such as PCR
and preventive methods (Haas et al., 1995; Pop-
penberger, 2002; EPPO, 2008; Bini et al., 2008;
Bisztray et al., 2011a; Milkus et al., 2012; Farkas
et al. 2014; Lamovsek et al., 2014).

Various laboratory methods are used to diag-
nose grown gall and identify its causative agent.
For the first time, the detection of the pathogen
by enzyme-linked immunosorbent assay (ELI-
SA) was used and subsequently modified by J.
Lehoczky (Lehoczky, 1971). In his experiments,
the author used callus tissue formed at the apical
end of the cuttings planted in sterile perlite to
identify the pathogen. Serological methods were
also developed for the detection of Agrobacteri-
um vitis from xylem extracts (Bazzi et al., 1987).
This method, consisted in the identification of
Agrobacterium vitis using indirect fluorescent
staining (IFS) and polyclonal antibodies, or us-
ing direct isolation of bacteria on Roy and Sasser
medium. Further improvement of the technique

6

was associated with the use of molecular biology
methods. In recent years, a molecular biological
method of polymerase chain reaction has been
developed for the identification of Agrobacteri-
um vitis strains (Haas et al.,, 1995; Dong et al.,
1992; Eastwell et al., 1995; Sawada et al., 1995;
Schulz et al., 1995; Putawska et al., 2006).

The aim of the study was to conduct a large-
scale phytosanitary survey of grape plantations
in the south of Ukraine (Odesa and Mykolaiv re-
gions) to determine the presence of grape plants
affected by crown gall , isolate the causative agent
of crown gall and identify it by the PCR method
in samples of symptomatic and asymptomatic
material, and then to study the diversity of agro-
bacteria by the type of Ti-plasmid by means of
genome sequencing of selected virulent bacterial
isolates and to determine their oncogenicity.

Materials and Methods. The field survey. To
identify the symptoms of crown gall of grapes, a
visual inspection was carried out on the vineyards
of Bolgrad, Ovidiopol, and Izmail districts of the
Odesa region with a total area of 1260 hectares and
the Berezan district of the Mykolaiv region with a
total area of 900 hectares, a total of 2160 hectares.
The vineyards were planted with both clonal and
ordinary planting material of domestic and im-
ported production. The material for research was
grape plants of the varieties: Cabernet Sauvignon
of clone origin, Merlot, and Chardonnay.

Selection of plant material for pathogen iso-
lation and PCR research. To identify the caus-
ative agent of the crown gall in the vineyards of
the Odesa region, plants with symptoms (tum-
ors) were selected to determine the presence of a
latent stage of the disease (Fig. 1 A, B, C)

To isolate the causative agents of crown gall,
we used stems, roots, and tumors of various va-
rieties of grapes long of 20—60 mm. The selected
samples (450 symptomatic materials and 300 for
latent infection) were labeled, packed in plastic
bags, and transported to the laboratory or stored
at 4 °C. Samples for the study were prepared
according to the methods of Lehoczky (1971),

ISSN 1028-0987. Microbiological Journal. 2026. (2)
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Fig. 1. Tumors on grape plants: A — a tumor at the inoculation site, Merlot variety (Odesa region, 2020); B — a tu-
mor on the trunk of a bush, Cabernet Sauvignon variety (Odesa region, 2020); C — a tumor on the sleeve of a grape

bush, Chardonnay variety (Odesa region, 2020)

Kaufmann et al. (1996), and Burr et al. (1987).
The research material was pre-washed with tap
water, sterilized with 0.5% sodium hypochlorite
solution for 5 min. and sterile distilled water. It
was dried, flambéed, cut into small pieces, 5 mm
in size, and ground in a mortar with sterile sand.

Polymerase chain reaction (PCR) analysis.
Selective sowing. The homogenate in the amount
of 100 pl was applied to Petri dishes with a semi-
selective nutrient medium Roy and Sasser (g/L):
MgS0,, 0.20; K,HPO,, 0.90; KH,PO,, 0.70; ado-
nitol 4.00; NaCl 0.20; boric acid 4.00; trimeth-
oprim 0.02; agar-agar 20 (Roy & Sasser, 1983).
The red colonies with a white border, typical for
agrobacteria, were reseeded to tubes with potato
agar, incubated for 1—2 days at 27 °C and stored
at 4—5 °C for further identification.

Isolation of DNA of agrobacteria. Identifica-
tion of isolates of agrobacteria was carried out
using PCR according to Bini et al. (2008). Isola-
tion of matrix DNA from cell suspensions was
performed according to the method (Abolmaaty
et al., 2000, Szegedi & Bottka, 2002), using col-
onies grown on potato agar. The suspension
(OD600=1,2) was prepared in sterile deionized
water and incubated for 10 min at 95 °C in wa-
ter with Triton X-100 (1.0%) and sodium azide

ISSN 1028-0987. Microbiological Journal. 2026. (2)

(0.25%); the reaction was carried out on ice.
Samples were centrifuged for 5 min at 5700 g,
and the supernatant containing nucleic acids
was used for PCR (Abolmaaty et al., 2000). DNA
samples were stored for a maximum of one week
at 5 °C or at —18 °C for a year.

DNA isolation was also performed directly
from grapevine tissue, including tumors (Sze-
gedi & Bottka, 2002). These included: tissue ho-
mogenization, DNA extraction and purification,
and PCR. Reagents that included cell lysis (SDS,
STAV, proteinase K) were used for DNA isola-
tion. 2-mercaptoethanol, phenol, and chloro-
form were used for further purification of DNA
from proteins and other contaminants, includ-
ing organic acids (tartaric, malic, and citric),
pectins, fiber, tannins, flavonoids, anthocyanins,
steroids, tocopherols, and other compounds
(Haas et al., 1995). All of these contaminants can
interfere with the subsequent PCR step.

PCR tests were performed in a Rotor-Gene
6000 thermal cycler (Corbett Research Pty Ltd.,
Australia) in a 20 pL reaction volume using the
following mixture: 1x PCR buffer (20 mM Tris—
HCI, pH 8.7, 20 mM KCl, 10 mM (NH,),80,,
2.5 mM MgCl,, 0.2 mM dNTPs, 0.4 uM of each
primer, 1 U DNA Taq DNA Polymerase (Ther-
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moFisher Scientific), and 5 uL. DNA from bac-
terial lysates or controls (PCR buffer as NC) and
DNA of control strains: Fa2, All. vitis, isolated
from grape roots; received from Dr Burr, USA);
AT1- All. vitis nopaline-containing, courtesy of
Prof. Szegedi E. (Hungary); AB3 — All vitis oc-
topine-containing, courtesy of Prof. Szegedi E.
(Hungary). The thermal profile was: 96 °C for 1
min, 34 cycles (at 94 °C for 20 s, primer-specif-
ic annealing temperature for 20 s and 72 °C for
40 s with a final extension at 72 °C for 5 min.
An annealing temperature of 54 °C was used for
virD2A/2C and PGF/R, of 60 °C for VirFF1/R2,
and 52 °C for VCF3/R3 (Tablel).

After the PCR, the samples were run on a 1%
agarose gel and stained with ethidium bromide.
The gels were photographed using the Biocom
video system, under UV light (the wavelength
was 312 nm).

Sequencing. Sequencing of the agrobacteria
isolated and lyophilized by us was carried out by
colleagues from the Department of Botany and
Plant Pathology at Oregon State University. The
Wizard DNA Purification Kit (Promega; Madi-
son, WI) was used to extract DNA from bacte-
rial cultures. DNA was quantified using a Qubit
fluorometer (ThermoFisher Scientific; Waltham,

MA). The following cultures of microorganisms
were used in the work from the Ukrainian col-
lection of microorganisms at the Institute of Mi-
crobiology and Virology (IMV), Kyiv, Ukraine:
reference cultures (8628 — Agrobacterium tume-
faciens, host unknown; 8924 — Agrobacterium
tumefaciens, host unknown; 8996 — Agrobac-
terium tumefaciens ATCC 4720 (isolated from
Rubus occidentalis in 1928); A4PC, Rhizobium
rhizogenes (syn. Agrobacterium rhizogenes) iso-
lated by A. Riker as A4, USA, 1970, host un-
known (= LMG 150); and isolates of selected
cultures of microorganisms (0d; 229; 315; 371;
387; 536; 55; 585; 6.bak; H; NSC) (Table 2).

The Oxford Nanopore Native Barcoding 24
v14 Kit (SQK-NBD114-24) was used to prepare
sequencing libraries from genomic DNA on Min-
ION or PromethION flow cells (FLO-MIN114
and FLO-PRO114M) using an Oxford Nanopore
MinION or P2 Solo with SUP basecalling. Flye
v.2.9 with the options “--scaffold --nano-hq” was
used to assemble sequencing reads (Kolmogorov
et al., 2019). Bandage v.0.8.1 was used to visual-
ize the assemblies and assess for quality (Wick et
al., 2015). Beav v.1.0 and Bakta v.1.8.2 were used
to annotate genes, characterize mobile genetic
elements and other genomic loci, and identify

Table 1. Primer origin and characteristics used in multiplex PCR in this study

Prirper Specificity of primer Primer sequence (5’-3’) Amp ficon | Annealing Reference
pair size temperature

PGEF/ Polygalacturonase GGGGCAGGATGCGTTTTTGAG 466 bp 54°C | Szegedi

PGR gene of All vitis CG49 | GACGGCACTGGGGCTAAGGAT & Bottka
(accession number: (2002)
U73161)

VirD2A/ |virD2 gene of tumo- | ATGCCCGATCGAGCTCAAGT 224 bp 54°C Haas et

VirD2C |rigenic A. radiobacter | TCGTCTGGCTGACTTTCGTCATAA al. (1995)
and R. rhizogenes

VirFF1/ |virF gene of All vitis | ATG AGA AAT TCG AGT TTG CAT GAT G| 382bp 60°C  |Binietal.

VirFR2 |octopine and nopal- | TCG TGA TGG GTA TAC GCT ACG (2008a)
ine pTi (accession
number: AF044200)

VCF3/ | virC pTiC58 GGCGGGCGYGCYGAAAGRAARACYT | 414bp 52°C | Suzaki et

VCR3 AAGAACGYGGNATGTTGCATCTYAC al. (2004)
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and classify Agrobacterium oncogenic plasmids
(Schwengers et al., 2021; Jung et al., 2024). The
NCBI datasets tool v.15.24.0 was used to down-
load publicly available genomes of strains of the
agrobacteria/rhizobia complex (Sayers et al.,
2022). Raw sequencing data and genome assem-
blies were uploaded to the NCBI GenBank un-
der BioProject PRINA1093479.

Phylogenetic analysis. AutoMLSA2 v.0.9.0
with the option “ --allow_missing 4” was used to
generate a multi-locus sequence analysis (MLSA)
phylogeny (Davis et al, 2016). The translat-
ed sequences of 23 housekeeping genes from
Sinorhizobium meliloti strain 1021 were used as
queries to identify homologs in newly sequenced
strains and the NCBI dataset (Zhang et al., 2012).
IQ-TREE v.1.6.12 with the options “--bb 1000
--alrt 1000” was used to generate phylogenetic
trees (Nguyen et al., 2015). The R package ggtree
was used to plot phylogenies (Yu et al., 2017).

Results. Upon inspection of the vineyards,
vines with symptoms of crown gall were found,
on young as well as on frui-bearing plants on Ca-
bernet Sauvignon, Chardonnay, and Merlot vari-
eties, from which samples were taken for disease

Table 2. Strains of sequenced bacteria (Ukraine)

diagnostics. From June to August, small tumors
appeared on the grape shoots, which at first were
green or pink, then gradually increased in size,
became bumpy, hard, and darkened. Tumors
created a shortage of nutrients for plant organs,
hindered the flow of sap, which led to the death
of the grape bush.

It was found that between 2012 and 2020,
there was a significant increase in the number
of plants with disease symptoms in Cabernet
Sauvignon (from 15 to 30%), Merlot (from 10 to
37%), and Chardonnay (from 5 to 23%) (Fig. 2).

As a result of a visual inspection of grape
plantations of Cabernet Sauvignon, Merlot, and
Chardonnay varieties in the Odesa and Mykolaiv
regions from 2012 to 2020, an increase in the
number of affected grape bushes of each variety
with crown gall was found. Such negative dynam-
ics is most likely associated, firstly, with diseased
planting material, and secondly, with damage to
the vine during pruning, hail damage, and low
temperatures in winter.

A specific primer set PGF/PGR was used to de-
tect All. vitis strains and differentiate them from
A. tumefaciens strains, targeting the pehA gene

Strain Host Location Ag;obacteria Oncogenic plasmid Place.
ineage of allocation
od Vitis vinifera | Odesa region, Ukraine BV1; G14 | pTiType La (nopaline) |soil between grapevine
229 Vitis vinifera | Odesa region, Ukraine BVI1; Gl pTi Type II (octopine) | grapevine
315 Vitis vinifera | Odesa region, Ukraine BV1; G4 none grapevine
371 Vitis vinifera | Odesa region, Ukraine BV1; G4 none grapevine
387 Vitis vinifera | Odesa region, Ukraine BV1; G4 none grapevine
536 Vitis vinifera | Mykolaiv region, Ukraine |BV1 pTi_Type II (octopine) |grapevine
55 Vitis vinifera | Odesa region, Ukraine BV1; Gl none grapevine
585 Vitis vinifera | Mykolaiv region, Ukraine |BV1; G7 none grapevine
8628 | Visit vinifera |collection BV1; Gl pTi Type II (octopine)
8924 | Vitis vinifera | collection BV1; G4 none
8996 | Vitis sp. collection BVI1; Gl pTi_Type II (octopine)
A4PC |Rosa sp. collection BV2 pRi Type I1I
6.bak | Vitis vinifera |Kherson region, Ukraine |BV1; G4 none grapevine
H Vitis vinifera | Kherson region, Ukraine |BV1; G4 none grapevine
NSC | Vitis vinifera |Kherson region, Ukraine |BV1; G4 none grapevine
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Fig. 2. The dynamics (in %) of symptoms of crown gall observed on the cvs. Cabernet Sauvignon, Merlot, and
Chardonnay over the years 2012—2020 in three vineyards in the Odesa region. Mean values are given + standard
error (+SEM). A two-factor analysis of variance with repetitions showed that both factors A [variety] and B [year
of study], as well as their interaction (AxB), significantly affected the percentage of affected plants (p < 0.05). This
indicates the instability of the response of varieties depending on the conditions of the year, which should be taken
into account during varietal zoning and phytosanitary forecasting

encoding the polygalacturonase All vitis CG49
(Szegedi & Bottka, 2002). Primers VirD2A/Vir2C
were used to detect the virD2 gene (Haas et al.,
1995), which allowed distinguishing tumorigenic
Agrobacterium/Allorhizobium strains from non-
pathogenic strains. Primers VirFF1/VirFR2 were
used to detect virF regions to detect common Ti
plasmid types of All vitis, which are of the no-
paline, octopine, and vitopine types (Burr et al,,
1998). Primers VCF3/VCR3 (Suzaki et al., 2004)
were used to detect the virC genes of the plasmids
responsible for the oncogenicity of Agrobacteri-
um strains. As a result of PCR analysis, it was
found that primers virD2A/virD2C consistently
detected pathogenic strains of A. tumefaciens, but
did not detect any pathogenic strains of All vitis.
Using the PGF/PGR test system, a target frag-
ment (466 bp) of the pehA gene of All. vitis was
detected in all tested samples. This suggests that
All. vitis strains are present within plant and gall
samples, though these strains may lack an onco-
genic plasmid and be non-pathogenic. The study
showed that the VCF3/VCR3 primers could de-
tect pathogenic strains of All. vitis or A. tumefa-
ciens, while the VirFF1/VirFR2 system could not
detect All vitis strains. Therefore, it was conclud-
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ed that the VCF3/VCR3 primers were the most
effective for detecting pathogenic strains of All
vitis and A. tumefaciens (Fig. 3)

As a result of the study, it was found that the
VCF3/VCR3 primers were the most effective
for detecting pathogenic strains of All. vitis and
A.tumefaciens in grapevine.

As a result of PCR testing of selected sam-
ples, it was established that out of 450 samples of
grape plants with symptoms of the disease, the
causative agent of the crown gall was detected
and identified in 130. Out of 300 selected asymp-
tomatic samples, the latent form of the pathogen
was detected in 20.

To conduct a phytogenetic analysis, sequencing
of selected Agrobacterium isolates was introduced
and compared with the genomes of the Agrobac-
terium collection. The genomes of 11 Agrobacteri-
um strains were sequenced and compared to the
genomes of known agrobacteria (Table 2).

The newly collected strains are diverse and be-
long to different species groups (so-called “geno-
mospecies”) of Agrobacterium Biovar 1 (BV1),
including G1, G4, G7, and G14 (Fig. 4). Despite
being grapevine-associated, none of the strains
are BV3 agrobacteria. Several of the strains carry
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Fig.3. Results of PCR using VCF3/ VCR3 primers: M —
marker of DNA size 100 bp DNA ladder (ThermoFisher
Scientific, USA); 1 — positive control A. tumefaciens
8628; 2, 3, 4 — pathogenic isolates in the samples (0d,
229, 536); 5, 6 — non-pathogenic isolates of agrobacte-
ria; 7 — negative control (PCR — mixture without DNA)

oncogenic plasmids, which were classified under
a previously published scheme (Weisberg et al.,
2020). The G1 strains 229, 8628, and 8996 car-
ry pTi Type II plasmids (“octopine type”), while
strain 0d carries a pTi Type La plasmid (“nopaline
type”). The BV2 reference strain A4PC carries a
pRi Type III plasmid. We failed to identify an on-
cogenic plasmid in the other sequenced strains,
and they are predicted to be non-pathogens.
Discussion. Crown gall is a dangerous disease
of grapevines, which leads to a decrease in yield,
sugar content in berries, and sometimes the death
of grape bushes. This is a chronic wound infec-
tion that can remain in the plant for a fairly long
time, without showing symptoms, until favorable
conditions arise for its manifestation. This con-
tributes to the spread of crown gall in vineyards.
To detect crown gall in vineyards in the Ode-
sa and Mykolaiv regions of southern Ukraine,
a visual inspection and sampling of grapevines
were carried out in the spring, since it is known
that the number of bacteria in plant (vascular) tis-
sues increases precisely during this period, during
sap flow, and in the fall (Bauer et al., 1994) over
2012—2020. The survey included technical vari-
eties used for winemaking: Cabernet Sauvignon,
Merlot, and Chardonnay. The reason for the in-
crease in the number of diseased plants is probably
the import of planting material with a latent lesion
form, both domestic and imported (Gillings &
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Fig. 4. Multi-locus sequence analysis phylogeny of the
agrobacteria/rhizobia complex. Newly sequenced strains
are indicated by red dots. Major clades of agrobacte-
ria (biovars) are shaded and labelled. Key species-level
groups within Biovar 1 are labelled. The clade containing
Rhizobium leguminosarum/etli/phaseoli is collapsed and
labelled. The tree is midpoint rooted; branch support is
indicated by color. Branches with ultra-fast bootstrap
(UFBoot) > 95% and SH-aLRT support > 80% are black,
other branches are gray

Ophel-Keller, 1995; Habbadi et al., 2020; Kawagu-
chi et al,, 2021). In addition, meteorological con-
ditions, namely hail damage and rainy summers,
as well as infection through tools during pruning
of grape bushes and other agrotechnical meas-
ures, contribute to the spread of bacterial cancer
of grapevines. Due to the genetic relationship and
recombination of agrobacteria, complementation
between different strains is possible, which leads
to tumorigenesis (Kuzmanovi¢ et al., 2015).

It is known that due to the genetic diversity of
Agrobacterium strains, the existing primers de-
veloped do not always identify certain isolates of
agrobacteria, which leads to false results, there-
fore, there is a need to use different pairs of prim-
ers for gene regions (Kumagai & Fabritius 2008).

11



Konup L.A., Weisberg A.J., Rahman A., et al.

For the identification of the selected isolates
of agrobacteria, different primer pairs were used,
namely PGF/PGR, VirD2A/VirD2C, VirFF1/
VirFR2, and VCF3/VCR3, which allow not only
to distinguish the causative agents of crown gall
among other bacterial species, but also to identi-
ty individual opine types of agrobacteria strains
(Szegedi & Bottka, 2002; Bini et al., 2008). PCR
using the PGF/PGR primer pair in 130 grape-
vine samples with symptoms of the disease
and 20 asymptomatic samples revealed All. vi-
tis. However, these could include both virulent
and avirulent strains. Using the VirFF1/VirFR2
primer pair, it was determined that the Agrobac-
terium isolates had a Ti-plasmid of the octopine
and nopaline types. Ti-plasmids are required for
export, integration, and expression of oncogenes
for tumorigenesis. The virD2A/virD2C primer
pair detected pathogenic A. tumefaciens strains
and did not detect pathogenic All vitis. In addi-
tion, it is known that All. vitis has two different
virD2 nucleotide sequences, and the use of the
virD2A/virD2C primer set may not detect path-
ogenic All. vitis strains (Bini et al., in press). In
addition, the specificity of the PCR assay used to
detect tumorigenic All vitis was further demon-
strated by the fact that the virD2 PCR product
was not amplified in non-tumorigenic strains
(Didem Canik Orel et al., 2017). Using primers
VCF3/VCR3 (Suzaki et al., 2004), pathogenic
strains of both A. tumefaciens and All. vitis were
identified, which is consistent with studies Kum-
agai Lucita and Fabritius Anna-Liisa (Kumagai
Lucita & Fabritius Anna-Liisa, 2008).

Genome sequencing of selected strains re-
vealed that, despite being isolated from grapevine,
nearly all of the newly sequenced strains belong
to A. tumefaciens biovar 1. Surprisingly, none of
the sequenced strains is All. vitis given the pos-
itive results in the PCR analysis. However, it is
possible that the galled grapevine host multiples
pathogen lineages, some of which are not BV3.
The sequenced strains are genetically diverse and
represent multiple BV1 genomospecies. Most of
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these strains carry oncogenic Ti plasmids that are
common to wide host range agrobacteria, some
of which colonize grapevine (Weisberg et al,
2020; Jewell M. Jung et al.,, 2024). Several of the
strains are closely related and carry the same on-
cogenic plasmid type, suggesting that they may be
representative of a clonal pathogen lineage. It is
not uncommon to find multiple nonpathogenic
agrobacteria in a crown gall microbial communi-
ty (Hanna Faist et al., 2016). Likewise, non-path-
ogenic All. vitis are common on grapevine, even
without tumorigenic plasmids or disease (Didem
Canik Orel et al., 2017). In those cases, some oth-
er Agrobacterium or Allorhizobium strain that was
not isolated was a pathogen. If the pathogen was
Biovar 1 Agrobacterium, we could still observe
amplification of pehA from the gall sample be-
cause non-pathogenic All vitis are also present in
the gall. Some gall infections were likely caused by
A. tumefaciens, and some potentially by All vitis,
though we did not isolate any for sequencing.

This study was conducted as part of the an-
nual monitoring of the spread of crown gall in
vineyards of the Odesa and Mykolaiv regions,
to understand the epidemiology of this disease
and the phytosanitary condition of vineyards in
southern Ukraine.

Conclusions. Visual inspection of technical
grape varieties: Cabernet Sauvignon, Merlot,
and Chardonnay in vineyards of the Odesa and
Mykolaiv regions of southern Ukraine from 2012
to 2020 showed an increase in grape bushes with
symptoms of crown gall, which is a dangerous
indicator of the further spread of the disease. The
material for diagnosing the disease was plant tu-
mors and agrobacteria isolated on artificial nu-
trient medium Roy and Sasser. Identification of
the isolated agrobacteria isolates by PCR using
different pairs of primers showed that the VCF3/
VCR3 primers were the most effective and allow
identifying pathogenic strains of both A. tumefa-
ciens and All vitis.

Genome sequencing of the selected strains
shows that, despite the fact that they were isolat-
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ed from grapevines, almost all sequenced strains
belong to biovar 1 A. tumefaciens. The sequenced
strains are genetically diverse and represent sev-
eral genomic species BV1. Most of these strains
carry oncogenic Ti-plasmids, common to agro-
bacteria of a wide range of hosts, some of which
colonize grapevines. Several strains are closely
related and carry the same oncogenic type of
plasmid, which indicates that they may be rep-
resentatives of a clonal pathogenic lineage. It
has been established that the causative agent of
crown gall in the vineyards of southern Ukraine
is agrobacteria of the species All. vitis, which
differ among themselves in the set of virulence
genes. If the pathogen was Biovar 1 Agrobacteri-
um, we could still have pehA amplified from the
gall sample because non-pathogenic Allorhizobi-
um vitis are also present in the gall. Some gall
infections were likely caused by A. tumefaciens,
and some potentially by All. vitis, though we did
not isolate any for sequencing. The results of
genome sequencing of selected Agrobacterium
isolates showed that most Agrobacterium iso-
lates belonged to the octopine type of plasmids
(pTi Type II) and only one Agrobacterium isolate
(Od) had a nopaline Ti plasmid (pTi Type La).
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BAKTEPIAJIbHUI PAK BUHOTPATHOT JIO3Y B YKPATHI, BUKJIMKAHNY ATPOBAKTEPIAMU

Cepen xBOp00, 1110 YPaXXYIOTh POCTVMHYU BUHOTPaRy, € i 6akrepianbumit pak. Lle HaliHeOe3meyHila XpoHidHa iH-
(ex1iss BUHOTpaZHOI /103M, 1[0 BUK/IMKAETbCA IITaMaMI MyXaMHuX 6axrepiit Allorhizobium vitis (All. vitis) (pa-
Hime Agrobacterium vitis) i nyxniunononiouux Agrobacterium radiobacter (pauiue Agrobacterium tumefaciens),
AKi 37aTHI 3a/MIIaTICA B pOC/IVHI IIeBHMII 9ac y JTATEHTHOMY CTaHi, IOKU He 3’AB/IATbCA CHPUATIVBI YMOBU LA
IPOsIBY CUMIITOMIB Iji€l XBOPOOH. AKTYa/IbHICTb JOCTI/KEHHS 3yMOB/IEHA ONIMPEHHM OaKTepiaTbHOTO PaKy BH-
HOTPaJHOI 71031 Ha BuHOrpagHukax Omecbkoi Ta MMKOMaiBCbKoOI o6macTeit miBaHS YKpainn, He0OXifHICTIO CBOE-
YaCHOTO BUSIBJIEHHS 1 ifjleHTHdiKanii fforo 30ygHMKa, TIPOBEEHHs CeKBEHYBAHHs reHOMY BIUOPaHUX BipyTeHTHMUX
isonATIiB /1A BU3HAYEHHA TUILY OMiHIiB Ta IX OHKOT€HHOCTi 3 METOIO 3al0biraHHs MOJA/IbIIOTO PO3IIOBCIO/KEH-
Hs xBopo6u. Mera. [TpoBectn mupoxomMacurrabHe QitocaHirapHe 06CTeXXeHHA Haca)KeHb BUHOTPaly Ha MiBIHI
Ykpainn (Opecbka Ta MukosnaiBcbka 0671acTi) /1 B3HAYEeHHA HAaABHOCTI XBOPUX Ha 6aKTepia/IbHUIT PaK POCIMH
BUHOTPafly LJLIXOM BUJi/IeHHA 30ynHMKa OakTepianbHoro paky (All vitis) Ta itoro igenTndikanii merogom ITJIP
y 3pasKaxi3 cMMITOMY XBOpOoOM Ta 63 HMX Ta BUBYMTY Pi3HOMaHITTA arpo6akrepiit 3a tunom Ti-mrasmin mia-
XOM CeKBeHYBaHHA [eHOMY BifibpaHNX BipyleHTHUX 6aKTepia/IbHMX i30/1ATiB i BU3HaYeHHAM iXHbOI OHKOTe€HHOCTI.
Metropu. [Iy1s1 BUsB/IEHHS CUMIITOMIB ypaXkKeHHs pOCINH 30yFHUKOM GaKTepia/IbHOrO PaKy IIPOBOAWIN BidyajlbHe
06CTeXXeHHs HacaXKeHb BUHOrpapy. s ineHTudikanii 36ynHm1Ka 6aKTepiaTbHOTO paKy BUKOPUCTOBYBAIN MIiKpO-
6107T0TiIHMIT Ta MOTIEKY/IIPHO-610TOTIHMIT METORY JOCTIKeHHs. [/ AiarHOCTUKY 3aXBOPIOBAHHS BUKOPUCTOBY-
Ba/u BUHOTpanHy 103y (Vitis vinifera L.) Ta myxnuHu, AKi 6y/y BUAB/IEH] Ha PiSHMX YaCTMHAX POCTUHY BUHOTPALY.
Inentudikanio BupineHnx 6axkrepiaIbHMUX 130/IATIB 3a BIPYJIEHTHUMM BJIACTMBOCTAMU IIPOBOAMIN METOLOM IIO-
niMepasHoi naniorosoi peaxuii (ITVIP) 3 Bukopuctanuam A. tumefaciens-cnenydivaux npaiiMepis. BusnadeHHs
tuny Ti-IUtasmif IpoBOAMIN NIIAXOM CeKBEHYBAHHA €HOMY BifliOpaHuX BipyleHTHUX OaKTepiaJbHUX i30/ATIB.
Pesynprari. 3 MeTOI0 BUSIBIIEHHS IIyX/INH, y Iepio 3 2012 mo 2020 pp. obcrexxeno Bunorpaguuku B OnechKiit Ta
MukonaiBCcbKiit 06/1acTsIX 3araIbHOIO IIolelo 2660 ra. Y pesy/brari Bi3ya/bHOTO OISy BUHOTPAJHUKIB BUSIBIIE-
HO KyII[i BUHOTPafly 3 CUMIITOMaMI ypaXKeHHs 30yIHMKOM 6GaKTepia/IbHOrO paKy Ha copTax BuHorpagy Kabepue
Coginbiton, Mepro ta lllapnone; B cepenaboMy B Opechkiit 06macTi ypaskeHo 1o 25% Bifj 3aranbHOi KiTbKOCTi fj0-
CITIKYBaHUX COPTiB, y MmKonaiBcbkiit — 1o 10%. ¥ 130 spaskax BuHorpajy 3 450 BifiOpaHMX Ha BMHOTPaIHMKAX
3araJIbHOIO TUTowIero 320 ra i3 cuMmToMaMm XBopo6u 6y/mo BMUABIEHO Ta 3a IONOMOro mapu mpariMepis VCEF3/
VCR3 igentudikoBano marorenHi mramu All. vitis Ta A. tumefaciens. Taxox 6yno Bifi6pano 300 6e3cMMITOMHUX
1po6 iy 20 3 HUX BUABJICHO JIATeHTHY GOpMy 30yIHUKA. Y pe3y/IbTaTi CeKBeHYBaHHA FeHOMY BUJIUICHUX INTaMiB
BCTAQHOBJIEHO, 110 MaiDKe BCi BOHM Hajiexartb #o 6ioBapy 1 (BV1 A. tumefaciens). Ilpy BuB4eHHI pisHOMAHITTS
arpobakrepiit 3a Tumnom Ti-I1a3Miay BCTAHOBJIEHO, 1[0 BOHM MAIOTh OHKOTeHHY Ti-IasMify mepeBa>kHO OKTO-
miHoBoro tumy i mumre gesiki (Op) -- Ti-mrasMify Homaminosoro Tumy. Ha mifcraBi oTpuMaHyx faHuX 3po6aeHo
BUCHOBOK, 1110 Ha BMHOTpafiHNKax Ofecbkoi 06acTi 6akTepiaIbHMIT paK BUHOTPAy BUK/INKAIOTDh arpobakTepii A.
tumefaciens, IepeBa)KHO OKTOIIIHOBOTO THITY.

Kntouosi cnosa: surozpad, nonimepasua nanyo206a peaxuiss, Ti nnasmiou, oninu, eeHu 8ipyneHmHocmi, oHKozeHU,
6axmepianvHuii pax, Agrobacterium tumefaciens, Allorhizobium vitis.
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MOLECULAR-GENETIC CHARACTERISTICS (16S rRNA)
OF SOIL MICROBIOME IN TECHNOGENICALLY
AFFECTED ZONES

168 rDNA acts as a genetic fingerprint, helping scientists classify and track the evolutionary history of bacteria. Modern
rapid sequencing tools, like Illumina, leverage the sequence differences (variation) in this gene to quickly identify all
the bacterial species within an environmental sample, making this an important way to study microbial communi-
ties. The objective of this study was to determine the taxonomic composition of soil microbial communities using a
metagenomic analysis to assess the impact of timber chemical production and transport infrastructure compared to a
control site. Methods. For three variants of soil samples (conditional control, timber chemical plant impact zone, and
combined anthropogenic load platform, followed by a bioinformatic analysis. Results. The majority of soil prokaryotic
metagenome sequences were identified as Bacteria (95—98%), while 1—4% were identified as Archaea. The studied
metagenomes were dominated by sequences identified as Actinomycetota, Pseudomonadota, and Chloroflexota, which
together accounted for 65—77% of the total bacterial count. In soils within the anthropogenic impact zones, there was a
notable dominance of Actinomycetota (35.4% and 47.2% OTU vs. 33.5% OTU in the control), Chloroflexota (6.9 % and
12.6% OTU vs. 4.2% in the control), and Thermoproteota (3.4 % and 4.1% OTU vs. 1.8% in the control). Conversely,
the number of OTUs identified as Verrucomicrobiota decreased in these soils by 28—35 times compared to the control.
Conclusions. In soils affected by the timber chemical plant and railway infrastructure, significant shifts in the relative
abundance of specific taxonomic groups within the bacteriome were observed. Trends toward increased bacterial diver-
sity compared to the control have been established, which necessitates further research and the establishment of correla-
tions between the obtained metagenomic data and the physicochemical properties of the soils.

Keywords: soil metagenome, trace elements, stages of succession, microorganisms, formation of microbial community,
168 rRNA sequencing.
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Molecular-Genetic Characteristics (16S rRNA) of Soil Microbiome in Technogenically Affected Zones

Global environmental degradation has increased
dramatically due to anthropogenic activities,
particularly the extensive use of chemicals in
agriculture, transportation, and the chemical
industry (Naveed et al., 2020). As a result of in-
tensive technogenic pressure, all components of
the environment — atmospheric air, water re-
sources, and the soil cover — undergo systemic
transformations. Since soil is extremely vulner-
able to external impacts, there is an urgent need
for a detailed study of soil biota response, which
remains one of the least investigated aspects of
environmental monitoring.

Our previous publications have documented
exceedances of the maximum permissible concen-
trations of mobile forms of certain heavy metals
and the restructuring of microbial communities in
soils adjacent to industrial enterprises (Kryvtsova
et al.,, 2017a), railway lines (Bobryk et al., 2012;
Bobryk, 2015; Bobryk et al., 2016), and highways
(Kryvtsova et al., 2017b). The Perechyn Timber
Chemical Plant, located 600—800 m from the
centre of Perechyn (in the north-eastern part of
the town), Zakarpatska oblast (Transcarpathia), is
classified as a technogenically hazardous facility,
which in the event of accidents can significantly af-
fect the environmental situation and pose a risk to
public health (Report on the state of the environ-
ment of the Zakarpattia region for 2023). In recent
years, adherence to the highest quality standards
and ecological production principles has made
the plant a reliable partner for major European
factories producing activated carbon and global
leaders in silicon production (https://Ixk.com.ua/
ua/policies.html). The complexity of assessing the
environmental status of adjacent areas is further
compounded by the concentration of production
capacities and the transport network.

