ISSN 1028-0987

MCROBIOLOGICAL

OURNAL




Founders

National Academy of Sciences of Ukraine

D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine
National University of Life and Environmental Sciences of Ukraine

Editor-in-Chief
V.S. PIDGORSKYT (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)

Deputy Editor-in-Chief
L.M. LAZARENKO (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)

Executive Secretar
A.Yu. CHOBOTAROV (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)

Editorial Board

L.V. AVDEEVA (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)
R.V.BUBNOV (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)

[.G. BUDZANIVSKA (Taras Shevchenko National University of Kyiv, Kyiv, Ukraine)

O. GOLUBNITSCHAJA (Universitéitsklinikum Bonn, Bonn, Germany)

O.M. GROMOZOVA (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)
S.0. HNATUSH (Ivan Franko National University of Lviv, Lviv, Ukraine)

G.O.IUTYNSKA (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)
V.O.IVANYTSIA (Odesa Mechnikov National University, Odesa, Ukraine)

S.I. KLYMNYUK (I. Horbachevsky Ternopil National Medical University, Ternopil, Ukraine)

M.V. KRIVTSOVA (Uzhhorod National University, Uzhhorod, Ukraine)

G. KUNZE (Leibniz Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany)

LK. KURDYSH (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)

B.P. MATSELYUKH (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)
V.V. MINUKHIN (State Institution «I.I. Mechnikov Institute of Microbiology and Immunology, NAMS of Ukraine»,
Kharkiv, Ukraine)

K. NIEMCZUK (National Veterinary Research Institute, Pulawy, Poland)

L.A. PASICHNYK (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)
V.P. PATYKA (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)

T.P. PIROG (National University of Food Technologies, Kyiv, Ukraine)

O.M. REVA (University of Pretoria, Pretoria, South Africa)

A.V.RUDENKO (Institute of Urology, NAMS of Ukraine, Kyiv, Ukraine)

S.L. RYBALKO (Gromashevsky Institute of Epidemiology and Infectious Diseases, NAMS of Ukraine, Kyiv, Ukraine)
L.A. SAFRONOVA (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)
I.S. SHCHERBATENKO (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)
V.P. SHYROBOKOV (Bohomolets National Medical University, Kyiv, Ukraine)

L.M. SKIVKA (Taras Shevchenko National University of Kyiv, Kyiv, Ukraine)

A. SPIERS (Abertay University, Dundee, United Kingdom)

M.Ya. SPIVAK (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)

B.T. STEGNIY (Institute of Experimental and Clinical Veterinary Medicine, Kharkiv, Ukraine)

A.A. SYBIRNY (Institute of Cell Biology, NAS of Ukraine, Lviv, Ukraine)

O.B. TASHYREV (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)

EI. TOVKACH (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)

V.V. VOLKOHON (Institute of Agricultural Microbiology and Agro-Industrial Production, NAAS of Ukraine,
Chernihiv, Ukraine)

G. WEGRZYN (University of Gdansk, Gdansk, Poland)

V.I. ZADOROZHNA (Gromashevsky Institute of Epidemiology and Infectious Diseases, NAMS of Ukraine, Kyiv, Ukraine)
S.D. ZAGORODNYA (D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine, Kyiv, Ukraine)



NATIONAL ACADEMY OF SCIENCES OF UKRAINE

ZABOLOTNY INSTITUTE OF MICROBIOLOGY
AND VIROLOGY OF THE NAS OF UKRAINE

NATIONAL UNIVERSITY OF LIFE
AND ENVIRONMENTAL SCIENCES OF UKRAINE

ICROBIOLOGICAL
OURNAL

PUBLISHED 6 TIMES PER YEAR
ACADEMIC JOURNAL
FOUNDED IN 1934

2026

KYIV VOl. 88

CONTENTS

Research Articles

DANKEVYCH L.A., ZARUDNYAK M.I. Phylogenetic Analysis of Phytopathogenic Bacteria Affecting Wal-
nuts (Juglans sp.) in UKraine .. ...t e

KHABLENKO A.D., DANYLENKO S.G., DUHAN O.M., POLISHCHUK V.YU., YALOVENKO O.I., HO-
LUBCHYK D.S. Characterization of Probiotic Properties of Lactic Acid Bacteria Isolated from Fermented
Plant Raw Materials ... ... ... . e

BROVARSKA O.S., GARKAVA K.G., DOVGOPOLA K.A., BULYGINA T.V., VARBANETS L.D. Character-
istics of Escherichia coli Lipopolysaccharide Isolated from Hypericum perforatum ........................

ROZHKOVA T.O., SERHIYCHUK N.M., KOLOMIETS Yu.V.,, NEMERYTSKA L.V., STANKEVYCH S.V.
Development of an Express Analysis for Evaluating the Resistance of Soybean Genotypes to Fusarium so-
lani (Mart.) Sacc. and Ways to Limit its Spread . ... ... .o i

POLISHCHUK L.V. The Prevalence in Streptomycete Genomes of Sequences Similar to the Methylenomycin
Biosynthetic CluSter . ... ... ... .

STASENKO A.A., DIBROVA Yu.A. The State of Neutrophilic Granulocyte Indices in Patients with Acute
Infected Necrotizing Pancreatitis Depending on the Type of Pathogen ............. ... ... ... .. ... ....

MISHCHENKO L.T., DUNICH A.A., MISHCHENKO I.A., MOTSNYI L.I., DASHCHENKO A.V., MOLOD-
CHENKOVA 0.0. Plant Resistance to Wheat Streak Mosaic Virus: Investigation of the Presence of Wsm1l
Gene in Different Wheat Varieties Grown in Ukraine. . ......... ... .. . i i

16

33

42

© Publisher PH «Akademperiodyka» of the NAS of Ukraine, 2026



Reviews

ZUBYK PR., KLECHAK IR, LINOVYTSKA V.M., TITOVA L.O., DZYHUN L.P. Pectinolytic Enzymes of
Basidiomycota: Genetic Basis, Culture Conditions, Biochemical Properties, and Industrial Applications . . . .. 83

ZADOROZHNA VI., LIULCHUK M.G., SHAHINIAN V.R., SERHEIEVA T.A., VYNNYK N.P, VYNO-
GRAD N.O., MARYCHEYV LL. Effect of Mutations in Hemagglutinin and Neurominidase on the Properties
of Seasonal Influenza VArUSes .. ... ...ttt e e e e 104

Mini-Reviews

MATVIENKO N.M., SHEPELEVYCH V.V,, MARDAREVYCH M.H., OLIINYK O.B., SKROTSKYI S.0O. Mi-
crobial Biotechnologies of Antibiotic Degradation in Aquaculture and Natural Water Bodies .............. 127

Anniversaries and Dates
SKRYPAL Ivan Gavrilovich. In memory of the scientist ........... ... ... i .. 144

Media ID R30-03590

The journal is indexed in Scopus, EBSCO, CrossRef, Google Scholar, Ulrich’s Periodicals Directory,
URZ Dzherelo and Scientific Periodicals of Ukraine of the Vernadsky National Library

Editorial office address:

D.K. Zabolotny Institute of Microbiology and Virology of the NAS of Ukraine,
154 Academika Zabolotnoho Str., Kyiv, 03143, Ukraine

Tel.: +380 (44) 526 11 79

E-mail: microbiol.j@gmail.com

Web: http://www.microbiolj.org.ua

Secretaries FE V. Muchnyk, K.S. Tsyhanenko
Editor L.P. Tokovenko

Technical editing and layout O.V. Vakarenko

Passed for printing on 29.05.2026. Format 84 x 108/16. Typeface. Minion Pro
Conventional printed sheets 15,33. Physical printed sheets 16,12. Circulation 000 copies. Order no. 0000

Publisher and manufacturer PH «Akademperiodyka» of the NAS of Ukraine
4 Tereschenkivska st., Kyiv, 01024

Certificate of entry to the State Register of Publishing Agents
series IK no 544 of 27.07.2001



RESEARCH ARTICLES

https://doi.org/10.15407/microbiolj88.01.003

L.A. DANKEVYCH, M.I. ZARUDNYAK"

D.K. Zabolotny Institute of Microbiology and Virology, NAS of Ukraine,
154 Akademika Zabolotnoho Str., Kyiv, 03143, Ukraine
*Author for correspondence; e-mail: zarudnakmikola@gmail.com

PHYLOGENETIC ANALYSIS
OF PHYTOPATHOGENIC BACTERIA
AFFECTING WALNUTS (JUGLANS SP.) IN UKRAINE

Walnuts (Juglans sp.) are affected by a wide range of bacterial pathogens belonging to different taxa, and their accurate
identification is necessary for understanding both the etiology of diseases and the development of effective control mea-
sures. Phylogenetic analysis based on the analysis of the 16S rRNA gene is widely used in bacterial taxonomy. However,
taxonomic studies of pathogens of bacterial diseases of walnuts in Ukraine are poorly known. The aim of this study was to
determine the taxonomic position of phytopathogenic bacteria isolated from walnuts (Juglans sp.) in Ukraine using com-
parative analysis of nucleotide sequences of the 16S rRNA gene. Methods. The 16S rRNA gene was amplified by universal
primers pA and pH. Sequence assembly, editing, and alignment were performed using Multalin and Sequence Manipu-
lation Suite software. The rate of the 16S rRNA gene nucleotide sequences similarity of isolated strains with homology
nucleotide sequences of typical strains located in GenBank was established using the BLASTN program. Phylogenetic
relatedness was established and graphically displayed using the MEGA program. Results. Phylogenetic analysis of 16S
rRNA gene sequences showed that isolated Agrobacterium spp. strains have the highest percentage of nucleotide sequence
similarity (99.4—99.9%) with Agrobacterium tumefaciens LGM 196. Nucleotide sequences of the 16S rRNA gene of
isolated Xanthomonas spp. strains are 98.51—99.65% related to the identical sequence of Xanthomonas arboricola pv.
juglandis NCPPB 411. Pseudomonas spp. isolates are phylogenetically related (98.31—99.51%) to Pseudomonas syringae
pv. syringae UCM B-1027" and P. syringae pv. syringae ATCC 19310. Conclusions. The high level of similarity of the 16S
rRNA gene sequences isolated from the type strains confirms their taxonomic affiliation to these taxa and emphasizes
the importance of phylogenetic analysis in the taxonomy of walnut pathogenic bacteria. Comparative analysis of the 16S
rRNA gene sequences in combination with phenotypic characteristics confirms that the bacteria isolated from walnut
belong to the species Agrobacterium tumefaciens, Xanthomonas arboricola, and Pseudomonas syringae.

Keywords: 16S rRNA gene, phylogenetic analysis, pathogens of bacterial diseases of walnut, Pseudomonas syringae,
Xanthomonas arboricola, Agrobacterium tumefaciens.
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Phytopathogenic bacteria represent some of
the most damaging pathogens affecting walnut
(Juglans regia) cultivation. Among them, Xan-
thomonas arboricola pv. juglandis, the causal
agent of bacterial blight, brown apical necrosis,
and vertical canker, is highly aggressive and in-
fects both young and mature orchards, leading to
harvest losses up to 40—60% (Giovanardi et al.,
2015; Ilicic et al., 2021; Kim et al., 2021). Over
the past decade, additional bacterial species
not previously recognized as walnut pathogens
have been reported in various regions world-
wide (Giovanardi et al., 2015; Gasic et al., 2012;
Kim et al., 2021; Osdaghi, 2022; Temperini et al.,
2017). The increasing diversity of walnut-asso-
ciated bacterial pathogens may be linked to in-
tensified anthropogenic pressure on ecosystems,
globalization of the agricultural sector, and the
introduction of new cultivars with reduced lev-
els of natural defense compounds. Walnuts are
also susceptible to polyphagous bacteria such as
Agrobacterium tumefaciens, the etiological agent
of crown gall, and Pseudomonas syringae pv. sy-
ringae, which causes bacterial leaf spot (Rouhrazi
& Rahimian, 2014; Keshtkar, 2016). In our study;,
the observed disease symptoms corresponded to
the typical manifestations of bacterial infections.
Infections caused by X. arboricola pv. juglandis
were characterized by necrotic lesions with pale
margins on leaves and fruits, which progres-
sively coalesced, resulting in premature defolia-
tion (Bansal et al., 2020). Infection by P. syringae
pv. syringae manifested itself by chlorotic and
water-soaked spots that rapidly expanded under
humid conditions, forming extensive necrotic
areas (Pasche et al., 2024). Damage to the root
system and stems of young trees by A. tumefa-
ciens was accompanied by the formation of tu-
morous galls, impairing root absorptive capacity
and potentially causing plant death at early de-
velopmental stages (Miller et al., 1975).
DNA—DNA hybridization has long been used
as a reference method for species delineation in
prokaryotic taxonomy. For many years, a DNA-

4

DNA hybridization relatedness value of 70% was
accepted as the standard threshold for defining
bacterial species (Wayne et al., 1987). However,
this method is technically demanding, time-con-
suming, and characterized by limited reproduc-
ibility, which restricts its routine application.

As a result, alternative molecular approaches
have been developed. Among them, comparative
analysis of the 16S rRNA gene has become one of
the most widely used tools in bacterial systemat-
ics. A strong correlation between 16S rRNA gene
sequence similarity and DNA-DNA hybridiza-
tion values was demonstrated by Stackebrandt
and Goebel (1994), supporting the use of 16S
rRNA gene sequences for taxonomic purposes.
On this basis, a sequence similarity threshold of
97% was initially proposed as corresponding to
the 70% DNA-DNA hybridization boundary and
was broadly adopted (Stackebrandt et al., 1994).

Subsequent studies showed that the 97% cut
oftf may underestimate species diversity in some
bacterial groups. Therefore, higher threshold
values, typically between 98.2% and 99.0%, were
later suggested to improve species-level resolu-
tion (Stackebrandt & Ebers, 2006). This revision
was further supported by genome-based studies
demonstrating a close relationship between 16S
rRNA gene similarity and average nucleotide
identity (ANI), with a proposed boundary of
98.65% (Kim et al., 2014).

To identify the causative agents of bacterial
diseases of walnut, surveys were conducted in 12
regions of Ukraine, including areas located close
to the frontline (Dnipropetrovsk, Kherson , and
Kharkiv regions). Based on morphological, cul-
tural, and biochemical characteristics, the isolat-
ed strains showed close similarity to representa-
tives of the genera Agrobacterium, Pseudomonas,
and Xanthomonas (Dankevych et al., 2024). The
most aggressive isolates were selected for further
molecular analysis.

Isolates preliminarily assigned to the genera
Agrobacterium, Pseudomonas, and Xanthomonas
were compared with corresponding type and

ISSN 1028-0987. Microbiological Journal. 2026. (1)
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reference strains, including Agrobacterium tu-
mefaciens, Pseudomonas syringae pv. syringae,
and Xanthomonas arboricola pv. juglandis, in or-
der to clarify the species composition of walnut-
associated bacterial pathogens in Ukraine.

The aim of this study was to determine the
taxonomic position of phytopathogenic bacteria
isolated from walnut (Juglans regia L.) in Ukraine
using comparative analysis of the 16S rRNA gene
nucleotide sequences.

Materials and Methods. Strains isolated
from infected walnut trees in different regions
of Ukraine were included in the study: Agrobac-
terium spp. — lgor, 3gor, 8gor; Xanthomonas
spp. — lor, 3or, 6nut, 8nut, 14nut, 17nut; Pseu-
domonas spp. — 4n, 5n, 9nut, 10nut, 16nut. For
comparative analysis, collection strains of spe-
cies known to infect walnuts were used: Agro-
bacterium tumefaciens — UCM B—1000, UCM
B—1002, UCM B—1003"; Xanthomonas arbori-
cola pv. juglandis — 8665, 8666, 8865. The col-
lection strains were obtained from the collection
of the Department of Phytopathogenic Bacteria
at the D.K. Zabolotny Institute of Microbiology
and Virology, National Academy of Sciences of
Ukraine (IMV NASU), a part of the Ukrainian
Collection of Microorganisms (UCM).

For the 16S rRNA gene analysis, bacteria were
cultivated on potato dextrose agar for 24 hours.
DNA was extracted from the one-day culture
using a BIOCORP reagent kit according to the
manufacturer’s recommendations (BIOCORP
LTD, Ukraine). The concentration of the isolated
DNA was measured using a spectrophotometer
NanoDrop (Thermo Fisher Scientific, USA). The
16S rRNA gene was amplified by universal prim-
ers pA (5-AGAGTTTGATCCTGGCTCAG-3;
positions 8—27 according to E. coli) and pH
(3’-AAGGAGGTGATCCAGCCGCA-5,  posi-
tions 1542—1523 according to E. coli) (Edwars
et al.,, 1989). Amplification was performed on
a Veriti 96-Well Thermal Cycler 9902 (Applied
Biosystems, USA) under the following condi-
tions: initial DNA denaturation at 96 °C for 6

ISSN 1028-0987. Microbiological Journal. 2026. (1)

min, next denaturation at 94 °C for 15 s, primer
annealing at 65 °C for 15 s, and elongation at
72 °C for 5 min. The 16S rDNA amplicons were
sequenced from both the 5" and 3’ ends using an
automatic 3130 Genetic Analyzer (Applied Bio-
systems, USA).