Studies have documented elevated concentra-
tions of sulphate ions, ammonium ions, acetate
ions, and phenols in the effluents of the plant, as
well as coliform counts exceeding permissible
limits by several orders of magnitude (Boyko et
al., 2001) and increased levels of heavy metals

ISSN 1028-0987. Microbiological Journal. 2026. (2)

(total forms) compared to control soils (Bilkei &
Nikolaichuk, 2017).

Soil microorganisms are key determinants of
biogeochemical cycles, ensuring the decomposi-
tion of organic matter, humification processes,
as well as carbon and nitrogen transformation,
thereby sustaining the stability of ecosystem
functions (Yang et al., 2022). Consequently, the
response of these microbial communities to
chemical stressors is a critical indicator of soil
health and resilience in polluted areas.

As a cutting-edge technique, metagenomic
analysis is indispensable for studying the mi-
crobial diversity and bioactive potential of soils,
particularly in environments with extreme con-
ditions. This method enables researchers to
characterize microbial communities adapted to
stressors such as high temperatures, salinity, ex-
treme pH values, and contamination by metals or
radiation (Hermans et al., 2017; Ejaz et al., 2024).

The aim of this study was to determine the tax-
onomic structure of soil microbial communities
through metagenomic analysis of soils in the im-
pact zone of the Perechyn Timber Chemical Plant,
both independently and in combination with adja-
cent railway lines compared to control sites.

Materials and Methods. Sample collection.
Soils were studied in the impact zone of the
Perechyn Timber Chemical Plant and railway
transport in the town of Perechyn, Uzhhorod
raion, Zakarpatska oblast. The soil type is mead-
ow brown for all experimental variants, includ-
ing conditional control. The climate of the region
is temperate continental. The long-term average
monthly temperature in January is —7.8 °C in
mountainous areas and —3.1 °C in the lowlands,
while in summer it ranges from 11—14 °C in the
alpine zone and 20—21 °C in the lowlands. An-
nual precipitation varies depending on elevation:
average annual precipitation in the lowlands is
600—800 mm, whereas in the mountainous areas
it reaches 1000—1500 mm, and up to 2500 mm
in high-water years (Report on the state of the
environment of the Zakarpattia region for 2023).
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Fig. 1. Map of sampling sites https://earth.google.com/web

Soil samples were collected in June 2025 from
the depth of 0—10 cm in accordance with stan-
dard methodologies (DSTU ISO 10381—2:2004).
The studied samples included: S1 — soils in the
Perechyn Timber Chemical Plant and railway lines
(at a distance of 50 m) impact zone (48°44'05" N,
22°29'00" E); S2 — soils in the Perechyn Timber
Chemical Plant impact zone (50 m) (48°4424" N,
22°29'12" E); S3 — conditional control site char-
acterized by the absence of technogenic pollution
sources and transport load within a radius of 250
m, ensuring representativeness of background
conditions (48°44'08" N, 22°29'42" E). Each sam-
ple consisted of four subsamples (Fig. 1). The se-
lection of sampling sites was based on previously
identified trends observed during long-term
monitoring experiments.

Isolation of metagenomic DNA and PCR am-
plification. Soil DNA extraction was performed
using DNeasy PowerSoil Pro Kits (Qiagen, Ger-
many). The concentration and purity of metage-
nomic DNA were determined using a microvol-
ume spectrophotometer—fluorimeter, DeNovix
DS-11 EX (USA).

Fragments of the 16S rRNA gene containing
V3—V4 hypervariable regions were amplified
by PCR using universal prokaryotic primers
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341F (CCTAYGGGRBGCASCAG) and 806R
(GGACTACNNGGGTATCTAAT). PCR am-
plification of the target regions was performed
using specific primers linked to barcodes. PCR
products of the expected size were selected by
agarose gel electrophoresis.

DNA sequencing. Metagenomic sequencing
of total DNA extracted from soil samples was
performed on an Illumina MiSeq platform (Il-
lumina, USA). Libraries were prepared using the
NEBNext Ultra IT DNA Library Prep Kit (New
England Biolabs, USA) and sequenced in paired-
end mode (2 x 300 bp).

Bioinformatic analysis. Paired-end reads
were assigned to samples based on their unique
barcodes and truncated by removing the bar-
codes and primer sequences. The entire work-
flow was implemented in Python (v3.6.13), and
adapter sequences were removed using cutadapt
(v3.3). Paired-end reads were merged using
FLASH (v1.2.11; http://ccb.jhu.edu/software/
FLASH/) (Magoc et al,, 2011). Quality filtering
of raw reads was performed using fastp (v0.23.1)
to obtain high-quality clean tags (Bokulich et al.,
2012). The clean tags were compared against ref-
erence databases (SILVA database fo03

16S rRNA gene sequences; https://www.arb-
silva.de/) to detect chimeric sequences. Effective
tags were obtained by removing chimeras us-
ing the vsearch package (v2.16.0; https://github.
com/torognes/vsearch) (Edgar et al., 2011).

Sequence analysis was performed using
UPARSE software (v7.0.1001; http://drive5.com/
uparse/) (Edgar et al., 2013). To investigate the
microbial community composition in each sam-
ple, operational taxonomic units (OTUs) were
clustered at a 97% sequence identity threshold
based on the effective tags from all samples, and
subsequently taxonomically assigned. Taxonom-
ic annotation was conducted using the SILVA
138.2 reference database.

The top 10 taxa for each sample at each tax-
onomic rank were selected to construct his-
tograms illustrating the relative abundance of
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taxa. Data visualization was performed using
Perl (v5.26.2; https://www.perl.org) with the
SVG package (https://metacpan.org/pod/SVG).
Venn and Flower diagrams were used to visu-
alize shared and unique taxa among different
samples or groups. Venn diagrams were gener-
ated in R (v4.0.3; https://CRAN.R-project.org/
package=VennDiagram) using the ‘VennDia-
gram’ package. Alpha diversity was applied to
assess the complexity of species diversity within
each sample using six indices: Observed species,
Chaol, Shannon, Simpson, ACE, and Good’s cov-
erage. All alpha diversity indices were calculated
using QIIME (v1.9.1) and visualized with R soft-
ware (v4.0.3).

The different phases of metagenomic se-
quencing for the soil samples were carried out

ISSN 1028-0987. Microbiological Journal. 2026. (2)

by Exlogen Ltd. (Lviv, Ukraine) and Novogene
Co., Ltd. (Germany).

Results. According to the taxonomic anno-
tation results, the top 10 taxa of each sample or
group at each taxonomic rank (Phylum, Class, Or-
der, Family, Genus) were selected to construct his-
tograms of relative taxonomic abundance (Fig. 2).

In total, 3,627 OTUs were identified. The de-
tected OTUs were assigned to 39 phyla, 97 classes,
221 orders, 347 families, and 628 genera. Accord-
ing to the metagenomic analysis, 2,037 and 2,429
OTUs were detected in soils from the impact zone
of technogenic pressure, whereas 1,450 OTUs
were identified in the conditional control soils.

The majority of soil prokaryotic metagenomic
sequences were classified as Bacteria (95—98%),
while 1—4% were assigned to Archaea. The se-
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S1

S3

Fig. 3. Bacteriome of the soil. Venn diagram: S1 — soils
in the impact zone of the Perechyn Timber Chemical
Plant and railway lines (at a distance of 50 m); S2 — soils
in the impact zone of the Perechyn Timber Chemical
Plant (50 m); S3 — conditional control

quences identified as members of the Bacteria
kingdom belonged to 33 phyla.

The ten most abundant phyla were Acti-
nomycetota  (33.5—47.4%), Pseudomonadota
(22.9—28.2%), Verrucomicrobiota (0.4—14.2%),
Chloroflexota  (4.2—12.6%), Acidobacteriota
(8.7—9.7%), Thermoproteota (1.8—4.1%), Bac-
illota (1.4—3.2%), Gemmatimonadota (1.8—
2.9%), Myxococcota (0.9—2.9%), and Bacteroid-
ota (0.6—1.3%). These phyla represented typical
taxa of soil bacterial communities.

In technogenically altered soils (S1 and S2),
the relative abundance of Verrucomicrobiota
was markedly reduced and remained at low
levels (0.4% and 0.5%, respectively), whereas
in the control soil (S3), this phylum accounted
for 14.2%. According to the literature, Verruco-
microbia is a widely distributed but difficult-to-
cultivate phylum, characterized by high relative
abundance in soils and consistently reported as
one of the three most dominant soil bacterial
phyla, together with Proteobacteria and Acido-
bacteria. The average relative abundance of this
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phylum in soils ranges from 14% (Sherstoboe-
va et al., 2020) to 23% (Bergmann et al,, 2011).
The relative abundance of Pseudomonadota in-
creased in the control soil (28.2%) compared to
sites S1 and S2 (22.9% and 24.9%, respectively).
In contrast, the relative abundance of Thermo-
proteota decreased approximately two-fold in
the conditional control soil (1.8%) compared to
sites S1 and S2 (3.4% and 4.1%, respectively).

The most abundant classes belonged to the Pseu-
domonadota (Alphaproteobacteria, 17.5—26.5%),
Actinomycetota  (Actinobacteria, 13.2—25.9%;
Thermoleophilia, 7.5—15.9%; Acidimicrobiia,
3.0—11.9%), and Acidobacteriota (Vicinamibacte-
ria, 4.9—8.3%) phyla, according to the SILVA tax-
onomy. The relative abundance of Alphaproteo-
bacteria and Thermoleophilia was approximately
twofold lower in soils from sites S1 and S2 com-
pared to the control soil S3. Other detected class-
es showed opposite distribution patterns, with
increased relative abundance in soils adjacent to
pollution sources. The most pronounced changes
were observed in the relative abundance of Ver-
rucomicrobiia, which decreased by 28—35-fold
compared to the control. The dominant class in
the control soil was Alphaproteobacteria (26.5%),
whereas in industrially impacted soils, Actinobac-
teria was the most abundant class (19.6—25.8%).

At the order level, restructuring of microbial
communities was also observed in the reviewed
sites. In soils from sites S1 and S2, the relative
abundances of OTUs decreased compared to the
control as follows: of OUTs identified as Hypho-
microbiales by 3-fold, as Chthoniobacterales by
13-fold, and as Gaiellales and Solirubrobacterales
by 2-fold. In contrast, the relative abundances
of Microtrichales, Vicinamibacterales, Micrococ-
cales, Propionibacteriales, Burkholderiales, and
Rhodobacterales increased specifically in soils
from the anthropogenically impacted zone.

At the family level, the relative abundances
of Xanthobacteraceae, Chthoniobacteraceae, and
unidentified_Gaiellales decreased 6—13-fold
compared to the control.
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At the genus level, the relative abundances of
Candidatus Udaeobacter (1,000-fold), unidenti-
fied_Gaiellales (8.7-fold), Bradyrhizobium (6.5-
fold), and Gaiella (1.4-fold) were lower in soils
from the technogenically impacted sites com-
pared to the control.

The Venn diagram illustrates the distribution
of OTUs across samples, reflecting the similarity
and differences among microbial communities.
As shown in Figure 3, sample S2 contributed the
most to the overall diversity, with 28.15% of all
identified OTUs being unique to this sample.
The uniqueness of samples S1 and S3 was similar,
accounting for 14.45% and 15.19%, respectively.
Samples S1 and S2 were the most similar to each
other in terms of OTU composition (Fig. 3).

Alpha diversity was used to analyze the diversity
of a microbial community within a single sample.

The sequencing depth was sufficient to cap-
ture the entire prokaryotic communities in the
samples (99.7—99.8%). The Observed species
metric corresponds to OTUs. The Shannon index
reflects both the total number of taxa in the sam-
ples and their proportions. The Simpson index
characterizes the diversity and evenness of spe-
cies distribution within a community. The Chaol
metric estimates the expected number (richness)
and distribution (evenness) of taxa within a sin-
gle sample or environment (Chao, 1984).

In our study, all alpha diversity indices (Shan-
non, Simpson, Chaol, ACE Abundance-based
Coverage Estimator, PD whole tree) were higher
in soils from the technogenically impacted zone
than in control (S2 > S1 > S3). However, when
interpreting these results, it should be noted
that alpha diversity indices do not always fully

Table 1. Alpha diversity indices

capture differences in environmental conditions
(Sherstoboeva et al., 2020).

Discussion. Technogenic impact remains an
important factor affecting soil health and safe-
ty. Particular attention is paid to soils adjacent
to industrial facilities, specifically the Perechyn
Timber Chemical Plant. Operating since 1893,
the plant has undergone several stages of mod-
ernization and expansion of production capaci-
ties. Its main activities include the production
of charcoal, urea-formaldehyde resins, methyl
alcohol, and acetic acid (Kryvtsova et al., 2017).
Notably, the plant has its own railway infrastruc-
ture, connected to the national railway network
of Ukraine (the Tchop—Sambir line). It uses
dedicated sidings for receiving raw materials
(beech wood) and shipping finished products.
Therefore, it is necessary not only to analyse the
state of soils adjacent to the charcoal production
but also to assess the multicomponent impact of
industrial activities and railway transport.

In this study, we have established the restruc-
turing of soil microbial communities in the im-
pact zone of complex technogenic pressure com-
pared to the control, across different taxonomic
groups of microorganisms. Our results are con-
sistent with those reported by other authors. For
example, metagenomic analyses of soils affected
by military activities (heavy metal contamina-
tion) also showed significant decreases in the
relative abundances of the Candidatus Udaeo-
bacter, unidentified_Gaiellales, Bradyrhizobium,
and Gaiella genera. Conversely, the relative abun-
dance of sequences assigned to Micrococcaceae
was higher in contaminated soils compared to
the control (Maslovska et al., 2025). Members of

Ob d . Good
Sample Speciesse(r S?TUS) Shannon Simpson Chaol ACE conzoragSe PD whole tree
S1 1963 8.790 0.995 2038.295 2062.799 0.997 149.903
S2 2429 9.198 0.996 2444.956 2480.493 0.998 197.025
S3 1395 7.564 0.975 1441.598 1455.290 0.998 108.967
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the Chitinophagaceae family have been proposed
as promising indicators of ecological disturbance
and as evidence supporting the use of bacterial
taxa as soil health indicators (Hermans et al.,
2017).We have also determined that the relative
abundances of Chitinophagaceae were reduced
several-fold in soils from the technogenically im-
pacted zone compared to the control.

For monitoring purposes, the taxonomic and
functional diversity of soil bacteria should be
considered simultaneously (Labouyrie et al,
2023). Soil biodiversity, one of the largest reser-
voirs of biodiversity on Earth, plays a crucial role
in supporting numerous ecosystem functions.
Most publications report a decline in soil bacteri-
al diversity under anthropogenic pressure. How-
ever, while individual anthropogenic pressures
often have limited effects on population growth,
the simultaneous impact of multiple anthropo-
genic pressures is far more severe due to negative
and synergistic interactions among the pressures
(Rillig et al., 2019; Orr et al., 2022). At the same
time, high microbial (taxonomic) diversity in soil
is not always beneficial, as it may be associated
with increased potential pathogenicity.

We have ascertained that alpha diversity indi-
ces of soil bacterial communities were elevated in
soils from the impact zone of technogenic pres-
sure compared to control soils. Similarly, studies
of soils from uranium mines in India have shown
that all contaminated samples exhibited relatively
higher Shannon diversity indices. The authors
suggest that the high nutrient content in the sam-
ples may buffer the effects of heavy metal con-
tamination, allowing bacterial communities to be
well-nourished and better able to withstand metal
toxicity. Nonetheless, near-neutral pH conditions
may promote the formation of relatively insoluble
metal complexes for most cations, thereby reduc-
ing their bioavailability (Dhal et al., 2011).

Studies of soils in the impact zones of coking
and coal industry facilities (Northern Birming-
ham, Alabama) have shown that microbial abun-
dance and membership in bacterial communities,
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rather than alpha diversity, are the strongest pre-
dictors of soil ecosystem processes (Goswami et
al., 2023; Osburn et al.,, 2023). A similar conclu-
sion was drawn from studies of undisturbed prai-
rie soils and cultivated soils (Ernest et al., 2023).

When investigating 370 soil microsystems in
China and Germany, researchers found that cer-
tain soil functions under conditions of high bio-
diversity did not differ substantially from those
under low biodiversity, exposed to multiple
global change factors. This suggests that under
multicomponent contamination, the ability of
biodiversity to support ecosystem functions can
be suppressed or eliminated (Yang et al., 2022).

Investigations of soils in China also demon-
strated that soil organic matter availability is the
most important factor influencing bacterial diver-
sity — from tropical to cold-temperate forests —
as measured by OTU richness (Tian et al., 2018).

Conclusions. The complex technogenic pres-
sure in the impact zone of the Perechyn Timber
Chemical Plant and associated transportation
infrastructure leads to a profound restructuring
of the soil bacterial community, accompanied
by increased alpha diversity indices (Shannon,
Chaol) compared to the conditional control.
The most pronounced indicator of this transfor-
mation is the sharp decline in sensitive indicator
taxa, particularly the Verrucomicrobiota phylum
(28—35-fold) and the Candidatus Udaeobacter
genus, alongside an adaptive increase in the
abundances of resilient taxa such as Actinomyce-
tota and Thermoproteota.

These results suggest that specific chemical
contamination and high availability of organic
substrates promote the formation of a microbi-
ome characterized by high richness but altered
functional potential. Further investigations of
correlations between the soil microbial composi-
tion and physicochemical properties, including
organic pollutants and heavy metal content, are
necessary to fully elucidate the mechanisms of
microbial adaptation to multicomponent stress.
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MOJIEKYJISIPHO-TEHETMYHA XAPAKTEPVCTVKA (16S p-PHK) MIKPOBIOMY IPYHTIB
Y 3OHAX BIUIMBY TEXHOTEHHOT'O HABAHTAXEHHA

16S pIHK pie siK reHeTHYHUIT BiTOUTOK-IHAUKATOP, [OIOMAraloyy BUeH!M KIacugiKyBaT Ta BifCTeXXyBaTI €BO-
Moo 6akrepiit. CyyacHi iHCTpyMeHTH IBUIKOTO CeKBeHyBaHHs, Taki Ak Illumina, BuKopyucTOBYIOTD BifMiHHOCTI
B [TOC/TiJOBHOCTX (Bapialil) 11bOro TeHa s MBUAKOI ifeHTIdIKaLil BciX BUAIB 6aKTepilt y 3pasKy HaBKOMUIIHbO-
IO CepefiOBIIIIA, IO POOUTD Iie BXK/IMBUM CIIOCOOOM BUBYEHH: MiKpOOHUX CITITBHOT. MeTOX0 1[bOTO TOCIiKEHH
Oy710 BUSHAUNUTH TaKCOHOMIYHUII CK/IajJ, MiKpOOHUX yrpylOBaHb IPYHTIB 3a JOIIOMOTOI0 METareHOMHOTO aHali3y
IS OLIHKM BIUIMBY JIiCOXiMiYHOTO BUPOOHMUIITBA Ta TPAHCIIOPTHOL iHPPacTPYKTYypy B HOPIiBHAHHI 3 KOHTPOJIBHOIO
mingakoo. Metopu. I Tpbox BapiaHTIiB Ipo6 (KOHTpPOJIb, 30HA BIUIMBY JTiCOXiMi9YHOrO KOMOiHATy Ta 30Ha IOEN-
HaHOTO TeXHOIeHHOTI0 HaBaHTA)KeHH:) IIPOBeJieHO CeKBeHYBaHHA aMIUTIKOHHUX 6i6mioTek rena 16S pPHK Ha mat-
¢dopwmi [llumina 3 moganpumm b6ioindopmaritanm anamisom. PesynpraTn. Binpuricts mocmifoBHOCTEN MeTareHo-
MiB I'PyHTOBMX IPOKapioTiB iffeHTHdiKOBaHO sIK OakTepil (95—98%), Toxi sik 1—4 % — sk apxei. Y focmimKyBaHux
MeTareHOMax IlepeBakKamy IOCTIZOBHOCTI, ifeHTHdikoBaHi sk Actinomycetota, Pseudomonadota ta Chloroflexota,
1[0 CTAHOBWIM 65—77 % Biff 3araIbHOI KiIbKOCTI 6aKTepiil. Y 'PYHTI B 30Hi aHTPOIIOT€HHOTO BIUIMBY JOMiHYBaIN
Actinomycetota (35.4 % ta 47.2% OTU npotn 33.5% OTU B kouTponi), Chloroflexota (6.9% ta 12.6% OTU npotn
4.2% B xouTponi) Ta Thermoproteota (3.4% ta 4.1% OTU nmpotu 1.8% B xouTponi). Kinpkicts OTUs, inenTniko-
BaHUX fAK Verrucomicrobiota, 3MeHIIyBaIacs B X IPyHTaxX y 28—35 pasiB OPiBHAHO 3 KOHTpoJieM. BucHoBku. Y
I'PYHTaX, IO TTepe6yBatoTh ITifl BIVIMBOM JIiCOXiMiTHOTO KOMOiHATY Ta 3a/li3HNYHVX NIIAXiB, CIOCTEPIiralOThCsA CyT-
TEBI 3MiHM y CHIiBBiHOIIEHH] OKPeMUX TAKCOHOMIYHIUX TPyH OaKTepioMy. BcTaHOBIEHO TeHAEHIII O MiIBUIIeHHS
6aKTepiaTbHOTO PiSHOMAHITTS IOPIBHSAHO 3 KOHTPOJIEM, 110 MOTpebye IPOBeleHHs AOAATKOBUX AOCTI/KEHDb Ta
BCTAHOBJIEHHS KOPEALIN MDK OTpUMaHUMMU JaHUMM Ta Qi3MKO-XIMIYHUMIM BIACTUBOCTSMM IPYHTIB.

Kntouoei cnosa: spynmosuii memazenom, mikpoenemenmu, cmadii cykuyecii, MiKpoopeanizmu, gopmysarHs mikpo-
6ioyero3sy, cexsernysanna 16S pPHK.
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INFLUENCE OF PRIESTIA MEGATERIUM 035
CULTURE PARAMETERS ON KERATINASE SYNTHESIS

The accumulation of a huge amount of keratin waste as by-products of poultry and livestock farming has become a
global problem today. This problem can be solved by using keratinolytic enzymes that are able to break down poorly
soluble keratin proteins, thereby reducing the negative anthropogenic effect on the environment. The aim of this work
was to investigate the effect of various parameters and cultivation conditions on keratinase synthesis by Priestia mega-
terium 035 culture. Methods. P. megaterium 035 culture was grown under submerged cultivation conditions in 750
mL Erlenmeyer flasks at a temperature of 28 °C on a basic nutrient medium containing defatted chicken feathers as
the only source of carbon and nitrogen for 3—5 days. The study of the influence of various parameters and cultivation
conditions on keratinase synthesis by P. megaterium 035 culture was carried out according to the following criteria: the
use of different carbon and nitrogen sources, substrate concentrations, cultivation temperatures, shaker rotation speed,
volume of the nutrient medium, and initial pH values. Protein was determined by the Lowry method, keratinase activ-
ity was estimated by light absorption by hydrolysis products of keratin-containing materials in the ultraviolet part of
the spectrum. Results. The study of the effect of additional carbon sources on keratinase activity of P. megaterium 035
showed that its highest level was observed on a medium with maltose; slightly lower results were obtained on a medium
with galactose. The addition of glucose inhibited the synthesis of keratinase P. megaterium 035. The introduction of ad-
ditional nitrogen sources into the nutrient medium showed that the use of bactotryptone and soybean flour increased the
synthesis of keratinase P. megaterium 035 by 1.6 and 1.25 times, respectively. Complete inhibition of enzyme synthesis
was observed when inorganic nitrogen sources (ammonium nitrate and sulfate) were added. The study of the influence
of some physicochemical parameters on the keratinase activity of P. megaterium 035 showed that the maximum value
of enzymatic activity was observed at pH 10.0, temperature 40 °C, stirring intensity 200 rpm, nutrient medium volume
50 mL, substrate concentration 0.75 g/L, and inoculum amount 15%. Conclusions. Selection of optimal conditions and
cultivation parameters made it possible to increase the keratinase activity of P. megaterium 035 by twice compared to the
original medium and significantly reduce the time of feather splitting from three to one and a half days.
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The problem of recycling solid keratin waste
(feathers, wool, hair, bristles, hooves, horns)
from agricultural complexes has become criti-
cal. Annually, 10 million tons of keratin are pro-
duced in the world, of which about 8.5 million
tons come from feather waste (Ishaq, Zhang, He,
Xiong, & Chen, 2024). This waste mainly con-
sists of keratin protein, which is a prominent
representative of insoluble fibrillar proteins syn-
thesized in epidermal cells (Gahatraj et al., 2023).
Depending on the secondary structure of the
protein, keratins are divided into a- (character-
ized by a high content of cysteine and disulfide
bonds, packed in the form of an a-helix and are
part of nails, hair, wool, hooves, horns of mam-
mals) and p-type (have the form of several zigzag
polypeptide chains (B-sheets), a smaller amount
of cysteine and are part of feathers, claws, bird
beaks, arthropod exoskeleton, porcupine quills,
reptile scales) (Ishaq et al., 2024). Due to their
complex structure, keratins are characterized by
high durability, stability, and resistance to hydro-
lysis by common proteolytic enzymes (Gahatraj
et al., 2023; Moktip et al., 2025).

Traditionally, keratin waste is disposed of in
landfills, incinerated, or converted into animal
feed through physical and chemical treatment
(Ishaq et al., 2024; Mehra et al., 2022). Careless
handling of this waste can cause environmental
pollution and pose a serious threat to human and
animal health (Ajeet Choudhary & Renu Jangid,
2023). The poultry market in Ukraine remained
one of the key segments of the agro-industrial
complex in 2025, and its meat continues to be the
most popular. Its production is supported not only
by domestic demand but also by exports. Thus,
in 2024, Ukraine exported 448.8 thousand tons
of meat and edible poultry by-products, which
is 5.7% more than in the previous year. Accord-
ing to the State Statistics Service, in 2023, poultry
meat production in Ukraine amounted to about
1.5 million tons (Bublyk, 2025). Considering that
feathers make up 5—7% of the carcass poultry
weight (Bumbra, Khosla, & Behl, 2022; Surti &
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Taral, 2024), the annual volume of this waste can
reach 75-105 thousand tons. That is, the amount
of poultry waste is growing every year.

To solve this issue, microorganisms that are
able to break down keratin waste by synthesizing
specific and unique enzymes, keratinases, can be
used. These enzymes belong to the group of pro-
teolytic enzymes, which are mainly extracellular
enzymes that are able to decompose the strong
structure of keratin with the formation of a com-
plex of peptides and amino acids (Mehra et al.,
2022; Moktip et al., 2025). For the use of enzymes,
not only the presence of an active producer is
important but also the selection of optimal con-
ditions for its cultivation in order to increase the
level of enzyme synthesis. Therefore, the aim of
the work was to select optimal conditions and cul-
tivation parameters to intensify the level of kera-
tinase synthesis by the P. megaterium 035 culture.

Materials and Methods. The object of the
study was the strain Priestia megaterium 035, iso-
lated from the bottom sediments of the Black Sea.

A basic liquid nutrient medium, the compo-
sition of which was given by us earlier, was used
for deep culture cultivation of P. megaterium 035
(Avdiyuk, Varbanets, Shtenikov, & Ivanytsia, 2025).

The culture was grown in 750 mL Erlenmeyer
flasks with 100 ml of medium at a temperature of
28 °C and a shaker rotation speed of 200 rpm for
3—5 days; the amount of inoculum added was
5% of the total volume. The culture liquid was
centrifuged for 10 min at 5000 g. The resulting
supernatant of the culture liquid was used to de-
termine keratinase activity and protein level.

Keratinase activity (KerA) (Nickerson, Noval,
& Robison, 1963) was determined by the absor-
bance at 280 nm of the hydrolysis products of
the keratin-containing raw material. The reac-
tion mixture, consisting of 10 mg of ground de-
fatted feathers, 2.5 mL of 0.05 M boron-borate
buffer (pH 9.0), and 1 mL of culture liquid, was
incubated at 37 °C for 3 hours, after which it was
filtered. Two controls were used to determine
KerA: (1) 10 mg of ground defatted feathers,
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2.5 mL of 0.05 M boron-borate bufter (pH 9.0),
and 1 mL of distilled water; (2) 2.5 mL of 0.05 M
boron-borate buffer (pH 9.0) and 1 mL of culture
fluid. The sum of the values of the two controls
was subtracted from the values obtained when
measuring the optical density of the filtrates at
A,q,- The amount of enzyme that causes an in-
crease in absorbance by 0.01 for 3 hours of incu-
bation was taken as a unit of keratinase activity
(1 U/mL =0.01).

Protein content was determined by the Lowry
method using bovine serum albumin as a stan-
dard (Lowry, Rosebrough, Faar, & Randal, 1951).

The substances such as insoluble potato
starch, lactose, glucose, sucrose, galactose, malt-
ose, mannitol, and soybean meal were used in
0.1% concentration as additional carbon sources
in the media. The 0.1% organic nitrogen sources
such as peptone, yeast extract, bactotryptone,
and soybean meal, as well as 0.1% inorganic ni-
trogen sources NH,NO, and NH,SO, were used
as additives to the media.

Chicken feathers (0.25, 0.5, 0.75, 1.0, 1.5 g/L)
were used as the main nutrient source for the
production of keratinase.

To determine the suitable temperature for
keratinase production, the culture media were
incubated at 18 to 40 °C (18, 28, and 40 °C), and
to determine the optimum pH for keratinase
production, experiments were carried out at pH
from 4.0 to 11.0 (4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0,
and 11.0) separately. The pH was adjusted by us-
ing 0.1 N HCI or 0.1 N NaOH. The cultivation
was carried out with 5% inoculums at 28 °C for
72—96 h at 200 rpm. The pH and volume of the
media were 7.0 and 100 mL, respectively.

Different medium volumes (50, 75, 100, 150)
and inoculum volumes (1, 2, 5, 10, 15, 20%) in
media were used to determine the appropriate
optimum volumes required for maximum pro-
duction of the enzyme.

The speed of the shaker rotation for keratinase
production P. megaterium 035 was at 176 or 200
rpm. The duration of cultivation was 72—96 h.
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All experiments were performed in at least
3—>5 replications. Statistical processing of the re-
sults of the experimental series was carried out by
standard methods using Student’s t-test at the 5%
significance level. The results, presented graphi-
cally, were drawn up using Microsoft Excel 2016.

Results. It is known that most keratinases are
extracellular enzymes, the synthesis of which is
stimulated in the presence of keratin-containing
substrates (Bhari, Kaur, & Singh, 2021; da Giop-
po et al., 2009; Mehra et al,, 2022; Zhang et al,,
2022). The introduction of additional carbon
and nitrogen sources can also positively affect
the production of keratinases by the producer
culture (Dansoko, 2024; Ishaq et al., 2024). For
the cultivation and synthesis of keratinase P
megaterium 035, a nutrient medium with chick-
en feathers as the main source of carbon and ni-
trogen was used as the base, to which additional
components were added at a concentration of
0.1% (Fig. 1). Insoluble potato starch, lactose,
glucose, sucrose, galactose, maltose and manni-
tol were added to the base nutrient medium as
an additional source of carbon. Peptone, yeast
extract, bactotryptone and soybean meal were
used as additional nitrogen sources, as well as
0.1% NH,NO, ta NH,SO,. One of the indica-
tors that reflect the ability of the culture to break
down chicken feathers, in addition to the level of
keratinase activity, is the concentration of pro-
tein in the culture liquid. The values of these two
indicators are most often correlated with each
other. That is, an increase in keratinase activity
usually corresponds to an increase in the level of
protein in the culture liquid. It was shown that
the highest level of keratinase activity and pro-
tein was observed when growing P. megaterium
035 on a medium with maltose (12.5 U mL),
slightly lower results were obtained on a medi-
um with galactose (11 U/mL) as additional car-
bon sources (Fig. 1). The introduction of glucose
into the nutrient medium caused a decrease in
the synthesis of keratinase P. megaterium 035
compared to the control. Similar results were
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Fig. 1. Influence of carbon and nitrogen sources on keratinase activity of P. megate-
rium 035. Note: control — keratinase activity of P. megaterium 035 when grown on a
basic nutrient medium. The control value was taken as 100%

obtained for some other keratinases (Ningthou-
jam et al., 2016; Parashar, Bhatia, & Malik, 2017;
Zhang et al., 2022).

As for additional nitrogen sources, the best
results were obtained when using bactotryptone
and soybean meal, which increased the synthesis
of P. megaterium 035 keratinase by 1.6 and 1.25
times, respectively (Fig. 1). It is known that soy-
bean meal acts as a source of both carbon and ni-
trogen. Complete inhibition of P. megaterium 035
keratinase synthesis was observed when inorgan-
ic nitrogen sources were added. Similar data were
obtained by the authors (da Gioppo et al., 2009;
Sivakumar, Shankar, Vijayabaskar, & Ramasubra-
manian, 2012). In the case of Bacillus subtilis S1
keratinase, inhibition of synthesis was observed in
the presence of ammonium sulfate (Singh, Masih,
Jeyakumar, Lawrence, & Ramteke, 2017).

The initial pH of the culture medium is a crit-
ical factor affecting enzyme synthesis. The stud-
ies were conducted in the pH range from 4.0 to
11.0. It was shown that the intensity of kerati-
nase synthesis of P. megaterium 035 increased
with increasing pH of the culture medium,
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reaching a maximum at pH 10.0, which indi-
cates the alkaline nature of keratinase (Fig. 2).
The minimum level of activity was observed at
pH 6.0, and at pH 4.0 and 5.0, culture growth
was completely absent.

The volume of the culture medium also affects
the level of keratinase activity. Most researchers
use 100 mL of culture medium (Sivakumar et al.,
2012). In our case, the highest level of keratinase
activity was obtained when growing P. megate-
rium 035 in 50 mL of culture medium (Fig. 3).

The cultivation temperature is a key factor in
enzyme production. Maximum enzyme synthe-
sis is achieved at the optimal temperature due to
rapid metabolic activity, which leads to a surge
in extracellular enzyme production and protein
levels in the culture liquid. Studies of the effect
of temperature on keratinase activity of P. mega-
terium 035 showed that its highest level was de-
tected at 40 °C (Fig. 4).