The sequence size of the 16S rRNA gene was
determined by comparative analysis with the se-
quences of E. coli ATCC 11775T (X80725) and
representative strains of the genera Xanthomon-
as, Pseudomonas, and Agrobacterium. Reverse
complements were generated using the Sequence
Manipulation Suite (http://www.bioinformat-
ics.org/sms2/), and sequences were edited and
aligned with Multalin (http://multalin.toulouse.
inra.fr/multalin/). Nucleotide sequence similar-
ity to typical strains of the studied genera was as-
sessed using BLASTN (http://www.ncbi.nlm.nih.
gov/BLAST/). The MEGA 12.1 program (https://
megasoftware.net/download_form) was applied
to construct the phylogenetic relationships den-
drogram (Tamura et al., 2021). The dendrograms
were inferred applying the Neighbor-Joining
method with Kimuras two-parameter model
based on 100 replicates of the “bootstrap” assay.

Results. At the initial stage of identification,
the isolated strains 1gor, 3gor, and 8gor were
assigned to the genus Agrobacterium based on
morphological, cultural, and biochemical char-
acteristics. A comparative phylogenetic analy-
sis of their 16S rRNA gene sequences was then
conducted against the type and reference strains
of various Agrobacterium species. The highest
sequence identity (99.4—99.9%) was observed
between the isolates 1gor, 3gor and 8gor and the
type strains Agrobacterium tumefaciens UCM
B—1000, UCM B—1002, and UCM B—1003",
confirming their close phylogenetic relationship
with A. tumefaciens LGM 196 (Table 1).

Comparison with other Agrobacterium spe-
cies revealed varying levels of nucleotide simi-
larity. For example, the isolates showed 99.1—
99.9% identity with A. arsenijevicii NCPPB
4602 and A. nepotum 39/7, while lower similar-
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ity (95.5—97.3%) was found with species such
as A. fabacearum CNPSo 675 and A. cavarae
ICMP 9759. Moderate sequence identity (97—
99.3%) was observed with species including A.
cucumeris 0132, A. divergens R-31762, A. larry-
moorei ICMP 15237, A. leguminum MOPV5, A.
pusense CFBP 5875, A. rosae NCPPB 1650, A.
rubi LGM 17936, A. salinitolerans CFBP 5507,
A. skierniewicense Ch 11, A. tomkonis SM_84,
and A. vaccinii B7.6, reflecting the phylogenetic
diversity within the genus (Table 1).

The dendrogram shows that the isolated
strains, the collection strains, and the type strain
A. tumefaciens UCM B—1003 formed two main
clusters closely related to typical representatives
of A. arsenijevicii, A. nepotum, A. tumefaciens,
and A. fabacearum. Notably, A. nepotum and A.
fabacearum are saprophytic species, which clear-
ly distinguishes them from the isolated strains.
Both A. arsenijevicii and A. tumefaciens are plant
pathogens; however, due to the lack of evidence

for tumor formation on walnut trees by A. arseni-
jevicii, the isolates are most likely attributable to
A. tumefaciens (Fig. 1).

At the first stage of identification, the isolat-
ed strains Xanthomonas spp. 17nut, 8nut, 6nut,
14nut, lor, and 3or were assigned to the genus
Xanthomonas based on morphological, cultural,
and biochemical characteristics.

A comparative phylogenetic analysis of their
16S rRNA gene sequences was then conducted
against the type and reference strains of differ-
ent Xanthomonas species. The highest sequence
identity (98.51—99.65%) was observed between
isolates 17nut, 8nut, 6nut, and 14nut and the
type strain Xanthomonas arboricola pv. juglandis
NCPPB 411, confirming their close phylogenetic
relationship with the walnut bacterial pathogen
(Table 2). Comparative analysis with other Xan-
thomonas species revealed a wide range of nu-
cleotide similarity. For example, isolates lor and
3or showed 99—99.7% identity with X. hortorum

Table 1. Identity of nucleotide sequences of the 16S rRNA gene
of isolated strains of Agrobacterium sp. and the collection strains A. tumefaciens
with the nucleotide sequences of the 16S rRNA gene of the type strains stored in the GenBank database

Species, strain, and accession numbers Sequence identity
Strain of 16S rRNA gene nucleotide sequences of type strains of the studied strains
in the GenBank database (%)

Agrobacterium sp., 1gor, 3gor, 8gor A. arsenijevicii NCPPB 4602, CP166104.1 99.3—99.9
A. tumefaciens UCM B—1000, A. cavarae ICMP 9759, PP103276.1 96.6—97.3
UCM B—1002, A. cucumeris 0132, CP080388.1 98.5—99.2
UCM B—1003 A. divergens R-31762, AM403584.1 98.1—-98.7
A. fabacearum CNPSo 675, NR_174322.1 95.5—99.9
A. larrymoorei ICMP 15237, AY626382.1 98.2—99.0
A. leguminum MOPV5, NR_181087.1 98.1—98.8
A. nepotum 39/7, NR_117203.1 99.1—99.9
A. pusense, CFBP 5875, CP039894.1 97.0—98.3
A. rosae NCPPB 1650, D14506.1 97.7—98.3
A. rubi LGM 17936, NR_114990.1 97.8—98.5
A. salinitolerans CFBP 5507, CP109969.1 97.5—98.4
A. skierniewicense Ch 11, NR_118035.1 97.9—98.7
A. tomkonis, SM_84, PQ344191.1 98.5—99.3
A. tumefaciens LGM 196, X67223.1 99.4—99.9
A. vaccinii, B7.6, CP054150.1 98.8—99.7

6 ISSN 1028-0987. Microbiological Journal. 2026. (1)
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Fig. 1. Dendrogram of phylogenetic (16S rRNA gene analysis) relationships between isolated
strains of Agrobacterium sp., collection strains, and type representatives of the Agrobacterium

genus

LMG 733 and X. campestris ICM 21080, while
lower similarity (94.73—97.57%) was found with
species such as X. albilineans LGM 4947, X. bo-
nasiae FX16, and X. sacchari LMG 4717, which
excludes their assignment to these taxa (Table 2).

According to the phylogenetic tree, both the
isolated Xanthomonas spp. strains and collection
strains of X. arboricola pv. juglandis formed two
clusters closely related to the type strain X. arbo-
ricola pv. juglandis NCPPB 411. This group also
includes X. hortorum, which causes leaf spot and
lettuce rot. In contrast, X. euroxanthea, isolated
from walnut (Juglans regia) and comprising both
non-pathogenic and pathogenic strains for wal-
nut, is phylogenetically distant from the isolated
Xanthomonas spp. strains (Fig. 2).

At the preliminary stage of identification, the
isolated strains 4n, 5n, 9n, 10nut, and 16nut
were assigned to the genus Pseudomonas based
on morphological, cultural, and biochemical
characteristics. A comparative phylogenetic

ISSN 1028-0987. Microbiological Journal. 2026. (1)

analysis was conducted against the type and
reference strains of various Pseudomonas spe-
cies. The highest sequence identity (98.31—
99.51%) was observed between the isolates 4n,
5n, and 9nut and the type strain Pseudomonas
syringae pv. syringae UCM B-10277, confirming
their close phylogenetic relationship with this
species (Table 3).

Comparison with other Pseudomonas species
revealed different levels of nucleotide similar-
ity. For example, the isolates showed 97.75—
99.51% identity with P. cerasi 58 LMG 28609,
P. congelans DSM 14939T, P. syringae ATCC
19310, and P cannabina CFBP 23417, while
lower similarity (96.35—97.74%) was found
with species P. cichorii ATCC 10857 and P
viridiflava CFBP 1590.

Moderate sequence identity (97.19—99.35%)
of gene 16S rRNA was observed with P. avel-
lanae NCPPB 3481, P. amygdali LMG 21237,
P. meliae MAFF 301463, P. savastanoi ATCC
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13522, P. ficuserectae JCM 2400, P. caricapa-
payae ATCC 33615, and P. caspiana FBF102,
reflecting the phylogenetic diversity within the
genus (Table 3).

Phylogenetic analysis placed the walnut iso-
lates (Pseudomonas spp. 4n, 5n, 9nut, 10nut,

16nut) in a well-supported cluster together with
type strains of P. syringae pv. syringae UCM B-
10277, P. syringae ATCC 19310, and P. cannabina
CFBP 2341T. This indicates that the studied iso-
lates most likely belong to the P. syringae group.
Other type strains, such as P. cerasi 58 LMG

Table 2. Identity of nucleotide sequences of the 16S rRNA gene
of isolated strains of Xanthomonas spp. and the collection strains of X. arboricola pv. juglandis
with the nucleotide sequences of the 16S rRNA gene of type strains in the GenBank database

Species, strain, and accession numbers Sequence identity
Strain of 16S rRNA gene nucleotide sequences of type strains of the studied strains
in the GenBank database (%)
Xanthomonas spp. 17nut, 8nut, X. albilineans LGM 494", NR_026316.1 94.73—97.57
6nut, 14nut, lor, 3 or X. arboricola pv. juglandis NCPPB 411, NR_113167.1 98.51—99.65
X. arboricola pv. juglandis 8665, | X gxonopodis NCPPB 557, CP167232.1 95.44—99.45
8666, 8865 X. bonasiae FX16, NR_181928.1 94.73—97.57
X. bromi LMG 947, NR_026390.1 96.66—99.37
X. campestris ICM 21080, CP012145.1 97.27—99.65
X. cassavae LMG 673, NR_026389.1 97.20—99.58
X. cissicola ATCC 33616, NR_112071.1 97.13—99.51
X. citri LMG 696, CP066343.1 97.20—99.65
X. codiaei LMG 8678%, NR_026391.1 98.09—99.23
X. cucurbitae ATCC 23378, CP033326.1 97.34—99.72
X. dyei ICMP 12167, NR_104949.1 97.32—99.72
X. euroxanthea CPBF 424, LR994544.1 97.27—99.65
X. euvesicatoria NCPPB 2372, CP167216.1 97.15—99.58
X. floridensis ICMP 21312, MT760339.1 96.97—99.42
X. fragariae LMG 708T, NR_026318.1 96.86—99.16
X. hortorum LMG 733, NR_026386.1 97.40—99.79
X. hyacinthi ICMP 189, MT760330.1 95.42—97.72
X. hydrangeae LMG 31884, NR_179491.1 97.13—99.65
X. maliensis M97, NR_136457.1 96.73—98.31
X. melonis NCPPB 3434, NR_113169.1 95.09—99.44
X. nasturtii ICMP 21313, MT760340.1 97.24—99.71
X. oryzae NCPPB 4346, CP036253.1 97.34—99.72
X. phaseoli ATCC 49119, CP094243.1 97.13—99.51
X. pisi LMG 847T, NR_026385.1 97.27—99.65
X. populi LMG 57437, NR_026320.1 97.06—99.44
X. prunicola CFBP 8353, NR_179860.1 97.20—99.58
X. sacchari LMG 4717, NR_026392.1 95.70—97.83
X. theicola LMG 86847, NR_113168.1 95.07—97.19
X. translucens NCPPB 3711, CP076255.1 95.02—97.01
X. vasicola LMG 7367, NR_026383.1 97.27—99.65
X. vesicatoria ATCC 35937, CP018725.1 97.13—99.45
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Fig. 2. Dendrogram of phylogenetic (16S rRNA gene analysis) relationships between isolated strains of
Xanthomonas spp., collection strains, and type representatives of the Xanthomonas genus

28609, P. congelans DSM 14939T, and P. viridi-
flava CFBP 1590, were positioned at phylogene-
tic distances, further confirming that the walnut
isolates are more closely related to P. syringae
than to the other Pseudomonas species (Fig. 3).
All nucleotide sequences obtained in this stu-
dy were deposited in the GenBank database. The
Pseudomonas syringae pv. syringae isolated stra-
ins 4n, 5n, 9nut, 10nut, and 16nut were assigned
accession numbers PV202554—PV202558. The
Agrobacterium tumefaciens strains UCM B—

ISSN 1028-0987. Microbiological Journal. 2026. (1)

10037, UCM B—1002, UCM B—1000, 1gor,
3gor, and 8gor were deposited under accession
numbers PV203509—PV203514. The Xantho-
monas arboricola pv. juglandis isolated strains
lor, 3or, 6nut, 8nut, 14nut, 17nut and collection
strains 8665, 8666, 8865 were assigned accession
numbers PV203615—PV203623.

Discussion. The 16S rRNA gene is widely used
for preliminary identification of phytopatho-
genic bacteria, providing reliable genus-level
assignment. However, its resolution is limited
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when distinguishing closely related species or
pathovars. In Agrobacterium, 16S rRNA gene
sequences are highly conserved, and pathogen-
ic and non-pathogenic strains can share nearly
identical sequences (Costechareyre et al., 2010;
Hordt et al., 2020; Farrand et al., 2003). Original-
ly, the genus Agrobacterium comprised only a few
bacterial species associated with rhizogenic and
tumorigenic plant diseases, together with several
non-pathogenic strains. With the introduction of
molecular approaches, the number of described
taxa increased, and the genus currently includes
more than 30 species, although only 19 have val-
idly published names (List of Prokaryotic names
with Standing in Nomenclature). Phylogenetic
analyses based on 16S rRNA gene sequences
have shown that Agrobacterium is a heteroge-
neous genus that includes both pathogenic and
non-pathogenic lineages (Hordt et al., 2020). Be-
cause of the high phylogenetic similarity within
the family Rhizobiaceae, the taxonomic status of
Agrobacterium was debated in the early 2000s.
At that time, it was proposed to merge the genus

Agrobacterium with the genus Rhizobium, as-
suming that Agrobacterium represented a group
defined mainly by pathogenicity (Young et al.,
2003). However, later studies based on combined
genotypic and phenotypic data supported the
recognition of Agrobacterium as a distinct genus
(Farrand et al., 2003; Ramirez-Bahena et al., 2014;
Lassalle et al., 2017). Currently, the genus in-
cludes plant-pathogenic species, non-pathogenic
environmental strains, and bacteria that may act
as opportunistic pathogens in humans (Flores-
Félix et al., 2020). Our research has shown that
both the isolated Agrobacterium spp. and the type
strains of Agrobacterium tumefaciens are closely
related to several phytopathogenic species of the
genus Agrobacterium. The level of 165 rRNA gene
sequence similarity among these species is high
and reaches 98—99%. The closest related species
include Agrobacterium arsenijevicii, Agrobacte-
rium larrymoorei, Agrobacterium vaccinii, Agro-
bacterium cucumeris, and Agrobacterium tume-
faciens. At the same time, some species within
this group differ markedly in their ecological

Table 3. Identity of nucleotide sequences of the 16S rRNA gene
of isolated Pseudomonas spp. strains and collection strain of P. syringae pv. syringae
with the nucleotide sequences of the 16S rRNA gene of type strains stored in the GenBank database

Strain

Pseudomonas spp. 4n, 5n, 9nut,
10nut, 16nut
P syringae pv. syringae UCM B-10277

Species, strain, and accession numbers Sequence identity
of the 16S rRNA gene nucleotide sequences of type strains | of the studied strains,
in the GenBank database %
P cerasi 58 LMG 28609 NR_146827.1 97.89—99.51
P. congelans DSM 14939T AJ492828.1 97.89—99.51
P. syringae ATCC 19310 KP211411.1 98.31—99.51
P avellanae NCPPB 3481 CP091143.1 98.31—98.73
P. cannabina CFBP 2341T NR_025550.1 98.31—99.23
P amygdali LMG 2123T Z76654.1 97.75—99.35
P. meliae MAFF 301463 NR_178225.1 97.75—99.30
P, savastanoi ATCC 13522 NR_024707.1 98.31—99.27
P, ficuserectae JCM 2400 NR_040798.1 97.75—99.01
P caricapapayae ATCC 33615 AJ288304.1 97.60—98.31
P, asturiensis LPPA 221 NR_108461.1 97.61—98.53
P, viridiflava CFBP 1590 LT855380.1 97.19—97.99
P, cichorii ATCC 10857 NR_112070.1 96.35—97.74
P caspiana FBF102 NR_152639.1 97.75—99.00
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Fig. 3. Dendrogram of phylogenetic (16S rRNA gene analysis) relationships between isolated
strains of Pseudomonas spp., collection strains, and type representatives of the «Pseudomonas

syringae» group

and biological characteristics. Agrobacterium
nepotum and Agrobacterium fabacearum are con-
sidered saprophytic bacteria (Delamuta et al.,
2020; Shams et al., 2013). Their lifecycle and lack
of pathogenicity significantly distinguish them
from the isolates obtained in this study. There-
fore, these species can be excluded from further
consideration. In contrast, Agrobacterium arseni-
jevicii and Agrobacterium tumefaciens are well-
known plant pathogens (Kuzmanovié et al., 2015;
De Cleene et al., 1978). According to the litera-
ture, A. arsenijevicii is capable of inducing crown
gall formation on raspberry (Rubus iddeus) and
cherry plum (Prunus cerasifera) (Kuzmanovic et
al., 2015). However, there are no published data
indicating that representatives of this species
cause tumor formation in walnut (Juglans regia).

The genus Xanthomonas comprises over 30
species, the majority of which are phytopatho-
genic (List of Prokaryotic names with Standing
in Nomenclature). About 94% of these species

ISSN 1028-0987. Microbiological Journal. 2026. (1)

infect more than one plant host. Phylogeneti-
cally, the genus is considered stable, with only
22% of species described in the last five years.
Based on analyses of the 16S-ITS-23S rRNA op-
eron, several phylogenetically related clusters
within the genus are recognized (Martins et al,,
2020; Vauterin et al., 1995). Nevertheless, the
species composition of the genus Xanthomonas
continues to be actively revised, since new taxa
are described and existing species are reclassi-
fied based on comparative genomic analyses and
extended phenotypic characterization (Hordt et
al., 2020; Martins et al., 2020; Bansal et al., 2022).
Vauterin et al. (1995) and Young et al. (2008)
highlighted that pathovars of X. campestris, X.
axonopodis, and X. arboricola are essentially in-
distinguishable by the 16S rRNA gene, despite
clear differences in host range and symptoms.
Parkinson et al. (2007) demonstrated that analy-
sis of several housekeeping genes — gyrB, rpoD,
dnaK, and atpD — provides a much clearer reso-
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lution. More recently, Martins et al. (2020) de-
scribed X. euroxanthea, a species closely related
to X. arboricola, which cannot be differentiated
using the 16S rRNA gene sequence data only.
According to the phylogenetic analysis made by
us, both the isolated Xanthomonas spp. strains
and the collection strains of Xanthomonas arbo-
ricola pv. juglandis cluster closely with the type
strain X. arboricola pv. juglandis NCPPB 411,
indicating a high level of genetic relatedness. A
close relationship was also observed with X. hor-
torum, a species known to cause leaf spot and rot
in lettuce (Dia et al., 2022). In contrast, X. euro-
xanthea, a species isolated from walnut (Juglans
regia) and reported to include both pathogenic
and non-pathogenic strains, forms a distinct and
phylogenetically distant cluster, clearly separated
from the Xanthomonas spp. isolates analyzed in
this study (Martins et al., 2020). Therefore, we
were able to identify the microorganisms iso-
lated from walnuts at species level.

According to modern taxonomy, the genus
Pseudomonas comprises over 140 species, most
of which are saprophytic. Phytopathogenic Pseu-
domonas species are genetically, ecologically,
and pathologically diverse. The Pseudomonas sy-
ringae group includes 15 recognized species and
more than 60 pathovars. Accurate classification
and identification are essential for understand-
ing their ecology and managing plant diseases.
Recent phylogenetic studies have refined the
taxonomy of this group, distinguishing several
genetic clusters: Group I (P. cerasi, P. congelans,
P. syringae), Group II (P. avellanae, P. tomato),
Group III (P. cannabina, P. coriandricola, P. coro-
nafaciens), Group IV (P. amygdali, P. meliae, P.
savastanoi, P. ficuserectae, P. caricapapayae),
Group V (P, asturiensis, P. viridiflava), and Group
VI (P, cichorii, P. caspiana) (Gomila et al., 2017).
Phylogenetic analysis of the Pseudomonas strains
isolated from walnut showed high sequence sim-
ilarity (98—99%) with species in Groups I, III,
and 1V, including P. cerasi, P. congelans, P. syrin-
gae, P. cannabina, and P. savastanoi.
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Overall, these results confirm a general pat-
tern in phytopathogenic bacteria: 16S rRNA
gene sequencing provides a useful step for spe-
cies-level assignment but are insufficient for
pathovar-level identification (Hordt et al., 2020;
Gomila et al., 2017; Loper et al., 2012). Integra-
tion of phenotypic characteristics and host spec-
ificity is essential to distinguish among closely
related species and to confirm the likely identity
of walnut-associated pathogens such as A. tume-
faciens, X. arboricola pv. juglandis, and P. syrin-
gae pv. syringae. Accurate identification remains
critical for understanding disease etiology and
developing targeted management strategies for
walnut bacterial diseases in Ukraine.

Conclusions. Comparative phylogenetic
analysis of 16S rRNA gene sequences allowed
the taxonomic affiliation of bacterial strains
isolated from walnut trees to be clarified at
the genus and, in most cases, species level.
The studied isolated strains Agrobacterium
spp. showed a high level of nucleotide se-
quence similarity to A. tumefaciens LGM 196,
supporting assignment of them to this spe-
cies. Considering the high 16S rRNA gene se-
quence similarity, phenotypic properties, and
host specificity, the isolates obtained in this
study most likely belong to the species Agro-
bacterium tumefaciens.

Isolated strains preliminarily assigned to the
genus Xanthomonas based on phenotypic char-
acteristics clustered predominantly with the
strain X. arboricola pv. juglandis NCPPB 411,
confirming their close phylogenetic relationship
with the causal agent of walnut bacterial diseas-
es. At the same time, high sequence similarity
with several other Xanthomonas species high-
lights the conserved nature of the 16S rRNA
gene within the genus and its limited discrimi-
natory power at pathovar levels. Based on 16S
rRNA gene sequence analysis, phenotypic char-
acteristics, and known host specificity, these
isolates belong to the species X. arboricola and
most likely pv. juglandis.

ISSN 1028-0987. Microbiological Journal. 2026. (1)
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Isolated strains Pseudomonas spp. formed a
well-defined phylogenetic cluster with Pseudo-
monas syringae pv. syringae ATCC 19310, while
also exhibiting variable degrees of similarity with
other closely related species of the genus, reflect-
ing substantial intragenic diversity. However,
based on 16S rRNA gene analysis, the isolates
formed a distinct cluster most closely related
to P. syringae, while representatives of the other

tool for confirming species-level affiliation and
identifying phylogenetic relationships among
walnut-associated bacterial pathogens. Howev-
er, the high level of sequence conservation ob-
served within the genera Pseudomonas indicates
the necessity of additional molecular markers for
precise species or pathovar differentiation. These
findings contribute to a better understanding of
the phylogenetic diversity of bacterial pathogens

species were more distant.
Opverall, the obtained results demonstrate that
16S rRNA gene sequence analysis is a reliable

affecting walnut trees in Ukraine.
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InctutyT Mikpob6iosnorii i Bipycomnorii im. JI. K. 3a6onorHoro HAH Ykpaiun,
By AkazieMika 3abonoTHoro, 154, Kuis, 03143, Ykpaina

OUIOTEHETUYHNN AHAI3 ®PITOIMATOTEHHNMX BAKTEPI,
IO YPAXKYIOTDH BOJIOCBKII TOPIX (JUGLANS SP.) B YKPATHI

Bonocwkmit ropix (Juglans sp.) ypakyeTbcs MUPOKUM KOTOM OaKTepiaTbHUX 30YIHUKIB, 1IJ0 HalIeXaTh 4O PisHUX
TaKCOHIB, 1 IX TOYHa iffeHTU}IKaLliI € HeOOXiHOIO I PO3yMiHHA eTioNoril 3aXBOPIOBaHb i po3p0oOKM eeKTUBHIX
3axofiiB 60poTb6M. DioreHeTHYHMII aHATI3, 3aCHOBaHMII Ha aHatisi reHa 16S pPHK, mmpoko BUKOPUCTOBYETLCA Y
TakCOHOMiI 6akTepiit. [TpoTe TAKCOHOMIYHI FOCTIKeHHs 30YAHUKIB 6aKkTepia/IbBHIUX XBOPOO TOPiXy BOTOCHKOTO B
VkpaiHi € manoBifomMumu. MeTo¥0 LbOro fOCIiIKEHHA 6yno BM3HAYNTY TAKCOHOMIUHY IIPMHAIEXHICTD ¢iTomaro-
FeHHUX O6aKTepilt, i30/IbOBaHNUX i3 BOTIOCHKOTO Topixa (Juglans sp.) B YkpaiHi, 3a JOIIOMOT0I0 IOPiBHAIBHOTO aHATI3Y
HYKIeoTUAHMX nocaigoBHocTelt reta 16S pPHK. Metopu. Ten 16S pPHK ammitidikysanu 3a gormomorowo yHiBep-
canbHUX npariMepiB pA ta pH. 36ipKy, pegaryBaHHs Ta BUPIBHIOBAHH ITOCIIJOBHOCTEN BUKOHYBA/IN 3a IIPOrpa-
mamu Multalin Ta Sequence Manipulation Suite. BcraHOB/IEHHS CHOPiIZHEHOCTI HYKIEOTUIHUX MOCTiOBHOCTEN
reHa 16S pPHK pocnimkyBaHMX MITaMiB 3 aHAJIOTIYHMMY HYK/IEOTUIHMMM TTOCTiIOBHOCTAMM TUIIOBYX IITaMiB i3
GenBank, 3piiicHioBanu, BuKopucroByiounu nporpamy BLASTN. dinoreneryyni 3B’ 43Ky BCTaHOBMIIOBA/IN i rpadiy-
HO BiffoOpakanu 3a gonomorowo nporpamu MEGA. Pesynpraru. ®ioreHeTndHMit aHami3 MOCIiZIOBHOCTEN IreHa
16S pPHK mokasas, 1110 i3o/mpoBani urramu Agrobacterium spp. MaroTh HallBUIINIL BiICOTOK MOAIOHOCTI HYKIeOTH -
HMX HOCioBHOCTeIt (99.4—99.9%) 3 Agrobacterium tumefaciens LGM 196. HyxmeorypHi mocimigoBHocTi resa 16S
pPHK i3onpoBanux mramis Xanthomonas spp. ciopigseni (98.51—99.65%) 3 ileHTUYHOIO TTOCTiOBHICTIO MITaMa
Xanthomonas arboricola pv. juglandis NCPPB 411. Isonsatu Pseudomonas spp. pinoreHeTndHo cnopifHeHi (98.31—
99.51%) 3 Pseudomonas syringae pv. syringae UCM B-1027" Ta P. syringae pv. syringae ATCC 19310. BucnHoBkmu.
Bucokuii piBenb cnopigHeHocTi HocifjoBHOCTel reHa 16S pPHK i30/1b0BaHMX IITaMiB 3 TUIIOBUMMY IITaMaMU IIifi-
TBEPIPKYE IXHIO TAKCOHOMIYHY IIPMHAJIEKHICTD 1O IaHUX TaKCOHIB Ta IiKPeCTIOe BaXX/IUBICTh BiIOreHeTUYHOTO
aHa/Ii3y B TAKCOHOMII [TATOT€HHNUX /IS TOPIXy BOIOCHKOTO GakTepirt. IIopiBHsIBHMIT aHAII3 TTOC/IIJOBHOCTEN reHa
16S pPHK B noenHaHHi 3 peHOTUIIOBMMI O3HAKAMI IiATBEPAXKYE, 1110 6aKkTepil, BUAiNEH] 3 ropixa BOTOCHKOTO, Ha-
nexarsb o BupiiB Agrobacterium tumefaciens, Xanthomonas arboricola ta Pseudomonas syringae.

Kntouoegi cnosa: zer 16S pPHK, ¢inocenemuunuii ananis, 36yoHuxu 6axkmepianvHux x60po6 eopixa 60710cvko20, Pseu-
domonas syringae, Xanthomonas arboricola, Agrobacterium tumefaciens.
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CHARACTERIZATION OF PROBIOTIC
PROPERTIES OF LACTIC ACID BACTERIA ISOLATED
FROM FERMENTED PLANT RAW MATERIALS

Search and application of effective probiotic microorganisms are of great scientific and practical importance for biotech-
nology and the food industry. Particular attention is drawn to lactic acid bacteria (LAB) isolated from fermented plant
raw materials, as a source of natural isolates with high adaptive potential. Further investigation of their properties opens
up prospects for the development of new plant-based functional products with probiotic properties. Aim. To isolate LAB
cultures from fermented vegetables and berries and to study their probiotic properties. Methods. LAB were isolated from
fermented plant raw materials (cabbage, cucumbers, cherries) by the method of serial dilutions followed by plating on
MRS agar medium. Species identification was carried out based on morphological characteristics, physiological and
biochemical tests, and carbohydrate fermentation profiles using the ABIS online service. Probiotic properties were evalu-
ated by: (a) resistance to low pH (pH 2.0) and bile (0.5%) in phosphate buffer; (b) antimicrobial activity (agar diffusion
method); (c) autoaggregation ability (measuring optical density at 600 nm); (d) enzymatic activity (amylolytic and pro-
teolytic); and (e) antibiotic resistance (disk diffusion method). Statistical analysis of the obtained results was performed
using Duncan’s test at a significance level of p < 0.05. Results. A total of 45 LAB cultures with similar colony and cell
morphology were isolated from different plant sources. Identification revealed that the isolates belonged to Lacticaseiba-
cillus rhamnosus, Lactiplantibacillus plantarum, and Lacticaseibacillus casei species. All cultures showed resistance to
acidic conditions (pH 2.0) and bile salts; however, the most stress-tolerant strain was Lpb. plantarum S2. No proteolytic
or amylolytic activities were observed in any of the strains. Antagonistic activity was detected against test cultures of
conditionally pathogenic bacteria such as B. subtilis, S. aureus, and E. coli. Antibiotic resistance to aminoglycosides,
glycopeptides, and polypeptides was identified, while sensitivity to chloramphenicol, tetracycline, erythromycin, and
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rifampicin was established. The cultures demonstrated high autoaggregation levels, with the highest observed after 24
hours for Lpb. plantarum S2. Conclusions. Lactic acid bacteria were isolated from fermented cabbage, cucumbers, and
cherries. The best results — high resistance to acidic conditions and bile salts, as well as antagonistic and autoaggregation
properties — were shown by the isolate Lactiplantibacillus plantarum S2.

Keywords: probiotics, stress tolerance, enzymatic activity, Lactobacillaceae, fermented vegetables, food products, bio-

technology.

According to numerous literature sources, lactic
acid bacteria (LAB) find wide application in var-
ious industries. In the pharmaceutical field, they
are mainly used as a basis for the development
of probiotic preparations with therapeutic and
preventive properties. In the food industry, LAB
serve as starter cultures (starters) during the pro-
duction of fermented dairy products, fermented
beverages, and other food items. In the biotech-
nological industry, they are used as effective pro-
ducers of lactic acid and other biologically active
metabolites (Abedin et al., 2023; Anumudu et
al., 2024). The fields of application of LAB rep-
resentatives vary depending on their taxonomic
position, physiological and biochemical charac-
teristics, and strain origin (Teneva-Angelova &
Beshkova, 2015).

It is known that some of the most typical
sources of LAB isolation are spontaneously fer-
mented dairy products of various origins (Abe-
din et al., 2023), raw milk (Teneva-Angelova &
Beshkova, 2015), cheeses (Abedin et al., 2023),
breast milk (Luz et al., 2021), etc. Other tradi-
tional sources include the gastrointestinal tract
(GIT) of vertebrate animals, particularly mam-
mals (Teneva-Angelova & Beshkova, 2015). Less
typical sources are considered to be sourdough
starters (Holubchyk et al., 2024), fermented bev-
erages (Khablenko et al., 2025), soil (Stephen &
Saleh, 2023), silage, and other plant material (Te-
neva-Angelova & Beshkova, 2015).

One of the current and promising research di-
rections regarding the sources of LAB isolation is
the use of fermented vegetables and berries. Tra-
ditionally, it is considered that the vast majority
of fermented vegetables exert beneficial effects
on consumer health, which is partly due to the

ISSN 1028-0987. Microbiological Journal. 2026. (1)

presence of vitamins and bacteria with probiotic
properties (n et al., 2023). Therefore, a compre-
hensive study of fermented vegetables and ber-
ries as sources of LAB may expand the spectrum
of new strains with diverse probiotic properties.

Thus, the aim of this work was to isolate LAB
cultures from fermented vegetables and berries
and to investigate their probiotic properties.

Materials and Methods

Isolation and identification of lactic acid
bacteria. Isolates were obtained from ferment-
ed vegetable (cabbage, cucumbers) and berry
(cherries) raw materials. Fermented cabbage was
prepared according to a traditional recipe in two
variants. In both cases, white cabbage (Brassica
oleracea var. capitata) was used. In the first vari-
ant (S1), the cabbage was finely chopped, poured
with warm boiled water (cabbage-to-water ratio
of 1:2 w/v), supplemented with 2% (w/v) NaCl,
and left at (22 + 2) °C for 4 days. After that, 1%
(w/v) sugar was added, mixed, and stored in a
refrigerator at (4 + 2) °C for 7 days. The second
variant (S2) involved adding finely chopped car-
rot (Daucus carota subsp. sativus) to cabbage at
a 1:10 w/w ratio, followed by the addition of 2%
(w/w) NaCl; the mixture was tightly packed into
a container, covered with a weight, and left for 30
days at (22 £ 2) °C. Fermented cucumbers (FC)
were prepared by soaking common cucumbers
(Cucumis sativus) in water for an extended pe-
riod of time (up to 2 hours). After soaking, the
cucumbers were placed in a container, supple-
mented with horseradish leaves (Armoracia rus-
ticana P.G. Gaertn., B. Mey. & Scherb), flower
heads and stems of dill (Anethum graveolens L.),
2% (w/v) NaCl, and warm boiled water. The
mixture was left for 3 days at (25 * 2) °C. Fer-
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mented cherries (C) were prepared by washing
sour cherries (Prunus cerasus L.), placing them
in a container, and adding sugar at a 1:2 w/w ra-
tio (sugar-to-berry weight). The mixture was left
for 14 days at (25 + 2) °C.