The study of the influence of the intensity
of mixing and the amount of inoculum on the
keratinase activity of P. megaterium 035 showed
that the maximum value of the enzymatic activ-

ISSN 1028-0987. Microbiological Journal. 2026. (2)



Influence of Priestia megaterium 035 Culture Parameters on Keratinase Synthesis

120
O KerA

100 |

®©
(e}
T

(o)}
(e}
T

W~
S
T

Keratinase activity, %

[\®)
o
T

7

10 11

pH

Fig. 2. Influence of the pH of the nutrient medium on the synthesis of keratinase by the

culture of P. megaterium 035

120
L T
100 +
x
= 80¢ 1 :
= T
3
S 601
3
g =
S 40f
(]
¥
201
0
50 75 100 150

Volume of medium, ml

Fig. 3. Influence of medium volume on keratinase activity of P. megaterium 035

ity was observed at 200 rpm (Fig. 4). The study
of different concentrations of inoculum showed
that 15% is optimal (Fig. 5). When using both
lower and higher concentrations, a decrease in
the level of keratinase activity of P. megateri-
um 035 was observed (Fig. 5).

An important parameter affecting enzyme
synthesis is the substrate concentration. The
basal medium we used contained 0.5% white de-
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fatted chicken feathers. Increasing its concentra-
tion to 0.75% led to an increase in the level of
keratinase activity of P. megaterium 035 (Fig. 6).
Further increase in the feather concentration to
1.0—1.5% or its decrease to 0.25% led to a de-
crease in keratinase activity.

The final stage of our work was to combine all
of the above-mentioned optimal parameters and
cultivation conditions in a single experiment.
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Fig. 5. Influence of the amount of inoculum on the keratinase activity of P. megaterium 035

It was shown that the sntroduction of addi-
tional carbon and nitrogen sources in the form
of 0.05% maltose and 0.05% bactotryptone con-
tributed to an increase in the level of keratinase
activity of P. megaterium 035 and protein by 2
and 5 times, respectively, compared with the
original medium (Fig. 7). Complete decompo-
sition of feathers on the optimized medium oc-
curred after one and a half days. An experiment
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with further increase in the concentration of
additional carbon and nitrogen sources caused
a decrease in the level of keratinase activity of
P. megaterium 035.

Discussion. As a result of previously conduct-
ed studies (Avdiyuk et al., 2025), an active kerati-
nase producer was selected, first described by us
as P. megaterium 035. The culture, when grown
on a basic nutrient medium with the addition
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Fig. 7. Influence of the composition of different nutrient media on the keratinase activ-
ity of P megaterium 035. Notes: 1 — nutrient media with maltose and bactotrypton

of chicken feathers as the only source of carbon
and nitrogen, showed high efficiency of cleavage
of this substrate. An important factor affecting
the synthesis of enzymes is composition of the
nutrient medium. This parameter and its physi-
cochemical characteristics must correspond the
physiological needs of the culture being grown.
The greatest biogenic value for any living organ-
ism is played by carbon, which is a part of all or-
ganic molecules formed in the cell. That is why
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carbon sources occupy a major place among the
components of nutrient media. The most com-
mon carbon sources that are used to enhance the
production of keratinases are sucrose, glucose,
lactose, and maltose (da Gioppo et al., 2009;
Ishaq et al, 2024). Our studies showed that
maltose was the best among all the additional
carbon sources tested. The addition of maltose
to the culture medium contributed to the high-
est keratinase yield in the case of Bacillus cereus
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N14 (Chauhan & Devi, 2020), Bacillus sp. CSK2
(Nnolim & Nwodo, 2020), and B. tropicum (Shen
et al., 2022). However, sometimes, as in the case
of B. olironius (Parashar et al., 2017), B. subtilis
S1 (Singh et al., 2017), Bacillus sp. AM251 (Surti
& Taral, 2024), the introduction of additional
carbon sources can cause the inhibition of kera-
tinase synthesis.

Nitrogen nutrition also plays an important
role in the life of microorganisms, since nitrogen
is a component of many cellular components. Ni-
trogen-containing substances of both inorganic
and organic origin can be the sources of nitro-
gen nutrition for enzyme producers. Sources of
mineral nitrogen are most often ammonium and
nitric acid salts (Surti & Taral, 2024). Soybean
flour, yeast extract, and peptone are most often
used as organic sources of nitrogen (da Gioppo
et al., 2009; Parashar et al., 2017; Sivakumar et
al., 2012). It is known that soy flour is obtained
by grinding soybeans, as well as soybean cake
and meal, which are formed after the extraction
of soybean oil. Of the main components of soy
flour, nitrogen-containing substances are of par-
ticular importance for fermentation processes.
The nitrogen of soybean meal is mainly found
in proteins, which account for 40.5%. In addi-
tion to proteins, soybean meal contains carbohy-
drates — up to 25%; organic acids — 1.5%; ash —
4.5—6.5% (Horbatenko & Yulevych, 2020).

The highest level of keratinase activity of P.
megaterium 035 was obtained with the addition
of bactotryptone and soybean meal to the nutri-
ent medium. Inorganic nitrogen sources (am-
monium nitrate and ammonium sulfate) caused
complete inhibition of keratinase synthesis in P
megaterium 035. In the studies of da Gioppo et
al. (2009) and Zhang et al. (2022), the synthe-
sis of keratinases Myrothecium verrucaria and
B. cereus YQ15 was also reduced in the presence
of inorganic nitrogen sources. In the case of B.
thuringiensis TS2, the addition of ammonium
nitrate to the nutrient medium caused the syn-
thesis of keratinase with the lowest activity (Siv-
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akumar et al.,, 2012). Although the application of
ammonium nitrate and ammonium sulfate had a
positive effect on the synthesis of keratinases by
Bacillus, Aspergillus, and Pseudomonas aerugino-
sa (Balakumar, Mahesh, Arunkumar, Sivakumar,
& Hemambujavalli, 2013; Venkata Naga Raju &
Divakar, 2013). As in our studies, the inducing
effect of soybean flour on keratinase synthesis
was noted in Bacillus sp. and B. cereus YQ15 (Je-
evana Lakshmi, Kumari Chitturi, & Lakshmi,
2013; Zhang et al., 2022). Although a number
of authors (Chauhan & Devi, 2020; Devi et al.,
2022; Ningthoujam et al., 2016; Parashar et al.,
2017; Venkata Naga Raju & Divakar, 2013) note
that more often the positive effect on keratinase
synthesis by producer cultures is the additional
introduction of yeast extract or peptone (Jadhav
et al.,, 2021; Sivakumar et al., 2012).

For the growth of microorganisms, in addi-
tion to the composition of the nutrient medium,
physicochemical parameters are very important.
The acidity of the medium is an essential fac-
tor, the value of which for the development of
different microorganisms can vary significantly
(pH from 3.5 to 9.0). Most microorganisms de-
velop in a neutral (Saravanan, Vijayaveeran, &
Kathirvel, 2024; Singh et al., 2017; Venkata Naga
Raju, & Divakar, 2013) or slightly alkaline envi-
ronment (Khan et al., 2024; Parashar et al., 2017),
since at high pH the metabolic activity of some
cultures can be suppressed, thereby causing in-
hibition of enzyme synthesis. However, there are
exceptions. Thus, the studied culture of P. mega-
terium 035 showed the highest level of keratin-
ase activity at an initial pH value of the nutrient
medium of 10.0. Similar results were obtained
for B. thuringiensis TS2 (Sivakumar et al., 2012)
and B. cereus YQ15 (Zhang et al., 2022), and cul-
tures of Bacillus sp. DRS4 (Admasie, Biadglegne,
& Abda, 2024) and B. halotolerans L2EN1 (Devi
et al., 2022) showed the highest level of activity
even at pH 11.0.

Maintaining a certain level of the culture tem-
perature is a necessary condition for an optimal
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fermentation process. The optimal cultivation
temperature of most producers for the maximum
keratinase synthesis ranges from 30—40 °C, al-
though sometimes this process occurs at lower
or higher temperatures. Thus, Bacillus sp. FPF-
1 produces the highest level of keratinase at a
temperature of 25 °C (Nnolim, Okoh, & Nwodo,
2020), B. halotolerans — at a temperature of 45
°C (Devi etal., 2022), and B. thuringiensis TS2 —
at 50 °C (Sivakumar et al.,, 2012). The culture of
P. megaterium 035 we studied showed the high-
est keratinase activity at 40 °C, as did the cultures
of P. aeruginosa (Venkata Naga Raju & Divakar,
2013), B. subtilis S1 (Singh et al., 2017), and
Streptomyces coelicoflavus (Jadhav et al., 2021).
Interestingly, sometimes the same microorgan-
ism is able to synthesize proteolytic enzymes
with different substrate specificity at different
temperatures. Thus, the authors (Gudzenko,
Varbanets, & Ivanytsia, 2025) showed that the
culture of B. atrophaeus synthesized elastase and
collagenase with maximum activity at 28 °C, and
fibrinogenase — at 12 °C.

An important parameter in the cultivation of
microorganisms is also the intensity of mixing
of the nutrient medium. After all, it promotes
the uniform distribution of nutrients between
cells, facilitates heat exchange, promotes uniform
oxygen transfer, which is a prerequisite for high
biomass production, which, in turn, enhances
enzyme synthesis (Bhari et al, 2021). The P
megaterium 035 culture we studied showed the
highest keratinase activity at 200 rpm mixing of
the medium. Similar results were obtained in the
case of keratinase B. licheniformis RPk (Fakh-
fakh, Kanoun, Manni, & Nasri, 2009), B. subtilis
CSK2 (Nnolim & Nwodo, 2020), and Bacillus sp.
AM251 (Surti & Taral, 2024). Although for some
keratinase producers, a lower mixing speed of
125 rpm (Admasie et al., 2024) or 150 rpm (Nno-
lim et al., 2020; Singh et al., 2017) is optimal.

The amount of inoculum can significantly af-
fect the level of enzyme production. In our stud-
ies, the best result was achieved at an inoculum
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concentration of 15%. Further increase in the
amount of inoculum led to a decrease in the
level of keratinase activity. This is because the
introduction of inoculum at high concentra-
tions causes the accumulation of a high amount
of biomass, which can quickly deplete the nutri-
ents of the culture medium necessary for growth
and metabolite synthesis. Similar results were
obtained in the case of B. halotolerans (Devi et
al., 2022) and B. cereus N14 (Chauhan & Devi,
2020), the optimal amount of inoculum for
which was 12.5%. For many keratinase produc-
ers, this figure is at a lower level: 0.5% — for B.
cereus YQ15 (Zhang et al., 2022); 3% — for S. co-
elicoflavus (Jadhav et al., 2021), Bacillus sp. DRS4
(Admasie et al., 2024); 4% — for B. thuringiensis
TS2 (Sivakumar et al., 2012); 5% — for B. oliro-
nius (Parashar et al., 2017), B. velezensis (Sarava-
nan et al., 2024), and B. subtilis S1 (Singh et al.,
2017); 7.5% — for Bacillus sp. AM251 (Surti &
Taral, 2024).

The optimal concentration of feathers for ker-
atinase production, which is used as the main
source of carbon and nitrogen, as well as an in-
ducer of the synthesis of this enzyme, depends
not only on the properties of the specific microor-
ganism, but also on the fermentation conditions.
Usually, a 1% concentration of feathers provides
the highest keratinase activity, as in the case of
B. licheniformis ALW1 (Abdel-Fattah, El-Gamal,
Ismail, Emran, & Hashem, 2018), B. subtilis S1
(Singh et al., 2017), S. coelicoflavus (Jadhav et al.,
2021). It is known (Khan et al., 2024) that exces-
sively high concentrations of feathers can lead to
inhibition of keratinase production. In our stud-
ies, 0.75% feather concentration was optimal for
P. megaterium 035 keratinase synthesis. Similar
results were obtained for B. licheniformis RPk
keratinases (Fakhfakh et al., 2009) and B. subtilis
CSK2 keratinases (Nnolim & Nwodo, 2020). For
Bacillus sp FPF-1 culture, 0.5% concentration
was optimal (Nnolim et al., 2020).

Thus, the study of the influence of the com-
ponents of the nutrient medium and cultivation
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parameters showed that the best for the growth
and synthesis of keratinase P. megaterium 035
were: 0.05% maltose and bactotryptone in com-
bination with 0.75% chicken feathers, initial pH
value 10.0, nutrient medium volume 50 mL,
stirring speed 200 rpm, cultivation temperature
40 °C and inoculum concentration 15%, which
made it possible to increase the keratinase ac-
tivity of P. megaterium 035 twice compared to

the initial medium. In addition, we managed to
reduce the time of feather cleavage by 2 times.
Keratinase P. megaterium 035 may be promising
for further studies of the possibility of its use for
the cleavage of keratin wastes, the accumulation
of which in the surrounding environment con-
tributes to pollution.
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BIUIVB ITAPAMETPIB KYJIbTUBYBAHHA P
RIESTIA MEGATERIUM 035 HA CMIHTE3 KEPATVHA3U

HakormdaeHHst Bemde3HOI KiIBKOCTI KePATMHOBKX BiffXOIB SIK MOOIYHMX IIPOAYKTIB AiS/IBHOCTI MTaxiBHUITBA i
TBAPMHHNITBA CTA/IO [I06ATBHOI0 IIPO6/IEMOI0 ChbOTOfEHHs. BUpIINTH jaHe MUTAHHSA MOXKHA 33 PaXYHOK BUKO-
PUCTaHHA KePaTUHOMITUYHNUX (PepMeHTIB, 110 3[jaTHI POSIEIUIIOBATH BAXKOPO3UMHHI OIIKM KepaTHHY, 3MEHIIIY-
104M TUM CAMUM HeTaTVBHUI aHTPOIIOT€HHUIT BIUIMB Ha OTOUylode cepenoBuile. MeTolo gaHoi po6oTu 6yro fo-
CIIZUTY BIUIMB Pi3HMX ITapaMeTpiB i yMOB Ky/JIbTUBYBaHH:A Ha CMHTE3 KepaTuHa3y Ky/lIbTypolo Priestia megaterium
035. Metopu. Kynerypy P. megaterium 035 BUpoOLLyBaIy B yMOBaxX IIMOMHHOTO KY/IbTUBYBaHHA y 750 My Konbax
Eprenmeiiepa 3a temueparypu 28 °C Ha 6a30BOMY XXVBWIBHOMY CepefOBUII, 110 MICTUIO 3HEXUpPeHe Kypsde
Iip’s AK €IVHe JPKepesio BYIIelo i a3ory, nmporaroM 3—>5 1i6. locmimKeHHA BIUIMBY pi3HUX HapaMeTpiB i yMoB
Ky/IbTUBYBAaHHA Ha CHMHTE3 KepaTUHasU KynpTyporw P. megaterium 035 MpoBOAVIN 32 TaKMMM KPUTEPiAMM: BI-
KOPUCTAHHs PiSHMX /PKepesT BYITIELIO Ta a30TY, KOHIEHTPALill CyOCcTpaTy, TeMIepaTyp Ky/IbTUBYBAHHS, IBULKO-
cTelt 06epTaHHs Ka4ajKit, 00’ €MiB KUBUIBHOTO CEpPefOBMINA Ta BUXiAHNUX 3Ha1eHb pH. Bi/lok BusHavanm MeTomom
Jloypi, KepaTuHa3Hy aKTMBHICTb OLIiHIOBA/IN 3a IIOIVIVHAHHAM CBiT/Ia IPOJyKTAaMI Tifip0Jli3y KEpaTMHOBMICHUX Ma-
TepianiB B ynbrpadioneTosiit vacTuHi cuektpa. PesynbraTi. [JoCmipKeHHs BIVIMBY JORATKOBMX XKepesl BYI/IEL0
Ha KepaTuHa3Hy aKTUBHIcTb P. megaterium 035 mokasaro, 1110 HaliBUILMII ii piBeHb CIIOCTEPIraBCsA Ha CepefloBUILi
3 MaJIbTO3010, TPOXY HIDKYI pesynbraTy OyIy OTPYMaHi Ha CepefoBMILI 3 Ta/laKTO3010. [lofaBaHHA IIIOKO3Y IIpU-
THiYyBaso cMHTe3 KepaTuHasu P. megaterium 035. BHeCeHH:A [OTATKOBUX IPKEPEN a30TY [0 CKIay )KUBUIBHOTO Ce-
PeLoBMIIA [TOKA3aJI0, III0 BUKOPUCTAHHA OAaKTOTPUIITOHY i COEBOro GOPOIIHA MiIBUIyBa/IN CHTe3 KepaTuHasu P
megaterium 035 B 1.6 1 1.25 pasu, BifnosinHo. [ToBHe iHribyBaHHs CHHTE3y (epMEHTY CIIOCTEpiraiy Ipu fOfABAHHI
HeOpraHiYHUX JpKepen a3oTy (HiTpary Ta cyabdaTy aMoHio). BuBdeHHs BIUIUBY Aeskux ¢isnko-XiMiyHMX Hapa-
MeTpiB Ha KepaTMHA3HY aKTUBHICTb P megaterium 035 mokasaso, 1[0 MaKCUManbHe 3HaYeHHs (epMeHTaTUBHOI
akTMBHOCTI cnoctepiramocs mpu pH 10.0, temneparypi 40 °C, iHTeHCMBHOCTI IepeminryBanus 200 06/xB, 06’emi
JKVMBIJIBHOTO cepenoBuina 50 MiI, KOHI[eHTpallil cybcTpary 0.75 r/1 Ta KinbkocTi iHOKymomy 15%. Bucnosxku. ITin-
6ip ONTMMaJIbHMX YMOB i MapaMeTpiB Ky/IbTMBYBaHHA JjaB 3MOTY BJIBiYi MiBMINMTH KepPaTVHA3HY aKTUBHICTb P.
megaterium 035 NOPIBHAHO 3 BUXITHUM CepefOBUIIEM Ta iCTOTHO CKOPOTUTY Yac pO3LIeIVICHHA Iip’s Bifj Tpbox
1i6 o miBTOPM TOOM.

Kniouosi cnosa: Priestia megaterium, kepamunasa, napamempu Kynivmusy8aHHs.
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EFFECTIVENESS OF PHYSICAL
AND CHEMICAL METHODS FOR ANTIFUNGAL
PROTECTION OF PAPER

Paper-based materials, particularly those of historical, cultural, or scientific value, are highly susceptible to damage caused
by microscopic fungi. Micromycetes are capable of inducing both physical destruction of cellulose fibers and chemical
degradation through the production of secondary metabolites, including organic acids and pigments. Fungal growth on
archival documents and library collections not only results in the loss of informational value but also poses health risks
to humans. Therefore, the search for effective antifungal treatments that combine strong biocidal activity with safety for
both users and the material substrate remains an urgent task. This study aimed to compare the effectiveness of physical
(freezing, freezing followed by drying) and chemical methods (the commercial preparation Valeus D and newly-synthe-
sized compositions of guanidinium-containing oligomers) for the antifungal treatment of different paper types (printing,
newsprint, and rag paper) under conditions of high humidity and inoculation with fungal spores. Methods. Ten strains of
micromycetes — Alternaria alternata, Acremonium strictum, Aspergillus flavus, A. niger, Chaetomium globosum, Clado-
sporium cladosporioides, C. sphaerospermum, Fusarium moniliforme, F. poae, and Trichoderma viride — were used to
model biodeterioration. Fungal resistance was assessed according to DSTU IEC 60068-2-10:2015 (IEC 60068-2-10:2005,
IDT) using a five-point infection scale, with visual and microscopic examinations on the 14th and 28th days of exposure.
Results. Among the physical methods, the combination of freezing with drying showed the highest effectiveness, particu-
larly for newsprint paper. Chemical treatment demonstrated significantly higher resistance to fungal growth, with compo-
sition No. 4 (aromatic guanidinium-containing oligomer with branched oligotrimethyl iodide) markedly outperforming
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the commercial product Valeus D. However, in most cases, fungal growth resumed by the 14th day, indicating a lack of
prolonged fungicidal effect. Even in the absence of spore inoculation, the development of background mycobiota (Clado-
sporium cladosporioides, C. sphaerospermum, Aspergillus flavus, Trichoderma spp., Penicillium spp.) was observed, con-
firming the high risk of natural contamination during storage under elevated humidity. Conclusions. Newly synthesized
guanidinium-containing oligomers, particularly the composition of an aromatic guanidinium-containing oligomer with
branched oligotrimethyl iodide, are promising agents for antifungal treatment of paper materials. In particular, the use of
physical preservation methods may prove valuable in emergencies, when large collections of documents have been exces-
sively moistened, as it can prevent their rapid colonization by micromycetes. The optimal approach involves combining
physical and chemical methods, which produces a more pronounced inhibitory effect on micromycete growth. These find-

ings can be applied in developing preservation protocols for archival and library collections.

Keywords: antifungal treatment, paper, micromycetes, guanidinium-containing oligomers, fungal resistance.

In the modern world, the problem of protecting
materials from damage caused by micromycetes
is extremely urgent. This issue concerns not only
archival collections, library holdings, and museum
exhibits but also industrial and domestic sectors,
where paper products are widely used. Conse-
quently, considerable attention is directed toward
the search for new, effective methods of biodete-
rioration control. Paper-based products, particu-
larly those of historical or cultural value, are highly
vulnerable to a variety of biological agents, includ-
ing bacteria, fungi, and other microorganisms.

Microscopic fungi such as Aspergillus, Penicil-
lium, Cladosporium, Chaetomium, Trichoderma,
and others are capable of colonizing cellulose-
containing materials under conditions of elevat-
ed humidity, poor ventilation, and contaminated
air. These organisms produce enzymes (cellu-
lases, hemicellulases, proteinases) that catalyze
the degradation of structural components of
paper, as well as secondary metabolites (organic
acids, pigments, mycotoxins) that accelerate its
chemical deterioration (Mahnke et al., 2010;
Gutarowska et al., 2015). In addition to physical
loss and reduced mechanical strength, fungal in-
festation is often accompanied by visible defects
(stains, discoloration, surface flaking).

One of the promising approaches to preserv-
ing archival documents is the use of physical and
chemical treatment methods (Chuenko et al.,
2020). Physical methods for enhancing paper’s
fungal resistance include exposure to low tem-
peratures, drying, UV irradiation, and vacuum

40

drying. However, these methods often have only
temporary effects or may cause structural chang-
es to the document (warping, changes in texture,
delamination). Chemical methods, in particular
the use of antiseptics, are more effective for deep
decontamination of paper.

Guanidine derivatives, including polyguani-
dines, have found wide application as biocides
and disinfectants due to their antimicrobial ac-
tivity against Gram-positive and Gram-negative
bacteria, viruses, and fungi (Zhao et al., 2018).
The fungicidal mechanism of polyguanidines
involves the sorption of the biocidal polycation
onto the negatively charged cell membrane of
microorganisms, leading to membrane disrup-
tion, increased permeability, depolarization,
and subsequent cell lysis. At low concentrations,
polyguanidines can disrupt osmotic balance, al-
ter membrane permeability, block enzymatic sys-
tems, inhibit the respiratory chain, and interfere
with protein synthesis (Kaczmarek et al., 2021).

Unlike many traditional fungicides, polygua-
nidines are characterized by high chemical sta-
bility, low toxicity, and the absence of mutagenic
or carcinogenic effects. They belong to hazard
class IV (low-hazard substances) upon skin con-
tact and class III (moderately hazardous) when
ingested. Aqueous solutions of polyguanidines
retain their biocidal activity for extended peri-
ods, have no odor, do not cause discoloration of
fabrics, do not induce corrosion of equipment,
and exhibit detergent and surface-active proper-
ties (Vortman et al., 2020).
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The aim of this work was a comparative as-
sessment of the effectiveness of various types of
antifungal treatment of paper, specifically:

» Physical methods — drying and freezing

» Chemical treatment — using known and
newly-synthesized guanidine-containing poly-
meric preparations.

Materials and Methods. The study included 10
strains of microscopic fungi from the collection
of biodeteriorative micromycetes of the testing
laboratory for fungal resistance and microbio-
logical studies of technical and medical products
and materials at the D.K. Zabolotny Institute of
Microbiology and Virology, NAS of Ukraine.

The used strains were: Alfernaria alternata
(Fr.) Keissl. — F-41218, Acremonium strictum W.
Gams — F-16776, Aspergillus niger Tiegh — F-73001,
Scopulariopsis brevicaulis (Sacc.) Bainier — F-16715,
Cladosporium sphaerospermum Penz — F-41232,
Penicillium funiculosum Thom — F-16719, Penicil-
lium brevicompactum Dierckx — F-16756, Aspergil-
lus terreus Thom — F-16718, Aspergillus versicolor
(Vuill.) Tiraboschi — F-41226, and Trichoderma
viride Pers. — F-16713. These micromycete spe-
cies were selected as representative organisms most
commonly found on cellulose-containing materials
and responsible for their microbiological degrada-
tion under conditions of elevated humidity.

Three types of paper—printing paper No. 2,
newsprint, and rag paper—served as the materi-
als for the study. Paper samples measuring 50 x
50 mm were used as substrates to evaluate the
efficacy of various antifungal treatments. The
study was conducted using model paper samples

ISSN 1028-0987. Microbiological Journal. 2026. (2)

whose physicochemical characteristics corre-
spond to the types of paper forming the mate-
rial basis of the majority of documents stored in
the V. I. Vernadskyi National Library of Ukraine
(NBUV). Control samples were not subjected to
any antifungal treatment but were exposed under
identical conditions alongside treated samples to
allow objective comparison of fungal damage.

The following methods were employed to assess
the antifungal treatment efficacy on paper samples:

1. Freezing — paper samples were maintained
at — 18°C for 25 days.

2. Combined treatment: freezing + drying —
after freezing, samples underwent drying at
30 °C for 8 hours.

3. Chemical treatment with polyguanidines —
application of known and newly synthesized gua-
nidine-containing compounds onto the paper
surface by spraying (fungicide consumption 0.05
L/m?), followed by drying at 20 °C for 24 hours.

The studied fungicides included the commer-
cially available preparation Valeus D (a mixture of
polyhexamethylene guanidine hydrochloride and
phosphate salts) and compounds synthesized by
the Institute of Macromolecular Chemistry of NAS
of Ukraine, comprising the following substances:

= No. 1 — composition of aromatic guanidine-
containing oligomer and aliphatic diacyl-substi-
tuted guanidine-containingoligomerina1:1 mass
ratio (Alk = CsH;Br 1%). The formulations used
in compositions No. 1 and No. 2 are structurally
identical and differ only in the concentration
of the aliphatic component; the corresponding
structural formula (see Scheme 1).
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= No. 2 — composition of aromatic guanidine-
containing oligomer and aliphatic diacyl-substi-
tuted guanidine-containing oligomer in a 1:1
mass ratio (Alk = C;H;sBr 3%)

= No. 3 — composition of an aliphatic guani-
dine-containing oligomer and a branched gua-
nidine-containing oligotrimethyl iodide in a 1:1
mass ratio (Alk= CH,I 1%) (see Scheme 2);
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» No. 4 — composition of an aromatic gua-
nidine-containing oligomer and a branched
oligotrimethyl iodide in a 1:1 mass ratio (Alk=
CH,I1%) (see Scheme 3).

According to our previous studies, no sig-
nificant changes in the physical and techni-
cal properties of the examined paper sam-
ples were observed after treatment with
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physical and chemical methods (Zatoka et
al., 2020).

To assess the fungal resistance of materials,
particularly paper, standardized methodologies
were applied to ensure objectivity and accuracy
of the results. One of the principal documents
regulating the procedure is DSTU IEC 60068-
2-10:2015 (IEC 60068-2-10:2005, IDT) “En-
vironmental testing — Part 2-10: Tests — Test
J and guidance: Fungal growth” This standard
describes the use of fungal spore suspensions to
evaluate the susceptibility of materials to coloni-
zation and development of micromycetes.

An additional important reference was QR-
160D, which sets requirements for testing the re-
sistance of materials to fungi under variable hu-
midity and temperature conditions, simulating
real storage environments of archival documents.

This methodology allowed evaluation of the
effectiveness of different fungicidal treatments
in inhibiting fungal growth on paper materials.
The positive control consisted of paper incuba-
tion under elevated humidity (95 + 5) % and tem-
perature (28 + 2) °C, conditions that reliably pro-
mote fungal development. The negative control
involved storing paper at a humidity not exceed-
ing 60% and at (20 + 2) °C, which prevents ac-
tive fungal growth. Controlled incubation condi-
tions ensured reproducibility, while microscopic

examination confirmed the presence or absence
of spores, providing a comprehensive measure of
biocidal activity. The degree of fungal damage to
paper samples was evaluated according to a five-
point scale, following the standard methodology:

» 0 points — no visible signs of fungal con-
tamination; surface remains intact;

» 1 point — single small fungal spots; weak,
localized colonization;

= 2 points — slight but noticeable contamina-
tion; fungal colonies on separate areas with lo-
calized sporulation;

= 3 points — moderate contamination; several
zones with active colony growth and mycelium
formation; partial darkening of the surface;

= 4 points — extensive contamination; colonies
merging into larger clusters; massive mycelial
spread; more than 50% of the surface affected;

= 5 points — severe contamination; complete
coverage of the paper surface with fungal my-
celium; deep penetration into fibers; possible
structural damage.

Results. The results of investigating physical
methods of antifungal treatment of three types
of paper—printing, newsprint, and rag—are pre-
sented in Table 1.

According to the obtained data, the most ef-
fective physical treatment was the combination
of freezing and drying, particularly for newsprint

Table 1. Resistance of paper to fungal colonization under physical treatment methods

Degree of fungal resistance
Conditions Paper type
Untreated Freezing Freezing + Drying

Without spore suspension, under normal humi-| Rag paper 0 0 0
dity (negative control) Newsprint 0 0 0
Printing 0 0 0

Without spore suspension, under high humidity| Rag paper 5 5 4
(positive control) Newsprint 4 1 2
Printing 3 3 4

With spore suspension, under high humidity Rag paper 5 5 5
Newsprint 5 3 3

Printing 5 3 4
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and printing paper. It should be noted that even
in the absence of artificial fungal inoculation, the
growth of the paper’s indigenous mycobiota was
observed, represented by Cladosporium cladospo-
rioides, C. sphaerospermum, Aspergillus flavus,
Trichoderma sp., and Penicillium sp. Although
physical treatments demonstrated measurable
effects on reducing fungal contamination,
their protective action was limited by duration
and strongly dependent on environmental
conditions. Therefore, further attention was
directed toward chemical antifungal treatments,
which are expected to provide more stable and
long-lasting protection.

The results of chemical antifungal treatments
are presented in Table 2.

According to the results, the highest antifun-
gal activity among the tested chemical agents
was demonstrated by compound No. 4, which
provided the lowest infection scores for all types
of paper, even under inoculation with fungal
spores. Compounds No. 2 and No. 3 also exhib-
ited pronounced activity, whereas Valeus D and
compound No. 1 proved to be less effective com-
pared to the untreated controls.

Treatment with the tested fungicides did not
ensure the expected effectiveness, particularly
for printing paper. Visual observations and mi-
croscopic examination revealed persistent fun-

gal growth, indicating the limited action of the
applied agents. Additional tests confirmed that
Valeus D (Fig.1) and compound No. 1 were able
to partially suppress the development of mi-
cromycetes; however, this effect was not long-
lasting, as fungal growth resumed by day 14 of
incubation. These findings highlight the need
for further improvement of the composition and
application regimes of chemical agents intended
for the antifungal protection of cellulose-con-
taining materials.

Discussion. The obtained results indicate
variable effectiveness of physical and chemical
methods of antifungal treatment of paper, de-
pending on both the type of material and the ex-
posure conditions.

Physical methods, particularly freezing and
the combination of freezing with drying, dem-
onstrated limited but noticeable effects on the
suppression of micromycete growth. The highest
efficiency was observed for the combined treat-
ment, which is likely explained by a dual mecha-
nism: crystallization of intracellular water lead-
ing to the disruption of membrane structures,
and dehydration, reducing available moisture
essential for fungal development. Similar find-
ings were reported by Mahnke et al. (2010), who
showed that deep freezing combined with dehy-
dration significantly reduces fungal viability, al-

Table 2. Resistance of paper to fungal colonization under chemical treatment methods

Degree of fungal resistance
Conditions Paper type
Untreated Valeus D No.1 No.2 No.3 | No.4

Without spore suspension, under| Rag paper 0 0 0 0 0 0
normal humidity (negative control) |  Newsprint 0 0 0 0 0 0
Printing 0 0 0 0 0 0
Without spore suspension, under| Rag paper 5 5 5 2 2 1
high humidity (positive control) Newsprint 4 4 4 2 2 1
Printing 3 3 3 2 2 1
With spore suspension, under high| Rag paper 5 5 5 2 2 2
humidity Newsprint 5 5 5 3 2 1
Printing 5 5 5 3 3 1
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Fig. 1. Colonization of rag paper (a) and printing paper (b) by micromycetes after

treatment with Valeus D

though it does not guarantee complete sanitiza-
tion of archival materials.

Among the investigated paper types, physi-
cal treatments were most effective on newsprint,
while rag paper showed minimal response, likely
due to its denser structure and high hygroscop-
icity. Comparable observations were described
by Gutarowska et al. (2015), who emphasized
the role of the physicochemical properties of the
substrate in determining the efficiency of physi-
cal treatment.

An important observation was the growth of
autochthonous mycobiota even without spore
inoculation, including Cladosporium clado-
sporioides, C. sphaerospermum, Aspergillus fla-
vus, Trichoderma spp., and Penicillium spp.
(Chuenko et al., 2020). This is consistent with
the findings of Florian (2002), who noted that
most paper-based materials harbor endogenous
microflora capable of activation under humid
conditions (Florian, 2002).

In contrast to physical approaches, chemical
treatments provided significantly higher protec-
tion. The most pronounced antifungal effect was
observed for composition No. 4, consisting of an
aromatic guanidine-containing oligomer com-
bined with a branched oligotrimethyliodide. Its
fungicidal activity was nearly complete across all
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paper types and experimental conditions. The
high efficacy is likely due to the synergy between
aromatic fragments, capable of n—m interactions
with biomolecules, and the iodine-containing
cation, known for its destructive effects on fun-
gal cells (Zhao et al., 2018).

Compositions No. 2 and No. 3, containing al-
kyl substituents, also exhibited strong antifungal
activity, particularly against newsprint and print-
ing paper. These results agree with the findings of
Kaczmarek et al. (2021), who demonstrated the
effectiveness of functionalized guanidine-based
polymers against Aspergillus niger and Penicil-
lium chrysogenum.

Conversely, the commercial preparation Vale-
us D showed weak or moderate activity, with
its effects in most cases not exceeding control
values. This raises concerns about its suitability
as a long-term preservation agent under condi-
tions of elevated humidity. Similar limitations
for polyhexamethylene guanidine-based agents
were reported by Zielinska-Jurek et al. (2016),
who emphasized the need for structural modifi-
cations to enhance and stabilize their fungicidal
action (Zielinska-Jurek et al., 2016).

In summary, physical methods may be con-
sidered auxiliary or temporary measures, where-
as the chemical stabilization of paper materials
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appears more promising when employing com-
positions based on functionalized guanidine-
containing oligomers, which combine high effi-
cacy with potential adaptability for archival and
museum preservation purposes.