For the isolation of LAB isolates, samples of
juice and crushed vegetable and berry raw materi-
als were collected under aseptic conditions. Pure
cultures were obtained by inoculating serial dilu-
tions using the pour plate method on MRS agar
medium prepared according to (Cai et al., 1999).
Incubation was carried out at 37 °C for 48 hours.

Phenotypic identification of strains was car-
ried out using standard morphological and
physiological-biochemical tests. Cell shape was
determined by microscopy; the appearance of
surface colonies — visually. There was also stud-
ied the ability to synthesize catalase; gelatin liq-
uefaction; ammonia production from arginine;
nitrate utilization; gas formation from glucose;
growth at 15 °C and 45 °C; ability to coagulate
milk at 15 °C, 20 °C, 25 °C, 30 °C, 37 °C, and 45
°C; ability to grow at pH 3.5, 4.0, 9.0, and 9.5, and
ability to grow at sodium chloride concentra-
tions of 1.5%, 3.0%, 6.5%, 10.0%, and 12.0%. The
maximum titratable acidity was determined by
inoculating 3% of a culture pre-grown in recon-
stituted milk at 37 °C for 24 hours into 100 mL
of reconstituted milk. Incubation was carried
out at 37 °C for 7 days. A sample (10 mL) was
diluted threefold and titrated with 0.1 N NaOH
until a light pink coloration appeared with phe-
nolphthalein (Julijana Tomovska et al., 2016).

For species identification, the ability of the
culture to ferment different carbohydrates was
evaluated: glucose, sucrose, lactose, maltose,
fructose, mannitol, glycerol, sorbitol, inositol,
mannose, galactose, raffinose, rhamnose, treha-
lose, ribose, gluconate, D-arabinose, D-xylose,
cellobiose, and melibiose. Cultivation was car-
ried out in medium containing 1% (v/v) carbo-
hydrates at 37 °C for 72 hours. The results were
assessed based on the color change of the medi-
um indicator (bromcresol purple). Species iden-
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tification was performed using the ABIS online
service according to (Similarity, %) and (Proba-
bility, %) indices.

Resistance to simulated gastrointestinal con-
ditions. The culture, pre-grown for 16 hours,
was centrifuged at 5000 rpm for 15 min, washed
twice with sterile phosphate buffer (pH 7.2), and
resuspended in phosphate buffer. The resulting
cell suspension was used to assess culture sur-
vival under low pH conditions simulating gastric
juice and in a bile solution simulating duodenal
conditions. Incubation in phosphate buffer at
pH 2.0, prepared according to (Fang et al., 2014)
, was carried out at 37 °C for 3 h. Survival was
evaluated by sampling and plating serial dilu-
tions on MRS agar at the following time inter-
vals: immediately after inoculation — 0 h, after
1.5 h, and after 3 h of incubation.

Resistance to bile and duodenal conditions
was evaluated using a 0.5% bile solution pre-
pared according to (Prabhurajeshwar & Chan-
drakanth, 2019). The washed cell suspension was
incubated at the same temperature for 5 h, with
sampling and plating of serial dilutions on MRS
agar at the following time intervals: 0, 3, and 5 h.

Enzymatic activity. Proteolytic activity of
the isolates was determined using the standard
method described by (Lim et al., 2019). Amylo-
lytic activity was determined according to Kag-
ambega et al. (2022).

Antimicrobial activity. To evaluate the an-
tagonistic activity of the isolates, 4 test cultures
of opportunistic pathogenic bacteria were used:
B. subtilis UCM B-901, E. coli UCM B-906, P.
aeruginosa UCM B-900, and S. aureus UCM
B-918, and 2 test cultures of yeasts of the genus
Candida: C. albicans UCM Y-1918 and C. utilis
UCM Y-984. Antimicrobial activity was assessed
using the agar diffusion method, according to
Hossain (2024). After 24 h of incubation, inhibi-
tion zones were measured in mm.

Antibiotic resistance. The Kirby—Bauer disk
diffusion method was used, according to Segawa
et al. (2020). To characterize the complete anti-
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biotic resistance profile, antimicrobial agents of
different groups were applied (antibiotic content
indicated in parentheses): benzylpenicillin (10
ug), ampicillin (10 pg), amoxiclav (30 pg), gen-
tamicin (10 pg), kanamycin (30 ug), streptomy-
cin (10 pg), erythromycin (15 pg), azithromycin
(15 pg), tetracycline (30 pg), vancomycin (30
ug), bacitracin (10 pg), polymyxin B (300 U), ri-
fampicin (5 pg), clindamycin (10 pg), ceftriaxone
(30 pg), ofloxacin (5 ug), and chloramphenicol
(30 pg). Cultures grown for 16 h in MRS medium
were suspended in phosphate buffer and adjusted
to the McFarland standard (0.5). A 0.1 mL ali-
quot of the resulting suspension was spread onto
MRS agar plates, after which antibiotic disks were
placed on the surface. The inoculated Petri dishes
with antibiotics were incubated at 37 °C for 48 h,
followed by measurement of the inhibition zone
diameters. The presence or absence of antibiotic
resistance was evaluated according to the stand-
ards described by (Charteris et al., 1998).
Autoaggregation. The autoaggregation prop-
erties of the strain were evaluated according to
(Collado et al., 2008), namely by washing the
culture once with phosphate buffer (pH 7.2) and
resuspending it in phosphate buffer to an optical
density at 600 nm of 0.5 + 0.05, which approxi-
mately corresponds to 108 CFU/mL. The suspen-
sion was then incubated at 37 °C for 24 h. At 4,
8, and 24 h intervals, samples were taken, and
the optical density at 600 nm was measured. The

percentage of autoaggregation was calculated us-
ing the following formula:

A= 1_M 100,

where A is the initial optical density and A, is
the optical density after the time interval.

Statistical analysis of results. All experiments
were carried out in three independent replicates.
Data are presented as mean + standard deviation
(SD). Statistical significance of differences be-
tween mean values was determined using Dun-
can’s test at a significance level of p < 0.05. Mean
values marked with the same letters did not dif-
fer statistically.

Results. Lactic acid bacteria were isolated
from all sources, with the number of isolates
from each source presented in Table 1.

The largest number of isolates was obtained
from fermented cabbage, with a total of 34
isolates for the first and second variants; ap-
proximately the same number of isolates was
obtained from fermented cucumbers and cher-
ries. The colony morphology of the isolates was
quite similar, with minor differences in color
and size. All isolates were catalase-negative and
Gram-positive, indicating their potential be-
longing to LAB. For all selected isolates from
each source, similar cell morphology was ob-
served, as shown in Figure 1.

Table 1. LAB isolates obtained from various fermented plant raw materials

Source of isolates Abbreviated Ngmber Form of surface colonies Gram Catalase
name of isolates staining

Fermented cabbage, variant 1 S1 26 Round with smooth edges, smooth surface,| + —
white color, 1—3 mm

Fermented cabbage, variant 2 S2 8 Round with smooth edges, smooth surface, + —
light cream color, 1—2 mm

Fermented cucumbers EC 6 Round with smooth edges, smooth surface,| + —
white color with a creamy shade, 2—3 mm

Fermented cherries C 5 Round with smooth edges, smooth surface,| + —
light cream color, 1—2 mm

ISSN 1028-0987. Microbiological Journal. 2026. (1)
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Fig. 1. Microphotographs of LAB isolates: a — S1; b — S2; ¢ — FC;d — C

All studied cultures are rod-shaped and form
chains, however, cultures S1 and S2 show a high-
er number of cells per chain, while FC and C
show fewer. The observed morphological fea-
tures confirm that the cultures belong to LAB,
in particular to the family Lactobacillaceae, for
which the formation of chains of rods of varying
lengths is typical.

To determine the species identity of the cul-
tures, a study on the phenotypic identification of
LAB was carried out. The results are presented
in Table 2.

The presented results indicate that all studied
isolates are capable of fermenting pentoses; neg-
ative results were obtained for CO, production
from glucose and ammonia production from

20

arginine, suggesting their affiliation with faculta-
tively heterofermentative LAB species. The abili-
ty to ferment milk at different temperatures fur-
ther confirms their classification as facultatively
heterofermentative LAB. Although the cultures
exhibit similar morphological and cultural char-
acteristics, differences were observed in carbohy-
drate fermentation profiles. Unlike the other iso-
lates, strain S1 was able to utilize rhamnose and
inositol. In contrast, isolates S2 and C showed
identical carbohydrate fermentation profiles,
which may indicate the same species affiliation.
According to the above morphological and
physiological-biochemical characteristics, an
analysis was performed using the ABIS online
system; the results are presented in Table 3.
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Table 2. Physiological and biochemical characteristics of the isolates

Isolates
Characteristic
S1 S2 FC C
Growth at temperatures 15°C + + + +
45°C + — + —
Threshold acidity, °T 207.68 +5.51 | 197.00 = 3.00 | 120.33 £4.51 | 188.35 +4.04
Growth on MRS with 1.5% + + + +
NaCl 3.0% + + + +
6.5 % + — +V —
10.0 % — — +W —
12.0 % — — — —
Ability to coagulate milk at 15°C — — — —
temperature 25°C + + + +
30°C + + + +
37°C + + + +
45°C + — — —
Growth in MRS at pH 3.5 + + + +
4.0 + + + +
9.0 +W +% +W +W
9.5 — +W — —
Gelatin liquefaction — — — —
CO, production from glucose — — — —
Ammonia formation from arginine — — — —
Nitrite reduction from nitrate — — — —
Fermentation of D-arabinose — — — —
carbohydrates Glucose + + + +
Galactose + + + +
Lactose + + + +
Sucrose + + + +
Fructose + + + +
Maltose + + + +
Mannitol + + + +
Glycerol — — — —
Sorbitol + + + +
Inositol +W — — —
Raffinose — — — —
Rhamnose + — — —
D-xylose — — — —
Ribose + + + +
Mannose + + + +
Trehalose + + + +
Melezitose + + + +
Melibiose — + — +
Cellobiose + + + +
Gluconate + — + —
+ — positive result; — — negative result; +" — weak positive result
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Fig. 2. Resistance of the studied cultures to acidic conditions
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Fig. 3. Resistance of cultures to 0.5% bile salt solution

Table 3. Results of phenotypic identification

Culture Species affiliation Similarity Probability
S1 Lacticaseibacillus rhamnosus 98.4 % 100 %
S2 Lactiplantibacillus plantarum 93.9 % 99.9 %
EC Lacticaseibacillus casei 92.5% 96.1 %
C Lactiplantibacillus plantarum 93.9 % 99.9 %
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Fig. 4. Proteolytic (a) and amylolytic (b) activities of the isolates, where 1 — S1, 2 —

S2,3—FC,4—C

According to the presented results, culture
S1, isolated from fermented cabbage, was iden-
tified as Lacticaseibacillus rhamnosus. Cultures
§2 and C were identified as Lactiplantibacillus
plantarum. Culture FC, isolated from fermented
cucumbers, was determined to be Lacticaseiba-
cillus casei.

The effect of simulated gastric juice on the via-
bility of the studied cultures is shown in Figure 2.

All cultures showed a slight decrease in viability
after 1 hour of incubation. The greatest decrease
was recorded for cultures S1 and S2 at 18.11%
and 14.87%, respectively. After 1.5 hours of in-
cubation, the lowest cell concentrations were ob-
served for cultures FC (5.05 + 0.04 CFU/mL) and
C (4.62 £ 0.06 CFU/mL). The final results indicate
the highest resistance to pH 2.0 for cultures S2
and FC, with CFU/mL counts of 3.77 + 0.02 and
3.77 + 0.02, respectively. Lower values were re-
corded for the other cultures, with overall changes
in CFU/mL relative to the initial value amounting
to 52.64% for S1 and 56.25% for C.

The study of the effect of bile on the investigat-
ed cultures is presented in Figure 3.

The effect of bile was observed during the
first 3-hour incubation. A significant decrease in
CFU/mL was detected for culture S1, by 6.56%
relative to the initial CFU/mL count, and for
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FC — by 3.97%. After 5-hour bile exposure, a
greater impact and changes in CFU/mL were
recorded, particularly for culture FC, down to
6.03 £ 0.05, and for C, down to 6.33 + 0.03. The
highest resistance was demonstrated by cul-
ture S2, for which the cell count decreased to
6.82 £ 0.04 CFU/mL.

The results of the study on the proteolytic and
amylolytic activity of the investigated LAB iso-
lates are presented in Figure 4.

According to the presented figures, the stud-
ied isolates did not exhibit enzymatic activity.
From Fig. 4 (a), the absence of clear proteolysis
zones around the colonies is evident; however,
white zones were observed, which may indicate
acid precipitation of casein. This suggests a lack
of proteolytic activity and active lactic acid syn-
thesis by the studied isolates. Amylolytic activ-
ity was also not detected, as no zones of color
change were observed, and the entire medium
retained a blue-violet coloration. The color of
the colonies may be due to pigmentation or to
iodine penetration into the colonies, which re-
sulted in a yellow coloration.

The results of the study on the antagonistic
activity of the cultures are presented in Table 4.

All cultures demonstrated antagonistic activ-
ity against the selected test cultures B. subtilis
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and S. aureus. The highest values were record-
ed for cultures S2, C, and FC. In both cases, no
significant differences were observed between
S2 and C with respect to B. subtilis, as well as
between S2 and FC with respect to S. aureus.
Against E. coli, the highest antimicrobial ac-

Table 4. Antagonistic activity of LAB isolates

tivity was detected for culture FC, amounting
to 10.23 + 0.25 mm of growth inhibition. Cul-
ture S1 did not demonstrate antagonistic activ-
ity against this pathogen. Cultures S2 and FC
did not exhibit antimicrobial activity against
P aeruginosa. None of the studied cultures

Growth inhibition zones, mm
Test strains
S1 S2 FC C
B. subtilis 6.47 + 0.50° 9.67 + 0.58? 6.43 + 0.40° 9.40 + 0.40°
E. coli 0.00 + 0.004 9.00 + 0.20° 10.23 £ 0.25* 6.40 + 0.40¢
P. aeruginosa 7.33 £0.58* 0.00 + 0.00¢ 5.27 +0.25° 0.00 + 0.00¢
S. aureus 9.50 + 0.50P 10.40 = 0.532 10.77 £ 0.252 7.40 £ 0.40¢
C. albicans 0.00 = 0.00? 0.00 = 0.00* 0.00 = 0.00? 0.00 = 0.00?
C. utilis 0.00 = 0.00* 0.00 = 0.00? 0.00 = 0.00* 0.00 = 0.00*
Table 5. Sensitivity of the studied cultures to antibiotics
Growth inhibition zones, mm
Group Antibiotic
S1 S2 FC C

Penicillins PEN 15 (R) 16 (R) 14 (R) 10 (R)

AMP 13 (MS) 19 (S) 11 (R) 11 (R)

AMC 20 (S) 21 (S) 19 (MS) 23 (S)
Aminoglycosides STR 0 (R) 10 (R) 0 (R) 0 (R)

GEN 0 (R) 0 (R) 0 (R) 0 (R)

KAN 0 (R) 0 (R) 0 (R) 0 (R)
Amphenicols CHL 29 (S) 32(S) 32(S) 30 (S)
Macrolides ERY 25 (S) 29 (S) 26 (S) 24 (S)

AZY 26 (nd) 27 (nd) 26 (nd) 24 (nd)
Tetracyclines TET 27 (S) 28 (S) 20 (S) 26 (S)
Glycopeptides VAN 0 (R) 0(R) 0(R) 0 (R)
Polypeptides BAC 8 (R) 12 (R) 0 (R) 10 (R)
Polymyxins POL 0 (R) 0 (R) 0(R) 0(R)
Rifamycins RIF 27 (S) 27 (S) 26 (S) 30 (S)
Lincosamides CLI 35 (nd) 39 (nd) 28 (nd) 30 (nd)
Cephalosporins CEF 19 (MS) 28 (S) 27 (S) 28 (S)
Quinolones OFL 14 (MS) 19 (S) 11 (R) 13 (R)

R — resistant; MS — moderately sensitive; S — sensitive; nd — not defined by the standard; PEN — penicillin,
AMP — ampicillin, AMC — amoxicillin, STR — streptomycin, GEN — gentamicin, KAN — kanamycin, CMP —
chloramphenicol, ERY — erythromycin, AZY — azithromycin, TET — tetracycline, VAN — vancomycin, BAC —
bacitracin, POL — polymyxin B, RIF — rifampicin, CLI — clindamycin, CEF — cephalosporin, OFL — ofloxacin.
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Fig. 5. Autoaggregation properties of the studied cultures

showed antagonistic activity against the oppor-
tunistic yeast strains C. albicans and C. utilis.

The sensitivity profiles of the studied isolates
to various antibacterial agents are presented in
Table 5.

All cultures exhibited resistance to antibi-
otics of the aminoglycoside, glycopeptide, and
polypeptide groups, which is characteristic of
most LAB (Georgieva et al., 2015). Sensitivity
was observed to chloramphenicol, tetracycline,
erythromycin, and rifampicin. Distinct results
among the cultures were observed for antibiot-
ics such as ampicillin, amoxiclav, ceftriaxone,
and ofloxacin.