Conclusions. It was established that the phys-
ical treatment of paper by freezing followed by
drying contributes to the reduction of micro-
scopic fungal growth, particularly on newsprint
and printing paper. The presence of a back-
ground mycobiota on untreated paper was dem-
onstrated even without additional inoculation,
represented by Cladosporium cladosporioides,
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EQEKTVBHICTD OISMYHMX TA XIMIYHNMX METO/IB AHTUTPMBKOBOTI'O 3AXVICTY ITAIIEPY

Marepiany Ha OCHOBI Harepy, 0COOMNBO Ti, 1[0 MAIOTh iCTOPUYHY, KyIbTYPHY 460 HayKOBY LIiHHICTb, € Ha/I3BIYall-
HO YyT/IMBYMIU JIO YUIKOIKEHb, CIIPUYMHEHNX MIKPOCKOMIYHMMY rpubaMu. MikpomilieTu 3aTHI BUKIIMKATA SIK
¢isuuHe pyiHyBaHH L[e/TI0JIO3HUX BOTOKOH, TaK i XIMIUHY ferpajalliio yepes yTBOPEHHs BTOPMHHIX MeTabOITiB,
BK/IIOYHO 3 OpraHiuYHVMM KMUCTOTaMy Ta IirMeHTaMu. PicT rpu6iB Ha apXiBHMX ZOKyMeHTax Ta 61671i0TedHNX KO-
JIEKL[iIX He JyIle IPU3BOAUTD 10 BTpaty iHpopMaIiiiHOl LiIHHOCTI, @ 1 CTAHOBUTD 3arpo3y A/ 340POB A JIIOVHA.
Tomy nomryk eeKTMBHUX aHTUDYHIATIBHUX 3aC0O0iB, AKi TOETHYIOTb BUCOKY OiOLMIHY aKTUBHICTD i3 6€3MeYHiCTIO
UL KOPUCTYBAYiB Ta MaTepia/IbHOTO CyOCTPaTy 3a/IMIIAETHCA aKTYaIbHIM 3aBJaHHAM. MeTOX0 IIbOro TOCTiIKeH-
Hs1 6y/10 TIOPIBHATK eeKTUBHICTD (PisUIHMX (3aMOPOXKYBAHHSI, 3aMOPOXXYBAHHS 3 ITOA/IBIINM BUCYIIYBAHHIM)
Ta XiMiYHUX MeTOfiB (KoMepLiliHui mpemapat Baneyc J] Ta HOBOCMHTe30BaHi KOMITO3ULIii I'yaHiTMHBMICHMX OJIro-
MepiB) s aHTUYHTaIbHOI 00pOOKM PiSHMX TUIIB Harepy (IpyKapChKuit, ra3eTHUI Ta TaHYip sTHMIT) 38 YMOB Mif-
BUIL[EHOI BOJIOTOCTI Ta iHOKy/sALii ciopamu rpu6is. Meromu. It MofenoBaHHs 6iogerpananii 6y/10 BUKOPUCTaHO
IecATh WTaMiB MikpoMineTiB — Alternaria alternata, Acremonium strictum, Aspergillus flavus, A. niger, Chaetomium
globosum, Cladosporium cladosporioides, C. sphaerospermum, Fusarium moniliforme, E poae Ta Trichoderma viride.
CriiikicTp nanepy o rpu6is oniniosamu Bignosigao go JCTY IEC 60068-2-10:2015 (IEC 60068-2-10:2005, IDT)
3a IecTOATPHOI0 MIKA/IOK0 iH(IKyBaHHS 3 Bi3ya/bHIM Ta MIKPOCKOIIYHIM KOHTPOJIEM Ha 14-i1 Ta 28-if IeHb eKc-
nosuuii. Pesynpraru. Cepen ¢isnuHux MeTOAIB HaitOinbIy eheKTUBHICTD MOKasama KOMOIHALisS 3aMOPOXKYBAHHSI
3 BUCYILIYBAaHHIM, OCOOMNBO M/IsI TaseTHOro marepy. XimiuHa 06po6Oka 3abesmednsa 3HaYHO BUIINY CTIilIKIiCTDb JO
pocTy rpubiB, Ipy 1IbOMY KOMITO3uList Ne4 (apoMaTUIHMIT IyaHiZMHBMICHIIT OJIIrOMep 3 pO3rany>KeHUM OiroTpu-
METIIIOUIOM) 3HaUHO IIepeBUINyBaja 3a eeKTUBHICTI0O KoMepIiiitHuit npenapat Baneyc [I. IIpore y 6inbInoc-
Ti BUNAfKIB picT rpubiB BifHOBIIOBABCs O 14-r0O [HA, O CBIYUTD PO BiACYTHICTH TpUBaMOro QyHriLMEHOTO
edexty. Hapitb 3a BificyTHOCTI iHOKYymAIii criopamm crioctepiraBes po3BuTok ¢onosoi Mikobiotu (Cladosporium
cladosporioides, C. sphaerospermum, Aspergillus flavus, Trichoderma spp., Penicillium spp.), 110 IifTBepI>Ky€ BUCO-
KU1 pU3VIK IPUPORHOTrO 3abpyAHeHH if yac 36epiranHs 3a mifiuiieHol Bonorocti. Bucnosku. HoBocunresosani
TyaHifMHBMICHI oiroMepu, 0COO/IMBO KOMITO3MIisi apOMATIYHOTO IYaHIIMHBMICHOTO O/irOMepa 3 pO3raTy>XeHNM
ONIIrOTPUMETIIIOAIOM, € IIePCIIEKTUBHIMMI areHTaMu /L aHTU(YHIanbHOI 06pO6KI ITarepoByX MaTepiais. 30-
KpeMa, BUKOPUCTaHH:A (i3MIHUX METOMIB 30epeXKeHHs MOKe BUSABUTHUCSA KOPYCHUM B aBapiifHUX CUTYAIiAX, KON
BE/IMKi MacVBU JOKYMEHTIB 3a3Ha/IM Ha/[MiPHOTO 3BOJIO>KEHHS, IO JO3BOMUTD 3aMOOIrTH MIBUIKOMY YpPasKeHHIO
ix mikpomineramyu. OnTVMaNIbHUM IiAX0J0OM € ITOefHAHHA GisVYHMX Ta XIMIYHUX METOZIB, 110 3abesedye 6ibuI
BUpaXeHWT iHriOyIounit epekT Ha pict MikpoMileTiB. OTpyuMaHi faHi MOXXYTb OyTU BUKOPUCTaHi B po3po61i mpo-
TOKOJIiB 30epe>KeHH: apXiBHUX Ta 6i6/1i0TeYHIX KOTEKIIiil.

Knrouosi cnosa: anmugpyneanvna 06pobka, nanip, mikpomiyemu, eyaniounemicHi onieomepu, epubocmitiicme.
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OBTAINING HIGH-QUALITY LISTERIOSIS ANTIGEN
FOR SEROLOGICAL DIAGNOSIS OF ANIMAL LISTERIOSIS
BY ENZYME-LINKED IMMUNOSORBENT ASSAY

Listeriosis diagnostics is a key factor in livestock welfare control regarding this infection. Purpose. To develop a technol-
ogy for obtaining a high-quality listeriosis antigen for the serological diagnosis of animal listeriosis using the enzyme-
linked immunosorbent assay (ELISA). Methods. For performing the complement fixation test (CFT) and ELISA, blood
serum samples from cattle, pigs, and sheep collected in 2017—2021 were used. Working serum dilutions and ELISA
procedures were determined according to OIE recommendations. The optimal antigen concentration was identified by
titration, selecting the dilution that provided the best discrimination between negative and positive sera. Control samples
were tested in triplicate, and optical density was measured with a Multiscan FC ELISA reader (450 nm). A reaction
was considered reliable when discrepancies between control sera ranged from 0.35 to 1.10; in the case of deviations, the
assay was repeated. Antigen specificity was assessed in ELISA using sera containing antibodies to Brucella, Campylo-
bacter, and Chlamydia. Reproducibility was evaluated by the difference in optical density values across three replicates.
The threshold value was calculated as the mean + standard deviation x 3. The assay’s performance was compared with
CFT, AGID, and commercial kits. Statistical analysis was performed using Student’s t-test in Statistica 6.0 and Micro-
soft Excel. Results. To develop a technology for producing listeriosis antigens for serological diagnosis in animals, five
museum strains of Listeria were revived and used to obtain production volumes of bacterial mass. The resulting protein
concentration was 50 ug/mL. The activity and specificity of the obtained antigen were evaluated using indirect ELISA
with positive and negative sera from cattle, pigs, and sheep, as well as positive sera to other pathogens (Brucella, Cam-
pylobacter, Yersinia) previously submitted to the laboratory within 2017—2021. The difference between the mean values
of positive and negative control sera ranged from 0.35 to 1.10, confirming the reliability of the results. Antigen specificity
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was demonstrated in ELISA using sera containing antibodies against Brucella abortus, Brucella ovis, Campylobacter
Sfetus, and Chlamydia spp., as well as sera from intact animals. All tested sera were negative, indicating high specificity
of the obtained antigen. Conclusions. The obtained data may be used to improve the diagnosis of animal listeriosis in

Ukraine through the development of highly specific antigens.

Keywords: Listeria monocytogenes, antigen, listeriosis, ELISA, serological studies.

Infectious diseases of animals are among the
main causes of reduced productivity and, in some
cases, even death. To date, many infectious dis-
eases have become enzootic and require continu-
ous epizootic surveillance and the application of
effective eradication measures (Zavgorodnii et
al., 2021; Charlier et al., 2022; Buzun et al., 2023).
Among economically significant infectious dis-
eases is listeriosis (Manyi-Loh & Lues, 2025).

Listeriosis is a zoonotic infection caused by a
Gram-positive, facultatively anaerobic, oxidase-
negative, and catalase-positive bacterium of the
genus Listeria (Koopmans et al., 2023). To date,
11 Listeria species have been described, among
which Listeria monocytogenes, L. ivanovii, and
L. seeligeri pose the greatest threat (Ragon et al.,
2008; Koncurat & Sukali¢, 2024). The highest vir-
ulence is characteristic of L. monocytogenes, which
is capable of causing the disease in a wide range
of animal species and humans (Swaminathan &
Gerner-Smidt, 2007; Di Renzo et al., 2024).

Listeriosis belongs to sapronotic infections, as
the natural reservoir of the pathogen is the en-
vironment, primarily soil (Locatelli et al., 2013;
Linke et al., 2014; Lourenco et al., 2022). Listeria
spp. are also detected in plant raw materials, sur-
face waters, wastewater, feed, and other ecologi-
cal niches (Vazquez-Boland et al., 2001; Ryzhova
et al,, 2025). Along with abiotic factors (Orob-
chenko et al., 2022), Listeria spp. pose a hazard
associated with the consumption of animal-de-
rived products (Kurpas et al., 2018).

The source of infection may be numerous ani-
mal species, including mammals (cattle, small
ruminants, pigs, dogs, rodents, wildlife), birds,
amphibians, fish, and crustaceans (Lambrechts
& Rip, 2024; Li et al,, 2024). In most cases, the
disease is subclinical; however, infected animals
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may shed the pathogen for prolonged periods
in feces, urine, secretions from mucous mem-
branes, as well as in amniotic fluid and milk (Ho
et al., 2007; WOAH, 2021; Schoder et al., 2022),
thereby facilitating the circulation of Listeria spp.
in the environment and on farms. The spread of
animal pathogens may occur under conditions
of climate change and alterations of ecological
niches (Bogach et al., 2020; Conn & Soares Mag-
alhdes, 2024; Liao et al., 2024).

Diagnosis of listeriosis is based on the analysis
of epizootiological data, clinical signs, pathologi-
cal changes, and laboratory test results (Valenti et
al.,2021; WOAH, 2021; Li & Li, 2023). The leading
role belongs to the bacteriological method, which
involves isolation and identification of a pure cul-
ture of L. monocytogenes (WOAH, 2021; Thomas
et al., 2022; Jami et al., 2014). For detailed char-
acterization of isolates, serological and molecular
genetic methods are used, including agglutination
reactions, indirect hemagglutination assay (IHA),
complement fixation test (CFT), enzyme-linked
immunosorbent assay (ELISA), as well as PFGE,
MLST, and modern approaches based on whole-
genome sequencing (Jagadeesan et al., 2019; Liith
et al.,, 2021; Mafuna et al., 2021; Osek et al., 2022).

At the same time, serological diagnosis of
animal listeriosis requires high-quality stable
specific antigens, since the use of insufficiently
standardized or reaction-derived antigens may
reduce the sensitivity and specificity of diagnos-
tic tests (Al-Ethafa et al., 2025). This problem
is further complicated by the fact that the anti-
genic properties of field isolates and production
strains of Listeria may differ significantly, which
affects the results of serological studies and re-
quires additional investigation (Vazquez-Boland
etal.,, 2001; Jami et al., 2014).
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In this regard, there is an urgent need to de-
velop a standardized technology for obtaining a
high-quality listeriosis antigen suitable for use in
serological diagnostic methods, in particular, an
enzyme-linked immunosorbent assay.

The aim of this study was to investigate the
antigenic and immunobiological properties of
production strains and field isolates of Liste-
ria and to develop a technology for obtaining a
high-quality listeriosis antigen for the serologi-
cal diagnosis of animal listeriosis using the en-
zyme-linked immunosorbent assay.

Materials and Methods. To study the anti-
genic and immunobiological properties of Lis-
teria by performing the complement fixation
test (CFT) and enzyme-linked immunosorbent
assay (ELISA), field serum samples from cattle,
pigs, and sheep were used. These samples had
been submitted to the laboratory for testing in
2017—02021.

The determination of working dilutions of the
test sera and optimization of the ELISA proce-
dure were carried out in accordance with the
WHO recommendations.

Polystyrene microplates (NUNC, MaxiSorp
type, Denmark) were used as a immunosorbent.
A commercial multispecies conjugate (IDvet,
Germany) and a TMB substrate (3,3',5,5'-tetra-
methylbenzidine) produced by Cell Signaling
Technology (USA) were used for the assay.

To determine the most sensitive working con-
centration of the antigen, preliminary titration
was performed using a checkerboard titration
with different conjugate dilutions. The dilution
providing the best discrimination between nega-
tive and positive standard sera was selected.

The indirect ELISA was performed according
to the following protocol:

1. Appropriate dilutions of the listeriosis an-
tigen were prepared in carbonate—bicarbonate
buffer (pH 9.6), mixed thoroughly, and 100 uL
was added to each well of the microplate.

2. The plates were covered with sealing film
and incubated at 37 °C for 24 h.
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3. The wells were washed with 300 pL of wash-
ing buffer (0.05% Tween-20 in PBS), after which
the reaction was blocked with blocking solution
(1.2% egg albumin in PBS), followed by incuba-
tion at 37 °C for 1 h.

4. The plates were emptied, sera and control
samples were diluted 1:50—1:200 in dilution
buffer (0.4% egg albumin in washing buffer),
100 pL was added to each well, and the plates
were incubated for 40—60 min at 37 °C.

5. The plates were washed three times with
washing buffer.

6. The working dilution of the conjugate in
washing buffer was added at

7.100 pL per well.

8. The plates were washed three times with
washing buffer.

9. 100 pL of substrate was added to each well
at a constant rate;

10. The plates were incubated in the dark at
room temperature for 15—30 min;

11. To rapidly stop the reaction, 100 uL of
0.4 M H,SO, was added to each well.

Positive and negative controls were tested in
triplicate. Optical density measurements were
performed using an ELISA reader (Multiscan FC,
Thermo Scientific) at a wavelength of 450 nm.
The reaction was considered valid if the differ-
ence between the mean optical density values of
the positive and negative control sera was within
the range of 0.35—1.10. If the obtained values
were outside this range, the assay was repeated.

Antigen specificity was determined by ELISA
using sera containing antibodies against Brucella
abortus, B. ovis, Campylobacter fetus, and Chla-
mydia spp., as well as sera obtained from intact
animals. Sensitivity was determined by compar-
ative analysis of test results using a panel of posi-
tive and negative sera according to the formula:

Nip
Se = Nip + Nxn
where Se is the sensitivity of the system (%), is
the number of true-positive results, and is the
number of false-negative results.

x 100%,
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Specificity was calculated according to the

formula:
Sp=—. Nin
Nin + Nxp
where Sp is the specificity of the system (%), is
the number of true-negative results, is the num-
ber of false-positive results.

Reproducibility was determined based on the
difference in optical density values of the same se-
rum sample tested in triplicate. Using Microsoft
Excel software, the mean value of the negative
control and its standard deviation were calcu-
lated. The cutoft value was determined using the
formula: mean value + standard deviation x 3.

In addition, the performance of the reaction
was evaluated in comparison with traditional
CFT and agar gel immunodiffusion test (AGID),
as well as with commercial diagnostic kits.

Statistical analysis of the study results was per-
formed using Student’s t-test to determine sig-
nificance. The data were processed using StatSoft
Statistica: Basic Statistics and Tables 6.0 and Mi-
crosoft Excel software.

Results. Two experimental antigen prepara-
tions were produced from the Listeria monocy-
togenes strain “Buryn” with a bacterial cell con-
centration of 10 billion cells/cm®, inactivated
with phenol or formaldehyde. For comparison,
a commercial antigen produced by LLC SSE
“Veterinary Medicine” (Ukraine) was used. As a
positive control, a positive serum from the same
commercial kit was applied, as well as hyperim-
mune rabbit serum obtained by immunization
with an inactivated culture of Listeria monocyto-
genes strain “Ternopil” (with a bacterial cell con-
centration of 10 billion cells/cm?).

Hyperimmunization of rabbits was performed
by subcutaneous administration of bacterin with
an oil adjuvant at a dose of 10 billion cells/cm?,
followed by two intravenous injections at a dose
of 10 billion cells/cm? at 5-day intervals. Subse-
quently, total blood was collected; the obtained
sera were processed according to standard pro-
cedures, preserved with 0.5% phenol, or frozen.

x 100%,
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A negative control serum was obtained from an
intact rabbit, which was additionally tested by
the complement fixation test (CFT). As a result
of the studies, a positive anti-listeriosis serum
with a CFT titer of 1:160 (+++) was obtained.

To standardize the obtained positive serum
(by mixing sera 1:1), it was calibrated with nor-
mal rabbit serum to a titer of 1:100 in the CFT.

The experimental antigen preparation con-
taining formaldehyde proved unsuitable for
use in ELISA due to its low adsorption capac-
ity. Therefore, the phenol-inactivated antigen
was used for further studies. To determine the
working concentration of the listeriosis antigen
for ELISA, the reaction efficiency of the control
positive serum at a dilution of 1:200 was evaluat-
ed using different antigen concentrations, added
at a volume of 100 pL per well and adsorbed for
18 h at 37 °C. The distribution of mean optical
density values changed gradually according to
the tested antigen dilutions (Table 1).

The results indicate that the positive reference
serum analogue exhibited optical density 3—5
times higher than that of negative sera with the
antigen at dilutions of 1:500—1:1000. The reac-
tion effect was directly dependent on the antigen
concentration in the well. In the antigen dilution
range from 1:50 to 1:400, nearly identical opti-
cal density values were observed for both posi-
tive and negative sera, which may indicate an
excess of antigen in the wells. Subsequently, an
increase in the difference in optical density asso-
ciated with antigen dilution was observed. In the
following studies, an antigen dilution of 1:500
was selected as the working dilution for immo-
bilization on microplates. The optimal working
dilution of the commercial conjugate was deter-
mined experimentally and amounted to 1:50.

The study results indicate a sufficiently high
adsorption activity of the obtained antigen. An-
tigen specificity was evaluated using an indirect
ELISA with various positive serum samples that
previously had been tested positive in the com-
plement fixation test (CFT).
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Fig. 1. Distribution of the tested blood serum samples
between positive and negative groups depending on OD
values and determination of the reaction cut-off value

According to the results presented in Table 2,
high serum/pathogen (S/P) values were obtained
only for the positive sample. Reactions with oth-
er hyperimmune sera were negative, which con-
firms the specificity of the obtained antigen.

To determine the specificity and reproduc-
ibility parameters of the developed method, 20
positive and 50 negative serum samples were
analyzed by ELISA in triplicate. The mean opti-
cal density values of the positive samples were
0.755 * 0.322, whereas those of the negative
samples were 0.145 + 0.052 (Fig. 1).

The cut-off value of the method was calculated
and set at 0.370. To assess the sensitivity of the
developed method, serial dilutions of three field
serum samples collected from infected sheep
that were positive in the complement fixation
test (CFT), were analyzed (Fig. 2).

The obtained data confirm the high sensitiv-
ity of the developed ELISA, as even at a 640-fold
dilution of positive samples, the signal was de-
tected above the cut-off value.

Discussion. The obtained results indicate that
the technology we developed for producing the lis-
teriosis antigen ensures a high-quality preparation
suitable for its application in serological studies
using ELISA. The revival of reference strains and
subsequent production of industrial-scale volumes
of bacterial biomass made it possible to standard-
ize the antigen production process and to ensure
the required protein concentration for effective ad-
sorption onto a solid phase (Crowther, 2009).

One of the key outcomes was the determina-
tion of the antigen working dilution that provid-
ed the maximum difference between the optical
density values of positive and negative control
samples. It was established that at a dilution of
1:500, the antigen exhibited the best adsorption

Table 1. Titration of the listeriosis antigen using a commercial conjugate

Conjugate Control sera Antigen dilution

dilution at dilutions of 1:200 1/500 1/1000 1/2000 1/4000 1/8000
1/10 Positive 3.723 3.568 3.004 2.366 1.965
Negative 1.111 0.975 1.246 1.291 1.384

1/20 Positive 2.799 2.364 1.997 1.461 1.226
Negative 0.736 0.608 0.845 0.853 0.786

1/30 Positive 2.076 1.745 1.445 1.06 0.886
Negative 0.614 0.545 0.657 0.645 0.648

1/40 Positive 1.589 1.323 0.623 0.864 0.709
Negative 0.485 0.352 0.344 0.523 0.544

1/50 Positive 1.067 0.819 0.647 0.454 0.442
Negative 0.264 0.282 0.319 0.303 0.369

1/100 Positive 0.479 0.413 0.37 0.281 0.196
Negative 0.203 0.167 0.214 0.156 1.024
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Fig. 2. Assessment of the sensitivity of the developed method

activity and ensured clear discrimination be-
tween positive and intact sera. These findings are
consistent with the literature on the influence of
antigen concentration on the sensitivity of indi-
rect ELISA systems and confirm the importance
of optimizing this parameter at the assay devel-
opment stage (Cavaiuolo et al., 2013; Chen et al.,
2021; Crowther, 2009; Dasanayaka et al., 2021).

Fox et al. (2013) discuss that the structural
properties of antigens and their interactions with
adjuvants or other surfaces are critical for stabil-
ity and immunoreactivity. Therefore, an impor-
tant stage of the study was the comparison of
two antigen variants inactivated with phenol and
formaldehyde. The antigen obtained by formal-
dehyde inactivation exhibited low adsorption
capacity, making it unsuitable for ELISA. In
contrast, the phenol-inactivated antigen demon-
strated stable performance, which is consistent
with the use of phenol to preserve the spatial
structure of protein epitopes in many bacterial
antigens (Hofman et al., 1985; Metz et al., 2004).
This confirms the appropriateness of phenol in-
activation for the production of diagnostic prep-
arations of Listeria monocytogenes.
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Specificity testing of the antigen demonstrat-
ed the absence of cross-reactivity with hyper-
immune sera against Brucella abortus, B. ovis,
Campylobacter fetus, and Chlamydia abortus.
The obtained S/P values for these sera did not
exceed the established cut-off level, indicating
high antigen specificity and a minimal risk of
false-positive results under field conditions. It is
particularly important that specificity was main-
tained even when using control sera obtained in
different years, which indicates the stability of
the diagnostic system.

The high sensitivity of the method, confirmed
by analysis of serial dilutions of positive sera, in-
dicates the possibility of using the test for early

Table 2. Determination of the specificity
of the listeriosis antigen

No. | Positive serum to the following pathogens S/P
1 Campylobacter fetus 0.243
2 Chlamydia abortus 0.176
3 Brucella ovis 0.213
4 Brucella abortus 0.145
5 Positive sample 1.765
53
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detection of infected animals. Even at a dilution
of 1:640, the signal intensity remained above the
cut-off value, which is a significant advantage
compared to traditional CFT and tube comple-
ment fixation tests, the sensitivity of which is
limited by the parameters of complement-de-
pendent reactions (WOAH, 2021).

The advantages of the proposed approach are
also supported by the reproducibility of the re-
sults: low variability of optical density values in
triplicate assays meets modern requirements for
serological tests. This provides a basis for antigen
standardization and for the subsequent inclusion
of the developed method in diagnostic protocols.

In summary, the developed listeriosis antigen
demonstrates high diagnostic performance and
can be successfully used for serological moni-
toring of listeriosis in animals. Its effectiveness,
specificity, and reproducibility allow the prepa-
ration to be recommended for implementation
in bio-industrial enterprises, diagnostic labora-
tories, and research institutions in Ukraine.

It should also be noted that, alongside the di-
agnosis of infectious diseases, including listerio-
sis, attention should be paid to veterinary and
sanitary measures, which in turn reduce the risk
of pathogen spread to new territories (Allerberg-
er et al., 2010; Fagerlund et al., 2017; Paliy, 2018;
Park et al., 2024).

Conclusions. The conducted studies dem-
onstrate that the developed listeriosis antigen is
characterized by high sensitivity, specificity, and
reproducibility. The developed methodology has
formed a basis of a laboratory regulation for the
production and quality control of the listeriosis
antigen for ELISA, which will enable the manu-
facture of a high-quality and specific antigen for
the monitoring and control of animal listerio-
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sis in Ukraine. The proposed document may be
used by veterinary medicine specialists working
at bio-industrial enterprises, as well as in diag-
nostic and research laboratories.

Further research will focus on validation of
the developed antigen using a broader panel of
field sera from different animal species, as well
as on optimization and standardization of the
test system for use in commercial diagnostic
kits. Promising directions include investigating
the applicability of the obtained antigen in other
ELISA or immunochromatographic test for-
mats, as well as comparing its performance with
recombinant Listeria monocytogenes proteins.
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OTPMMAHHSA AHTUTEHA [IJ11 CEPOJIOTTYHOI ITATHOCTUKU
JIICTEPIO3Y METOJOM IMYHO®EPMEHTHOI'O AHAJII3Y

JiarHocTMKa yicTepiosy 3ajiMae IPOBifHE Miclle y KOHTPOJII 6narononyqq;1 TBapMHHMUIITBA I[OZ0 HaHOI iHDeKIl.
Merta. Po3po61TH TEXHOMOTiI0 OTPUMAHHS BICOKOSIKICHOTO JIICTEPI03HOTO aHTUT€HA [I/Is CEPOJIOTIYHOI iarHOCTUKI
JCTepio3y TBapyMH MeTOROM iMyHObepMeHTHOro aHanisy. Meromu. [ nposenensst P3K ta IOA BukopuctoByBamm
3pasKu cupoBaToK KpoBi BPX, cBuHert Ta oBewjp, oTpuManux y 2017—2021 pp. BusnaueHHs po60ounx po3BefieHb Cu-
posatok i MeTopuku IOA nposoaunm 3a pekomenpaniamu MEB. OntrManbHy KOHIIEHTpallilo aHTUTeHa BU3HAYa I
IUIAXOM TUTPYBaHH:A, 00Mpardy po3BefeHH: 3 HaKpalM PO3pisHEHHAM MDK HeraTVBHMMIU Ta HO3UTVBHUMMU
cupoBarkamu. KOHTpO/IbHI 3pasky aHa/lMi3yBaay y TPhOX IOBTOPAX; BUMiPIOBAHHA ONTHYHOI Ii/TbHOCTI IIPOBOJVIIN
IDA-pinepom Multiscan FC (450 um). Peakijito BBaXasu /JOCTOBIPHOIO 32 pO301>KHOCTI KOHTPOIBHUX CUPOBATOK
y Mexxax 0.35—1.10, i B pasi BigxmteHb peakuilo nosroposamy. CrenndivnicTs aHTureHa nepepipsiu B IQA 3
Pi3HMMM CHpPOBAaTKaMI, BKIIOYaoun aHTuTiNa 1o Brucella, Campylobacter Ta Chlamydia. BinTBoproBaHicTb OLjiHI0-
BaJIN 3a PiSHMI[EIO ONTUYHOI IIIIBHOCTI B TPbOX MOBTOpax. [Toporose sHaueHHsI po3paxoByBay 3a GopMyIoo: ce-
penHe 3HavYeHHs + (cTaHgapTHe BigxuaeHHs X 3). OuinroBany epekTuBHICTb peakuii B mopisusauHi 3 PT3K, PIIT ta
KoMepuiitHuMu Habopamu. CTaTucTdHy 06po6Ky npoBoawu 3a kputepieM CrblofieHTa B Statistica 6.0 i Microsoft
Excel. PesynbpraTi. 3 MeTOI0 PO3POOTIEHHA TEXHOJOTII OTPMMAHHA JIiCTepiO3HMX aHTUTEHIB JUIA CepOJIOTivyHOI
IiarHOCTUKY JIiCTepio3y TBapMH O6Y/IO BiHOB/ICHO II'ATh MY3€JHMX LITAaMiB JIiCTepiil 3 HACTYIHUM OTPUMAaHHAM
BUPOOHMYINX 06’ eMiB 6akTepiabHOI Macy. BusHaueHo, 1110 KOHIIEHTPALlis OTPUMAHOTO 6i/Ka cTaHoBMIA 50 MKT/MIL.
BusHaueHO aKTUBHICTB Ta CIenn¢idIHICTb OTPMMAHOTO AHTUTE€HA 32 ZOIOMOroI0 HenpsiMoro IQA 3 BUKOpHUCTaHHAM
MO3UTUBHMX I HETATUBHUX cHPoBaTOK BPX, cBuHelT Ta OBellb, @ TAKOXK MMO3UTUBHIUX CUPOBATOK JIO IHIINX 30yAHNU-
KiB (Opyuen, KaMIio6aKTepiit, iEpCcuHii), AKi Hagxomunu Ko maboparopii Brpogosx 2017—2021 pp. Bussineno,
[0 PO36DKHICTD MK cepefHIiMI 3HAYeHHAMM MO3UTUBHOI Ta HETATUBHOI KOHTPONbHMUX CHPOBATOK 3HAXOMVIIACH
B piamasoHi 0.35—1.10, 110 CBigYUTD IPO KOCTOBIpHICTh OTpUMaHUX pe3ynbraris. CrenndivnicTs aHTHUIeHA OyIa
noseneHa B IDA 3i cupoBaTkaMu KpoBi, AKi MiCTATb aHTUTINA ipotu Brucella abortus, Brucella ovis, Campylobacter
fetus Ta Chlamydia spp., a TakoX 3i cMpOBaTKaMy KpOBi, OTpMMaHMMIY Bij iHTaKTHMX TBapuH. YCi HOCTimXyBaHi
CMPOBATKI BUABIINCS HETATUBHVIMY, IO CBiYUTD IIPO BUCOKY CIelM(i9HiCTh OTPUMAHOrO aHTHUIeHa. BucHOBKIL.
Otpumani gaHi MOXYTh OyTU BUKOPMCTAHI [Isfl BOCKOHA/IEHHsI NIarHOCTMKM JIiCTepiosiB TBapuH B YKpaiHi 3a
PaxyHOK CTBOPEHHsI BUCOKOCTIL[U(ITHIX aHTUTEHIB.

Kntouosi cnosa: Listeria monocytogenes, anmueen, nicmepios, IOA, ceponoziuni docnioneHHs.
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BARLEY YELLOW DWARF DISEASE
IN THE KYIV REGION OF UKRAINE:
SURVEY AND PATHOGEN CHARACTERIZATION

2

Barley Yellow Dwarf (BYD), caused by viruses from the Tombusviridae and Solemoviridae families, poses a serious
threat to wheat production worldwide. In Ukraine, a major wheat-producing region in Europe, the disease has caused
growing economic losses, exacerbated by aphid vectors, susceptible cultivars, and variable environmental conditions.
Despite long-term monitoring, the pathogens responsible for recent outbreaks and their molecular characteristics remain
insufficiently studied, limiting the development of targeted management strategies. This study aimed to evaluate BYD
incidence over 11 years (2014—2024) in the Kyiv region of Ukraine, identify the causal pathogen(s) in the 2019/2020
and 2023/2024 outbreaks, and characterize them at the molecular level. Methods. Annual field surveys were conducted
on 4.5 ha of winter wheat plots, monitoring nine cultivars for disease symptoms and collecting leaf, aphid, and weed
samples. Grain yield was assessed at maturity using a Sampo-130 combine on 100 m?* plots with four replications.
Meteorological data were obtained from the Ukrainian Hydrometeorological Center and analyzed for key phenological
stages. Serological detection used a double- or triple-antibody sandwich ELISA, and molecular confirmation involved
RT-PCR amplification of a 641-bp coat protein gene fragment, followed by Sanger sequencing and the maximum-Ilikeli-
hood phylogenetic analysis. Yield data were analyzed using ANOVA (p < 0.05). Results. Barley yellow dwarf virus-PAV
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was identified as the sole pathogen in symptomatic wheat, its vectoris Rhopalosiphum padi, and the alternative hosts
are Arrhenatherum elatius and Echinochloa crus-galli. Phylogenetic analysis showed 92% nucleotide identity between
wheat and aphid isolates, clustering with strains from Ireland, Poland, Turkey, and the Czech Republic. The grass isolate
shared an 85% identity and formed a separate clade with isolates from the USA, Belgium, and China. In the susceptible
cultivar Poliska 90, yield losses reached 69.8% in 2020 and 29.2% in 2024, whereas the resistant standard Lisova Pisnia
was minimally affected. Conclusions. Barley yellow dwarf virus-PAV is the primary pathogen causing recurrent epidem-
ics in Ukrainian winter wheat over the 2019/2020 and 2023/2024 growing seasons. The spread of BYD is facilitated by

viruliferous aphids, host susceptibility, and favorable environmental conditions.

Keywords: Barley Yellow Dwarf, barley yellow dwarf virus-PAV, cereal viruses, crop yield, phylogeny.

Wheat (Triticum aestivum L.) is one of the three
important grain crops in the world, alongside
maize and barley, and serves as a primary source
of nutrients for the human global population.
Ukraine has historically been among the top
five wheat producers in Europe and contrib-
uted 14.68% of the continent’s total wheat pro-
duction before 2022 (Trucmel & Vintila, 2023).
However, recent years have posed challenges to
Ukrainian agriculture, driven by threats such
as phytopathogenic diseases, particularly viral
infections. Among these threats, Barley Yellow
Dwarf (BYD), a globally significant viral disease
of cereal crops (Walls et al., 2019), is causing in-
creasing economic damage in Ukraine.

BYD is caused by multiple viruses belong-
ing to the barley yellow dwarf virus (BYDV)
and cereal yellow dwarf virus (CYDV) species
(Domier, 2008). Infected plants typically exhibit
leaf yellowing, reddish discoloration, stunted
growth, and overall developmental delays. The
disease significantly limits the productivity of
wheat and other cereals. Annual yield losses
caused by BYD range from 11% to 33%, while
severe epidemics may result in losses of up to
80% (Perry et al., 2000). BYDV belongs to the
Luteovirus genera in the Tombusviridae family,
while CYDV belongs to the Polerovirus genus
in the Solemoviridae family (Scheets & Mill-
er, 2022; Walker et al., 2022, Tatineni & Hein,
2023). The BYDV complex (B/CYDV, hereafter
BYDVs) also includes other viruses of unas-
signed genera within the Solemoviridae family,
reflecting ongoing revisions in virus taxonomy
based on genetic and evolutionary data (Wu et

ISSN 1028-0987. Microbiological Journal. 2026. (2)

al., 2011; Zerbini et al., 2023). These positive-
sense single-stranded RNA viruses are not me-
chanically transmissible, nor through the seed,
but are persistently transmitted by at least 25
aphid species and display a high degree of vec-
tor specificity (D’Arcy & Burnet, 1995). CYDV
is primarily vectored by Rhopalosiphum padi
(bird-cherry oat aphid), while BYDV species
are specifically transmitted by different aphid
species, a trait reflected in their nomenclature
(Walls et al., 2019). BYD-associated viruses af-
fect a wide range of Poaceae family members,
including wheat, barley, oats, rye, and maize,
as well as over 150 non-crop grasses (D’Arcy &
Burnet, 1995). BYDVs epidemics are influenced
by various factors, including weather condi-
tions, aphid populations, and the presence of vi-
rus reservoirs in volunteer plants. However, the
most severe epidemics occur when virus-car-
rying aphids migrate to grain fields and infect
young grain seedlings in spring or early summer
under cool, wet conditions, which favor vector
propagation (Agrios, 2005).

In Ukraine, BYDV has been detected in
wheat, barley, oats, maize, and several grass
weeds such as Echinochloa crus-galli, primarily
through immunochemical detection methods
(Yukhymenko et al., 2000, 2008; Babayants et
al., 2009; Snihur et al., 2009, 2018; Nepliy et al.,
2012; Gulyaeva et al.,, 2013; Kyrychenko et al.,
2022; Pozhylov & Snihur, 2022; Vlasova et al,,
2024a, 2024b). Among BYDV species, BYDV-
PAV is prevalent in most Ukrainian regions
with significant epiphytotics reported in 2006
and 2008 (Babayants et al., 2009; Snihur et al.,
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2009, 2018). During these outbreaks, yield losses
in susceptible wheat varieties were reported to
exceed those of resistant varieties by more than
twofold (Yukhymenko et al., 2008). BYDV-MAV
and BYDV-SGV have also been identified in oats
and wheat (Nepliy et al., 2012; Kyrychenko et al.,
2022; Pozhylov & Snihur, 2022). Mixed infec-
tions involving BYDV, wheat streak mosaic vi-
rus, and brome mosaic virus have been observed
in wheat and barley crops (Gulyaeva et al., 2013).

Although BYDV infections in Ukraine have
been studied for several decades, their direct im-
pact on wheat yield remains poorly understood
due to limited molecular data and the influence
of biotic and abiotic factors. This paper presents
the results of long-term BYDV monitoring in ex-
perimental wheat fields at the National Scientific
Center “Institute of Agriculture of the National
Academy of Agrarian Sciences” (NSC “Institute
of Agriculture”). The study aimed to identify
the causal agent(s) of BYD outbreaks during the
2019/2020 and 2023/2024 growing seasons and
to assess potential yield loss thresholds in the
most susceptible wheat cultivars.

Materials and Methods. Field Research and
Specimen Collection. Annual assessments of
BYD incidence were conducted from 2014 to
2024 at the NSC “Institute of Agriculture” in the
Kyiv region, following the methodology out-
lined by Shpaar et al. (2003). Experimental fields
under selective crop rotation were treated with
fungicide and insecticide from 2014 to 2018, but
not from 2019 to 2024. Over the 11-year study
period, more than 8,000 experimental plots, cov-
ering approximately 4.5 hectares annually, were
evaluated. These plots included wheat nurser-
ies used for collection, hybridization, breeding,
control, preliminary and competitive variety
testing, and the initial propagation of promis-
ing breeding lines. Nine winter wheat cultivars
were monitored, with cv. Lisova Pisnia included
as a control standard. Leaf samples from at least
20 plants per plot were collected from the wheat
displaying visible symptoms, such as leaf streak-
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ing, reddening and yellowing of leaf blades,
stunting, and dwarfism, as well as from asymp-
tomatic plants showing no foliar symptoms.

Potential viral vectors were randomly collect-
ed from symptomatic plants, preserved in 70%
ethanol, and frozen at —20 °C for vector identi-
fication using morphological keys (Heie, 1986)
and molecular detection of BYDVs.

Alternative hosts, including volunteer wheat
and grassy weed species of the Poaceae family,
were collected from and around fields for BYDV
screening. The study encompassed a wide range
of annual and perennial wild cereal species, in-
cluding couch grass (Elymus repens L. Gould),
yellow foxtail (Setaria pumila (Poir.) Roem. and
Schult.), green foxtail (S. viridis L. P. Beauv.),
hooked bristlegrass (Setaria verticillata (L.)
PBeauv.), cocK’s foot (Dactylis glomerata L.),
hairy crabgrass (Digitaria sanguinalis L. Scop.),
wall barley (Hordeum murinum L.), cockspur
grass (Echinochloa crus-galli L. P.Beauv.), peren-
nial ryegrass (Lolium perenne L.), downy brome
(Bromus tectorum L.), wood small-reed (Cala-
magrostis epigejos (L.) Roth), and false oat-grass
(Arrhenatherum elatius (L.) P.Beauv. ex J.Presl
and C.Presl). Symptomatic and asymptomatic
samples of these species were randomly collect-
ed near cereal fields to assess their role as BYDV
reservoirs.

Serological testing. All collected plant mate-
rial was subjected to serological assay for the
presence of prevalent cereal viruses, particu-
larly BYDV-PAV, BYDV-MAYV, and CYDV-RPV.
Additionally, samples were screened for wheat
dwarf virus (WDV; genus Mastrevirus, family
Geminiviridae), a significant cereal pathogen as-
sociated with severe dwarfism, yellowing, streak-
ing, and poor sprouting in winter wheat across
Ukraine (Abt & Jacquot, 2015; Tobias, 2011;
Mishchenko et al., 2021). Screening tests were
done using a Double- or Triple Antibody Sand-
wich ELISA (DAS-ELISA or TAS-ELISA) with
commercially available kits (SRA 27500, 26500,
28001, Agdia Inc., USA; 07082, Loewe Biochem-
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ica, Germany). The results were recorded using
an automatic microplate reader Thermo Labsys-
tems Opsis MR (USA) with Dynex Revelation
Quicklink software at a wavelength of 405 nm.
Absorbance values exceeding three times the
mean of the negative control were considered
positive for virus presence.

Virus detection using RT-PCR. TAS-ELISA-
positive plant and aphid samples collected dur-
ing the inspection of each wheat cultivar were
analyzed by RT-PCR to confirm and differentiate
BYDV species. Primers BYcpF and BYcpR, as de-
scribed by Kundu (2008), were used for RT-PCR
to amplify a 641 bp fragment encompassing the
coat protein (CP) gene and the intergenic region.
RNA was extracted using the RNeasy Plant Mini
Kit (Qiagen, Germany) according to the manu-
facturer’s instructions. Reverse transcription was
performed using Revert Aid Reverse Transcrip-
tase (Thermo Scientific, USA) according to the
manufacturer’s instructions. PCR was carried
out in a 25-uL PCR mixture (DreamTaq Green
PCR Master Mix (2X) Thermo Scientific, USA),
including 2 uL of cDNA template, using the fol-
lowing conditions: 94 °C for 3 min, 35 cycles of
94 °Cfor 30, 58 °C for 30's, 72 °C for 1 min, and
a final extension at 72 °C for 10 min. PCR prod-
ucts were analyzed by electrophoresis in a 1.5%
agarose gel, stained with ethidium bromide (In-
vitrogen, USA). The PCR products were excised
from the gels and cleaned using a QIA quick Gel
Extraction Kit (Qiagen, Germany) following the
manufacturer’s instructions.

Sequencing and phylogenetic analysis. RT-
PCR amplicons of ~ 641 bp were Sanger se-
quenced at Genomed S.A. (Warsaw, Poland) us-
ing the same specific primers (BYcp-F/BYcp-R).
The resulting sequences were analyzed with
MEGA7 software (Kumar et al., 2016). Phyloge-
netic relationships were inferred by comparing
the CP gene sequences obtained in this study
with BYDV isolates from various countries re-
trieved from the GenBank database. The Maxi-
mum Likelihood Estimation with the Kimura
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2-parameter model (Kimura, 1980) was em-
ployed for the analysis, and bootstrap values
were calculated based on 1000 replications to
ensure the robustness of the phylogenetic tree.

Estimating winter wheat grain yields. Grain
yields (t/ha) were measured at full maturity us-
ing a Sampo-130 combine harvester, following
the State Variety Testing Methodology (Tkachyk
et al,, 2016). Harvested grain was weighed, and
moisture content and quality were assessed on
the same day. A randomized trial design was
used for a harvesting plot size of 100 m? with
four replications.

To assess weather conditions during the study;,
meteorological data, including daily tempera-
ture, precipitation, and humidity, were sourced
from the Ukrainian Hydrometeorological Cen-
ter (UHMC 2024) for the Kyiv experimental
field locations (latitude and longitude: 50.34244
and 30.42870). These data were analyzed for the
growing season of each year, focusing on key
phenological stages such as tillering, flowering,
and grain filling.

Statistical analysis. Wheat yield data were sta-
tistically analyzed to compare the performance
of varieties across growing seasons. The method
of analysis of variance ANOVA described by
Gomez (1984) was applied to ensure robust in-
terpretation of variance. Statistical significance
was set at p < 0.05 to identify meaningful differ-
ences between years. The coefficient of variation
(CV, %), standard deviations, and confidence
intervals were calculated using Microsoft Excel
software version 2013 (Microsoft Corporation,
USA) to assess the accuracy and stability of the
annual yield measurements.

Results. BYDV Symptoms and Vector Distri-
bution. Monitoring of nine winter wheat culti-
vars from 2014 to 2024 revealed variable BYDV
susceptibility. Cv. Poliska 90 exhibited the high-
est incidence of symptomatic plants, particularly
during outbreaks in May—June 2020 and 2024.
Infected plants exhibited typical disease symp-
toms such as yellowing or reddening of leaves
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Fig. 1. Winter wheat cv. Poliska 90 exhibiting symptoms of BYD in 2020 (a) and 2024

(b, ¢): yellowing and reddening of leaves, stunting, and spikelet abscission (a); spikelets
failing to emerge from the leaf sheath (b); spikelet malformation (c). Arrows indicate
healthy (blue) and BYDV—infected plants (yellow)

Fig. 2. Representative symptomatic weeds and aphids during 2020 and 2024 surveys:
Arrhenatherum elatius (a) and Echinochloa crus-galli (b) plants infected with BYDV-PAV;
Rhopalosiphum padi aphids detected during the field survey in 2020 (c) and 2024 (d)

and plant stunting (Fig. 1), which led to a signifi-
cant drop in crop productivity. Consequently,
this variety was selected to evaluate the impact of
BYDVs on wheat grain yield. Additionally, field
surveys in 2020 and 2024 identified symptom-
atic weeds, including A. elatius and E. crus-galli,
exhibiting leaf reddening and yellowing indica-
tive of BYDV infection (Fig. 2 a, b).

Field surveys in 2020 and 2024 revealed a sig-
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nificant infestation of wheat leaves and ears of
the Poliska 90 variety by aphids identified based
on morphological characters as R. padi (Heie,
1986), a cereal aphid species broadly distribut-
ed across Ukraine (Fig. 2 ¢, d). While sporadic
aphid colonizations were observed on all tested
varieties, Poliska 90 consistently exhibited high-
er infestation levels, suggesting a potential aphid
preference for this variety. Cv. Lisova Pisnia,

ISSN 1028-0987. Microbiological Journal. 2026. (2)



Barley Yellow Dwarf Disease in the Kyiv Region of Ukraine: Survey and Pathogen Characterization

used as a control, showed lower symptom preva-
lence and aphid infestation.

Identification of Viruses Associated with
BYD. Serological testing confirmed BYDV-PAV
in all symptomatic Poliska 90 plants in 2020 and
2024. The average A, . ratio indicated a high level
of virus infection. No mixed infections with BY-
DV-MAYV, CYDV-RPV, or WDV were found in
the tested samples. All random leaf samples from
symptomless plants were negative for BYDVs.
RT-PCR confirmed BYDV-PAV in symptomatic
Poliska 90 plants and viruliferous R. padi aphids,
amplifying a 641 bp fragment (Fig. 3). BYDV-
PAV was also detected in several annual and pe-
rennial cereal weeds. Specifically, it was found in
Echinochloa crus-galli (2020—2022), Hordeum
murinum (2021), Bromus inermis (2020—2023),
and Arrhenatherum elatius (2024).

Phylogenetic analysis of BYDV-PAV isolates.
The 641 bp nucleotide sequences of BYDV
CPs obtained from wheat (BYDV Kyiv wheat),
R. padi (BYDV Kyiv R. padi), and A. elatius
(BYDV Kyiv Arr) in 2024 were compared with
reference isolates from GenBank. The com-
parison showed that the BYDV Kyiv wheat and
BYDV Kyiv R.padi isolates share 92% nucleotide
sequence similarity, whereas the BYDV Kyiv Arr
isolate shows 85% similarity to both. Phyloge-
netic analysis placed the BYDV Kyiv wheat and
BYDV Kyiv R.padi isolates in a clade with the
Ukrainian BYDV-PAV isolate (OK338686.1)
obtained from the same wheat cultivar in 2020
and with isolates from Ireland, Poland, Turkey,
and the Czech Republic (Fig. 4). The grass iso-
late (BYDV Kyiv Arr) clustered separately, form-
ing a clade with isolates from the USA, Belgium,
and China (Fig. 4). The sequences of BYDV CPs
from wheat, R. padi, and A. elatius were submit-
ted to the National Center for Biotechnology In-
formation (NCBI) GenBank database with ac-
cession numbers of PQ808960, PQ808959, and
PQ808958, respectively.

Effect of BYDV-PAV on wheat grain yield.
Table 1 summarizes the grain yield performance
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Fig. 3. Detection of BYDVs (~ 641 bp) in plant and
aphid samples by RT-PCR. Lanes: bp — 100-bp DNA
ladder (Cleaver Scientific, UK); 1 — isolate BYDV Kyiv
wheat; 2 — isolate BYDV Kyiv R.padi; 3 — isolate BYDV
Kyiv Arr; “K — no-template; *K — positive control

data for two wheat varieties, Lisova Pisnia and
Poliska 90, over an 11-year period (2014—2024).
Significant yield reductions were observed in
2018, 2020, and 2024. In 2018, both cultivars
experienced decreased yield. In 2020 and 2024,
cv. Poliska 90 recorded yields of 1.75 t/ha and
3.59 t/ha, corresponding to reductions of 69.8%
and 29.2%, respectively, representing reductions
of 69.8% and 29.2% compared to their average
yields. Lisova Pisnia demonstrated more stable
performance with yields of 5.79 t/ha in 2020 and
5.07 t/ha in 2024. No BYDV outbreaks were re-
corded in the experimental plots from 2014 to
2018. The yield reductions in 2018 for both cul-
tivars were associated with excessive rainfall and
lodging, not BYDV.
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® 2024 |PQ808958|BYDV Kyiv Arr|Arrhenatherum elatius|Ukraine
2022 |PP032917.1|E103|Lolium perenne|USA

—2022 |0Q087005.1|T-UZB1|Triticum aestivum Uzbekistan

_[ 2021 |LC851785.1|P2|Hordeum vulgare|Australia

9312020 |LC592173.1 KJs|Avena sativa|Korea

FOD |MN648443.1|SXLF19-1|Triticum aestivum China

‘FOO2 |DQ631850.1|Yolo 274 PAV|Avena fatua|USA

2018 |ON137720.1|Antheit Poaceae|Belgium
5212022 |PP032919.1|E410R|Lolium perenne|USA
2019 |MZ501224.1|LE01 19| Triticum aestivum USA
2008 |JX067827.1|STA175 49| Avena sp.|Brazil
2018 MT345894.1|BR:wheat:18| Triticum aestivum Brazil
2018 |[MW916321.1|TR19| Triticum aestivum Turkey
1995 |[KY634906.1|PAV100|Hordeum vulgare|Germany
2013 KT222666.1|Chk01|Triticum aestivum Pakistan
2012 KC900900.1|TR|Triticum aestivum Turkey
88 85_[2003 |DQ792506.1|PAS37P5003 2| Avena sativa|USA
2016 MN128938.1 BYDV-PAS-OH1|wheat|USA: Ohio
2012 |KY593457.1|KS PAS-2|Triticum aestivum USA
2022 |OR771727.1|P3F9|Hordeum vulgare|Ireland
2013 MKO012650.1|Polva|Triticum aestivum Estonia
=2020 |OK338686.1|BYDV-PAV Ukr|wheat cv. Poliska 90
* 2024 |PQ808959|BYDV Kyiv R.padi Rhopalosiphum padi Ukraine
2024 |PQ808960|BYDV Kyiv wheat| Triticum aestivum cv.Poliska 90|Ukraine

2018 ON950057.1|BYDV-PAS-P5|Hordeum vulgare|Poland

2021 |OR771728.1|La3a|] Hordeum vulgare|Ireland

2023 PP405116.1| Tekirdag23|Zea mays|Turkey

2016 |MN780852.1|29| Triticum aestivum Czech Republic

88 2015 |KU893144.1|BYDV-PAS-P1 |triticale| Poland: Zachodniopomorskie
2020 LC592174.1|JE|Avena sativa|Korea
42021 IMZ773946.1|BYDV-MAV|Avena sativa Ukraine

67

78

0.05

Fig. 4. Phylogenetic relationships of Ukrainian BYDV-PAV isolates with selected BYDV isolates from various coun-
tries. The experimental BYDV-PAV isolates described in this study are marked with black circles, and the Ukrainian
isolate BYDV-PAV of 2020 is marked with a black square. GenBank accession number, year of submission, host spe-
cies, and country of origin are indicated for each isolate. The BYDV-MAV sequence (MZ773946.1) was used as an
outgroup for tree rooting

Discussion. This 11-year monitoring study | in substantial yield declines in Poliska 90. The
confirms BYDV-PAV as the primary viral agent | lack of insecticide treatments after 2018 likely
responsible for yield losses in winter wheatin the | contributed to increased aphid colonization and
Kyiv region. Severe epidemics in 2020 and 2024 | virus spread. Favorable weather conditions, with
coincided with high aphid pressure and resulted | higher humidity and moderate temperatures
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during vegetative and earing stages, enhanced
aphid development and transmission efficiency.
Similar trends have been reported in other Eu-
ropean cereal systems (Parry, 2013; Liu et al,
2019). The reduced yields in 2017/2018 were
most likely related to unfavorable weather con-
ditions, including excessive rainfall during har-
vest, lodging, and pre-harvest sprouting. These
abiotic stress factors explain the decline in pro-
ductivity in the absence of BYDV epidemics.

Among the studied cultivars, Poliska 90 con-
sistently showed the highest susceptibility to
BYDV-PAV infection and infestation by its aphid
vector R. padi. This was especially evident dur-
ing the 2020 and 2024 epidemics, when Poliska
90 displayed severe infection symptoms and sig-
nificantly reduced grain yields compared to the
standard variety Lisova Pisnia. Poliska 90 has re-
mained one of the dominant wheat varieties cul-
tivated in Ukraine for over 40 years, largely due
to its high baking qualities linked to HMW-GS
(high-molecular-weight glutenin subunit) alleles,
which contribute to desirable high grain quality
and processing properties (Zaika et al., 2012).
Though it may be hypothesized that these traits
could indirectly enhance aphid preference, no di-
rect evidence supports a causal link between grain
quality traits and aphid preference (De Zutter et
al,, 2012). Instead, morphological and chemical
traits, such as leaf surface characteristics, volatile
organic compounds, or phloem composition,
may explain enhanced vector attraction (Parry,
2013; Liu et al., 2019; Mandal et al., 2020).

The repeated detection of BYDV-PAV in both
cultivated wheat and wild grasses indicates the
importance of alternative hosts for virus per-
sistence in agroecosystems. Particularly, A. ela-
tius and E. crus-galli, widespread in Ukrainian
meadows and pastures, may serve as effective
reservoirs of BYDV-PAV. This finding is consis-
tent with earlier studies (Pokorny, 2006; Jaro$ova
et al., 2013; Ingwell et al., 2018), which have re-
ported that these grass species support the virus
between cereal cropping cycles. Such reservoirs
likely facilitate the maintenance of viral inocu-
lum and contribute to epidemic recurrence.

The phylogenetic comparison between BYDV
isolates obtained from wheat and R. padi revealed
close similarity between wheat- and aphid-derived
isolates. These results indicate a close relationship
between viral strains infecting wheat and its pri-
mary aphid vector within the same field. The dis-
tinct clustering of the A. elatius isolate points to its
belonging to a different evolutionary lineage. This
observation reflects the genetic diversity of BYDV
populations and suggests that multiple virus lin-
eages may coexist in the same agroecosystem, sus-
tained by alternative host plants and vectors.

Yield analysis showed that Lisova Pisnia main-
tained higher stability than Poliska 90 under epi-
demic conditions. Nevertheless, no cultivar ex-
hibited obvious genetic resistance to BYDV or to
aphid infestation in our trials.

The results obtained in this study confirm
the potential risk of BYDV-PAV epidemics in
Ukrainian winter wheat production, particularly

Table 1. Grain yield for wheat cultivars Poliska 90 and Lisova Pisnia

Yield of winter wheat, t/ha
Cultivar x| $2 ] s |cv%
2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024
Lisova pisnia | 6.43 | 5.73 | 7.25 | 7.27 | 3.58 | 595 [ 5.79 | 45 | 44 | 2.9 |5.07 | 6.00 | 1.56 | 1.25 |20.79
Poliska 90 5531480 | 726|504 (241 |7.05|1.75| 52 [3.28 | 3.0 |3.59|4.83|4.45|2.11 |43.65
HCPOS 0.250.20 [ 0.29 | 0.25] 0.22 | 0.30 | 0.26 | 0.41 | 0.53 | 0.65 | 0.40 | — — — —

*X — the arithmetic mean of a sample, S> — sample variance, S — sample standard deviation, CV, % — coefficient
of variation, HCP ; — the least significant difference at the 5% significance level.
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in susceptible cultivars such as Poliska 90. The
repeated detection of BYDV-PAV in both cul-
tivated and wild hosts indicates the broad host
range of the virus and its capacity for sustained
transmission across seasons and years. The sig-
nificant yield losses in Poliska 90 during the 2020
and 2024 epidemics, reaching up to 70% in sus-
ceptible varieties like Poliska 90, directly corre-
late with the confirmed BYD outbreaks and the
proliferation of aphid populations, which ampli-
fied the impact of the virus during these periods.
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! TucruryT Mikpobiosorii i Bipyconorii im. [1.K. 3a6onoraoro HAH VYkpainn,
Byn. AkazieMika 3ab6onoTHoro, 154, Kuis, 03143, Ykpaina
* KuiBcbkuit HaljioHambHMiT yHiBepcuret im. Tapaca [lleBuenka,
HHII «IactutyT 6iomorii Ta Megniuam», Kadenpa Bipycornorii,
npocnekT Akafiemika [mymxosa, 2, Kuis, 02000, Ykpaina
* HHII «IucturyT semnepo6crea» HAAH Ykpainu, Bifgin cenexuii Ta HaCIHHUI{TBA 3€PHOBUX KY/IBTYP,
By MaumHo6yniBHyKiB, 2B, Yabann, Kniscbka o6macts, 08163, Ykpaina
* IncTuTyT 6ioximii Ta 6iodisukn, [TonbcbKa akajeMis Hayk,
02-106 Bapmrasa, ITonbia

YKOBTA KAPIMKOBICTb SYMEHIO B KUIBCBKIV OBJTACTI YKPATHMN:
MOHITOPHUHI TA XAPAKTEPVMCTVIKA 3BYJHMKA

JKosra xapmukoBictb ssumento (OKKA), cipuunuena kommnekcoM Bipycis popun Tombusviridae ta Solemoviridae,
CTQaHOBUTDb CEPIIO3HY 3arpo3y HJLA CBITOBOro BUpOOHMITBA mineHuui. B Ykpaini, ofHOMY 3 IpoBifHUX perioHiB
ii BupouryBaHHs B €BpOII, Iis1 XBOpoOa CIIPUYNHSE 3HAYHI €KOHOMIYHI BTPATH, sIKi KOPEIOTD i3 YMCETbHICTIO
BEKTOPIB, CIPUITHATINBICTIO O XBOPOOY COPTIB Ta MiHIMBIMY OrogHNMY yMoBamu. [Tonpy 6araTopiuni focri-
IKeHHs, Bipycy, mo cnpuunusors craaaxy JKKS, ta ixHi MonekyisapHi 0co6MMBOCTI B MiCIIeBUX arpOeKoCucTe-
Max BMBYEHI HEJOCTATHDO, IO YCKIAJHIOE PO3POOKY LiNeCIIPSIMOBAaHNUX 3aXO/iB KOHTPOIO BipyCHUX emidiToTii
xBopobu. Metoro gociimkenns 6ymo ouinnty nomupenHs JKKS Bopomosx 11-piunoro mepiopy (2014—2024)
B KuiBcpkiit obnacti Ykpainu, inentndikysatn etionoriunmit areHT(n) mig dac crnanaxis 2019/2020 ta 2023/2024
POKIB Ta OXapaKTepy3yBaTy JIOro Ha MOJIeKy/IApHOMY piBHi. MeTopu. IllopiuHi MonboBi 06CTEXEHHA IPOBOAVIIN
Ha 4,5 ra IociBiB 03MMOI NIIeHNIY, /le BiICTeXXyBa/IM CMMITOMMU Ha JIeB’ AT COpTax i BiOupamu 3pasku JIUCT-
KiB, monenmuup i 6yp’saHiB. YpoyKailHiCTh BUBHAYANU HA AUIAHKaX ruiomeio 100 M y 9OTMPUKPATHill MOBTOPHOCTI
KoMbaitHOM Sampo-130 3riffHO 3 METOAMKOIO IeP>KaBHOTO COPTOBUIPOOYBaHHs. MeTeoposoriyni faHi, oTprMaHi
3 YKpalHCBKOTO TifjpOMeTeOpOIOriYHOTO LIEHTPY, aHaIi3yBalu y K1o4oBi deHonoriuni ¢asu. Ceponmoriuny pia-
THOCTHKY TpoBopmmyu MeTofgoM DAS-/TAS-ELISA, monexynspre ninrsepixenus — RT—PCR 3 ammmicikaieio
641-1m.H. pparMeHTa reHa 6inka 0OOTOHKM, TOJAIBIINM CeKBEHYBaHHAM 3a CeHrepoM i QioreHeTMYHUM aHasIi-
30M MeTOJJOM MaKCUMa/IbHOI IIpaBRonofioHocTi. [lani BpoxaitHoCcTi onpanboByBam MeTonoM ANOVA (p < 0.05).
PesynbraTn. Barley yellow dwarf virus-PAV € eguunuM 30yAHUKOM y CUMITOMAaTMYHNUX POCTMHAX IIIEHNUIL, TTepe-
HOCHUKY Rhopalosiphum padi Ta anbTrepHaTUBHUX Xa3aax Arrhenatherum elatius i Echinochloa crus-galli. ®inorene-
TUYHUI aHasi3 BUABMB 92% ieHTMYHOCTI HYK/IEOTUIHMX MOCTiJOBHOCTEN MiX i301ATaMM Bipycy i3 IIueHuni Ta
nonenuub. Inentudikosani isonarnu kmacrepusypamics 3i mramamn 3 Ipnangii, [Tompi, Typewunnn it Yexii. I3o-
nAar 3 Arrhenatherum elatius maB 85% ToToXKHOCTi Ta PpopMyBaB okpemy Knany B rpymi 3i CIIIA, Benbrii it Knrato.
Y uyrimsoro copry Ilomicbka 90 BTpatu BpoxKaro craHoBuau 69.8% y 2020 p. Ta 29.2% y 2024 p., TOA AK CTilIKuii
cranpapt Jlicosa IlicHs maibke He ypakyBaBcs. BucHoBku. Barley yellow dwarf virus-PAV € ocHoBHIM 36yRHIKOM
HOBTOPHUX emigitoriit BYD B o3umiit mmennni Yipainu y 2019/2020 ta 2023/2024 poxax. [TommpeHHs XBOpoou
3YMOBJIIOETBCS CYKYITHOIO Ii€10 BiponedepHMX IONeMNIb, CIPUHATINBOCTI POCIMH-Xa3AiB Ta CHPUATIVBUX I
nepeHocHMKa ta po3puTky KK norogaux ymos.

Knouosi cnosa: sosma xapruxosicmo aumerio, 8ipyc xoemoi kapauxosocmi sumenio-PAV, eipycu snaxis, eposcaii-
Hicmb Kynbmyp, @inozeis.
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MOLECULAR DETECTION
OF RNA VIRUSES IN AGARICUS BISPORUS
ON MUSHROOM FARMS IN UKRAINE

2

X

Aim. To study the prevalence and identify viral agents affecting cultivated button mushrooms (Agaricus bisporus)
on mushroom farms in Ukraine, using molecular biological methods, and to assess the relative viral load. Methods.
Visual assessment of symptoms was conducted on samples of mushroom fruiting bodies and mycelia from farms in
the Kyiv, Ternopil, Rivne, Lviv, Dnipropetrovsk, and Odesa regions. Total RNA was isolated using a GeneJET Plant
RNA Purification Kit. Identification of viral agents (La France disease virus — LEDV; Mushroom bacilliform virus —
MBYV; Agaricus bisporus virus 6 — AbV6; Agaricus bisporus virus 16 — AbV16; Agaricus bisporus virus X — AbVX)
was performed using two-step Reverse Transcription quantitative Polymerase Chain Reaction (RT-qPCR) on a Rotor-
Gene 6000 amplifier. Glyceraldehyde-3-phosphate dehydrogenase II (GPDII) gene of A. bisporus was used as an in-
ternal control for normalization and assessment of RNA/cDNA quality. Melt curve analysis was performed, and the
relative amount of viral RNA was calculated using the ACt method. The study used a straightforward estimation of vi-
ral load based solely on the GPDII reference gene. It was used as a reference gene. This method serves as a preliminary
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step, acknowledging its limitations in precision. Results. Six A. bisporus samples with various morphological changes
were studied: a small cap and a strongly curved stipe (Ternopil), a thickened stipe (Kyiv), a small cap and an elon-
gated stipe (Rivne), a dense stipe and a flat cap with pink gills (Dnipro), browning of fruiting bodies (Lviv), and an
abnormal cotton-like mycelium (Odesa). The performed RT-qPCR analyses identified various combinations of LFDV,
MBYV, AbV6, AbV16, and AbVX. Noteworthy, mushroom virus X (MVX), associated with the “bare patch” disease,
was not detected in any of the samples. The most common viruses were MBV (detected in all 6 samples) and AbVX (in
5 samples). AbV6 and AbV16 viruses were detected in 4 samples, and LFDV in 3 samples. Mixed infections by more
than four viruses were detected in four samples. ACt calculation showed a significant relative level of MBV viral RNA
in most samples (especially in Dnipro and Lviv), as well as LEFDV, AbV6, and AbVX in the Lviv sample, compared to
the expression level of GPDII. Melt curve analysis confirmed the specificity of the PCR products. Conclusions. RNA
viruses were detected and identified in the culture of A. bisporus, and their quantitative representation was assessed.
On the surveyed mushroom farms, viruses LFDV, MBV, AbV6, AbV16, and AbVX are prevalent, often as mixed infec-
tions with different levels of relative viral load. The obtained results emphasize the need for implementing systematic
molecular monitoring of mushroom viral diseases in Ukraine to ensure phytosanitary safety and production stability.

Keywords: mushroom viruses, identification, RNA viruses, Agaricus bisporus, RT-qPCR, mixed infections.

The cultivation of button mushrooms (Agaricus
bisporus (Lange) Imbach) is a vital and rapidly
growing sector of global biotechnology (Shar-
ma et al., 2022). However, producers often face
various problems that lead to reduced yields
and deterioration of product quality. One of the
key causes of such losses is viral diseases, which
have recently become one of the most danger-
ous for mushroom cultures (Pudetko, 2010; Iva-
nova, 2021).

Mushroom viruses, or mycoviruses, are vi-
ruses that specifically infect fungi, including
cultivated edible mushrooms such as A. bispo-
rus, Pleurotus spp., and Lentinula edodes. Unlike
many plant or animal viruses, mycoviruses typi-
cally possess double-stranded RNA (dsRNA)
genomes and lack an extracellular phase, being
transmitted primarily through cytoplasmic ex-
change, such as hyphal anastomosis or spore
propagation (Ivanova, 2021).

A prerequisite for obtaining consistently
high mushroom yields is the use of high-qual-
ity virus-free spawn (mycelium), resistant to
pathogens. While many mycoviruses persist
asymptomatically within their fungal hosts,
certain viral infections can cause economically
significant diseases, particularly in commercial
mushroom production. For example, La France
disease in A. bisporus, caused by a dsRNA vi-

70

rus complex, leads to reduced yield, malformed
fruiting bodies, and delayed pinhead forma-
tion. Similar viral syndromes have been docu-
mented in oyster mushrooms and shiitake, af-
fecting both yield and quality.

The detection and characterization of mush-
room viruses have improved significantly with
the use of molecular techniques such as qPCR,
next-generation sequencing (NGS), and dsRNA
profiling. However, effective management strate-
gies remain limited, as fungicides are ineffective
against viruses and breeding for resistance is still
under development (Ivanova, 2019).

More than twenty pathogenic viruses of dif-
ferent taxonomic groups including different
genome natures (RNA or DNA) have been de-
scribed for A. bisporus culture (Sharma et al.,
2022; Grogan et al., 2003; Deakin et al., 2017).
The most well-known are La France disease vi-
rus (LFDV or Agaricus bisporus virus 1, ABV1),
whose genome consists of nine segments of
double-stranded RNA (dsRNA) and is associ-
ated with growth retardation and deformation
of fruiting bodies (Romaine & Schlagnhaufer,
1995), and the complex of viruses known as
Mushroom Virus X (MVX), which is associated
with various symptoms, including browning
of caps, suppression of mycelial growth (“bare
patches”), deformation of fruiting bodies, and
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yield reduction (Grogan et al.,, 2003; Pudetko,
2010; O’Connor et al., 2021).

The MVX complex can include up to 26 differ-
ent dsRNA elements (Grogan et al., 2003), and
recent studies using next-generation sequencing
(NGS) have identified at least 18 unique RNA
viruses and 8 unique RNA ORFs in affected A.
bisporus samples (Deakin et al., 2017). Some of
these viruses, such as AbV6 and AbV16, are as-
sociated with specific symptoms, for example,
“bare patches” and browning of caps, respective-
ly (Deakin et al., 2017).