The results of the autoaggregation study are
presented in Figure 5.

A general trend of increasing autoaggrega-
tion percentage was observed in all cultures with
longer incubation time. During the first 4 h of
incubation, the lowest autoaggregation value was
detected for culture FC — 17.24 + 1.44%, while
the highest was demonstrated by culture C —
23.88 + 1.18%. At 8 h, higher values were record-
ed for all studied cultures. The greatest changes
in autoaggregation at 8 h were observed for cul-
tures S2 (38.39 + 2.92%) and C (37.64 + 1.30%).
After 24 h, the highest value was found for cul-
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ture S2, reaching 68.16 £ 0.85%. The largest
changes relative to the 4-h value were 37.53% for
culture C and 36.43% for S1.

Discussion. The sources of LAB isolation
selected in this study are considered typical to
some extent, particularly fermented cabbage
and cucumbers (Bautista-Gallego et al., 2020;
Viridiana et al., 2018; Zhang et al., 2023). It is
known that the composition of the microbiota in
fermented vegetables varies depending on many
factors, including the raw material, its origin,
fermentation conditions, salt concentration, and
storage temperature of the fermented product
(Bautista-Gallego et al., 2020).

In the study by Zhang et al. (2023), high-
throughput sequencing of three naturally fer-
mented sauerkraut samples revealed a large
diversity of LAB, including species such as
Latilactobacillus sakei, Loigolactobacillus coryni-
formis subsp. torkens, Lactiplantibacillus plan-
tarum subsp. plantarum, and Secundilactobacil-
lus malefermentans. Touret et al. reported that,
among 114 isolated strains, 52% belonged to the
genus Lactobacillus spp. and 33% to Leuconostoc
spp. (Touret et al., 2018). The study by Pleng-
vidhya et al. (2007) using DNA fingerprinting
demonstrated the presence of species such as
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Leuconostoc citreum, Leuconostoc argentinum,
Lactobacillus  paraplantarum,  Lactobacillus
coryniformis, Weissella sp., Pediococcus pentosa-
ceus, and L. brevis in fermented cabbage samples
(Liu et al., 2022) reported the isolation of LAB
species from sauerkraut, including Lactobacillus
plantarum, Weissella viridescens, and Lactobacil-
lus brevis. Beganovi¢ et al. (2014) reported the
isolation of L. paraplantarum and L. brevis from
spontaneously fermented cabbage. Similar stud-
ies have reported the isolation of species such
as Levilactobacillus brevis (Fadare et al., 2023),
Lactiplantibacillus plantarum (Georgieva et al.,
2023; Xu et al., 2023), Pediococcus pentosaceus
(Georgieva et al., 2023), and Lactobacillus para-
casei (Shankar et al., 2021). The study by Yang et
al. (2010) reported the isolation of L. rhamnosus
from fermented cabbage.

In the case of fermented cucumbers, similar
to cabbage, a considerable species diversity of
LAB depending on the recipe, raw material, and
country of origin of the product has been report-
ed. To date, representatives such as Lactobacillus
crispatus (Anandharaj et al., 2015), L. plantarum,
L. fermentum, L. acidophilus, Leu. mesenteroides
(Wakil et al.,, 2014), and L. casei (Shafakatullah
& Chandra, 2015) have been isolated. The study
by Chen et al. (2012) indicated a high species
diversity of LAB in both the raw material (cu-
cumbers) and traditional fermented cucumbers,
with species such as Enterococcus casseliflavus,
Leuconostoc lactis, Leuconostoc mesenteroides,
Lactobacillus pentosus, Lactobacillus plantarum,
Lactobacillus paraplantarum, Lactococcus lactis
subsp. lactis, Weissella cibaria, and Weissella hel-
lenica being isolated.

Fermented berry raw materials, including
cherries, have been studied to a lesser extent, and
only a few publications report the presence of
LAB representatives. However, the study by Xu et
al. (2018) indicated the occurrence of Lactobacil-
lus representatives in fermented cherry juice. In
the work by Di Cagno et al. (2011), Lactobacillus
plantarum, Pediococcus acidilactici, Pediococcus
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pentosaceus, and Leuconostoc mesenteroides sub-
sp. mesenteroides were isolated from fermented
cherry juice.

In the present study, cultures belonging to L.
rhamnosus and L. plantarum species were iso-
lated from fermented cabbage samples, which
is consistent with the results mentioned above.
However, it should be noted that L. plantarum
and other LAB representatives are isolated much
more frequently compared to L. rhamnosus,
which has been reported in only one publication.
The low frequency of L. rhamnosus isolation may
be attributed to the characteristics of the raw ma-
terial and the fermentation recipe. The isolated
culture L. casei appears to be rather untypical for
cucumber fermentation, considering the studies
described above, which may indicate its autoch-
thonous nature. In the case of fermented cher-
ries, the culture isolated in our study belonged
to L. plantarum, which is in agreement with the
available research.

It is known that the beneficial properties of
fermented plant-based products are largely de-
termined by the presence of LAB, which usual-
ly possess various probiotic properties. The vast
majority of studies related to LAB isolation from
fermented products focus on investigating typi-
cal or specific probiotic traits of the isolates. In
this study, cultures belonging to L. rhamnosus,
L. casei, and L. plantarum species were isolated.
Their probiotic potential was assessed consider-
ing key criteria such as resistance to gastric juice,
bile salts, autoaggregation ability, antagonistic
activity, etc. The obtained results were compared
with data reported in the literature for the corre-
sponding species isolated from different sources,
including fermented plant materials, probiotic
preparations, and fermented dairy products.

It is known that the majority of Lactobacil-
laceae representatives, including L. rhamnosus,
L. plantarum, and L. casei, exhibit high survival
rates and resistance to gastrointestinal condi-
tions. In the study by Sharafi et al. (2014), high
survival rates after incubation at pH 2.0 were re-
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ported for cultures isolated from dairy sources.
For L. rhamnosus, survival rates varied by strain
from 60.22% to 69.78%; for L. plantarum —
from 40.11% to 77.23%; and for L. casei — from
56.98% to 70.02%. In the study Beganovi¢ et al.
(2014), L. plantarum strains isolated from fer-
mented cabbage showed variable survival under
simulated gastrointestinal conditions, with a re-
duction in CFU/mL to 6.40 for strain SF9, while
strain SF3 exhibited a pronounced decrease to
2.75 CFU/mL. Vitali et al. reported high stress
tolerance of L. plantarum strains to gastrointesti-
nal conditions (Vitali et al., 2012). These findings
indicate strain-specificity of this trait. Acid re-
sistance studies of L. casei after 2 h of incubation
at pH 1.5 demonstrated high survival of 99.9%,
as shown by Gaber et al. (2025). A significant
decrease in viability to 5.33 + 0.62 CFU/mL was
reported for L. rhamnosus GG ATCC 53103 af-
ter incubation at pH 2.0 for 30 min (Millette et
al., 2008). The L. casei strain isolated from fer-
mented cucumbers showed very low resistance
to pH 2.0 (below 5%) after 3 h of incubation
(Shafakatullah & Chandra, 2015). Based on the
reviewed publications, it can be concluded that
stress resistance, particularly to acidic pH values,
is determined by the physiological and biochem-
ical properties of the strains and is not associ-
ated with their sources of isolation. The results
obtained in the present study are consistent, with
survival values after 3 h of incubation at pH 2.0
indicating moderate survival rates (from 44.16%
for C to 50.61% for S2) of the studied cultures.
Similarly to the resistance to simulated gastric
juice conditions, the majority of LAB exhibit tol-
erance to various concentrations of bile salts. For
the L. plantarum strain isolated from fermented
vegetables, exposure to 0.5% bile salts resulted in
a significant decrease in viable counts to 10°—
10* CFU/mL (Grosu-Tudor & Zamfir, 2012). In
the case of the L. plantarum Z22 culture isolated
from plant material, survival reached 101.19%,
indicating no negative effect (Wang et al., 2024).
For the L. casei culture, lower resistance to 0.5%
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bile was observed, with survival decreasing to
75% after 90 h of incubation (Shafakatullah &
Chandra, 2015). In the study by Akmal et al.
(2022), strains of L. plantarum and L. paracasei
isolated from different pickles demonstrated re-
sistance to 0.3% and 0.5% bile; however, the in-
crease to 0.5% led to a reduction in culture sur-
vival. In the case of the L. rhamnosus GG strain,
a decrease in viability from 10.00 + 0.20 CFU/
mL to 6.34 £ 0.12 CFU/mL was reported upon
addition of 0.3% Oxgall; further increases in bile
concentration resulted in greater reductions in
culture viability (Tulumoglu et al., 2018). In the
present study, the highest bile tolerance was ob-
served for culture S2 (L. plantarum), with sur-
vival reaching 97.57% after 3 h. Other isolates
also demonstrated high survival rates, although
the L. casei culture was the least resistant, which
is consistent with the above-mentioned studies.
The enzymatic activity of LAB isolated from
various fermented plant materials, particularly
vegetables, has not been fully investigated. In the
study by Akmal et al. (2022), the majority of L.
paracasei strains isolated from traditional fer-
mented pickles did not exhibit amylolytic or pro-
teolytic activity. Proteolytic activity of LAB was
reported by Kagambega et al. (2022); the studied
cultures were isolated from fermented porridge.
Proteolytic activity has also been described for
strains of L. plantarum and P. acidilactici isolat-
ed from fermented cereal-based foods (Lim et
al., 2019). Amylolytic activity is observed rath-
er rarely and is characteristic only of the group
of amylolytic LAB. However, amylolytic activity
has been reported for certain strains of L. plan-
tarum (Hattingh et al., 2015; Songré-Ouattara
et al., 2008) and L. fermentum (Padmavathi et
al., 2018; Tatsinkou & Tave, 2013). The studied
isolates did not exhibit proteolytic or amylolytic
activity, which may be associated with both the
genetic characteristics of the cultures and their
sources of isolation, which lack starch-contain-
ing substrates and significant protein content
compared to cereal and dairy materials.
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Compared to enzymatic activity, the antago-
nistic properties of many LAB representatives
isolated from various plant substrates are rela-
tively well studied. In the study by Beganovi¢ et
al. (2014), L. plantarum cultures isolated from
fermented cabbage demonstrated strong inhi-
bition of the growth of such opportunistic mi-
croorganisms as S. aureus, Salmonella enterica,
B. subtilis, and B. cereus, although lower inhibi-
tion values were obtained for E. coli. Strains of L.
plantarum isolated from fermented cucumbers
also showed high antagonistic activity against B.
licheniformis, Serratia sp., B. cereus, and E. coli
(Wakil et al., 2014); the study also established the
influence of temperature and pH on the antag-
onistic properties of the examined strains. Sim-
ilarly, Vitali et al. (2012) reported antagonistic
activity of L. plantarum against E. coli and S. au-
reus. L. casei isolated from fermented cucumbers
exhibited antagonistic properties against S. au-
reus (inhibition zone 15—18 mm), P. aerugino-
sa, and E. coli (inhibition zone 10—14 mm), but
not against B. subtilis (Shafakatullah & Chandra,
2015). Comparable results were obtained for
cultures isolated from fermented dairy prod-
ucts, where antagonistic activity was observed in
L. plantarum, L. rhamnosus, and L. casei strains
against S. aureus, B. subtilis, B. cereus, P. aerugi-
nosa, and to a lesser extent against E. coli and K.
pneumoniae (Sharafi et al., 2014). High levels of
antagonistic activity were also reported for an L.
casei strain against S. aureus, B. subtilis, P. aerug-
inosa, E. coli, and C. albicans (Gaber et al., 2025).
Our findings are consistent with the aforemen-
tioned studies, particularly the results presented
by Beganovic¢ et al. (2014). The results regard-
ing the inhibition of Candida species growth
are variable. For instance, the study Yocheva et
al. (2024) reported no inhibition of C. albicans
growth by L. rhamnosus (dairy source), L. casei
(dairy source), or L. plantarum (plant source). In
contrast, Pithva et al. (2014) demonstrated the
ability of L. rhamnosus and L. casei strains iso-
lated from humans to inhibit the growth of C. al-
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bicans and C. tropicalis. Based on these findings,
it can be concluded that the source of isolation
influences antagonism against Candida spp., but
not against opportunistic pathogenic bacteria,
which was also confirmed in our study.

Antibiotic resistance was examined to assess
the safety of LAB cultures. The study by Begano-
vi¢ etal. (2014) reported that L. plantarum strains
were sensitive to antibiotics such as ampicillin,
azithromycin, erythromycin, chlorampheni-
col, rifampicin, and tetracycline, but resistant to
streptomycin and vancomycin. Similar results
were obtained in the study by Liu et al. (2022),
which are fully consistent with our findings. For
the L. casei strain, sensitivity to chlorampheni-
col, erythromycin, and penicillin was established
(Shafakatullah & Chandra, 2015). Different L.
rhamnosus strains show similar antibiotic suscep-
tibility profiles, with typical sensitivity to ampi-
cillin, amoxiclav, tetracycline, erythromycin, and
chloramphenicol, along with moderate sensitivi-
ty to ofloxacin (Coppola et al., 2005; Korhonen et
al,, 2010). These results align with those obtained
in our study and may indicate the intrinsic resist-
ance of strains to certain antibiotics.

For L. plantarum strains isolated from fer-
mented vegetables, autoaggregation values vary
considerably depending on the strain, ranging
from 24.73% to 75.98% (Liu et al., 2022). In the
study by (Holubchyk et al., 2025), the L. plan-
tarum strain isolated from maize sourdough
showed maximum values after 24 h, reaching
41.83 + 1.21%. (Collado et al., 2008) investigat-
ed the autoaggregation properties of probiotic
cultures L. plantarum Lp-115 — 76.4 + 8.3%; L.
rhamnosus GG — 61.3 + 10.1%; L. rhamnosus
LC-705 — 38.7 + 8.8%; L. casei Shirota — 40.4
* 3.2%. Another study (X. Chen et al., 2010) re-
ported consistent results for L. plantarum strains,
with the lowest value being 32.12 + 3.12% for L.
plantarum S3, and the highest 46.41 + 3.75% for
L. plantarum DJ201. In the case of L. casei and
L. rhamnosus cultures, similar results were ob-
served, with autoaggregation values not exceed-
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ing 50%. In our study, strain S2 showed the high-
est autoaggregation value, close to the results ob-
tained for strain Lp-115, while the other cultures
also demonstrated relatively high values, which
is consistent with the above-mentioned studies.
Conclusions. In the course of the study, lactic
acid bacteria belonging to the family Lactoba-
cillaceae were isolated from fermented cabbage,
cucumbers, and cherries, specifically strains of

S2 (Lpb. plantarum), which exhibited strong re-
sistance to acidic conditions and bile, as well as
pronounced antagonistic activity against path-
ogenic bacteria. The absence of proteolytic and
amylolytic activity in all investigated cultures in-
dicates the specificity of their enzymatic profile.
The isolated cultures possess a combination of
properties that may be utilized for the develop-
ment of probiotic formulations. Further research

should focus on the molecular characterization
and safety assessment of these strains.
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Lacticaseibacillus rhamnosus, Lactiplantibacil-
lus plantarum, and Lacticaseibacillus casei. All
cultures demonstrated high performance. The
strain with the most favorable properties was

REFERENCES

Abedin, M. M., Chourasia, R., Phukon, L. C., Sarkar, P., Ray, R. C,, Singh, S. P, & Rai, A. K. (2023). Lactic acid bacte-
ria in the functional food industry: biotechnological properties and potential applications. Critical Reviews in Food
Science and Nutrition, 64(29), 10730—10748.

Akmal, U,, Ghori, L, Elasbali, A. M., Alharbi, B., Farid, A., Alamri, A. S., Muzammal, M., Asdaq, S. M. B., Naiel, M.
A.E., & Ghazanfar, S. (2022). Probiotic and Antioxidant Potential of the Lactobacillus Spp. Isolated from Artisanal
Fermented Pickles. Fermentation, 8(7), 328.

Anandharaj, M., Sivasankari, B., Santhanakaruppu, R., Manimaran, M., Rani, R. P, & Sivakumar, S. (2015). Deter-
mining the probiotic potential of cholesterol-reducing Lactobacillus and Weissella strains isolated from gherkins
(fermented cucumber) and south Indian fermented koozh. Research in Microbiology, 166(5), 428—439.

Anumudu, C. K., Miri, T., & Onyeaka, H. (2024). Multifunctional Applications of Lactic Acid Bacteria: Enhancing
Safety, Quality, and Nutritional Value in Foods and Fermented Beverages. Foods, 13(23), 3714.

Bautista-Gallego, J., Medina, E., Sanchez, B., Benitez-Cabello, A., & Arroyo-Lépez, E. N. (2020). Role of lactic acid
bacteria in fermented vegetables. Grasas y Aceites, 71(2), e358.

Beganovi¢, J., Kos, B., Lebo$ Pavunc, A., Uroi¢, K., Joki¢, M., & Sugkovi¢, J. (2014). Traditionally produced sauerkraut
as source of autochthonous functional starter cultures. Microbiological Research, 169(7—8), 623—632.

Cai, Y., Kumai, S., Ogawa, M., Benno, Y., & Nakase, T. (1999). Characterization and Identification of Pediococcus
Species Isolated from Forage Crops and Their Application for Silage Preparation. Applied and Environmental Mi-
crobiology, 65(7), 2901—2906.

Charteris, W. P, Kelly, P. M., Morellj, L., & Collins, J. K. (1998). Antibiotic Susceptibility of Potentially Probiotic
Lactobacillus Species. Journal of Food Protection, 61(12), 1636—1643.

Chen, Y., Wu, H., Lo, H,, Lin, W,, Hsu, W,, Lin, C,, Lin, P,, & Yanagida, E (2012). Isolation and characterisation of
lactic acid bacteria from jiang-gua (fermented cucumbers), a traditional fermented food in Taiwan. Journal of the
Science of Food and Agriculture, 92(10), 2069—2075. Portico.

Chen, X, Tian, E, Liu, X., Zhao, J., Zhang, H.-P, Zhang, H., & Chen, W. (2010). In vitro screening of lactobacilli
with antagonistic activity against Helicobacter pylori from traditionally fermented foods. Journal of Dairy Science,
93(12), 5627—5634.

Collado, M. C., Meriluoto, J., & Salminen, S. (2007). Adhesion and aggregation properties of probiotic and pathogen
strains. European Food Research and Technology, 226(5), 1065—1073.

Coppola, R., Succi, M., Tremonte, P., Reale, A., Salzano, G., & Sorrentino, E. (2005). Antibiotic susceptibility of Lac-
tobacillus rhamnosus strains isolated from Parmigiano Reggiano cheese. Le Lait, 85(3), 193—204.

Di Cagno, R, Surico, R. E, Minervini, G., Rizzello, C. G., Lovino, R., Servili, M., Taticchi, A., Urbani, S., & Gobbetti,
M. (2011). Exploitation of sweet cherry (Prunus avium L.) puree added of stem infusion through fermentation by
selected autochthonous lactic acid bacteria. Food Microbiology, 28(5), 900—909.

ISSN 1028-0987. Microbiological Journal. 2026. (1) 29



A.D. Khablenko, S.G. Danylenko, O.M. Dugan, V.Yu. Polischuk, O.I. Yalovenko, D.S. Holubchyk

Fadare, O. S., Anyadike, C. H., Momoh, A. O., & Bello, T. K. (2023). Antimicrobial properties, safety, and probiotic attributes
of lactic acid bacteria isolated from Sauerkraut. African Journal of Clinical and Experimental Microbiology, 24(1), 61—72.
Fang, Z., Hongfei, Z., Junyu, Z., Dziugan, P., Shanshan, L., & Bolin, Z. (2014). Evaluation of probiotic properties of

Lactobacillus strains isolated from traditional Chinese cheese. Annals of Microbiology, 65(3), 1419—1426.

Gaber, H. S,, Saied, E., & Mahdy, H. M. (2025). Microbiological and Functional Assessment of Lactobacillus casei:
Probiotic, Antimicrobial, and Antioxidant Properties. Al-Azhar Bulletin of Science, 36(1).

Georgieva, A., Petkova, M., Todorova, E., Gotcheva, V., & Angelov, A. (2023). Isolation and selection of sauerkraut
lactic acid bacteria producing exopolysaccharides. BIO Web of Conferences, 58, 02001.

Georgieva, R., Yocheva, L., Tserovska, L., Zhelezova, G., Stefanova, N., Atanasova, A., Danguleva, A., Ivanova, G.,
Karapetkov, N., Rumyan, N., & Karaivanova, E. (2014). Antimicrobial activity and antibiotic susceptibility of Lac-
tobacillus and Bifidobacterium spp. intended for use as starter and probiotic cultures. Biotechnology é-amp; Biotech-
nological Equipment, 29(1), 84—91.

Grosu-Tudor, S. S., & Zamfir, M. (2012). Probiotic potential of some lactic acid bacteria isolated from Romanian
fermented vegetables. Annals of the Romanian Society for Cell Biology, 17(1), 234—239.

Hattingh, M., Alexander, A., Meijering, I., Van, R, C. A., & Dicks, L. M. T. (2015). Amylolytic strains of Lactobacillus
plantarum isolated from barley. African Journal of Biotechnology, 14(4), 310—318.

Holubchyk, D., Dugan, O., Danylenko, S., Khablenko, A., & Yalovenko, O. (2025). THE PROBIOTIC PROPERTIES
OF Lactiplantibacillus plantarum ISOLATED FROM PLANT MATERIAL. Biotechnologia Acta, 18(1), 38—43.

Holubchyk, D., Khablenko, A., Dugan, O., Danylenko, S., & Korzhenivska, A. (2024). PROBIOTIC MICROOR-
GANISMS IN BREAD SOURDOUGHS. Food Science and Technology, 18(1).

Hossain, T. J. (2024). Methods for screening and evaluation of antimicrobial activity: A review of protocols, advan-
tages, and limitations. European Journal of Microbiology and Immunology, 14(2), 97—115.

Julijana Tomovska, Nikola Gjorgievski, & Borche Makarijoski. (2016). Examination of pH, Titratable Acidity and
Antioxidant Activity in Fermented Milk. Journal of Materials Science and Engineering A, 6(6).

Kagambega, B., Somda, N. S, Cissé, H., Zongo, O., Traoré, Y., & Savadogo, A. (2022). Molecular Characterization
and Technological Properties of Lactic Acid Bacteria, Bacillus and Yeast of Probiotic Interest Isolated from Fer-
mented Porridges. Advances in Bioscience and Biotechnology, 13(07), 284—297.

Khablenko, A., Danylenko, S., Dugan, O., Lakiychuk, O., & Potemska, O. (2025). PLANT-BASED NON-ALCOHOL-
IC FERMENTED BEVERAGES: MICROBIOTA OVERVIEW AND BIOTECHNOLOGICAL PRODUCTION
PERSPECTIVES. Journal of Microbiology, Biotechnology and Food Sciences, e11295.

Korhonen, J., Van Hoek, A. H., Saarela, M., Huys, G., Tosi, L., Mayrhofer, S., & Wright, A. V. (2010). Antimicrobial
susceptibility of Lactobacillus rhamnosus. Beneficial Microbes, 1(1), 75—80.

Lim, Y. H., Foo, H. L., Loh, T. C., Mohamad, R., & Abdullah, N. (2019). Comparative studies of versatile extracellular
proteolytic activities of lactic acid bacteria and their potential for extracellular amino acid productions as feed
supplements. Journal of Animal Science and Biotechnology, 10(1).

Liu, C., Xue, W,, Ding, H., An, C,, Ma, S., & Liu, Y. (2022). Probiotic Potential of Lactobacillus Strains Isolated From
Fermented Vegetables in Shaanxi, China. Frontiers in Microbiology, 12.

Luz, C., Calpe, J., Manuel Quiles, J., Torrijos, R., Vento, M., Gormaz, M., Maiies, J., & Meca, G. (2021). Probiotic char-
acterization of Lactobacillus strains isolated from breast milk and employment for the elaboration of a fermented
milk product. Journal of Functional Foods, 84, 104599.

Millette, M., Luquet, E-M., Ruiz, M. T., & Lacroix, M. (2008). Characterization of probiotic properties of Lactobacil-
lus strains. Dairy Science and Technology, 88(6), 695—705.

Padmavathi, T., Bhargavi, R., Priyanka, P. R, Niranjan, N. R., & Pavitra, P. V. (2018). Screening of potential probiotic
lactic acid bacteria and production of amylase and its partial purification. Journal of Genetic Engineering and Bio-
technology, 16(2), 357—362.

Pithva, S., Shekh, S., Dave, J., & Vyas, B. R. M. (2014). Probiotic Attributes of Autochthonous Lactobacillus rhamno-
sus Strains of Human Origin. Applied Biochemistry and Biotechnology, 173(1), 259—277.

Plengvidhya, V., Breidt, E, Lu, Z., & Fleming, H. P. (2007). DNA Fingerprinting of Lactic Acid Bacteria in Sauerkraut
Fermentations. Applied and Environmental Microbiology, 73(23), 7697—7702.

Prabhurajeshwar, C., & Chandrakanth, K. (2019). Evaluation of antimicrobial properties and their substances against
pathogenic bacteria in vitro by probiotic Lactobacilli strains isolated from commercial yoghurt. Clinical Nutrition
Experimental, 23, 97—115.

30 ISSN 1028-0987. Microbiological Journal. 2026. (1)



Characterization of Probiotic Properties of Lactic Acid Bacteria Isolated from Fermented Plant Raw Materials

Segawa, L., Ssebambulidde, K., Kiiza, D., & Mukonzo, J. (2020). Antimicrobial Sensitivity Testing Using the Kirby-
Bauer Disk Diffusion Method; Limited Utility in Ugandan Hospitals.

Shafakatullah, N., & Chandra, M. (2015). Biocompatibility study of Lactobacillus casei isolated from cucumber and
evaluation of probiotic effects in the human gut. International Journal of Biological and Chemical Sciences, 1(12), 1—7.

Shankar, T., Palpperumal, S., Kathiresan, D., Sankaralingam, S., Balachandran, C., Baskar, K., Hashem, A., Alqarawi,
A. A, & Abd_Allah, E. E (2021). Biomedical and therapeutic potential of exopolysaccharides by Lactobacillus
paracasei isolated from sauerkraut: Screening and characterization. Saudi Journal of Biological Sciences, 28(5),
2943—2950.

Sharafi, H., Derakhshan, V., Paknejad, M., Alidoust, L., Tohidi, A., Pornour, M., Hajfarajollah, H., Zahiri, H. S., &
Noghabi, K. A. (2014). Lactobacillus crustorum KH: Novel Prospective Probiotic Strain Isolated from Iranian Tra-
ditional Dairy Products. Applied Biochemistry and Biotechnology, 175(4), 2178—2194.

Songré-Ouattara, L. T., Mouquet-Rivier, C., Icard-Verniére, C., Humblot, C., Diawara, B., & Guyot, J. P. (2008).
Enzyme activities of lactic acid bacteria from a pearl millet fermented gruel (ben-saalga) of functional interest in
nutrition. International Journal of Food Microbiology, 128(2), 395—400.

Stephen, J. M., & Saleh, A. M. (2023). Homofermentative Lactobacilli isolated from organic sources exhibit potential
ability of lactic acid production. Frontiers in Microbiology, 14.

Tatsinkou, B., & Tave, E (2013). Application of Amylolytic Lactobacillus fermentum 04BBA19 in Fermentation for
Simultaneous Production of Thermostable Alpha-Amylase and Lactic Acid. Lactic Acid Bacteria — R &amp; D for
Food, Health and Livestock Purposes.

Teneva-Angelova, T., & Beshkova, D. (2015). Non-traditional sources for isolation of lactic acid bacteria. Annals of
Microbiology, 66(1), 449—459.

Touret, T., Oliveira, M., & Semedo-Lemsaddek, T. (2018). Putative probiotic lactic acid bacteria isolated from sauer-
kraut fermentations. PLOS ONE, 13(9), €0203501.

Tulumoglu, S., Erdem, B., & Simgek, O. (2018). The effects of inulin and fructo-oligosaccharide on the probiotic
properties of Lactobacillus spp. isolated from human milk. Zeitschrift Fiir Naturforschung C, 73(9—10), 367—373.

Viridiana, C.-R., Lidia, D.-A., Audry, P.-L., & Humberto, H.-S. (2018). Lactic Acid Bacteria Isolated From Vegetable
Fermentations: Probiotic Characteristics. Reference Module in Food Science.

Vitali, B., Minervini, G., Rizzello, C. G., Spisni, E., Maccaferri, S., Brigidi, P., Gobbetti, M., & Di Cagno, R. (2012).
Novel probiotic candidates for humans isolated from raw fruits and vegetables. Food Microbiology, 31(1), 116—125.

Wakil, S. M., Laba, S. A., & Fasiku, S. A. (2014). Isolation and identification of antimicrobial-producing lactic acid
bacteria from fermented cucumber. African Journal of Biotechnology, 13(25), 2556—2564.

Wang, S., Nie, Z., Zhu, L., Wu, Y., Wen, Y., Deng, E, & Zhao, L. (2024). Probiotic Characteristics and the Anti-
Inflammatory Effects of Lactiplantibacillus plantarum Z22 Isolated from Naturally Fermented Vegetables. Micro-
organisms, 12(11), 2159.

Xu, X., Luo, D,, Bao, Y., Liao, X., & Wu, J. (2018). Characterization of Diversity and Probiotic Efficiency of the Au-
tochthonous Lactic Acid Bacteria in the Fermentation of Selected Raw Fruit and Vegetable Juices. Frontiers in
Microbiology, 9.

Xu, X,, Qiao, Y., Peng, Q., Dia, V. P.,, & Shi, B. (2023). Probiotic activity of ropy Lactiplantibacillus plantarum NA iso-
lated from Chinese northeast sauerkraut and comparative evaluation of its live and heat-killed cells on antioxidant
activity and RAW 264.7 macrophage stimulation. Food &amp; Function, 14(5), 2481—2495.

Yang, Z., Li, S., Zhang, X., Zeng, X., Li, D., Zhao, Y., & Zhang, J. (2010). Capsular and slime-polysaccharide produc-
tion by Lactobacillus rhamnosus JAAS8 isolated from Chinese sauerkraut: Potential application in fermented milk
products. Journal of Bioscience and Bioengineering, 110(1), 53—57.

Yocheva, L., Tserovska, L., Danguleva-Cholakova, A., Todorova, T., Zhelezova, G., Karaivanova, E., & Georgieva, R.
(2024). In Vitro Inhibitory Effects and Co-Aggregation Activity of Lactobacilli on Candida albicans. Microbiology
Research, 15(3), 1576—1589.

Yuan, Y, Yang, Y., Xiao, L., Qu, L., Zhang, X., & Wei, Y. (2023). Advancing Insights into Probiotics during Vegetable
Fermentation. Foods, 12(20), 3789.

Zhang, S., Zhang, Y., Wu, L., Zhang, L., & Wang, S. (2022). Characterization of microbiota of naturally fermented
sauerkraut by high-throughput sequencing. Food Science and Biotechnology, 32(6), 855—862.

Received 19.09.2025

ISSN 1028-0987. Microbiological Journal. 2026. (1) 31



A.D. Khablenko, S.G. Danylenko, O.M. Dugan, V.Yu. Polischuk, O.I. Yalovenko, D.S. Holubchyk

A.JI. Xabnenxol, C.I! Janunenxo®, O.M. Jyxan',
B.IO. Ioniuyx!, O.1. SAnosenxol, J.C. lony6uux!