However, a serious problem is the lack of stan-
dardized and accessible methods for diagnosing
mycoviruses, particularly molecular biological
diagnostic kits for identifying mushroom viruses
(Ivanova et al., 2015). This complicates the time-
ly detection of infections, assessment of their
spread, and the development of effective control
measures. In the case of viral infection, mush-
room fruiting bodies can undergo morphologi-
cal changes and lose their taste and market value,
leading to significant economic losses (Grogan
et al., 2003). In severe cases, viral infections can
lead not only to a decrease in yield but also to the
death of the mycelium (Sahin et al., 2018).

Phenotypic changes such as mycelium brown-
ing, death of fruiting bodies, and cessation of
button growth over significant cultivation areas
(“bare patches”) are often observed, the causes
of which cannot always be quickly established
(Gaze et al., 2000; Ivanova, 2019). Although
some symptoms may resemble La France dis-
ease, diagnostic tests for this virus often yield
negative results (Gaze et al., 2000). There is an
opinion that the suppression of mycelial growth
may be associated not only with viral infection
but also with the intense development of other
pathogens, for example, bacteria or nematodes
in the substrate (Huang et al., 2023; Babych,
2020; Castillo, 2015).

Understanding mushroom viruses is critical
not only for disease prevention and control but
also for their potential biotechnological applica-

ISSN 1028-0987. Microbiological Journal. 2026. (2)

tions, such as viral vectors for gene expression or
as models in virus-host interaction studies. Con-
tinued research into their taxonomy, transmis-
sion, symptomatology, and epidemiology will
support the development of more sustainable
and resilient mushroom cultivation systems.

Investigating the underlying factors and
mechanisms behind these symptoms is an im-
portant objective for applied mycology and phy-
topathology, as well as for advancing fundamen-
tal knowledge of biocenotic interactions within
A. bisporus cultivation systems.

The aim of our work was to study the preva-
lence of viral diseases of button mushrooms on
mushroom farms in Ukraine, to adapt and ap-
ply the RT-qPCR method to identify a complex
of RNA viruses (LFDV, Mushroom bacilliform
virus — MBYV, AbV6, AbV16, AbVX), and to
evaluate the relative viral load and the possibili-
ties of using molecular methods for phytosani-
tary control.

Materials and Methods. Sample collection.
A survey was conducted on mushroom farms in
the Kyiv, Ternopil, Rivne, Odesa, Poltava, Dni-
propetrovsk, Lviv, Ivano-Frankivsk, and Cherni-
hiv regions of Ukraine from 2023 to 2025. A total
of 25 farms were surveyed. Six A. bisporus sam-
ples were collected that had pronounced symp-
toms of abnormal development or suspicion of
a viral infection. They were collected during the
cultivation cycle to obtain a representative pic-
ture. Each sample was carefully packed in a ster-
ile container. Before analysis, a visual assessment
of the samples was performed.

Description of the samples studied:

= Ternopil: A sample from the Ternopil region
(Fig. 1). The fruiting bodies had a small cap and
an elongated, severely curved stipe.

= Kyiv: A sample from the Kyiv region (Fig. 2).
The fruiting bodies had an abnormally thick-
ened stipe.

» Rivne: A sample from the Rivne region
(Fig. 3). The fruiting bodies were characterized
by a small cap and an elongated stipe.
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Fig. 1. A. bisporus sample from the Ternopil region with
a deformed stipe and a small cap

Fig. 2. A. bisporus sample from the Kyiv region with an
abnormally thickened stipe

Fig. 3. A. bisporus samples from the Rivne region with
small caps and elongated stipes (circled)
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Fig. 4. A. bisporus sample from the Dnipropetrovsk
region with an abnormally thickened stipe and a flat cap

Fig. 5. A. bisporus sample from the Lviv region with
signs of cap browning (circled)

Fig. 6. Abnormal cotton-like mycelium from the Odesa
region (circled)
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Table 1. Threshold cycle (Ct) and relative viral load (ACt) values
for viruses and the GPDII control gene in button mushroom samples

Sample Name
Target Name

Ternopil Kyiv Rivne Dnipro Lviv Odesa
GPDII Ct 24.90 22.31 23.61 25.72 23.09 25.60
LFDV Ct 25.05 — 22.78 25.38
LFDV ACt 0.15 — — — -0.31 -0.22
MBYV Ct 21.96 23.27 26.13 22.22 19.07 23.05
MBV ACt -2.94 0.96 2.52 -3.50 -4.02 -2.55
AbVe6 Ct 28.30 — 36.90 21.80 32.08
AbV6 ACt 3.40 — — 11.18 -1.29 6.48
AbV16 Ct 33.11 34.21 35.99 — 32.87
AbV16 ACt 8.21 11.90 12.38 — 7.27
AbVX Ct 27.48 — 25.01 24.69 20.07 27.95
AbVX ACt 2.58 — 1.40 -1.03 -3.02 2.35

« >

—” — not detected (Ct value is missing); ACt = Ct(virus) — Ct (GPDII); a negative ACt value indicates a higher

relative amount of viral RNA compared to GPDII.

» Dnipro: A sample from the Dnipropetrovsk
region (Fig. 4). The mushrooms had a shortened,
dense stipe, a flat cap with a prematurely open
partial veil and pink gills. Such mushrooms did
not grow to a large size.

= Lviv: A sample from the Lviv region (Fig. 5).
The fruiting bodies showed signs of browning
and were collected near areas with suppressed
mycelial growth (“bare patches”).

» Odesa: A sample from the Odesa region
(Fig. 6). Represented by mycelium that had an
abnormal cotton-like, very dense structure,
filled the space between the lumps of casing
soil, and formed exudate droplets on the sur-
face. No fruiting bodies were formed near such
mycelium.

Molecular identification of viruses and as-
sessment of relative viral load. Using RT-qPCR
analysis, a screening was performed for the pres-
ence of the genomes of five viruses — LFDV,
MBYV, AbV6, AbV16, and AbVX — in all six col-
lected samples. The data on virus detection by
RT-qPCR and the corresponding Ct and ACt
values are summarized in Table 1. The viruses
were found in mixed infections, confirming the

ISSN 1028-0987. Microbiological Journal. 2026. (2)

Table 2. Melting temperatures (Tm, °C)
of PCR products for identified viruses
and the GPDII control gene

Target Gene | Mean Tm (°C) + SD Tm Range (°C)
GPDII 87.54+0.11 87.5—87.7
LEDV 83.67 £0.29 83.5 —84.0
MBV 84.22 +0.26 83.5—84.5
AbV6 84.5+1.77 83.5 — 86.0
AbV16 85.43 +£0.32 85.0 — 85.8
AbVX 86.48 +0.22 86.2 — 86.7

Calculated based on data from Melt Reports files for
positive results.

tendency for co-infection and indicating the
manifestations of a multi-viral lesion.

The most common virus was MBV, present in
all six samples. In most samples, the ACt values
for MBV were negative or close to zero, demon-
strating a significant transcriptional load of vi-
ral RNA compared to the reference GPDII gene,
especially in the Dnipro and Lviv samples. The
AbV6 virus was also characterized by a high
frequency of detection among the analyzed
samples (4 of 6 experimental objects). How-

73



D.H. Medvediev, T.V. Ivanova, O.O. Yurchenko, et al.

ever, in the samples from Kyiv, Dnipro, and
Rivne, elevated Ct and ACt values (ACt > 11)
were recorded, indicating minimal accumula-
tion of viral RNA relative to the reference gene.
Conversely, in the Lviv sample, the ACt value
for the AbV6 virus was negative (-1.29), which
indicates a high relative level of viral RNA. The
AbVX virus was identified in five samples, with
low ACt values observed in samples from Dni-
pro (-1.03) and Lviv (-3.02). The LEDV virus
was detected in three samples, and its relative
level by the ACt value was significantly elevated
in the Lviv and Odesa samples. The AbV'16 vi-
rus was detected in four samples, but high ACt
values (7.27—12.38) indicate a low relative level
of its RNA. The mycelium samples from Odesa
and the Ternopil region contained five different
viruses each, which indicates a high degree of
mixed viral infection.

Melt curve analysis. Melt curve analysis was
performed for all positive RT-qPCR results.
The melting temperatures (Tm) of the viral am-
plicons and the GPDII control gene remained
stable across different samples and correspond-
ed to theoretically expected values, which con-
firms the high specificity of the amplification
and the absence of a significant number of non-
specific products.

Discussion. The results of the study indicate
a significant prevalence of a complex of RNA
viruses in A. bisporus samples collected from
mushroom farms in six regions of Ukraine. The
use of the RT-qPCR method allowed for the
identification of five viral agents: LFDV, MBYV,
AbV6, AbV16, and AbVX. The widespread
distribution of the MBV virus (detected in all
samples) and the high frequency of detection of
AbV6, AbV16, and AbVX confirm data from the
literature that A. bisporus often carries a complex
of viruses (Deakin et al., 2017).

In our samples, mixed infections also pre-
vailed (67% of samples contained four or five
viruses), which complicates the establishment
of a direct correlation between a specific virus
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and the corresponding symptom. The assess-
ment of relative viral load using the ACt meth-
od (Table 1) provides additional information.
Very low (negative) ACt values for MBV in
most samples (especially Dnipro and Lviv) and
for LFDV, AbV6, and AbVX in the Lviv sample
indicate their high level of replication or accu-
mulation compared to the expression level of
the GPDII gene. This may indicate their signifi-
cant role in the phenotypic changes observed
in the studied samples. Conversely, high ACt
values for AbV6 (in Kyiv, Rivne, Dnipro) and
AbV16 (in all positive samples) may indicate a
latent infection or a low level of replication of
these viruses under such conditions, although
their presence may still affect the physiology
of the mushroom or contribute to the devel-
opment of symptoms in a complex with other
viral infections.

The detection of a complex of viruses in the
abnormal mycelium sample from Odesa empha-
sizes the importance of controlling mycelium
as a source of infection, which can persist and
spread even in the absence of fruiting bodies
(O’Connor et al., 2021).

The use of two-step RT-qPCR with melt
curve analysis confirmed its high sensitivity
and specificity for diagnosing mushroom vi-
ruses (Romaine & Schlagnhaufer, 1995). This
method allows for rapid screening and assess-
ment of the relative viral load, which is impor-
tant for phytosanitary control and the develop-
ment of strategies for managing viral diseases
in mushroom cultivation in Ukraine (Ivanova,
2015, 2021).

Conclusions. As a result of the study of
A. bisporus samples from six regions of Ukraine
(Kyiv, Ternopil, Rivne, Lviv, Dnipropetrovsk,
and Odesa) using the RT-qPCR method, the
prevalence of RNA viruses LFDV, MBV, AbVé,
AbV16, and AbVX was established. The most
prevalent were the viruses MBV (100% of sam-
ples), AbVX (83%), AbV6, and AbV16 (67%).
Cases of mixed infections were frequently ob-
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served with different relative viral loads, esti-
mated by the ACt method. MBV demonstrated
the highest relative level of replication in most
samples.

The adapted method for RNA isolation and
RT-qPCR with subsequent analysis of the results
using the ACt method is an effective tool for
identifying a complex of mushroom viruses and
assessing the relative viral load. It can be recom-
mended for use in phytosanitary monitoring and
quality control of spawn mycelium in Ukraine.
The obtained data emphasize that viral infections
are a relevant problem, as they can manifest both
clinical symptoms and asymptomatic carriage,
which creates a significant risk for mushroom
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MOJIEKYJIAPHA JETEKUIA PHK-BIPYCIB
IEYEPUIII ABOCIIOPOBOI (AGARICUS BISPORUS)
Y TPYMBHMX TOCITOJTAPCTBAX YKPATHU

BuBuenHst mommpeHHs Ta ifeHTUdIKaLis BIpyCHUX areHTIiB, KOTPi YPaXYIOTh KyIbTMBOBAHY MEYEPULIO [BO-
criopoBy (Agaricus bisporus) y TpM6HMX TOCIHOAApCTBaX YKpaiHy, 3 BUKOPUCTAHHAM MOJIEKY/IAPHO-610MOriYHIX
METOJIiB, 3 OL[IHKOIO BiJHOCHOTO BipyCHOTO HaBaHTakeHHA. Metopu. IIpoBefieHO Bisya/nbHy OLIIHKY CMMIITOMIB
Ha 3pasKax IUIOfOBUX Ti/ Ta Mineniit medepuni 3 rocofapcts Kniscbkoi, TepHominbepkoi, PiBHeHCbKOI, JIbBiB-
cbkol, [HinponerpoBcbKoi Ta Opecbkoi obmacteit. Bupinenns roransHoi PHK nposopwmy 3a ZomomMorowo Ha-
60py GeneJET Plant RNA Purification Kit. Inentndikauito Bipycuux areuris (La France disease virus — LFDV;
Mushroom bacilliform virus — MBV; Agaricus bisporus virus 6 — AbV6; Agaricus bisporus virus 16 — AbV16;
Agaricus bisporus virus X — AbVX; Mushroom virus X — MVX) spilicHIOBa/I MeTOLOM IIOTiMepasHOL /1aH-
110roBoi peakuii B peanpHomy 4aci (RT-qPCR) 3i ceundiunnmu mpaiimepamu Ha amiutigikaropi Rotor-Gene
6000. B AK0CTi BHyTPillIHLOTO KOHTPOIO AA HopMarnisanii Ta oninkn Axocti PHK/xITHK BukopucToByBanu ren
rninepanpperin-3-docdar perinporenasu II (glyceraldehyde-3-phosphate dehydrogenase I1I, GPDII) A. bisporus.
ITpoBopunn aHanmis KpMBMX IIaB/IEHHA Ta pO3paxOBYBaIM BilHOCHY KinbkicTh BipycHoi PHK sa metogom ACt.
Pesynbraru. JocmimkeHo micTb 3paskis A. bisporus 3 pisHuMy MopdonoriyauMy 3miHaMu: pibHa IIanyMHKa Ta
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BukpusieHa Hbkka (Ternopil), morosiena nixkka (Kyiv), gpi6Ha mannuka Ta Bugosxena Hixxka (Rivne), mizpaa
HDKKa Ta IIOCKA LIIAIIMHKA 3 poxkeBuMM IacTuHKamu (Dnipro), mo6ypinss mwiogosux tin (Lviv), a Takox aHO-
MaspHMit Barormopi6umit minerniit (Odesa). MeTogoM fBOeTamHOI 3BOPOTHOI TPAaHCKPUILiT KiNbKiCHOI oniMepas-
Hoi naHIorosoi peakuil (RT-qPCR) B gocmimkennx 3paskax izeHtndikosano Bipycu LEDV, MBV, AbV6, AbV16
ta AbVX y pisHux xomb6inanisx. Hait6inpu nommpenumy Buasuncs Bipycu MBV (BusBieHo y Bcix 6 3paskax)
ta AbVX (y 5 3paskax). Bipycu AbV6 i AbV16 BusBieno B 4 3paskax, a LFDV — y 3 spaskax. Criocrepirany 3ami-
maHi indexuii (y 4 i3 6 3paskiB BuAsieHo 6inblre 4 Bipycis). Pospaxynox ACt mokazas 3Ha4HUII BifHOCHMII piBeHb
PHK sipycy MBV B 6inbmocti 3paskiB (oco6muso B Dnipro ta Lviv), a Takoxx LFDV, AbV6 ta AbVX y 3pasky
Lviv, nopiBHsHo 3 piBHeM ekcrpecii GPDII. AHasis KpMBUX IJIaB/IeHHs HiATBEPAUB CIeNM(IUHICTD OTPUMAHNX
IUIP-npopykriB. BucHoBkm. Bussneno rta igenrudikosano PHK-Bipycu B KynbTypi medepuili fBOCIopoBoi Ta
OLIiHEHO piBeHb IX Ki/IbKiCHOTO IpefCcTaBlIeHHs. B 06CcTeXXeHnX IpUOHNX TOCIOAAPCTBAX MOLINPIOIOTHCS Bipycn
LFDV, MBV, AbV6, AbV16 Ta AbVX, yacTo y BUI/IAAI 3Milmanux iH(eKIiit 3 pisHUM piBHeM BifHOCHOTO Bipyc-
HOTO HaBaHTaXeHHA. OTpMMaHi pe3ynIbTaTu MiKPecTonTb HeoOXiTHICTh BIPOBA/IKEHHA CHCTEMHOTO MOJIEKY-
JIIPHOTO MOHITOPMHTY BipyCHMX 3aXBOPIOBaHb Iledepyllb B YKpaiHi 1/ 3abe3nedeHHs ¢irocaHiTapHOI Oe3exu
Ta CTabIIbHOCTI BUPOOHMIITBA.

Kmiouosi cnosa: sipycu neuepuyi dsocnoposoi, idenmudixayis, PHK-sipycu, Agaricus bisporus, RT-qPCR, 3miuiani
iHpexuii.
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FIRST REPORT OF CUCUMBER
MOSAIC VIRUS NATURAL INFECTION
IN EUPHORBIA EPITHYMOIDES IN UKRAINE

Ornamental plants grown in urban and peri-urban environments may act as persistent CMV reservoirs, facilitating
virus maintenance and spillover into nearby agricultural crops. Although Cucumber mosaic virus (CMV) is known
to infect a wide range of ornamental plants, including species of Euphorbia, its occurrence in Euphorbia epithymoides
has not previously been documented in Ukraine. In June 2021, cushion spurge plants (Euphorbia epithymoides L.)
exhibiting virus-like ringspot symptoms were spotted in Kyiv, Ukraine. This study aimed to identify potential virus
agents damaging Euphorbia plants using serological and molecular methods. Methods. Symptomatic and healthy
plants were tested for multiple viruses using ELISA, followed by RT-PCR and sequencing. Phylogenetic analysis was
conducted to determine the genetic relationship of the detected virus. Results. CMV was serologically identified in 7
of 9 symptomatic plants, and confirmed via RT-PCR and sequencing. To rule out mixed infections, the samples were
also tested for 73 potyviruses, as well as for tobacco mosaic virus, tomato mosaic virus, tobacco rattle virus, alfalfa
mosaic virus, arabis mosaic virus, tomato spotted wilt virus, impatiens necrotic spot virus, and tobacco ringspot
virus. Apart from CMYV, no other tested viruses were detected. Phylogenetic analysis revealed that the CMV isolate
belongs to subgroup II, with 98.72% nucleotide identity to isolates from Slovakia, Greece, and Japan. Conclusions.
This study is the first report on natural infection of E. epithymoides by CMV, expanding knowledge of the virus’s host
range and genetic diversity.

Keywords: Euphorbia, virus, detection, cushion spurge, plant virus reservoir.
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The genus Euphorbia is the largest and type ge-
nus of the family Euphorbiaceae, encompassing
mainly annual and perennial herbs and shrubs.
Members of this genus are widespread, espe-
cially in hot subtropical regions, and are typi-
cal xerophytes, capable of enduring prolonged
drought. Euphorbia species are increasingly
found in public green spaces in Ukraine. They
may potentially serve as alternative host plants
and reservoirs for viruses, also acting as poten-
tial sources of virus inoculum for vectors. Re-
search on viral diseases in Euphorbia species is
rather limited, with information available on
infections for only a few species. For instance,
E. heterophylla has been identified as a host for
euphorbia mosaic virus (EuMV, Begomovirus,
Geminiviridae) (CABI, 2023a; Collins et al.,
2009), euphorbia yellow mosaic virus (EuYMYV,
Begomovirus, Geminiviridae) (Fernandes et al.,
2011), yam mosaic virus (YMV, Potyvirus, Poty-
viridae), and cucumber mosaic virus (CMV, Cu-
cumovirus, Bromoviridae) (Asala et al., 2014). E.
hirta plants have also been reported to be in-
tfected by CMV (CABI, 2023b). E. pulcherrima
plants have been identified as a host for euphor-
bia leaf curl virus (EuLCV, Begomovirus, Gemi-
niviridae) (Kil et al., 2016), poinsettia mosaic
virus (PnMYV, Tymovirus, Tymoviridae) (Jacobo-
Villegas et al., 2020), and poinsettia latent virus
(PnLV, Polemovirus, Solemoviridae) (aus dem
Siepen et al., 2005). E. milii plants have been
reported to be infected by euphorbia ringspot
virus (EuRSV, Potyvirus, Potyviridae) (Bode &
Losemann, 1976; Knierim et al., 2017).

During the inspection of public green spac-
es in the city of Kyiv, we found E. epithymoides
plants with ringspot symptoms. Given the range
of viruses described in various Euphorbia species
and the prevalence of CMV in Ukraine across
plants from different families, including Amaryl-
lidaceae, Asteraceae, Brassicaceae, Cucurbitaceae,
Solanaceae, and Iridaceae (Taher et al., 2024;
Mishchenko et al., 2021; Dunich et al., 2022;
Kyrychenko et al., 2022; Shevchenko et al., 2015;
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Sovinska et al., 2021), we deemed it necessary
to survey Euphorbia plants for viral infections,
especially for cucumber mosaic virus and some
other viruses prevalent in Ukraine.

The aim of this study was to identify poten-
tial virus reservoirs among Euphorbia plants
using complementary serological and molecu-
lar methods.

Materials and Methods. Sample Collection.
In 2021, during a survey of public green spaces
in Kyiv, Ukraine, we observed cushion spurge
plants (E. epithymoides L.) displaying virus-like
ringspot symptoms. In total, 9 symptomatic plant
samples were collected from 3 green areas, to-
gether with samples from asymptomatic plants.

ACP- and DAS-ELISA Testing. Every sam-
pled plant was treated as a separate sample used
to collect tissue parts which were subsequently
homogenized in the respective buffered solution,
supplied with the ELISA Kkit, at 1:20 (m/v) ratio
and centrifuged at 5000 rpm to remove unwant-
ed tissue remains in line with the manufacturers’
manuals (https://www.dsmz.de/fileadmin/_mi-
grated/content_uploads/ACP-ELISA.pdf; http://
wordpress-loewe.p644446.webspaceconfig.de/
wp-content/uploads/2022/12/ELISA-Standard-
DAS-Rev.-01.03.2021.pdf).

Collected samples were tested for potyviruses
using ACP-ELISA with broad-spectrum mono-
clonal antibodies DSMZ-RT-0573/1 against
73potyviruses (DSMZ, Germany). For serologi-
cal identification of tobacco mosaic virus, to-
mato mosaic virus, tobacco rattle virus, alfalfa
mosaic virus, arabis mosaic virus, tomato spot-
ted wilt virus, impatiens necrotic spot virus, and
tobacco ringspot virus, commercial DAS-ELISA
kits (Loewe Biochemica GmbH, Germany) were
used according to the standard methodology and
manufacturer’s recommendations. Absorbance
values were measured at 405 nm using an Op-
sys MR microplate reader (Thermo Fisher Sci-
entific, USA) with Dynex Revelation Quicklink
software. Samples were considered positive only
if the absorbance value exceeded three times that
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of the negative control. Such samples were sub-
sequently used for molecular analyses.

RNA Isolation and RT-PCR. Total RNA was
extracted from 0.1 g of symptomatic and ELISA-
negative leaf tissues using the GeneJET Plant RNA
purification kit (Thermo Scientific, USA), fol-
lowing the manufacturer’s instructions. RT-PCR
was conducted in two stages. Reverse transcrip-
tion was performed using RevertAid H Minus
Reverse Transcriptase (Thermo Scientific, USA)
with a 10 mM dNTP mix (Thermo Scientific,
USA). The resulting cDNA was amplified using
CMV-specific primers CMV{/CMVr (5-TAT-
GATAAGAAGCTTGTTTCGCGCA-3; 5-TTT-
TAGCCGTAAGCTGGATGGACAACCC-3)
(Bariana et al., 1994), producing a 500 bp frag-
ment of the coat protein gene. PCR was per-
formed using DreamTaq Green PCR Master Mix
(2X) (Thermo Scientific, USA) according to the
manufacturer’s instructions. The thermal cycling
profile included an initial denaturation at 94 °C
for 5 min, followed by 35 cycles of 1 min at 95 °C,
30 sec at 55 °C annealing temperature, 1 min at
72°C, and a final extension at 72 °C for 10 min.
PCR products were visualized on a 1.5% agarose
(CSL-AGS5; Cleaver Scientific, UK) gel with TBE
buffer and ethidium bromide (0.5 mg/mL).

Sequence Analysis. The amplified DNAs were
Sanger-sequenced using the BigDye Termina-
tor Cycle Sequencing Kit (Applied Biosystems,
USA). Samples were run on the ABI Prism 3130
Genetic Analyzer (Applied Biosystems, USA).
Obtained sequences were aligned and compared
to CMV sequences available in the GenBank
database using BLASTn (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). Phylogenetic analysis was
conducted in MEGA11 (Kumar et al.,, 2016) us-
ing the Maximum Likelihood method based on
the Kimura 2-parameter model (Kimura et al.,
1980). Branch support was evaluated by boot-
strap analysis based on 1000 pseudoreplicates.

Statistical Analysis. Three technical repeats
were conducted for each biological repeat. The
technical repeats’ data were averaged to get the
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Fig. 1. Virus-like ringspot symptoms on Euphorbia epi-
thymoides plants

mean value for each biological repeat. Data pro-
cessing was performed using Microsoft Office
Excel v.14.7.3 (Microsoft, Redmond, WA, USA).
For phylogenetic analysis, the in-built algo-
rithms of MEGA 11 software were used.

Results and Discussion. Serological Detec-
tion of Viruses. In 2021, during a survey of public
green spaces in Kyiv, Ukraine, we identified cush-
ion spurge plants (Euphorbia epithymoides L.)
displaying virus-like ringspot symptoms (Fig. 1).
In total, 9 symptomatic plant samples were col-
lected from 3 green areas, together with samples
from asymptomatic plants. Testing of collected
samples using commercial ELISA kits revealed
the presence of CMV at high concentration, with
an optical density ranging from 0.637 + 0.007 to
0.493 £ 0.003; whereas the absorbance value of
the negative control was as low as 0.024+0.001.
Of the 9 symptomatic plant samples, 7 were
CMV-positive (~78% disease incidence rate).

To rule out mixed infections, the samples were
also tested for 73 potyviruses using the ACP-
ELISA Kkit, as well as for other viruses. includ-
ing tobacco mosaic virus, tomato mosaic virus,
tobacco rattle virus, alfalfa mosaic virus, arabis
mosaic virus, tomato spotted wilt virus, impa-
tiens necrotic spot virus, and tobacco ringspot
virus. Apart from CMYV, no other viruses were
detected in the collected symptomatic plants.
Also, no viral infection was detected in asymp-
tomatic E. epithymoides plants using either DAS-
ELISA or ACP-ELISA methods.

RT-PCR, Sequencing, and Phylogenetic Ana-
lysis. To confirm the DAS-ELISA results, 4 symp-
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Fig. 2. Phylogenetic relationships between Ukrainian CMV-Eep isolate and selected glob-
al CMV isolates using the maximum likelihood method with 1,000 bootstrap replicates.
Bootstrap values higher than 50 are shown. The CMV-Eep isolate recovered in this study
is marked with a circle, while previously reported CMV isolates from other Euphorbiaceae
species are indicated with triangles. Peanut stunt virus ER RNA3 sequence (U15730.1) was
used as an outgroup
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tomatic samples with the highest CMV content
were then subjected to RT-PCR using CMV-spe-
cific primers (CMVf/CMVr) (Bariana et al., 1994),
resulting in amplification of the expected 500 bp
coat protein gene fragment. One of the amplicons
was then sequenced, and the obtained partial
sequence of the CP gene of the CMV isolate in-
fecting E. epithymoides (designated as CMV-Eep)
was deposited in the GenBank (accession number
PV591082). BLAST analysis showed its 98.72%
identity with isolates MN792886 (Papaver som-
niferum, Slovakia), MZ298674 and MZ298673
(Solanum lycopersicum, Slovakia), ONO013912
(S. lycopersicum, Greece), and AB006813 (Capsi-
cum annuum, Japan).

Phylogenetic analysis of 37 CMV isolates was
carried out, focusing on those recovered from
Euphorbiaceae species available in the GenBank,
the closest matches according to BLAST, as well
as previously described Ukrainian isolates from
different host plants. The results indicated that
the Ukrainian CMV-Eep isolate belongs to sub-
group II, while the other known isolates from Eu-
phorbiaceae plants formed a distinct group with-
in subgroup I (Fig. 2). Thus, CMV isolates from
both subgroups may infect Euphorbiaceae plants.

Interestingly, the CMV-Eep isolate from E.
epithymoides clustered within the same subgroup
as several previously described Ukrainian CMV
isolates, despite being collected from geographi-
cally distinct regions. These included CMV-Ap
(MZ540213) from Alliaria petiolata (Kyrychenko
et al.,, 2022), CMV-BurdKv-21 (OL555721) from
Arctium lappa collected in the Kyiv region, CMV-
Burd-MP-21 (OL555722) from A. lappa collected
in the Poltava region (Dunich et al., 2022), and
CMV-Sil (0Q388340) from Silene latifolia col-
lected in the Vinnytsia region. This indicates that,
despite the spatial distance between sampling
sites and diverse hosts (some of which have been
reported as hosts for the first time), these Ukrai-
nian isolates are phylogenetically related.

It is worth noting that the majority of studied
Ukrainian CMV isolates recovered from culti-
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vated plants (vegetables and ornamentals) belong
to subgroup I, including MK299208, KT199740,
MW847709, MW 847710, KJ921838, KT199741,
MK299206, MK299207, MT978189, OL505434,
OL505435, and KJ921837. This suggests a poten-
tial dominance of subgroup I isolates in Ukraine,
with a tendency to infect cultivated flora, where-
as subgroup Il isolates are mostly associated with
wild plant species (and therefore may be severely
understudied in general).

At the same time, the high sequence iden-
tity and close phylogenetic relationship of the
Ukrainian isolate CMV-Eep to Slovak isolates
MN792886 (from Papaver somniferum) and
MZ298673, MZ298674 (both from Solanum ly-
copersicum) may indicate a shared evolutionary
history, likely reflecting the geographic proximity
and shared the border between the two countries.

Our study documents first confirmed natural
infection of Euphorbia epithymoides with CMV,
expanding the known host range of this econom-
ically important pathogen, which infects more
than 1,200 plant species worldwide. The use of
ELISA screening followed by RT-PCR confirma-
tion enabled the reliable detection of CMV in
symptomatic E. epithymoides plants. Subsequent
phylogenetic analysis of the coat protein gene
revealed that the Ukrainian isolate belongs to
CMYV subgroup II — a lineage reported to ex-
hibit greater genetic stability compared to sub-
group I strains.

The isolate showed high genetic similarity
(98.72% nucleotide identity) to CMV isolates
reported from Slovakia, Greece, and Japan,
strongly suggesting that this particular lineage
has achieved wide geographic distribution,
most likely through international movement
of infected ornamental plants or aphid vectors
capable of long-distance transmission (Jones &
Naidu, 2019).

Our results support the growing body of evi-
dence that CMV is continuously circulating in
mixed plant communities, facilitated by a com-
bination of a broad host range, efficient aphid-
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mediated transmission, and human-mediated
dissemination. This underscores the need for
expanded monitoring of ornamental and wild
plant species near cultivation sites to better un-
derstand their role in CMV epidemiology and
the potential risk of spillover into crop plants.

To our knowledge, this study is the first report
on natural infection of E. epithymoides by CMV
worldwide.

Conclusions. This study presents the first re-
port on natural infection of Euphorbia epithymoi-
des by CMV, a harmful and widespread pathogen
endangering profitable cultivation of many crops
worldwide. Serological testing confirmed the
presence of CMV in symptomatic plants at high
concentration, with no virus infections detected
in asymptomatic samples. Molecular analysis via
RT-PCR and sequencing validated the ELISA
findings and revealed that the Ukrainian CMV-
Eep isolate belonged to subgroup II and was dis-
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[EPIIE TTOBITOMJIEHHS TTPO BIPYC OTTPKOBOT MO3ATKI
HA EUPHORBIA EPITHYMOIDES B YKPATHI

JlekopaTuBHi pOCTMHY B MiCbKMX i IPMMIiCbKMX YMOBaX MOXKYTb CIyTYBaTH CTiIKUMU pe3epByapaMu IjiA Bipycy
oripkosoi Mo3aiky (Cucumber mosaic virus, CMV), cnpusioun OifTpUMaHHIO IMPKYIALil Bipycy Ta J0Oro momm-
PEHHIO Ha CiIbCbKOTOCTIOfapchbKi Kynbrypu. Xoua CMV BioMmit 30aTHICTIO ypaXKaTy IIMPOKWI CIEKTP HeKopa-
TMBHMX POC/INH, 30KpeMa Bunu pony Euphorbia, itoro naaBHicTb y Euphorbia epithymoides ne 6yna paniie 3azo-
KyMeHTOBaHa B YKpaini. ¥ 4epBHi 2021 poky B Kuesi, YkpaiHi, Ha pocinHax Monodato Kunapucosoro (Euphorbia
epithymoides L.) 6y10 BUsBIEHO CUMIITOMM, ITOAIOHI KO BipyCHOI Ki/blieBOI MIsAMMUCTOCTL. MeTOX0 JOCTiKeHHs
Oy/10 BUABUTY MIOTEHILiHI pe3epByapu Bipycy cepen pociut pony Euphorbia i3 3acTOCYBaHHAM CepOIOTiYHMX Ta
MOJIEKYIAPHUX MeTofiB. MeTomu. CMMITOMAaTUYHi Ta 3M0POBi POCIMHM TeCTYBa/IM Ha HasABHICTb Ki/IbKOX BipycCiB
3a gonomoroo IPA, a Takox meromom IIIP 3i 3BopotHOI0 TpancKpumiieto (3T-ITJIP) Ta nopanpuiuM ceKBeHy-
BaHHAM. 1lo6 BuxIIOuNTYN 3MimaHi iHdekwii, 3paskyu Oy mporecToBaHi Ha 73 MOTIiBipycax, a TaKOX Ha Bipyc
TIOTIOHOBOI MO3aiKM, BipyC MO3aiK1i TOMaTiB, BipyC IIOTPiMKOBOCTI TIOTIOHY, BipyC MO3aiKl TIOL€PHM, BipyC MO3aiKn
pe3yxi, Bipyc IVIAMICTOrO B’ SHEHHS TOMATiB, Bipyc HEKPOTMYHOI IVIAMUCTOCTI 6a/nb3aMiHy Ta Bipyc KinbIieBol
ILIMUCTOCTI TIOTIOHY. OKpiM, iHIIMX IPOTeCTOBaHMX BIpYCiB BUsABIEHO He Oy/0. /sl BUSHAUEHHs IeHeTUYHOI
CIIOpifHEHOCTI BUSBIEHOTO Bipycy 6yo nmpoBeneHo dinoreHeTnyHuit ananis. Pesynsratn. CMV BusiBieHo B7 3 9
CUMITOMAaTUYHUX POCINH Ta HifTBepmKeHo MetofoM 3T-ITJIP Ta cekBenyBanHAM. DioreHeTMYHMIT aHAIi3 TIOKa-
3aB, 10 i30T CMV Hanexnts go nigrpymu I1i Mae 98.72% HyxmeoTnaHoI Hofxi6HOCTI K0 i3071ATiB 31 ClIoBaYYMHY,
Ipenii Ta Anonii. BucHoBkm. Ie nepure nosifomnenHsa npo npupopHe indikysanus E. epithymoides Bipycom orip-
KOBOI MO3aiKI, 1110 PO3ILMPIOE 3HAHHA IIPO KOJIO JI0r0 TOCIIO/IapiB Ta FeHETUYHY Pi3SHOMAHITHICTb.

Knrwouosi cnosa: Euphorbia, eipyc, demexuyiss, monouati 6azamobaperuti, pesepsyap 6ipycié pociu.
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EVOLUTION OF BORDETELLA PERTUSSIS
UNDER THE INFLUENCE OF VACCINATION
AND ITS MOLECULAR-GENETIC PROPERTIES

In recent decades, there has been a global trend of increasing incidence of pertussis and changes in its epidemiologi-
cal characteristics toward re-emergent properties. This trend has become especially pronounced in the post-COVID-19
pandemic period in the European Region (87,558 cases in 2023), including Ukraine (7,545 cases in 2024). One of the
reasons for this situation is considered the introduction of the acellular pertussis vaccine (aP) in some countries, due
to its shorter duration of post-vaccination immunity and the loss of certain antigens by circulating Bordetella pertussis
strains under the pressure of specific post-vaccination antibodies. However, in Ukraine, the whole-cell pertussis vaccine
(wP) is currently used for routine immunization. The aim of this work is to summarize scientific information on the
biological properties of B. pertussis circulating in different regions and formed under the influence of aP and wP vac-
cines. The virulence factors of B. pertussis are analyzed, including those with antigenic properties used in aP vaccines. An
analysis of existing scientific data on the molecular-genetic and antigenic characteristics of B. pertussis variants using aP
and wP vaccines was carried out. It is concluded that long-term vaccination against pertussis, on the one hand, leads
to a sharp decrease in the incidence of this infection, and on the other hand, contributes to the further evolution of B.
pertussis, promoting changes or loss of certain antigens and further genetic distance from vaccine strains of both aP and
wP types. This allowed the pathogen to evade specific immunity at both the individual and population levels and caused
an increase in incidence. The aP vaccines accelerate such evolutionary changes to a greater extent. At the same time, the
genetic diversity of variants in territories using aP vaccines is greater compared to those using wP (which may even be
limited to clonal variants). A trend is observed toward increasing similarity of B. pertussis strains circulating worldwide.
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This may be due to the same direction of evolutionary changes and intensive population migration processes, which turn
the globe into a single epidemic zone. One of the negative trends is the emergence of macrolide-resistant B. pertussis vari-
ants, which are widespread in China and still sporadically observed in Europe. All of the above contribute to the loss of
vaccine controllability of pertussis and the emergence of a tendency to transition at this stage to re-emergent infections.
This requires the widespread implementation of molecular-genetic monitoring in the epidemiological surveillance of
pertussis and the improvement of vaccination strategy and tactics based on its results.

Keywords: B. pertussis, molecular-genetic properties, antigens, acellular vaccine, whole-cell vaccine, vaccine prophy-

laxis, re-emergent infection.

Despite many years of pertussis vaccination and
significant achievements in reducing the inci-
dence of this infection worldwide in the post-vac-
cination period through the use of whole-cell per-
tussis vaccines (wP), recent decades have shown
a trend toward increasing incidence and chang-
ing epidemiological characteristics of the dis-
ease. While global incidence in the pre-pandemic
period (2010—2019) ranged from 149,845 to
250,330 cases per year, in the European Region —
from 28,212 to 60,402 (WHO, 2010—2023), and
in Ukraine — from 686 to 2,937 cases annually,
a sharp decline was observed during the COV-
ID-19 pandemic (2020—2022). This decrease was
due to the implementation of epidemic control
measures, which significantly reduced the activity
of the droplet transmission mechanism (Fig. 1, 2).

Subsequently, a sharp rise in incidence was ob-
served, surpassing pre-pandemic levels in the Eu-
ropean Region (87,558 cases in 2023) and exceed-
ing the figures of the previous 30 years in Ukraine
(7,545 cases in 2024). The discussion about the
causes of this re-emergence of a disease long con-
sidered vaccine-preventable has been ongoing for
some time. One of the widely considered factors is
the introduction of the acellular pertussis vaccine
(aP) in several countries, which provides short-
er-lasting post-vaccination immunity and may
have contributed to the loss of certain Bordetella
pertussis antigens due to selective pressure from
vaccine-induced antibodies. This issue requires
thorough investigation, as it directly impacts the
future of pertussis vaccination strategies and the
ability to control the epidemic process.

In view of the above, the aim of this study is to
summarize scientific information on the biologi-
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cal properties of circulating B. pertussis strains in
different regions, shaped by the use of acellular
and whole-cell pertussis vaccines.

B. pertussis and its virulence factors. Bor-
detella pertussis belongs to the genus Bordetella
within the family Alcaligenaceae. Humans are the
only biological hosts of this pathogen. The viru-
lence factors of B. pertussis are presented in the
Table (Zadorozhna & Doan, 2004; Kilgore et al.,
2016; Teruya et al., 2020; Burnham-Marusich et
al., 2020). As seen, many of them are important
for the immune response, being part of the wP or
aP vaccines, and can also change the properties of
pathogen variants circulating in certain territories.

B. pertussis, a highly contagious pathogen
restricted to a single host species — humans —
evolved from a common ancestor shared with
Bordetella parapertussis and Bordetella bronchi-
septica. Having lost the ability to survive outside
its biological host, B. pertussis, in the process of
adapting its metabolism to a specific ecological
niche, developed tightly regulated virulence fac-
tors. Today, in order to persist as a species, the
pathogen must also evade post-vaccination im-
munity — a challenge it meets through newly
emerging adaptive mechanisms (Belcher et al.,
2021). B. pertussis strains that have lost the abil-
ity to produce antigens such as pertactin (prn),
pertussis toxin (ptx), filamentous hemagglutinin
(FHA), fimbriae types 2 and 3 (fim2 and fim3),
and tracheal colonization factor (tcfA) have been
isolated in countries with high vaccination cover-
age. This may be related either to the natural evo-
lution of B. pertussis or to adaptive mechanisms
that enable the pathogen to persist in vaccinated
populations. Most of the described mutants were
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Fig. 1. Pertussis incidence in the world and the WHO European Region (2010—2023)
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Fig. 2. Incidence of whooping cough in Ukraine (2010—2024)

Table 1. B. pertussis virulence factors (Kilgore et al., 2016; Teruya et al., 2020; Burnham-Marusich et al., 2020)

Virulence factor

Structure

Localiza-
tion

Functions and role in immunity

ptx (pertussis
toxin)

AC (adenylate
cyclase)

Consists of 5 subunits (94 kDa):
ADP-ribosylating exotoxin type
AB5, A (S1) catalytic subunit,
and B (S2 to S5) subunits

Two functional C- and N-termi-
nal domains (25 and 18 kDa, re-
spectively); activated by calmod-
ulin and generates cCAMP

ISSN 1028-0987. Microbiological Journal. 2026. (2)

Periplasm

Extra-cy-
toplasmic

Production of functional ptx is unique to B. per-
tussis; S1 subunit, ADP-ribosyltransferase (G pro-
tein ribosylation); subunits S2 to S5 bind target cell
receptors; increases histamine sensitivity, induces
lymphocytosis and insulin secretion, and alters T-
cell response; toxoid is a component of aP vaccines
Binds target cells via C-terminal domain; con-
verts ATP to cAMP via N-terminal domain; en-
zymatically active hemolysin; inhibits migration
and activation of phagocytes; blocks induction of
bactericidal nitric oxide in macrophages; inhibits
cytotoxic activity of neutrophils, monocytes, and
natural killer cells; inhibits T-cell activation and
chemotaxis; natural infection and wP vaccination
induce antibodies to AC
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Continuation of Table 1

cytotoxin)

FHA (filamentous
hemagglutinin)

fim (fimbriae)
(type I pili)

prn (pertactin)

tcfA (tracheal colo-
nization factor A)

Lipopolysaccha-
ride

BrkA, BapC, BatB,
Vag8, SphB1, Phg

tidoglycan monomer (9.2 kDa)

Filamentous, surface-associated
and secreted protein (220 kDa);
heparin binding domain, Arg-
Gly-Asp and Chinese hamster
ovary recognition domain; FHA
and filamentous hemaggluti-
nin transporter protein (FhaC)
function as prototypes of secre-
tory pathways

Fim types 2 and 3 products pres-
ent serotype-specific AGG; fim
strains are sensitive to variation
and polymorphism; fimD anti-

gen is common to all fimbriae

The autotransporter protein me-
diates eukaryotic cell binding via
an Arg-Gly-Asp motif, highly
immunogenic, highly polymor-
phic (69 kDa)

Autotransporter protein (60 kDa)

Endotoxin

BvgAS-activated classical trans-
port proteins; BrkA (73 kDa)
for the N-terminal domain and
30 kDa for the C-terminal outer
membrane protein; Vag8 (95kDa)

lular space

Cell wall

Surface
protru-
sions

Surface

Superficial,
secretory
Surface

Surface

Virulence factor Structure Eg;ahza— Functions and role in immunity

DNT (dermane- |Needle-shaped structure; pro- |Cell mem- | Translocates effector proteins in host cells, induces
crotic toxin) teins secreted by the T3SS in- |brane cell necrosis in vitro, disrupts innate and adaptive
clude Beta A, BopN, BopD, and immune responses during lung infection; Beta A cy-
Bsp22 totoxicity in vitro (mechanism not well understood);
BopN, turns off host inflammatory response. Prob-

ably the cause of whooping cough encephalopathy
TST (tracheal Disaccharide-tetrapeptide pep- | Extracel- |Produced during cell wall remodeling, acts syn-

ergistically with lipopolysaccharide toxin to
stimulate the production of pro-inflammatory
cytokines (TNF-a, IL-1a, IL-1B, and IL-6), in-
duces nitric oxide synthase to produce nitric ox-
ide, and damages ciliated cells; thought to cause
whooping cough and/or coughing paroxysms.
Not involved in immune response

Carries out the initial adhesion of B. pertussis to the
ciliated epithelium of the upper respiratory tract;
is required for the progression of infection from
the upper to the lower respiratory tract; promotes
phagocytosis of B. pertussis by macrophages and
polymorphonuclear neutrophils; induces the re-
lease of IL-6 and IL-10; inhibits the production of
IL-12 by macrophages and dendritic cells. Antibod-
ies against FHA are transferred transplacentally
Fim 2 and 3 are essential components for coloniza-
tion of the lower respiratory tract mucosa, involved
in attachment and suppression of the initial inflam-
matory response to infection; AGG is present in all
whole-cell vaccines; fim antigens may be present in
small amounts in acellular vaccines

Resists neutrophil-mediated clearance; promotes
attachment of B. pertussis to ciliated respiratory
epithelium in rabbits; changes in prn types have re-
sulted in less effective whole-cell vaccine; prn2 and
prn3 are the most common circulating types of prn
strains; prnl antigen is present in many acellular
vaccines; antigenic variation of prn in vaccines is
implicated in loss of immunity to B. pertussis
Tracheal colonization. Can be used as a bio-
marker for early diagnosis

Causes fever after administration of wP vaccines;
antigenic and adjuvant properties, but not pro-
tective; not a component of aP vaccines
Mediates binding, counteracts complement,
avoids antibody-mediated clearance and proteo-
Iytic processing of other surface proteins; SphB1
is required for FHA maturation; BrkA is a bacte-
ricidal resistance factor
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characterized by a lack of prn production. Such
isolates have been identified in countries using
aP vaccines. Prn-negative (prn-) strains were
isolated from patients exhibiting classic clinical
symptoms of pertussis, similar to those caused
by prn-positive (prn+) variants. In both in vitro
and in vivo studies, (prn-), (ptx-), and (FHA-)
isolates retained cytotoxic properties and, except
for isolates (ptx+), were lethal to mice infected
intranasally (Polak & Lutynska. 2017).

This requires further study of the significance
of certain virulence factors of the pathogen in
the pathogenesis of pertussis and consideration
of associated features when improving vaccines
and vaccine prophylaxis for this infection. In ad-
dition, a deep understanding of the evolutionary
trends of B. pertussis under the influence of wP
and aP vaccines and their differences is necessary.

Characteristics of B. pertussis variants cir-
culating in countries using aP vaccines. Unfor-
tunately, molecular-genetic monitoring of cir-
culating B. pertussis strains is not systematically
conducted in individual countries and is often
limited to isolated research studies. As a result,
it is difficult to form a complete and reliable
picture of the pathogen’s evolutionary changes.
Nevertheless, these individual studies do reveal
certain trends.

African Region. A genomic analysis of B. per-
tussis strains from South Africa (32 isolates,
2015—2019), which switched to aP vaccines in
2009, revealed genetic homogeneity. The domi-
nant genotype with respect to vaccine antigens
was ptxP3-ptxAl-ptxB2-prn2-fimH2, account-
ing for 96.9% of isolates. Unlike findings in other
countries, there was no evidence of mutations
in genes encoding antigens included in aP vac-
cines. Based on this, the authors concluded that
the observed increase in pertussis cases may be
driven by other factors — such as the cyclical
nature of the disease, waning immunity due to
aP vaccine use, and/or immunity gaps within the
population — all of which warrant further inves-
tigation (Moosa et al., 2023).

ISSN 1028-0987. Microbiological Journal. 2026. (2)

American Region. In the United States, where
the aP vaccine is used, more than 85% of B. per-
tussis isolates were already pertactin-deficient
(prn-) over a decade ago. Notably, the propor-
tion of patients reporting individual pertussis
symptoms was similar in both (prn-) and (prn+)
groups. However, a greater proportion of pa-
tients infected with (prn+) strains reported ap-
nea, while those who had received at least one
dose of pertussis vaccine were more likely to be-
come sick when infected with a (prn-) B. pertus-
sis strain, compared to unvaccinated individuals
(Martin et al., 2015). This finding requires fur-
ther analysis to better understand the underlying
causes. In another US study, the disease duration
was shorter among patients infected with prn-
deficient B. pertussis (with a mean difference of
3.2 days), although no significant difference was
found in infants under 4 months of age (Vodzak
et al., 2017). The discovery that most circulat-
ing B. pertussis strains in the U.S. have acquired
new independent disruptive mutations in the prn
gene serves as strong evidence of intense selective
pressure from post-vaccination antibodies. How-
ever, for the other four antigens included in the
aP vaccine, genetic selection has not occurred as
rapidly. The authors identified three key aspects
of prn that may help explain the rapid loss of this
antigen by the bacteria: (1) its functional redun-
dancy; (2) the relatively longer persistence of
anti-pertactin antibodies; and (3) its proximity to
the outer membrane, making it more accessible
for complement fixation (Ma et al., 2021).

In Canada, a longitudinal study conducted be-
tween 1994 and 2013 showed that the first (prn-)
strains appeared only in 2012, accounting for 17.8%
of all B. pertussis isolates that year. Importantly, this
was not the result of the spread of a single genetic
clone, but rather multiple independent genetic
events that led to the emergence of (prn-) variants.
By 2016, the prevalence of (prn-) strains had in-
creased to 70.8%, although a decline was observed
in 2017, with (prn-) strains comprising 46.2% of
isolates (Tsang et al., 2014; Tsang et al., 2019).
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In Mexico, the aP vaccine was introduced in
2007. A study of B. pertussis strains isolated from
patients between 2006 and 2014 identified one
dominant endemic clone (clone A, 55%) and
three main subtypes (Al, A2, and A3). All iso-
lates carried the allelic combination ptxP3-ptxAl.
These corresponded to novel genotypes ptxP3-
ptxAl-prn2-fim2-1-fim3-2 and ptxP3-ptxAl-
prn2-fim2-1-fim3-1, which are characterized by
global dissemination and association with per-
tussis outbreaks (Gutiérrez-Ferman et al., 2018).
Similar findings were reported in other studies in
the same period (Rodriguez-Medina et al., 2023).

European Region. European countries, exept
Poland, replaced wP vaccines with aP vaccines
back in the 1990s. An analysis of the genetic char-
acteristics of 466 B. pertussis isolates collected be-
tween 1998 and 2012 from 13 European countries
demonstrated a highly similar B. pertussis popu-
lation in 12 countries using aP vaccines, whereas
Polish strains showed considerable genetic dif-
ferences. Thus, this study suggested that the use
of aP versus wP vaccines results in the formation
of distinct B. pertussis populations (van Gent et
al., 2015). Further research conducted in Poland
confirmed this hypothesis. Sequence analysis of
the ptxA, ptxC, prn, tcfA, fim2, fim3, and ptxP
genes was performed for 175 clinical B. pertussis
isolates circulating in Poland since 1959, along-
side vaccine strains used currently and previously.
Clinical isolates in 1995—2013 differed from the
three vaccine strains currently in use, which carry
allelic combinations ptxA2-ptxCl-ptxP1-prnl-
tcfA2-fim2-1-fim3-1, and which were frequently
detected in Poland at the onset of pertussis vac-
cination but have not been observed since 1995.
Among isolates of 2000—2013, two genotypes
predominated: ptxAl-ptxCl-ptxP1-prnl-tcfA2-
fim2-2-fim3-1 and ptxAl-ptxCl-ptxP1-prn2-tc-
fA2-fim2-1-fim3-1 (45% and 32.5%, respectively).
Isolates with the profiles ptxAl-ptxC2-ptxP3-
prn2-tcfA2-fim2-1-fim3-2 and ptxAl-ptxC2-
ptxP3-prn2-tcfA2-fim2-1-fim3-1, which are now
widespread in other EU countries, were rarely
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detected in Poland during the same period, with
frequencies of 10% and 5%, respectively. The au-
thors suggest that several previous changes in the
composition of the wP vaccine produced and used
in Poland led to more diverse immune pressure in
the population, resulting in a different prevalence
of alleles compared to other regions (Mosiej et al.,
2015). Currently, Poland employs the wP vaccine
for the primary immunization series and the first
booster dose, with the aP vaccines used starting
from 6 years of age (ECDC, 2025).

A revealing study was conducted in Swe-
den, where the pertussis immunization strategy
changed drastically over time (until 1979 — wP
vaccine, 1979—1996 — a 17-year period without
vaccination, and since 1997 — aP vaccine). The
population of 1,247 B. pertussis strains was char-
acterized according to these periods (the study
ended in 2003), with serotyping and genotyping
for prn and ptxA performed. Throughout this
period, the vast majority of strains were of the
non-vaccine type and changed in their serotypes
corresponded to the vaccination program shifts.
Isolates of serotype fim3 were most common
during vaccination periods, whereas serotype
fim2 predominated during the 17-year no-vac-
cination interval. Strains with prnl dominated
during wP vaccination but were later replaced by
prn2 strains, which were no longer detected af-
ter the introduction of aP vaccines. Strains with
ptxAl prevailed throughout all three decades.
Regarding dominant serotypes identified by
pulsed-field gel electrophoresis, fim3 prn1/7 and
fim3 prn2 were detected during the wP vaccine
period, fim2 prn2 during the no-vaccination pe-
riod, and fim3 prn2 — after aP vaccine imple-
mentation. However, despite the observed differ-
ences among circulating pathogen variants, the
authors did not perceive any threat of bacterial
polymorphism impacting the effectiveness of the
vaccination program (Hallander et al., 2005).

Among 11 strains isolated in Europe in 1999—
2012 (Netherlands — 6 strains, Norway — 1,
France — 2, Sweden — 2), all carried the ptxP3
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allele; 5 were pertactin-negative (prn-), 2 were
FHA-negative (FHA-), and one strain was both
(prn-) and (FHA-) (Bart et al., 2015). The evolu-
tion of B. pertussis in Norway was traced from
1996 to 2019. A total of 22 isolates from the wP
vaccine period (1996—1997) and 158 from the
aP vaccine period (1998—2019) were analyzed.
Seven distinct allele profiles (A-F) of aP genes
were identified, with profiles A1, A2, and B pre-
dominating (89%), all carrying ptxA allele 1,
ptxP promoter allele 3, and prn allele 2. Isolates
with ptxP1 and prnl alleles were not detected
after 2007, while the prn2 allele likely emerged
before 1972, and ptxP3 before the early 1980s.
Allelic conversions of aP genes occurred before
vaccine introduction. Mutations in the prn gene
were found in 16% of isolates. The aP vaccine
and its booster doses (introduced for children
in 2007 and for adolescents in 2013) may have
contributed to the emergence of a more homo-
geneous B. pertussis population characterized by
ptxAl, ptxP3, and prn2 alleles, alongside an in-
creasing number of prn mutations. These strains
differ from aP vaccine strains (ptxAl, ptxPl,
prnl) (Brandal et al., 2022), which have implica-
tions for vaccine effectiveness.

In Finland, the aP vaccine without the fim
antigen was introduced in 2005. To determine
the dynamics of genetic changes in B. pertussis,
strains isolated from 1974 to 2023 were studied.
During the use of the wP vaccine, most circulat-
ing B. pertussis belonged to the fim2 serotype.
However, from 1999, variants with fim3 appeared
and begun to spread. After the introduction of the
aP vaccine, the distribution of serotypes showed
considerable variability. Moreover, fim3 isolates
demonstrated enhanced biofilm formation com-
pared to fim2 isolates. Additionally, this ability
was more pronounced among fim3 isolates with
the fim3-2 allele compared to fim3-1 (Niinikoski
et al., 2024). Among 462 characterized B. pertussis
isolates, one was resistant to macrolides. It had the
fim2 serotype, pertactin (prn) deficiency for the
vaccine antigen, and contained the ptxP3 allele.

ISSN 1028-0987. Microbiological Journal. 2026. (2)

The authors expressed concern about the emer-
gence of macrolide-resistant B. pertussis (MRBP)
in Europe and emphasized the importance of its
rapid identification (Miettinen et al., 2024).

In Slovenia, aP vaccines containing prn were
mostly used over 1999—2016, and aP with-
out prn — since 2017. Among 123 B. pertussis
strains isolated in 2002-2020, 48 were prn-defi-
cient; of these, 44 were isolated after 2017 (Bar-
koff et al., 2024). Although the authors conclude
that changes in the aP vaccine may increase the
number of cases of pertussis caused by prn-de-
ficient B. pertussis; these variants are likely the
result of the establishment of those that emerged
during the use of previous vaccines.

In France, as in other European countries, in
2024, pertussis increased. Between 1 January
and 31 May, 5616 (24.9%) positive PCR tests for
B. pertussis were detected after 3 years of almost
no infection. Among the 67 strains sequenced,
66 produced prn and 56 — fim2, in contrast to
the pre-COVID-19 period. One isolate of the
Bp-AgST4 genotype was found to be MRBP (Ro-
drigues et al., 2024), which, together with reports
from other countries, indicates the risks of fur-
ther spread of such pathogen variants in Europe.

7 isolates isolated in 2023 in Spain showed
the same allelic combination ptxA1/ptxP3/prn2/
fim2-1/fim3-1, and all of them expressed prn
(Marimon et al., 2024).

Western Pacific Region. Japan was the first to
introduce the aP vaccine. Whole-genome se-
quencing of strains collected between 1982 and
2014 revealed that the B. pertussis population
in Japan consisted of two main clades that split
over 40 years ago. About 20% of these strains
showed alterations in the prn gene, caused by
either a deletion in the signal sequence (ASS)
or insertion of IS element 1S481. Phylogenetic
analysis pointed to Japan as the origin of the pa-
rental clones for these isolates. The first genera-
tion of prn-deficient mutants was traced back to
around 1990 in Japan, and it was demonstrated
that strains harboring the alternative prn2 allele
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might have emerged there around 1974 coincid-
ing with changes in the vaccine strategy in the
country (Zomer et al., 2018).

During the 2008—2012 pertussis epidemic in
Australia, (prn-) variants also appeared. Their
spread continued through 2013—2017, mainly
among ptxP3 strains. Additionally, a strain lack-
ing both (FHA-) and (prn-) was identified. Fur-
ther investigations revealed that the Australian
B. pertussis population is dominated by ptxP3
strains with various fim3 alleles, with the ptxP3-
fim3A genotype significantly more widespread
than the ptxP3-fim3B genotype. The authors’
relative risk analysis suggested that after a new B.
pertussis lineage emerges, it tends to have a local
impact during its first 1.5 years before spread-
ing more broadly. Phylogenetic data further
linked the expansion of ptxP3 strains to the re-
placement of the type III secretion system allele
bscl1 by bscI3. The bscI3 allele is associated with
reduced T3SS secretion, potentially allowing
B. pertussis to evade immune detection. These
findings deepen our understanding of the spatial
and temporal dynamics of B. pertussis in highly
vaccinated populations and their influence on
epidemic trends (Xu et al., 2019; Xu et al., 2022).

Acellular vaccines began to be introduced
in China starting in 1995 (Wang, Lei & Zhang,
2012). Chinese researchers attempted to explain
the paradox of a decline in pertussis cases among
infants alongside an increase in fatal outcomes
by the rise in circulation of erythromycin-resis-
tant B. pertussis (ERBP). The ptxP3 variant of
B. pertussis was found to be more virulent than
ptxP1. In China, erythromycin-sensitive ptxP3
strains were identified from 2002, while the first
erythromycin-resistant ptxP3 strain (ERBP-
ptxP3) was detected in 2017. Between 2020 and
2022, the ERBP-ptxP3 variant displaced the
ptxP1-expressing ERBP-ptxP1 strain. In 2019,
ERBP-ptxP1 accounted for 91.6% of pertussis
cases, with no ERBP-ptxP3 detected; conversely,
by 2022, the proportions shifted dramatically
to 19.6% ERBP-ptxP1 and 80.4% ERBP-ptxP3.
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ERBP-ptxP3 demonstrated a stronger ability to
evade immune selection pressure. All 44 B. per-
tussis isolates collected in Beijing over 2022—
2023 belonged to ERBP-ptxP3, among which two
lacked the vaccine antigen FHA, 30 were prn-
deficient, and one lacked multiple immunogens.
This situation impacts both patient treatment
and the overall efficacy of pertussis vaccination.
To address the rising prevalence of ERBP-ptxP3,
the authors emphasize investigating alternative
antibiotic options, optimizing vaccination sched-
ules for lifelong comprehensive protection, or
targeted strategies to ensure specific immunity in
neonates. Various program options are currently
under consideration in China (Du et al., 2024).
Subsequent studies analyzing the whole genome
of 60 strains isolated in Beijing from 2020 to
2023 assessed the genetic evolution of B. per-
tussis through key virulence genes (ptxP, ptxA,
prn, fim2, fim3, and tcfA) and the A2047 locus
associated with ERBP. The dominant antigenic
genotype was ptxP3/prn2/ptxAl/fim2-1/fim3-
1/tcfA2 (88.3%), differing from the previously
prevalent genotype ptxP-1/prn-1/ptxA-1 in Bei-
jing before 2019 and the vaccine strain genotype
ptxP-1/prn-1/ptxA-2/fim2-1/fim3-1/tcfA2. Sig-
nificant genetic changes linked to vaccine intro-
duction were identified, particularly in the acel-
lular vaccine era. Initially, common genotypes
were ptxP-1, prn-1, ptxA-2, im2-2, and fim3-2;
however, ptxP-3, prn-2, and ptxA-1 have now
become globally dominant, indicative of vaccine-
driven selection pressure. Additionally, all strains
harbored the A2047G mutation, with 91.7% be-
longing to ptxP3. The authors conclude that the
prevalence of ERBP-ptxP3 may continue to rise
(Li et al,, 2025). An investigation of 442 B. per-
tussis strains across 7 antigen genotypes (ptxA,
ptxC, ptxP, prn, fim2, fim3, tcfA), isolated in
Northern China between 2019 and 2023, showed
an increase in highly virulent ptxP3-containing
strains from 13.5% in 2019—2021 to 93.0% in
2022—2023. Concurrently, the proportion of
ERBP-ptxP3 rose from 42.9% to 100%. 76% of
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ptxP3 isolates had genotype ptxAl/ptxCl1/prn2/
fim2-1/fim3A/tcfA-2. Among patients, children
aged 3—14 years represented 13.5% in 2019, in-
creasing to 45.6% in 2023. 66% of strains were
classified as the MT28 type by multilocus tan-
dem-repeat analysis, with 87.9% being ERBP. All
sequenced ERBP-ptxP3 strains belonged to sub-
lineage IVd. These data indicate that clonal dis-
semination of highly virulent, macrolide-resis-
tant ERBP-ptxP3 B. pertussis may be a key factor
in the recent pertussis resurgence in China (Hu
et al., 2025). Studies of B. pertussis strains iso-
lated in Shanghai concerning the A2047G gene
mutations demonstrated that the proportion of
resistant strains increased from 36.4% (2016) to
97.2% (2022). The predominant genotypes were
ptxP1/prnl/thaB3/ptxA1/ptxCl/fim2-1/fim3-1
(48.7%) and ptxP3/prn2/thaB1/ptxAl/ptxC2/
fim2-1/fim3-1 (47.7%). All MRBP B. pertussis
strains before 2020 carried ptxP1, with 51.4% be-
longing to the MT type, whereas the proportion
of ptxP3-MRBP increased from 0% before 2020
to 66.7% after 2020, all classified as MT28. The
emergence and spread of MT28 ptxP3-MRBP
strains are likely linked to the A2047G mutation
and selection pressure imposed by vaccination
and widespread macrolide use, further compli-
cating the epidemiological landscape and posing
a threat to global public health (Fu et al., 2024).

Characteristics of circulating B. pertussis variants
in countries using whole-cell pertussis vaccines. Shifts
in circulating B. pertussis variants are observed not
only in countries using aP vaccines but also in re-
gions where wP vaccines have been used consis-
tently for many years. Unfortunately, research data
on pathogen evolution in such settings remain lim-
ited to only a few countries. The characteristics of
isolates obtained in Poland and Sweden, analyzed
comparatively in the context of immunoprophy-
laxis strategy changes, were discussed earlier.

In Peru, genetic analysis of B. pertussis strains
identified during the 2012 pertussis epidemic
revealed two clonal groups corresponding to
genotypes already recognized globally at the

ISSN 1028-0987. Microbiological Journal. 2026. (2)

time: ptxP3-ptxAl-prn2 or 9-fim3-1 and ptxP3-
ptxAl-prn2 or 9-fim3-2. The authors empha-
sized that low vaccination coverage (<50%) and
genetic divergence between vaccine strains and
local isolates may have contributed to the in-
creased pertussis incidence (Bailon et al., 2012).

In Brazil, an elevated incidence of pertussis
was recorded between 2012 and 2018, despite
high vaccination coverage. Genotyping of 136
strains by ptxP and fim3 revealed that the most
prevalent variant was fim3-24/ptxP3 (68%),
which was associated with the peak in pertussis
cases. Two additional genotypes were also iden-
tified: fim3-1/ptxP3 (15%) and fim3-3/ptxP3
(17%). Notably, strains corresponding to the wP
vaccine genotype (Bpl37) — fim3-1/ptxP2 —
were not detected (de Paula et al., 2024). A
similar trend has been observed in Argentina. A
molecular characterization study of B. pertussis
isolates collected in Buenos Aires from 2000 to
2017 showed that 90.6% of the strains carried the
allele profile ptxP3-ptxAl-prn2-fim3-2. Only
two isolates were pertactin-deficient, which the
authors attributed to a greater influence of aP
vaccines on prn gene expression loss compared
to wP vaccines (Carriquiriborde et al., 2019).

In Iran, which has a more than 50-year his-
tory of using wP vaccines and maintains ap-
proximately 95% vaccination coverage, analysis
of B. pertussis strains isolated between 2008 and
2016 revealed that the majority (76%) carried
the ptxP3/prn2 alleles — genotypes similar to
those circulating in countries employing aP vac-
cines. A subsequent study of strains collected be-
tween 2005 and 2017 demonstrated a continu-
ous increase in the population of ptxP3/fim3-2
B. pertussis isolates, which were differentiated
into nine distinct clades. Furthermore, the first
ptxP3 B. pertussis isolates lacking FHA expres-
sion — a key antigen and major component of
aP vaccines — were identified. These findings
suggest that B. pertussis continues to evolve and
adapt, regardless of the type of vaccine used (Sa-
farchi et al., 2019; Safarchi et al., 2021).
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In India, analysis of two clinical isolates from
2017 collected after years of exclusive wP vac-
cine use identified insertion elements flanked
by IS481, which are considered significant in
bacterial genome evolution. These B. pertussis
strains exhibited genomic diversity relative to
Indian wP vaccine reference strains. They also
contained multiple virulence-associated genetic
elements and pertussis toxin subunits, classified
as sequence type ST2 (Sharma et al., 2021).

According to a recent comprehensive review,
researchers suggest that clinical symptoms and
disease severity of pertussis appear comparable
whether caused by (prn-) or (prn+) B. pertus-
sis strains. The authors emphasize that there is
currently no evidence of compromised aP vac-
cine protection in countries where (prn-) strains
dominate the circulating B. pertussis population
(Heininger et al., 2024).