! HarjionanpHuit TexHiuHMIT yHiBepcuTeT YKpaitm
«KuiBcpknit momitexHigyamit incTutyt imMeHi Iropa Cikopcbkoro»,
npocnekT bepecreiicbknii, 37, Kuis, 03056, Ykpaina

2IncTnTyT NpORoBONbYMX pecypcis HanionanpHoi akajieMii arpapHux HayK YKpainm,
By/1. €EBreHa CBepcTioka, 4A, Kuis, 02002, Ykpaina

XAPAKTEPUCTUKA MTPOBIOTUYHUX BITACTUBOCTEV MOJTOYHOKVC/INX BAKTEPI,
BUAUIEHNVX 3 PEPMEHTOBAHIX POCIVMHHNX CMPOBMH

[Torryk Ta 3acTocyBaHH: epeKTUBHUX IPOOIOTUYHNX MIKPOOPraHi3MiB MAIOTh Be/lMKe HAyKOBe Ta IPAKTUIHE 3HA-
YeHHs1 /151 6i0TexHOIOorii Ta Xap4oBoi mpomucioBocTi. OcobmuBa yBara mpuAIAETHCS MOTOYHOKICINM GaKTepisim
(MKB), Bupinennm i3 ¢pepMeHTOBAHOI POCIMHHOI CUPOBUHH, K [Kepey MPUPOFHIX 130/IATIB i3 BUCOKVUM ajjal-
TMBHUM HoTeHLiaoM. [lofanbie gocmifpkeHH IXHIX BIACTUBOCTEl BiJKpUBa€e MepCIEKTUBY /I PO3POOKM HO-
BUX (YHKIIOHAJIPHMX IIPOAYKTIB POCIMHHOIO IOXOKEHH 3 IPOOIOTMYHMMIY BIacTUBOCTAMU. MeTa. Bupinutu
KY/IBTYPU MOJIOYHOKMCIUX OaKTepill i3 pepMeHTOBaHUX OBOYIB Ta ATif i KOCTiANTY IXHI IPOOIOTHYHI BIaCTUBOCTI.
Meromu. Monounokucni 6akTepil BUfinAm 3 pepMeHTOBAHOI POCIVHHOI CMPOBMHU (KAIyCTH, OTipKiB, BUIIHI)
METOZOM TIOCTIIIOBHUX PO3BeleHb 3 MOAa/NbIINM BUCiBaHHAM Ha arap MRS. BusHaueHHs BUfiB 37ilicCHIOBaNM Ha
0CHOBI MOpP(OTIOriYHNX 03HAK, (isionoriynux i GioxiMiyHMX TeCTiB, a Takox MpodiniB depMeHTaLil BYITeBOAIB
i3 BuKOpucTaHHAM OHIaiH-cepBicy ABIS. ITpo6ioTuyHi BTacTMBOCTI OLIHIOBAaNM 3a TaKMMU ITOKa3HMKaMu: (a)
crifikicTs o Hnsbkoro pH (pH 2.0) Ta >xoBdi (0.5 %) y dpocdarHOMY Oydepi; (6) aHTMMIKpOOHA aKTUBHICTD (Me-
top Andysii B arapi); (B) 3maTHICTb Ko aBToarperalii (BUMiplOBaHHsA ONTUYHOI WiibHOCTI mpu 600 HM); (T) dep-
MEHTATMBHOI aKTMBHOCTI (aMiJIONITUYHOI Ta IPOTEOMTHYHOI); Ta (J) CTIMKOCTI 10 aHTUOIOTUKIB (METO/ JMCKOBOI
mn¢ysii). CraTUCTUYHNIT aHaIi3 OTPUMAHUX Pe3y/IbTaTiB IPOBOAMIN 3a OIIOMOroIo TecTy JlyHKaHa Ha piBHi 3Ha-
gymocTi p < 0.05. PesynpraTn. 3 pisHUX pOCIMHHUX IKepesT O0yI0 BUAIIEHO 3arajioM 45 KY/IbTyp MOTOYHOKVCIUX
6akTepiit i3 cx0XK0I0 MOPQOIOTIE0 KOMOHII Ta KIiTHH. [neHTndikaiis mokasana, 1o i30/1ATH HaTeXanu 10 BU/IB
Lacticaseibacillus rhamnosus, Lactiplantibacillus plantarum ta Lacticaseibacillus casei. Yci KyIbTypu BUSIB/SUIN CTiit-
KicTb 0 Kucnux ymoB (pH 2,0) Ta )KOBYHMX COJIell; OfHAK HAOUIBII CTpecoCTiikuM mtamoM 6yB Lpb. plantarum
S2.Y xopHoro 3i mTaMiB He OY/I0 BMSAB/IEHO IIPOTEOMITYHOI 260 aMiTOMITMYHOI aKTUBHOCTI. BusABIeHo aHTHMI-
KPOOHY aKTMBHICTb IIOJ0 TeCTOBUX KY/IBTYP YMOBHO-IIATOTeHHMX OaKTepiit, Takux sK B. subtilis, S. aureus, E. coli.
D pesucTeHTHICTD O aMiHOIIIKO3MAIB, IIIKOIENITU IB Ta HOMIIeNTUAIB, TOA] AK Yy T/IUBICTh KO XnopaMdenikony,
TeTPaLMKIIHY, epUTPOMILMHY Ta pudaMIIinyHy Oyla minTBepixeHa. Kynsrypu neMoHCTpyBamu BUCOKUIT piBeHb
aBToarperaril, HaMBUIWIT 3 SIKUX OyB 3adikcoBaumit yepes 24 ropuun gt Lpb. plantarum S2. BucHosku. 3 ¢ep-
MEHTOBAHOI KaIlyCTH, OTipKiB Ta BUIIHI O6y/I0 BUAINIEHO MOTOYHOKMCTI GakTepii. Haitkpauyi pesynpraTu — BucOKa
CTIMIKICTD JJO KMCIMX YMOB Ta YKOBYHUX COJIEN, a TAKOXX aHTAarOHICTMYHI Ta aBTOArperauiiiii BIacTMBOCTi — IIPO-
IeMOHCTpYBasB i30T Lactiplantibacillus plantarum S2.

Kntouosi cnosa: npobiomuxu, cmpecocmitixicmy, gepmenmamusna akmuenicmo, Lactobacillaceae, gpepmenmosani
080ui, xapuosi NPooyKmu, 6iomexHoN0zis.
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CHARACTERISTICS
OF ESCHERICHIA COLI LIPOPOLYSACCHARIDE
ISOLATED FROM HYPERICUM PERFORATUM

Wild herbaceous plants are a valuable natural resource, which are a source of plant food and medicinal raw materials
and play an important role in the functioning of natural ecosystems. They produce a variety of biologically active com-
pounds of various orientations. The growth conditions of medicinal plants affect their microbiological purity, the activity
of biological compounds that they synthesize, as well as the suitability of these plants for further use. In particular, dry
medicinal herbs may contain various microorganisms. The aim of this work was to investigate the composition of the
microbiota of these plants and to investigate the properties of lipopolysaccharide (LPS) isolated from one of the strains
of Escherichia coli isolated from Hypericum. Methods. For the research, the plants of hypericum (Hypericum perfora-
tum L.), meadow clover (Trifolium pratense L.), plantain (Plantago major L.), dandelion (Taraxacum officinale Wigg.),
and wild chicory (Cichorium intybus L.), which are used in official medicine to obtain herbal medicines, were taken.
The analysis of plant contamination with microorganisms was carried out by inoculating them on commonly used MPA
and selective nutrient media: Scharlau CETRIMIDE AGAR (A), (Solid medium for the identification of Pseudomonas
aeruginosa), Scharlau MacCONKEY AGAR (B), and Scharlau XLD Agar (C) (for the identification of E. coli). LPS from
one of the Escherichia coli strains isolated from hypericum was obtained by the water-phenol method; the monosaccha-
ride and fatty acid composition was identified on an Agilent 6890N/5973 chromatographic-mass spectrometric system,
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and heterogeneity was determined by SDS-PAAG electrophoresis. Results. As a result of analysis of the microbiota that
grew on selective nutrient media after inoculation of plant material on them, 35 isolates of microorganisms, representa-
tives of Pseudomonas aeruginosa and Escherichia coli, were isolated. They were isolated from plant material, regardless
of where the plants were collected — near the Zhuliany airfield, Nizhyn, or from the pharmacy network. In the LPS of
E. coli 43, isolated from hypericum, which grew near the Zhuliany airfield, the dominant monosaccharides were ga-
lactose (36.64%), mannose (30.62%), and glucose (24.13%). Only three fatty acids, 3-hydroxytetradecanoic (44.8%),
tetradecanoic (32.6%), and dodecanoic (22.6%), were identified in its composition. The studied LPS turned out to be
toxic, like the LPS of previously studied representatives of E. coli, but apyrogenic. This distinguishes it from the LPS of
other E. coli representatives, which exhibit high pyrogenicity. It can be assumed that this is due to the fact that it is iso-
lated from plants, in particular, hypericum. LPS is heterogeneous, which is manifested in its formation of a classic profile
in the form of a ladder on electrophoresis. Conclusions. Medicinal herbs collected from different ecological niches: the
pharmacy network, near the Zhulyany or Nizhyn airfields, are contaminated to varying degrees with representatives of P.
aeruginosa and E. coli. E. coli LPS isolated from hypericum differed in biochemical characteristics and biological activ-
ity from LPS isolated from other sources. Most likely, these differences are due to the peculiarities of each strain studied.

Keywords: microbiota of medicinal plants, Escherichia coli, lipopolysaccharide, monosaccharide, fatty acid composi-

tion, heterogeneity, pyrogenicity, toxicity.

Wild herbaceous plants are a valuable natural
resource that are a source of plant food and me-
dicinal raw materials and play an important role
in the functioning of natural ecosystems. They
produce many biologically active compounds
of various orientations. Thus, they are used for
i) reductive therapy, which restores the activity of
enzymes, ii) additive therapy, which introduces
insufficient intermediate metabolic products into
the body, and iii) detoxification therapy (Kunakh,
2005). The growth conditions of medicinal plants
affect their microbiological purity, the activity of
the biological compounds they synthesize, as well
as the suitability of these plants for further use. In
particular, dry medicinal herbs may contain vari-
ous microorganisms. Their number and activity
depend on the conditions of drying and storage
of herbs. The number of microorganisms in dry
medicinal herbs is regulated by relevant quality
and hygiene standards, which establish permis-
sible levels of microbial contamination. Different
countries and regions have different regulations
that define maximum permissible levels of mi-
croorganisms. According to the requirements of
the State Pharmacopoeia of Ukraine, the presence
of Staphylococcus and Pseudomonas aeruginosa
is not allowed for medicinal plant raw materials
used for the preparation of infusions and decoc-
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tions, and the number of Enterobacteriaceae, in-
cluding Escherichia coli, usually should not exceed
a certain number, in particular 10> CFU/g. The
plants used for the study were hypericum (Hyper-
icum perforatum L.), meadow clover (Trifolium
pratense L.), plantain (Plantago major L.), dande-
lion (Taraxacum officinale Wigg.), and wild chic-
ory (Cichorium intybus L.). These plants are used
in official medicine to obtain herbal medicines,
so the analysis of their contamination by micro-
organisms is relevant. One of the most common
plant contaminants is E. coli. They are known to
inhabit the gastrointestinal tract of humans and
animals. The main components of the outer mem-
brane of gram-negative bacteria, including E. coli,
are lipopolysaccharides, which are characterized
by a wide range of biological activity, including
endotoxicity, in particular pyrogenicity, and lethal
toxicity ( Al-AAlim et al., 2022). The aim of this
work was to investigate the composition of the
microbiota of these plants and the properties of li-
popolysaccharide isolated from one of the strains
of Escherichia coli isolated from Hypericum and
compare them with those of lipopolysaccharides
isolated from the human body.

Materials and Methods. Medicinal plants were
collected in the territory adjacent to the Zhu-
lyany airfield in the Kyiv region and the Nizhyn
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airfield in the Chernihiv region, in compliance
with the requirements for the collection and
preparation of plant raw materials established
in pharmacognosy (Kobzar, 2004). As a control,
pharmacy herbal preparations of plants in a dried
form without foreign impurities were taken. For
the study, individual parts of plants were selected:
flowering tops of shoots of hypericum (Hyperi-
cum perforatum L.), inflorescences and grass of
meadow clover (Trifolium pratense L.), leaves of
plantain (Plantago major L.), and roots of dan-
delion (Taraxacum officinale Wigg.) and wild
chicory (Cichorium intybus L.).

Plant material was washed in sterile water to
remove contaminants. Dry plant residues (10 g),
crushed into small pieces (1—2 cm), were placed
in a sterile flask with sterile water (150 mL).
Samples were incubated at room temperature
for 2 hours to release bacteria from the surface
and from inside the tissues. Serial dilution was
performed with subsequent primary plating on
commonly used meat-peptone agar (MPA) and
selective nutrient media: Scharlau CETRIMIDE
AGAR (A), (Solid medium for the isolation of
Pseudomonas aeruginosa), Scharlau MacCONK-
EY AGAR (B), and Scharlau XLD Agar (C) (for
the isolation of Escherichia coli), (Scharlab S.L.,
Spain). Petri dishes with crops were incubated at
28—37 °C for 24—48 hours. Individual colonies
were subcultured on agar media to obtain pure
cultures.

LPS from E. coli cells was extracted using the
classical water-phenol method of O. Westphal
and K. Jann (1965), with some minor modi-
fications. Isolation of LPS was performed by
adding equal volumes of hot (65—70°C) 90%
phenol and water and incubating the mixture
in a water bath at 70 °C for 30 min with vigor-
ous stirring. The mixture was cooled and cen-
trifuged at 5000 rpm for 30 min to separate the
aqueous phase from the phenolic phase. The
phenolic phase was re-extracted by adding 300
mL of distilled water. The aqueous phases were
combined, dialyzed against tap and distilled

ISSN 1028-0987. Microbiological Journal. 2026. (1)

water to neutral pH, concentrated by evapora-
tion, and then lyophilized.

Chemical characterization of LPS was carried
out by standard methods: the presence of 2-ke-
to-3-deoxyoctanoic acid (KDO) was determined
by reaction with thiobarbituric acid (Chaby et
al., 1993), and heptose (Dische, 1953). The total
carbohydrate content was determined by Du-
bois (Dubois, 1956), proteins by Lowry (Lowry,
1951), and nucleic acids by Spirin (Spirin, 1958).

Phosphorus was determined by the Fiske-
Subarov method (Fiske & Subbarow, 1925).

The monosaccharide composition (Albersheim
et al,, 1967) was analyzed as polyol acetates on an
Agilent 6890N/5973 inert chromatography—mass
spectrometry system equipped with a DB 225mS
column (30 m x 0.25 mm x 0.25 um); the carrier
gas was helium at a flow rate of 1 mL/min. The
identification of was performed by comparison of
the retention times with the authentic samples.

Fatty acid composition was determined by
methanolysis of LPS with 1.5% acetyl chloride in
methanol (100 °C, 4 h). The identification of fat-
ty acids was performed as methyl esters by GLC-
MS on an Agilent 6890N/5973 inert chromato-
mass spectrometric system equipped with an HP
5ms column (30 m x 0.25 mm x 0.25 nm) using
the temperature program from 150 to 250 °C at 4
°C/min; helium was used as a carrier gas at a flow
rate of 1.2 mL/min. The evaporator temperature
was 250 °C, and flow distribution was 1:100. For
identification of fatty acids, the standard mixture
of fatty acid methyl esters and the available data-
bases were used (Varbanets et al., 2006).

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAAG electrophoresis)
was performed according to Laemmli (Laem-
mli, 1970) (4% concentrating and 12% separat-
ing gel, current strength 30 mA). The loading
per gel lane was 20 pg or 50 pg. For visualization
of LPS, the gels were stained with silver salts ac-
cording to the recommendations of Tsai (Tsai et
al., 1982) in the modification of Kulikov (Ku-
likov et al., 2019).
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Table 1. Selected isolates

Microorganism, strain number
Plant
P. aeruginosa (A) E. coli (B) E. coli (C)
Clover 36(C), 14(Zh), 13(N) 1(C), 3(Zh), 2(N) 33(C), 20(Zh), 19(N)
Hypericum 37 (Zh) 4(C), 5(N), 43(Zh), 34(C), 22(Zh). 21(N)
Chicory 38 (Zh)15(N) 18(C), 17(Zh), 7(N) 23(C), 25(Zh), 24(N)
Plantain 42 (C) 12(C), 9(Zh), 8(N) 26(C), 27(Zh)
Dandelion 35(Zh), 16(N) 11(Zh), 10(N) 29(Zh), 28(N)

C — control: herbs from pharmacy chains, Zh — from the territory near the Zhuliany airfield, N — from the terri-

tory near the Nizhyn airfield.

Table 2. Monosaccharide and fatty acid
composition of E. coli 43 LPS

% to total sum
of peaks area

Structural components
of lipopolysaccharide

Monosaccharides (% to total sum of peaks area)

Fucose 2.01+0.1
X 2.26%0.11
Mannose 30.62+1.5
Galactose 36.64+1.83
Glucose 24.1342.08
Heptose 4.34%0.07

Fatty acids (% to total sum of peaks area)

C,,,, (dodecanoic) 22.56+1.13
C,,, (tetradecanoic) 32.58+1.95
3-OH-C, , (3-hydroxytetradecanoic) | 44.86+2.24

Pyrogenicity was tested under vivarium con-
ditions. Rabbits (weighing 1.7 to 2.3 kg) were in-
travenously injected with 5 ng/kg body weight of
purified LPS. Rectal temperatures were measured
using a rectal thermometer and recorded before
injection and 3 hours after pyrogen administra-
tion. One rabbit was injected with sterile saline
solution as a control (Varbanets et al., 2006).

All experiments were performed in no less
than 3—5 replications. Statistical processing of
the results of the experimental series was carried
out by standard methods using Student’s t-test.
The value of the null hypothesis p < 0.05 was
taken as the critical level of reliability.
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Results. As a result of the analysis of the micro-
biota that grew on selective nutrient media after
inoculation of plant material on them, 35 isolates
of microorganisms were isolated, probably they
are representatives of P aeruginosa and E. coli
(Table 1). Very interesting were the cultures of E.
coli, the colonies of which were of different colors:
red or pink, as well as opaque yellow with a yellow
zone around. For further studies, the culture of E.
coli 43, red in color, which was isolated in the area
located near the Zhuliany airfield, was selected.

In our studies, representatives of E. coli were ob-
tained from all medicinal herbs (except dandelion).
P, aeruginosa was found in 9 isolates. The most con-
taminated were clover (all samples), chicory and
dandelion from the areas near both airfields (clean
control), hypericum from the area near the Zhulia-
ny airfield, and plantain from the pharmacy chain.
LPS was extracted from E. coli 43 cells, the colo-
nies of which were red in color, using the classical
water-phenol method (Westphal & Jann, 1965).

The yield of LPS was quite high (22.12%). Nu-
cleic acids and protein, which are contaminating
components of LPS, were absent. LPS contained
39.8% carbohydrates, which is less compared to
LPS isolated from E. coli strains isolated from
the human body. Characteristic components of
the LPS molecule 2-keto-3-deoxyoctanoic acid
(0.014%), as well as heptose (0.11%) were detected.
The phosphate content as a percentage of the total
mass of LPS was 0.53%. The monosaccharide com-
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position (in % to total sum of peaks area) of LPS is
represented by fucose (2.01%), mannose (30.62%),
galactose (36.64%), glucose (24.13%), heptose
(4.34%), and an unidentified monosaccharide
(2.26%). The dominant fatty acids of LPS E. coli 43
were 3-hydroxytetradecanoic (44.8%), tetradeca-
noic (32.6%),0 and dodecanoic (22.6%) (Table 2).
Pyrogenicity studies (Fig. 1) indicate that the
LPS of the studied E. coli 43 strain was apyrogenic:
a slight increase in temperature was observed 1 h
after LPS administration, while after 2 and 3 h, the
temperature was lower than in control animals.