Conclusions. Decades of pertussis vaccination,
on the one hand, have led to a dramatic reduc-
tion in disease incidence, but on the other hand,
have driven the ongoing evolution of B. pertussis.
This evolution has manifested itself in antigenic
variation or loss and increasing genetic divergence
from both aP and wP vaccine strains. As a result,
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EBOJIIOLIIA BAKTEPII BORDETELLA PERTUSSIS
IT1]] BIUIUBOM BAKIIMHAILIIT TA 1T MOJIEKY/IAPHO-TEHETUYHI BTACTUBOCTI

B ocraHHi fiecATHMpivYA y CBIiTi CITOCTEPIraeTbCsA TEHJEHIIiA NO 3POCTaHHA 3aXBOPIOBAHOCTI Ha KAIlTIOK Ta 3MiHM
JIOTO emifieMiONOriYHNX XapaKTepUCTUK Y 6iK HAOYTTs peeMepIKeHTHIX BIacTuBocTeil. OCoOMMBO BUPAXKEHOIO Iis
TeHJIeHIIiA € B nepiop micia mangemii COVID-19 B €EsponeiicbkoMy perioni (87 558 Bumapaxis y 2023 p.), 30kpema i
B Ykpaini (7545 Bumazkis y 2024 p.). OfHi€lo 3 IpM4MH TaKoi CUTYal[il BBOXXAIOTh BIPOBA/PKEHHs B YaCTUHI KpaiH
CBITY alle/IOJIIPHOI BaKIVHY IIPOTY KallToKy (aP), 3a paXyHOK MEHIII TPUBAIOTO MiC/ABAaKIHATBHOTO IMYHITETY
Ta BTPaTH UMpKymotounMu Bordetella pertussis IeBHMX aHTUT€HIB i TUCKOM CIelM(iYHUX MiCTABaKIMHATBHNAX
anTuTi1. OfHak B YKpaiHi HaTernep /14 Py TMHHOI BaKIMHAIlil 3aCTOCOBY€ETbCS LNbHOKIITHHHA BakHa (wP). Meta
po6oTH. Y3araJbHUTI HayKOBY iH(pOpMaLilo mono 0ioorivHNX BIacTUBOCTeN B. pertussis, 110 LMPKY/IIOIOTDb Ha pis-
HYIX TepUTOpiAX i cpopmyBamuca Ha T 3actocyBaHHA BakiuH aP ta wP. [TpoananisoBano ¢akTopu BipyreHTHOCTI
B. pertussis, 30kpema i Ti, 1[0 MaIOTb AaHTUTEHHI BIACTUBOCTI i BUKOPUCTOBYIOTbCA Y BakumHax aP. [Iposeneno anamis
HaYKOBMX JJaHMX I1[OJJ0 MOJIEKY/IAPHO-TEHETUYHIX Ta aHTUT€HHUX XapaKTePUCTUK BapiaHTiB B. pertussis, 0 LIUPKY-
JIIOIOTh y KpalHaX, e BUKOPUCTOBYIOThCS BaKIMHM aP Ta wP. 3po6/IeHO BUCHOBOK, 1110 6araTopiuHa BaKI[MHOIIPO-
¢imakTMKa KallUTIOKY, 3 OZHOTO 6OKY, IpMBeNa IO PisKOro 3HIDKEHHs 3aXBOPIOBAHOCTI Ha I110 iH(eKIlilo, a 3 HIIIoro
60Ky, 06yMOBIIa TIOJA/IBIIY €BOMIOLIO B. pertussis, cipysioun 3MiHi abo BTpaTi 1i TeBHUX aHTUTEHIB Ta MTOJA/IbILIl
TeHeTUYHill Billa/IeHOCTi BiJj BAKIIMHHMX ITaMiB AK aP, Tak i wP. Ie ;o3Bonmio natoreny yXmiATHCA Bif #ii crenm-
(iuHOrO iMyHITeTY K Ha IHIUBITYaTbHOMY, TaK i Ha IOMY/IALITHOMY PiBHAX i BUK/IMKAJIO 3pOCTaHHSA 3aXBOPIOBa-
HocTi. Bakuyny aP y 6i1b1iit Mipi IpycKoOpIo0Th Taki eBoyoniitHi sMinu. [Tpu iboMy po3MaiTTs reHe TUYHUX Bapi-
aHTIB HAa TEPUTOPISIX, [ie 3aCTOCOBYIOTH aP, € 61/1bIIINM, HOPIBHAHO 3 TEPUTOPIAMIU, [ie BUKOPUCTOBYIOTh WP (MOXYThb
HaBiTb 0OMeXXYBATICsI KIIOHAIbHUMM BapiaHTamt). Y TOII Xe 9ac, CIIOCTepiraeThbCst TEHEHIis 10 Bce OiIbIIoi cXo-
YKOCTI IMPKY/TIOYNX Y CBiTi B. pertussis. Lle Moxxe 6yTi 06YMOB/IEHO SIK OfHAKOBOIO CIIPSIMOBAHICTIO €BOMIOLITHIX
3MiH, TaK i iIHTEHCUBHUMU NONY/IALHYMY MirpalilfiHMMu IIpoliecaMy, 10 NMepeTBOPIIOTh 3eMHY KYIII0 Ha €INHY
enifieMiuHy 30Hy. OfHi€I0 3 HETaTMBHMX TeHAEHLIN € pOpMyBaHHA MaKpOJIi-pe3CTeHTHNUX BapiaHTIB B. pertussis,
0 IIMPOKO CIIOCTepiraeTbca B Knrai Ta cmopagudHo 3ycTpidaeTbcsa B EBpori. Yce 3a3HadeHe CIpUsA€E BTpaTi Kalll-
JIIOKOM BaKIMHOKEPOBAHOCTI Ta IOABi TeHeHIIIi O mepeXony Ha JAHOMY eTalli 10 peeMep/pKeHTHMX iHekuin. e
noTpedye MUPOKOro BIPOBA/PKEHH:A B eIiIeMioNOriqHIII HaIJIAf, 38 KAIlUTIOKOM MOJIEKY/LIPHO-TeHeTUYHOTO MOHi-
TOPMHTY Ta YAOCKOHA/IEHHsI 32 JIOTO Pe3y/IbTaTaMM CTPATETii i TAKTUKM BaKIIMHOIPO(DITAKTUKIL.

Kntouosi cnosa: B. pertussis, MOneKynAPHO-2eHeMUYHI 87IACMUBOCT, AHMULEHU, AUETIONIIPHA 6AKUUHA, UiTbHOKI-
MUHHA 6AKUUHA, BAKUUHONPODINAKMUKA, peemepOHeHMHA iHPeKIis.
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MEDICAL ASPECTS OF BACTERIAL STIGMERGY

The article highlights current data on the medical aspects of bacterial stigmergy problem, which is considered a phe-
nomenon of collective self-organization of bacterial communities in response to the influence of adverse environmental
factors. The transformation of bacteria into various adaptive forms is a phenomenon that is not only repeated in in vitro
experiments but also is quite often a form of bacterial existence in the human body. A number of forms of bacterial
stigmergy are discussed, such as biofilm formation, uncultivated forms of bacteria, microorganisms with a defect in cell
wall synthesis, and a motile colony morphotype that can exist in the patient’s organism at different stages of the infec-
tious process. Analysis of clinical data shows that under most diseases, pathogens can acquire certain forms of resistance,
while in some cases, for example, in typhoid fever, the origin of multifactorial protection is observed with the formation
of uncultivated and L-forms, as well as a “motile” morphotype of colonies. The role of adaptively modified forms in the
development of chronic and recurrent infections is considered.

Keywords: bacterial stigmergy, biofilm formation, uncultivated forms of bacteria, microorganisms with cell wall synthe-
sis defects, motile colony morphotype.

The ability of microorganisms to quickly adapt
and counteract the effects of adverse environ-
mental factors underlies the ability of pathogens
to persist for a long time in a new ecological niche
and their influence on the development of both
infectious and epidemic processes (Guzman-So-

to et al., 2021). This pattern is especially relevant
among infectious disease pathogens that are iso-
lated in hospitals (Arbune et al., 2021). It should
be noted that all microorganisms that enter from
patients, medical personnel, or the external en-
vironment under the selective pressure of anti-
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biotics widely used in medical institutions can
develop resistance to them (De Oliveira et al.,
2020). As a result, pathogens that have adapted
to adverse living conditions colonize most of the
medical institution biotopes (Horcajada et al.,
2019). They repeatedly contact a wide range of
antibiotics, resulting in the origin of poly-, multi-,
and pan-resistant strains (Potron et al., 2015). The
described trend is global in nature and is consid-
ered a significant threat to humanity due to the
possible loss of effectiveness of antibiotics in the
future (Habboush & Guzman, 2023; Antimicro-
bial, 2022). However, this pattern is observed not
only in medicine (Urban-Chmiel et al., 2022). It
is known about the development of Staphylococ-
cus spp. resistance to antimicrobial drugs in cattle
breeding, Enterococcus spp. in veterinary medi-
cine, Campylobacter spp. in poultry farming, Pseu-
domonas syringae in crop production, etc. (Wiec-
zorek & Osek, 2015; John, 2020; Stepien-Pysniak
et al., 2021; Balko et al., 2024). Natural resistance
to metals has also been revealed in extremophilic
bacteria isolated from ecotopes that have not been
influenced by humans, such as Antarctica (Kot-
sofliak et al., 2004). The above indicates that the
development of resistance in microorganisms is a
natural phenomenon that can always develop in
any microbial population.

Currently, there is a transition from traditional
views of bacteria as purely single-celled organisms
to the idea of microbial communities in holistic
structures (Fernandez-Billon et al., 2023; Nadell et
al,, 2016). In response to adverse factors, bacterial
cells form a variety of multicellular structures that
regulate their behavioral responses to changes in
the living conditions (Qin et al., 2020). Due to a
complex coordination mechanism, microorgan-
isms maintain the population’s ability to survive
in the external environment. However, survival is
not always associated with the development of re-
sistance, which is considered too energy-intensive
for a bacterial cell. It is known that in prolonged
absence of antibiotics in the environment, bacte-
ria can lose resistance genes and return to their
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original, sensitive phenotype (Guliy et al., 2014).
Therefore, understanding the organization of bac-
terial communities and the patterns of interaction
between microorganisms within them can pro-
vide tools to combat antibiotic resistance in path-
ogens and indicate ways to prevent it.

The term “stigmergy” was introduced in 1959
by French entomologist Pierre-Paul Grasse to de-
scribe the behavior of termites during the con-
struction of termite colonies (Oberst et al., 2020).
The principle of stigmergy describes self-organ-
ized phenomena that arise as a result of mediated
communication among individuals in a group
through the generation of constant signals to the
external environment (Boldini et al., 2024). Stig-
mergy is used to describe various group activities,
such as pheromone trails laid by ants, gregarious
migration of animals, in some aspects of human
activity, robotics and computing, and even in
substantiating the patterns of development of
multicellular tissues (Bano et al., 2024; Tonello &
Vallortigara, 2023; Gallo & Chittka, 2021). How-
ever, the application of the concept of stigmergy
to describe the collective behavior of bacteria has
only recently been proposed (Gloag et al., 2015).

Bacterial stigmergy explains the principle of
self-organizing multicellular collective behavior
of bacteria. This phenomenon has been repro-
duced in in vitro experiments and becomes ap-
parent by the existence of bacteria in biofilms, un-
cultivated and L-forms, cultures with a “motile”
morphotype (Gloag et al., 2017). Thus, the rapid
response of bacteria to environmental changes,
which contributes to their survival, is currently
considered a stigmergic self-organization of bac-
terial communities (Gloag et al., 2015).

Within the framework of the study of the bac-
terial stigmergy phenomenon, two interrelated
aspects can be distinguished: general biological
and medical. The general biological aspect is
aimed at studying the fundamental possibility of
the existence of most bacterial species in various
structural and organizational forms and the use
of various methods of protection against the ad-
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verse effects of environmental factors (Gloag et
al,, 2015). It should be noted that the perception
of changes in the external environment by indi-
vidual microorganisms and the organization of
the collective response of the bacterial population
to these changes is performed by systems of Quo-
rum sensing (QS) (Moreno-Gamez et al., 2023).
These systems are complexly organized, can be
hierarchically subordinated, and are represented
by signaling molecules and regulatory proteins
(Wu & Luo, 2021). For example, in Pseudomonas
aeruginosa, the simultaneous functioning of four
quorum-sensing systems has been described:
LasI/R, RhlI/R, PgsABCDH/R, and, possibly, IQS
(Miranda et al., 2022). Among those described,
the main role is played by the Lasl/R system,
while others are subordinate to it and are activat-
ed only under certain conditions (Simanek et al.,
2023). The medical aspect should be interpreted
as an applied derivative of the general biologi-
cal aspect, since it is determined by the role that
various multicellular bacterial structures capable
of collective self-organization can play in the in-
fectious process. In this aspect, it is necessary to
pay attention to the problem of microorganism
persistence as the ability of pathogenic microbes
to survive for a long time in the host organism
under the active influence of immune system fac-
tors (Pan et al., 2023). This phenomenon is com-
plex and, probably, cannot be solved unambigu-
ously, since different pathogens are able to adapt
differently to the influence of aggressive factors of
the human organism (Balaban et al., 2019). As an
example, several bacterial adaptive forms can be
cited that play an important role in the develop-
ment of chronic and recurrent infections.
Biofilm formation. A special form of stigmer-
gy is the ability of microorganisms to form bio-
films (Gloag et al., 2017). Biofilm formation is de-
termined by adaptive reactions to the influence of
external environmental conditions and consists
in the ability of bacteria to synthesize a number
of protective substances and virulence factors
in response to environmental signals (Tuon et
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al,, 2022). According to available data, 65—80%
of human infections are caused by bacteria in a
biofilm form (Jamal et al., 2018). These diseas-
es were previously associated only with the use
of implanted medical equipment — catheters,
lenses, prostheses, or artificial heart valves (Hall
et al., 2014). However, it has also been shown
that biofilms can form without attachment to a
solid surface and are capable of forming within
mucus (Bjarnsholt et al., 2009). Therefore, the
conversion of bacteria to biofilm form is asso-
ciated with one of the mechanisms of a chronic
infectious process and the development of such
chronic infections as otitis media, rhinosinusitis,
nephrolithiasis, osteomyelitis, biliary and urinary
tract infections, chronic wounds, etc., which are
difficult to treat (Fernandez-Billon et al., 2023).
A biofilm is a highly organized, structured mi-
crobial community formed by bacteria of one or
more species, which are surrounded by extracel-
lular polymeric substance (EPS) synthesized by
them and attached to a tissue or dense surface
(Wang et al., 2020). During biofilm formation,
bacterial cells convert from a mobile planktonic
form into an attached state as part of cell groups
with multicellular behavior. When bacterial cells
turn into a biofilm form, significant changes oc-
cur in their intensity of protein synthesis, gene
expression, and phenotype (Olaimat et al., 2024).
When forming a biofilm, microorganisms go
through some stages (Tasneem et al., 2018). First,
bacteria attach to the surface, and basic compo-
nents are formed. Traces, rosettes, and conglom-
erations have been referred to as base P. aerugi-
nosa biofilm components (Balko & Avdieieva,
2010). These structures are combined into a net
structure, islands, which subsequently form a con-
tinuous monolayer. These components are found
in biofilm composition both at the stage of for-
mation and at the stage of degradation, regardless
of the source of the microorganism isolation and
their strain characteristics (Balko et al., 2013a).
Bacteria in the monolayer composition exist as
a functional community, after which planktonic
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cells detach and move to new locations, and the
cycle repeats (Bai et al., 2021). Thus, microorgan-
isms are characterized by a three-stage biofilm
formation: initial formation, subsequent partial
degradation, and repeated accumulation of bio-
mass, which determines their stability in the ex-
ternal environment (Balko et al., 2013b). At the
same time, the intensity of biofilm formation di-
rectly depends on the degree of deviation of the
cultivation conditions from the optimal ones for a
given strain (Balko & Avdeeva, 2009).

Biofilms can be the result of a natural survival
strategy (Ma et al., 2021). Biofilm consists of bac-
terial cells surrounded by EPS, which provides
stability and increases their resistance to stress
factors (Bamford et al., 2023). EPS contains pol-
ysaccharides, such as cellulose, as well as nucleic
acids, proteins, and lipids. This substance also
includes bacterial structures such as pili, flagel-
la, and fimbriae. The main functions of EPS are
providing stable attachment of bacteria to dense
surfaces, distribution of substrates necessary for
bacterial growth, protection from antimicrobial
agents, and increasing antimicrobial resistance
through the formation of compounds such as
catalase (Olaimat et al., 2024). It should be not-
ed that the regulation of EPS synthesis provides
the bacterial community with many advantages,
including adaptation to a wide range of antimi-
crobial substances and environmental influenc-
es, and the ability to attach to various surfaces
(Jennings et al., 2021).

Bacterial cells in a biofilm have a significant
advantage over analogous bacteria in a plankton-
ic form, as the biofilm provides microorganisms
with an aqueous environment that concentrates
nutrients near a solid surface and creates better
access to them (Penesyan et al., 2021). This in-
creases the general adaptability of bacteria to ad-
verse environmental factors, and due to the high
level of gene exchange within the biofilm, signifi-
cant genetic diversity of bacterial cells is achieved
(Lépez-Causapé et al., 2023; Flemming et al,
2016). In addition to its protective function, the
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biofilm serves as a deposit formation that ensures
the maintenance of a stable number of bacteria
in the planktonic form. Therefore, it is possible
to eliminate the spread of microorganisms only
after eradicating the biofilm nidus from the cor-
responding biotope (Balko et al., 2018). Further-
more, the most important aspect of biofilm forma-
tion is antimicrobial resistance. The EPS matrix is
the first barrier that contacts with antibiotics or
other antimicrobial agents, after which various
biopolymers in its composition can bind to these
substances and lead to partial or complete loss of
their activity (Flemming et al., 2016). Another
defense against antimicrobial action on bacteria
in the biofilm is substances that are secreted by
the cells and diffuse through the EPS. Such sub-
stances include catalase and antioxidants, which
are able to protect bacterial cells jointly, often even
synergistically (Olaimat et al., 2024). It has been
shown that through the secretion of catalase by
cells, the biofilm protects bacteria from the effects
of hydrogen peroxide (Stewart & Owkes, 2023).
Thus, a lethal concentration of hydrogen perox-
ide to planktonic cells does not affect the bacteria
in the biofilm, and the biofilm itself only thickens
after the mentioned exposure. When studying the
biofilm of Salmonella sp., it was found that to af-
fect cells in a biofilm form, the chlorine concen-
tration must be at least 10 times higher to pro-
duce a similar inhibitory effect as on free-floating
planktonic bacterial cells (Trmcic et al., 2018). In
contrast, the increase in the resistance of bacteria
in a biofilm form to antibiotics can rise by 100-
1000 times (Mah, 2012). It has been shown that
the resistance to antimicrobial agents develops as
early as 15 min after bacteria attach to a solid sub-
strate (Balko et al., 2017).

Bacteria in biofilm forms are able not only to
protect themselves from the effects of adverse en-
vironmental factors but also to secrete substances
that help them to colonize certain econiches and
actively compete with other microorganisms.
Bacteriocins can be classified as such substanc-
es (Yang et al., 2025; Balko, 2012). Bacteriocins
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are analogs of antibiotics, they are synthesized by
most microorganisms and have a narrow spec-
trum of action, which is directed at representa-
tives of related taxa (Balko et al., 2020; Versluis et
al., 2018). Thus, Pseudomonas aeruginosa bacte-
riocins (S5 pyocins) are able to inhibit the growth
of phytopathogenic strains of Pseudomonas sy-
ringae (Balko et al., 2024). Bacteria can synthe-
size several types of bacteriocins (Zareen et al.,
2025; Charkhian et al., 2024). As for P. aerugino-
sa, it has been described to produce high molecu-
lar weight structures — analogs of phage tail, low
molecular weight proteins, and microcin-II-like
bacteriocins (Balko & Avdeeva, 2012; Balko,
2019). Moreover, bacteriocins of different types
can combine with each other, which leads to their
stabilization and enhanced antimicrobial activity
(Cubillo-Komarovova et al., 2024; Balko, 2021).
It has been shown that the producer cultures are
capable of isolating bacteriocins with varying in-
tensity depending on the cultivation temperature.
Thus, microorganisms isolated from soil synthe-
size substances more actively at 28 °C, while clin-
ical isolates — at 37 °C (Balko et al., 2013c). How-
ever, a slight increase in temperature to 30—40
°C stimulates the intensity of bacteriocin produc-
tion by soil isolates, increasing their activity up to
16 times (Balko et al., 2019). When added to poor
culture medium, bacterial cells in biofilm do not
synthesize bacteriocins, as the main emphasis
in this case is on protecting population through
enhanced biofilm formation (Pisarenko & Balko,
2013). These cultivation conditions should obvi-
ously be considered a stress factor for producer
cells, which necessitates the intensification of the
struggle for survival. Thus, biofilm formation and
bacteriocinogeny can be regarded as interrelated
bacterial survival strategies.

Uncultivated forms of bacteria (cells in the
VBNC state). In the natural environment, mi-
croorganisms are exposed to a variety of stress
factors that can potentially destroy whole popu-
lations. To counteract this, several strategies are
used to maintain tolerance to harmful conditions
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(Pazos-Rojas et al., 2024). Some microorgan-
isms are able to form spores and remain viable
under extreme conditions (Voitsekhovsky et al.,
2024a). Another form of survival is cysts, which
are found in certain Gram-negative bacteria, for
example, in members of the Azotobacter genus
(Voitsekhovsky et al., 2024b). Other microorgan-
isms that are not capable of spore and cyst forma-
tion can go into a latent state (Zhang et al., 2021).
For example, it is known that one of the most im-
portant factors for bacterial survival is the availa-
bility of nutrients in the environment. When bac-
terial cells are starved, they can shrink in size and
become more resistant to adverse environmental
conditions (Pinto et al., 2015). Another response
variant is transition to a state in which uncultured
cells or spore-like structures are formed (Trevors,
2011). This state is referred to as viable-but-non-
culturable (VBNC) or simply unculturable forms
of microorganisms (Pazos-Rojas et al., 2024).
VBNC bacteria are unable to grow and form
colonies, but remain alive and can resume their
metabolic activity (Zhang et al., 2021). Cells in
this state usually have a reduced level of met-
abolic activity. Nutrient transport, the rate of
respiration, and macromolecular synthesis
slow down, and bacteria are able to form stable
structures similar to spores (Pazos-Rojas et al.,
2019). Many bacterial species reduce their size,
transforming into coccoid-shaped cells with an
enlarged periplasmic space. A decrease in the
ratio of cell surface area to volume helps cut
down energy requirements (Bodor et al. 2020).
Furthermore, cells in the VBNC state typically
contain reduced concentrations of cytoplasm,
total proteins, and membrane fatty acids, but
relatively high levels of ATP exhibit high mem-
brane potential, increased O-acetylation, and
crosslinking in cell wall peptidoglycans (Pinto
et al. 2015). Lessened superoxide dismutase ac-
tivity and increased oxidative damage were also
noted. A unique feature of bacteria in the VNBC
state is the continuous expression of genes in
the cells (Trevors, 2011). Due to these changes,
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cells acquire increased resistance to antibiotics
and the effects of physical and chemical stresses.
The virulence potential among pathogens in an
uncultured form is ambiguous. Some infectious
agents are unable to cause disease until they are
transformed into a cultivated form, while others
remain potentially pathogenic because they con-
tinue to produce toxins (Dong et al. 2020).

Microorganisms can transform into uncul-
tivated forms in response to natural stresses:
starvation, extreme temperatures, high osmot-
ic or oxygen concentrations, and light effect
(Pazos-Rojas et al., 2024). However, if optimal
conditions are restored, cells can return from
the VNBC state to a metabolically active and
cultured state (Dong et al., 2020). Thus, VBNC
bacteria often retain their cellular integrity and
potential for replication (Pinto et al., 2015).

Studies of the VBNC state have shown that it
is a universal survival strategy for a wide range
of Gram-negative bacteria, a smaller number of
Gram-positive bacteria, and some fungal species
(Zhang et al., 2021). Among them, a significant
part of the bacterial species is represented by
human pathogens: Burkholderia pseudomallei,
Campylobacter jejuni, Escherichia coli, Francisel-
la tularensis, Helicobacter pylori, Klebsiella pneu-
moniae, Legionella pneumophila, Listeria mono-
cytogenes, Mycobacterium tuberculosis, Pseu-
domonas aeruginosa, several species of genera
Salmonella and Shigella, numerous representa-
tives of the Vibrio genus, and also Yersinia pestis
(Pazos-Rojas et al., 2024; Zhang et al., 2021). The
existence of pathogenic bacteria in such dormant
forms can explain the disease relapses that occur
in patients after courses of antimicrobial therapy
(Dong et al., 2020).

It should be noted that the transition to the
VBNC state can be caused not only by environ-
mental stress factors but also by other processes.
It was found that inductors of the appearance
of uncultivated forms can be pasteurization of
milk, chlorination of wastewater, and the use
of food preservatives such as potassium sorb-
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ate and sodium benzoate (Pazos-Rojas et al.,
2024). Cells of some bacteria (M. tuberculosis,
C. jejuni, H. pylori) can convert into a non-rep-
licating cocci-like state under microaerophilic
conditions (Zhang et al., 2021). It has also been
established that transformation into uncultivat-
ed forms is possible as a response to the effects
of therapeutic drugs, in particular, antibiotics
(Austin & Austin, 2016). However, such forms of
bacteria can be activated by signaling molecules
of the QS system: autoinducer 2(A1-2) in E. coli
O157:H7 and in V. vulnificus (Ayrapetyan et al.,
2014). These inductors can stimulate catalase ex-
pression, which can also provoke the recovery of
S. typhimurium VBNC cells, even independently
of the OxyR regulon (Liao etal., 2019). The above
indicates that QS plays an important role in the
process of the reversion of microorganisms to a
cultured form and their potential possibility for
pathogenicity acquisition (Zhang et al., 2021).
Microorganisms with cell wall synthesis de-
fects (CWD forms). Quite often, the form of ex-
istence of bacteria is their structural formations
with a defect in cell wall synthesis and a pro-
nounced ability for long-term persistence. Bacte-
ria usually have a relatively low osmolarity, and
a strong and elastic cell wall performs an osmo-
protective function (Auer & Weibel, 2017). In its
deficiency or absence, cells will undergo lysis in
most environments, but under isoosmotic con-
ditions, which are characteristic of many human
tissues and fluids (e.g., urine), they can survive
and, in some cases, even grow (Emami et al,
2023). Microorganisms that have lost part or all
cell wall peptidoglycan but remain viable are re-
ferred to as cell wall deficient (CWD) variants or
cells in a CWD state (Lazenby et al., 2022). Many
terms have been used to refer to CWD bacteria:
L-forms, L-phase, L-organisms, round forms,
round bodies, ovoid cells, S-cells, and spherical
cell morphotypes. Among the above variants,
the most famous are the L-forms, however, some
researchers recommend limiting the use of this
term only to CWD cells that are capable of prolif-

103



N.S. Morozova, V.E. Marievskyi, I.V. Korobkova, et al.

eration in this state (Allan et al., 2009). Therefore,
in the absence of clear evidence of replication
capacity, it is recommended to use the term the
CWD form (Lazenby et al., 2022). It is important
to note that CWD variants do not include mem-
bers of the Mollicutes class, such as Mycoplasma
and Phytoplasma, which have evolved to exist
without a cell wall (Chen et al., 2012).

CWD bacteria differ significantly in the de-
gree of the presence of cell wall material and
are divided by this criterion into spheroplasts,
which retain a certain amount of peptidoglycan,
and protoplasts, which are completely devoid of
peptidoglycan (Allan et al., 2009). Microorgan-
isms with a defect in cell wall synthesis can also
be classified as stable or unstable (transient).
CWD-stable bacteria have genetic mutations
that block them in this form, while CWD-unsta-
ble bacteria are considered genetically identical
to their parent cells and have retained the ability
for conversion to a normal cell wall shape after
removal of the inductor (Lazenby et al., 2022).

Due to the loss of a rigid cell wall, CWD bac-
teria appear spherical, ovoid, or pleomorphic
and may be sensitive to osmotic pressure and
mechanical lysis (Emami et al., 2023). It is con-
sidered that for their cultivation, it is necessary
to create special osmoprotective conditions or
use various fluids, in most cases of biological or-
igin, such as urine, rabbit cecal fluid, and human
blood serum. However, it is known that CWD
bacteria can be adapted to low osmolarity con-
ditions (Osawa & Erickson, 2019). This suggests
that not all CWD bacteria are identical and can
be divided into osmotically sensitive variants
that require special osmoprotective conditions
and more stable variants that can be cultivated
without osmoprotection (Lazenby et al., 2022).

The origin of microorganisms with a defect
in cell wall synthesis is associated with the ac-
tion of several factors: the influence of enzymes
and compounds that destroy and inhibit cell wall
biosynthesis; thermal, cryogenic, osmotic, and
genotoxic stresses; nutrient limitation; the action
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of antibodies, complement proteins, and bacteri-
ophages; mutation of genes involved in cell wall
biosynthesis (Mueller & Levin, 2020). However,
in medical practice, the most common cause of
CWD bacteria appearance is considered the ef-
fect of antibiotics, namely -lactams (penicillins,
cephalosporins, carbapenems, and monobac-
tams), as well as fosfomycin and cycloserine,
which affect peptidoglycan biosynthesis (Mercier
et al., 2014). Antibiotics of other classes can also
lead to the CWD form origin: trimethoprim in P
vulgaris, and aminopterin in Serratia marcescens.
The development of spheroplasts in E. coli, S.
aureus, and P. aeruginosa has been shown after
the use of protein synthesis blockers — chloram-
phenicol, streptomycin, oxytetracycline, kana-
mycin, and tobramycin (Lazenby et al., 2022).
Different variants of CWD bacteria have been
described for many species, including pathogens
of some human infections. Such microorganisms
include Acinetobacter baumannii, Escherichia coli,
Klebsiella pneumoniae, Listeria monocytogenes,
Mpycobacterium tuberculosis, Pseudomonas aerug-
inosa, Salmonella sp., Staphylococcus aureus, and
Vibrio cholera (Mercier et al., 2014). These mi-
croorganisms with a defect in cell wall synthesis
can exist in the patient’s organism during chronic
infections or bacterial carriage and cause relapses
of the disease (Emami et al., 2023). Thus, one of
the most studied examples of a chronic infectious
process is tuberculosis infection. Isolated from
patients’ cultures of M. tuberculosis in the L-form
showed the ability to revert to the original mor-
photype. In general, using material from patients
has shown the importance of L-forms in the per-
sistence of some disease pathogens at different
stages of the infectious process (Westblade et al.,
2020). The mechanisms underlying typhoid and
paratyphoid bacterial carriage are also actively
discussed. Most researchers consider this issue
exclusively in relation to bacterial forms, and
only in some works, data on the isolation of the
typhoid fever causative agent in the CWD form
from patients are provided, including during the

ISSN 1028-0987. Microbiological Journal. 2026. (2)



Medical Aspects of Bacterial Stigmergy

relapse period (Yang et al., 2020). CWD bacteria
have been identified for many microorganism
species, the appearance of which was correlated
with episodes of fever in bone marrow recipients
during treatment with high doses of antibiotics.
Relapses of Haemophilus influenzae infections
after a course of penicillin have been explained
by conversion and return from the CWD stage.
Unstable CWD E. coli has been identified in the
urine of patients with urinary tract infections
treated with amoxicillin, cephalexin, or fosfomy-
cin (Mickiewicz et al., 2019). The cells showed
the ability to divide and reverse when transferred
to an osmoprotective medium without fosfomy-
cin. Thus, the conversion to the CWD form al-
lows bacteria to avoid lysis due to the antibiotic
effect, survive, and return to a pathogenic state,
which can cause repeated persistent infections
(Emami et al., 2023).

Motile colony morphotype. The formation
of a complex colony structure is also consid-
ered a cooperative adaptive response of bacte-
ria to adverse environmental influences. Colo-
nies change their organization to optimize the
growth and survival of microorganisms (Pipe
& Grimson, 2008). The concept of “morpho-
type” was introduced to describe the structure of
bacterial colonies. Three main morphotypes are
known: tip-splitting (T), chiral (C), and vortex
(V). Different species and strains of bacteria can
belong to the same morphotype. The change in
morphotype is adaptive in nature and can occur
within several days (Ben Jacob et al., 1998).

The V morphotype of colonies, which is
formed by bacteria capable of motile growth on
meat-peptone agar, is actively discussed. The
formation of this colony morphotype has been
described for E. coli, S. typhi, S. typhimurium,
and B. subtilis. It occurs under the influence of
various stress factors such as changes in growth
medium, increased temperature, the presence
of antibiotics, disinfectants, hydrogen peroxide,
etc (Budrene & Berg, 1995). In response to the
action of these factors, bacteria enhance che-
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moattraction. At that, the production of high
concentrations of polysaccharides and peptide
components is observed, which is the reason for
the formation of larger vortices, in which, for ex-
ample, an antimicrobial substance is diluted.

Thus, from the blood of six patients with clin-
ical signs of typhoid fever, cultures with motile
morphotype V, identified as S. typhi., were isolat-
ed. During their passage 5—8 stages in meat-pep-
tone and bile broths, the studied strains formed
“immobile” colonies. Two patients had relapses
of the disease after the course of treatment, dur-
ing which microorganisms with a motile colony
morphotype were isolated from the blood, and
from feces — with a non-motile one. This sug-
gested that blood and stool cultures of S. typhi
have different physiology at the stages of inva-
sive (blood) and acute (feces) infections. Thus,
for the first time, there were described microor-
ganisms with a motile morphotype V (vortex),
which are characterized by surface swarming on
agar, the ability to reversion, and participation in
the infectious process (Morozova et al., 2024).

Thus, the fundamental similarity of the adap-
tive forms of different bacterial species, in par-
ticular their ability to multiple antibiotic resist-
ance, long-term survival under the influence of
adverse factors, and the possibility of selection,
raises questions about their role in the infectious
process. Analyzing the above facts, it can be con-
cluded that changes in the structural organiza-
tion of bacteria in the process of adaptation to
adverse factors from the position of stigmergy
determine changes in their ecology in vitro and
in vivo. Adaptively changed forms of bacteria
may be important in the pathogenesis of many
infectious diseases, but the most likely role of
such forms is in the development of chronic and
recurrent infections and bacterial carriage. The
bacterial stigmergy in various infections requires
turther research and new findings, the discovery
of which may contribute to the development of
approaches to the diagnosis and treatment of in-
fectious diseases.
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MEJMYHI ACHEKTU BAKTEPIAJIbHOI CTUTMEPTTI

Y cTaTTi BUCBIT/IIOIOTBCA CyJacHi MiAX0AM K0 OLiHKM 30YAHUKIB iH(eKUiTHNX 3aXBOPIOBAHb 3 TIO3ULLilI IIepeayciMm
Me[IMYHMX acIeKTiB IpobmeMy cTUrMeprii 6akTepiil, KOTpa pO3IIARAETbCA AK (PeHOMEH KOJeKTUBHOI caMOopra-
Hisauii 6aKTepiaTbHNUX CIIZIBHOT Y BiAIIOBiAb Ha BIUIMB HECIPUATIMBUX A1 HUX akTopis goBKinms. Tpancdop-
Malis 6akrepiit y pisHi aganTaniiai ¢popmu saBise co6ow0 GeHOMeH, AKMIT He TiIbKYU BifTBOPIOETbCS B JOCIIAX
in vitro, ane 71 JOCUTD 4acTo € GOPMOI0 icHYBaHHA OakTepiit B opranismi mopyau. OOroBoproerbcs psy Gopm
6akTepia/bHOI cTUrMepril: 6i0IIIBKOYTBOPEHH, HEKYIbTUBOBaHI popMu 6akTepill, MikpoopraHismu 3 gedexTom
CMHTe3y KIITMHHOI CTIHKY, PyX/IMBMII MOP(OTHII KOJIOHIN, AKi MOXYTb iCHYBaTH B OpraHi3Mi XBOpOro Ha pisHUX
crafisx indexuiitHoro mpouecy. AHajIi3 KTiHIYHUX JaHKX ITOKA3YE, 1[0 3 PO3BUTKOM Oi/IBIIOCT] 3aXBOPIOBAHD I1a-
TOTEHV MOXYTb HaOyBaTu MeBHMX (GOPM CTIIKOCTi, TOA AK B OKpeMUX BUIMAJKAX, HALIPUKIIAM, IPU YEPEBHOMY
Tii, CIocTepiraeTbcst BUHMKHEHH: 6araro)aKTOPHOTO 3aXUCTy 3 YTBOPEHHAM HEeKy/IbTUBOBaHUX Ta L-dopm, a
TaKOX «PYXJIIMBOTO» MOP(HOTUITY KOJOHiIL. PO3IIA/jaeThCs MUTaHHA LIOKO PO aJalITUBHO 3MiHEHNX POPM Y po3-
BUTKY XPOHIYHMX i pelMANBYIOUNX iH}eKIiiL.

Kniouosi cnosa: 6axmepianvta cruemepeisi, 6ionniekoymeopents, HeKyIbmueosari opmu baxmepiii, mikpoopaa-
Hi3MU 3 OegpeKmMOoM Cunmesy KIiMuHHOL CIIHKU, PYXIUSUti MOpGHOmun KomoHiil.
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