As for toxicity, we used an indirect method of its
identification. It is known that the relative molar
fraction of KDO in the LPS molecule can vary de-
pending on the degree of its toxicity. Thus, when
non-toxic LPS is oxidized by thiobarbituric acid,
the maximum absorption of the chromophore is
recorded at 550 nm, and in toxic LPS it shifts to
the short-wave region to 534 nm. Based on the
analysis of the absorption values of the chromo-
phore formed as a result of the oxidation of the
KDO molecule at different wavelengths (Fig. 2), it
can be assumed that E. coli 43 LPS is toxic.
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Fig. 1. Pyrogenic effect of E. coli LPS in the minimum pyrogenic dose.
Note: control — temperature readings in rabbits that were not injected with LPS
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Fig. 2. Absorption values of the chromophore formed as a result of oxidation of the

KDO molecule at different wavelengths
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Fig. 3. Different concentrations of E. coli LPS: I — 20,
2—30,3—40,4—20,5—30ng

Purified LPS from most strains of Gram-nega-
tive bacteria is known to be heterogeneous in the
composition of the individual LPS subunits that
make up the LPS macromolecule. Evidence of
heterogeneity is readily apparent by SDS-PAGE
electrophoresis followed by silver staining to
detect individual LPS subunits. The silver stain-
ing profiles of various E. coli strains and the LPS
under study (Fig. 3) indicate that LPS forms the
classic ladder-shaped profile characteristic of S-
LPS on the electrophoresis.

Discussion. LPS is the main structural com-
ponent of the outer membrane of gram-negative
bacteria, characterized by a wide range of biolog-
ical activity, including endotoxic, in particular
pyrogenicity, lethal toxicity, and is the main anti-
gen of the bacterial cell, which is responsible for
its serological specificity, controls resistance to
antibiotics, etc. This is due to the heterogeneity of
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the LPS molecule, which includes both polysac-
charide and lipid parts, each of which performs
specific functions. A number of methods are used
to isolate LPS that ensure high purity and bio-
logical activity: extraction with trichloroacetic
acid, aqueous butanol, a mixture of chloroform
with methanol and petroleum ether, EDTA, as
well as extraction with hot phenol. Although the
hot phenol extraction method involves the use
of some dangerous and toxic substances, in par-
ticular, such as phenol, today remains the best
method for obtaining biologically active, pure
LPS. Thus, the studied LPS E. coli 43 did not con-
tain impurities of nucleic acids and proteins. No
unsaturated fatty acids were found in the com-
position of lipid A, which are not characteristic
components of LPS lipid A, but are impurities
from other lipid components of the bacterium.
The fatty acid composition of E. coli 43 LPS was
similar to that of the previously studied LPS E.
coli 2890 and E. coli 2892, obtained from the
bodies of practically healthy patients (Brovarska
et al.,, 2020). The dominant fatty acids of E. coli
43 LPS were 3-hydroxytetradecanoic (44.8%),
tetradecanoic (32.6%), and dodecanoic (22.6%).
But it differed from the fatty acid composition of
LPS E. coli 58, isolated from the body of a practi-
cally healthy patient, and which is represented by
only two acids: 3-hydroxytetradecanoic (79.3%)
and hexadecanoic (20.7%). The presence of only
one 3-hydroxytetradecanoic acid, which acylates
both amino and hydroxy groups of glucosamine
residues, is a characteristic property of lipid A of
representatives of the Enterobacteriaceae fam-
ily. The carbohydrate content was 39.79% of the
dry weight of the preparation, which is less than
that of LPS isolated from E. coli strains,isolated
from the human body (Brovarska & Varbanets,
2019). Analysis of the monosaccharide compo-
sition shows that LPS E. coli 43 differs in this
indicator from the LPS of other strains. Thus, if
in LPS E. coli 43 the dominant monosaccharides
were galactose (36.64 %), mannose (30.62%),
and glucose (24.13 %), then in LPS E. coli K, iso-
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lated from chestnut leaves, into which it entered
with the feces of the caterpillars of the chestnut
transient moth (Cameraria ohridella Deschka
& Dimic) — rhamnose (70.9%) (Varbanets et
al., 2024) In the composition of LPS E. coli 58
isolated from a healthy patient, the dominant
monosaccharides were glucose and galactose
(50.5 and 33.9%, respectively) (Brovarska, 2019).
Most likely, these differences are due to the pe-
culiarities of each strain studied rather than
due to the source of the microorganism strains.
Since 0.53% of phosphates were found in the
composition of LPS, this indicates the presence
of ethanolamine phosphate or ethanolamine py-
rophosphate in the core oligosaccharide or lipid
A, which has a significant effect on the submo-
lecular organization of the LPS molecule in the
membrane. This part of LPS is characterized by
a very high density of charged groups, which
include carboxyl groups of KDO, the content of
which in the studied LPS was insignificant and
amounted to only 0.014%, and charged groups of
lipid A. The studied LPS turned out to be toxic,
like other representatives of E. coli, but apyro-
genic. This distinguishes it from the LPS of other
representatives of E. coli, which exhibit high py-
rogenicity (Brovarska & Varbanets, 2019). It can
be assumed that this is due to the fact that it is
isolated from such a plant as hypericum.

It is known that LPS preparations are always
heterogeneous, which is associated with the pres-
ence of S-form molecules with different lengths
of polysaccharide chains and R-form molecules,
which lack polysaccharide chains. The results of
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XAPAKTEPUMCTHUKA JIITIOIIONICAXAPUTY ESCHERICHIA COLI
BMJIVIEHOI'O 13 HYPERICUM PERFORATUM

JMKOpOCTi TpaB THUCTI POCTVMHY ABJIAIOTH COOO0I0 LiHHMII IPUPORHUIL PECYPC, L0 € IPKePeTIOM POCTMHHOI Xap40BO1
i mikapcbKol CHPOBUHM Ta Biflirpae Ba>K/IMBY pojb y GYHKIIOHYBaHHI IPUPOJHUX eKOCKCTeM. BoHM BUpO6IAI0TH
6e31i4 6i0/I0TiYHO aKTMBHUX CIIONYK Pi3HOI CHIPAMOBAHOCTI. YMOBY pPOCTY /IiIKapChKVX POC/IVH BIVIMBAIOTD Ha TXHIO
MiKpo0io/IOri4Hy 4MCTOTY, aKTUBHICTD 6iomoriyHmMx CIIONYK, AAKi BOHM CMHTE3YIOTb, @ TAKOXXK Ha IPUJATHICTh IUX
POC/INH /151 IOJAIbLIOTO BUKOPUCTAHHSA. 30KPEMa, CYXi IKAPCLKI MPasu MoxXcymo MiCthumu pi3ni Mikpoopeanismu.
Merto1o gaHOi poboTu 6y/10 FOCHIANTI CKIak MIKPO6IOTH LIUX POCINH Ta BIacTUBOCTI ninononicaxapuny (JIIIC),
i3onpoBaHoro 3 omHoro i3 wramis Escherichia coli, BupineHoro 3i 3Bipo6oto 3BuuariHoro. Meromm. BuBuanucs
pocnuHu 3Bipob6oto sBuuaitHoro (Hypericum perforatum L.), kontomnun nyasoi (Trifolium pratense L.), mogo-
poxuuka Benmukoro (Plantago major L.), kynb6abu nmikapcbkol (Taraxacum officinale Wigg.) Ta IUKOpil0 AMUKOTO
(Cichorium intybus L.), ki BUKOPUCTOBYIOTbCA B OQiLiiiHIi MegMLMHI 3 MeTOI OTpUMaHH:A ¢iTomnpemnaparis.
AHaji3 3a6pyfHEeHHS pOCIMH MiKpoopraHisMaMu IpOBOMVIIM LUIAXOM iX HOCiBy Ha 3arajpHOBXuBaHi (MIIA)
Ta ceneKTNBHI mokuBHi cepenosuiia: Scharlau CETRIMIDE AGAR (A), (Tsepze cepemoBuiie s igeHTndikarii
Pseudomonas aeruginosa), Scharlau MacCONKEY AGAR (B) ta Scharlau XLD Agar (C) (mns igentndixauii E. coli).
JITIC 3 oguoro i3 mramis Escherichia coli 43, i301p0BaHOr0 3i 3Bip06 010 3BIYAITHOT0, OIeP>KyBa/Ii BOJHO-(PEHOTbHIM
METOJIOM; MOHOCAXapUAHUIL i SKMPHOKMCIOTHMI CKIaf ifeHTU(IKYBaIM Ha XPOMAaTOMAC-CIIEKTPOMETPUYHIl cuc-
temi Agilent 6890N/5973; reteporennicts BusHadamu SDS-PAAG enekrpodopesom. PesynpraTu. Y pesynbrarti
aHasi3y Mikpo6ioTH, Sika BMPOC/Ia Ha CeIeKTUBHIUX IIOXKMBHUX CepPeOBUIIAX ITiC/IA MOCIBY Ha HUX POCMHHOTO Ma-
Tepiainy, 6y1o BuizeHo 35 i30/14TiB MiKpOOpraHi3MiB, IpeAcTaBHUKIB Pseudomonas aeruginosa ma Escherichia coli.
11i MixpoopraHismMy BUAUIAIICD i3 POCIIHHOTO MaTepialy, He3aJIeXXHO Bif Toro, ge 6y 3i6pani pocnunu, 6ins
aepogpowmis XKymstau, Hixknh, abo ofepxxani 3 anreunoi mepexi. B JITIC E. coli 43, i30/1p0BaHOrO 3i 3Bip06010 3B1-
9alfHOro, SIKUIT pic 6111 aepogpomy XKymsanu gominyounmu MoHOcaxapugamu Oymu ranakrosa (36.64 %), maHosa
(30.62 %) Ta rmoko3a (24.13 %). Tinbku Tpu XuUpHI KUCTOTH, 3-TigpoKcuTeTpasiekaHoBa (44.8 %), TeTpajekaHOBa
(32.6%) Ta momexaHoBa (22.6 %), 6ynu igentudikosaHi B jtoro ckaani. Jocmimxernit JIIIC BUABUBCSI TOKCUYHNM,
sx i JITIC panirte gocnimkennx mpepctaBHuKIB E. coli, ane aniporennnm. e Binpisusie toro Big JITIC inmmx mpep-
cTaBHUKIB E. coli, SIKi IIPOSBIAIOTb BUCOKY nipoceHHicmy. Mo>KHA IPUITYCTUTH, IO 1ie 0OYMOBIEHO TUM, 110 BiH
i3onpoBaHMII 3 pOC/INH, 30KpeMa, 3Bipo6oto 3BuyaiiHoro. JIIIC € reTeporeHHNM, 10 NPOABIAETHCA B YTBOPEHH]
HYIM KJIaCMYHOTO Ipoinio y BUIAxi “npabunn’ Ha enekrpodoperpamax. Bucnosku. Jlikapcbki pociniuy, 3i6pani
3 pi3HMX eKOJIOTiuHMX Hill — anTeyHoi Mepexxi, Teputopiit mo6m3y aepoppomis XKynaun Ta Hikuna — 6ymm
KOHTaMiHOBaHi mpefcraBHuKamu P, aeruginosa ta E. coli pisHoro mipoto. JITIC E. coli, i3onboBaumii 3i 3Bipo6oro
3BMYAITHOTO, 3a 6i0XIMIYHMMM XapaKTeprCcTUKaMu Ta 6ioorivHo0 akTUBHICTIO BifpisHaBcs Bif JITIC, isonpoBanmx
3 iHmmx mxepen. Ckopiiie BCbOro 1ii BifMiHHOCTI 00YMOB/IEHI 0COOMMBOCTSMM KOXKHOTO JOCIKEHOTO LITaMY.

Kntouoei cnosa: mixpobioma nixapcoxux pocnun, Escherichia coli, ninononicaxapuo, moHocaxapuoHuti, HuUpHoKuc-
JIOMHULL CK1a0, 2emepoeHHICMb, Nipo2eHHICMb, MOKCUYHICMD.

ISSN 1028-0987. Microbiological Journal. 2026. (1) 41



RESEARCH ARTICLES

https://doi.org/10.15407/microbiolj88.01.042

T.0. ROZHKOVA'*, N.M. SERHIYCHUK?,
Yu.V. KOLOMIETS?, L.V. NEMERYTSKA?, S.V. STANKEVYCH*

! D.K. Zabolotny Institute of Microbiology and Virology, NAS of Ukraine,
154 Akademika Zabolotnoho Str., Kyiv, 03143, Ukraine

National University of Life and Environmental Sciences of Ukraine,

15 Heroyiv Oborony Str., Kyiv, 03041, Ukraine

Zhytomyr Agrotechnical College,

96 Pokrovska Str., Zhytomyr, 10031, Ukraine

State Biotechnological University,

44 Alchevskikh Str., Kharkiv, 61002, Ukraine

* Author for correspondence; e-mail: rozhkova8@gmail.com

DEVELOPMENT OF AN EXPRESS ANALYSIS

FOR EVALUATING THE RESISTANCE OF SOYBEAN
GENOTYPES TO FUSARIUM SOLANI (MART.) SACC.
AND WAYS TO LIMIT ITS SPREAD

2

The Fusarium solani (Mart.) Sacc. species complex (FSSC) dominates among phytopathogenic fungi in soil mycobiota
and negatively affects seed germination in Ukrainian soils. Soybean is quite sensitive to the pathogenic effect of these
fungi. E solani infects seeds and seedlings in the soil and causes their non-germination, deformation, and root rot and
necrosis of plants. This study aimed to develop an express analysis to determine soybean resistance during seed germina-
tion and to identify strategies to limit the spread of FSSC. Methods. The number of soil fungi was determined by the
dilution method. E solani was identified by cultural and morphological characteristics. The effectiveness of seed treat-
ments was evaluated using an infection index and calculated via a standardized formula. Results. An express assay was
developed to detect FSSC-resistant soybean genotypes. Out of the nine tested varieties, Niagara was identified as highly
resistant. Testing Niagara across different soil samples showed infection rates ranging from 0% to 21.7%, with the lowest
pathogen levels found in chornozems from the northeastern region. Two seed treatment schemes for Niagara were evalu-
ated: 1 — Averkom?®, a. s., Sporazin, a. s., and Ecovital, a. s.; 2 — Merivon® Pro, CS, Vitazyme, a. s., and Ecovital, a. s.
These treatments increased seed germination and reduced seed damage by E. solani. Their efficiency was 71.8 and 85.5%,
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respectively. It was determined that isolates of E solani from soybean are capable of infecting seeds of the following crops
through the soil: peas, beans, and sunflowers. Conclusions. The developed express analysis is effective for detecting resis-
tant genotypes to seed infection during the germination period to F. solani. The tested seed treatment schemes of resistant

varieties are highly effective.

Keywords: Glycine max (L.) Merrill., phytopathogens, resistant variety, fusariosis, fungicides, biological preparations,

pathogenicity.

In Europe, soybean cultivation covers approxi-
mately 10 million hectares, with 70% concen-
trated in Eastern Europe, primarily in Ukraine
(2.5 million hectares), Romania, and Poland.
Ukraine is currently the largest producer of this
crop in Europe. Soybean fusariosis is a critical
disease that limits yield and contaminates grain
with mycotoxins. It involves a complex of fun-
gi, including various Fusarium species, typically
causing wilt, root rot, and damping-oft.

Research on the distribution and causative
agents of fusariosis in Europe remains limited.
Studies of soybean grain in Poland have identi-
fied E avenaceum as dominant alongside F. equi-
seti and E sporotrichioides; F. clavum, F. flagelli-
forme, and FIESC 31 were isolated for the first
time (Zelechowski et al., 2021). In Serbia, species
complexes such as FIESC (F incarnatum and F.
equiseti), FOSC (E oxysporum), ESSC (E solani),
FAATSC (F. acuminatum, F. avenaceum, and F.
tricinctum) were isolated from soybean tissues
(roots, stems, and seeds) (Jasni¢ et al., 2005).
In Ukraine, Fusarium species were detected in
20.2% of soybean seeds between 2016 and 2022
(Pelekh & Drozda, 2024).

In the world, the following species cause
root rot in soybeans: F. pseudograminearum, F.
graminearum, E proliferatum, and E sporotri-
chioides (Canada), E fujikuroi (USA), E arme-
niacum (Korea), F commune, F. solani, and E
tricinctum (USA), and E asiaticum (China) (Liu
et al, 2025). In Ukraine, according to recent
data, the following pathogens of soybean fusa-
riosis (wilt and root rot) have been identified: F.
oxysporum, E. culmorum, F. moniliforme, F. sola-
ni, E. gibbosum, E sambucinum, F. avenaceum, F.
graminearum, and E sporotrichiella (Adamenko,
2015). Currently, according to our data, E solani
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has become the most widespread in the mycobi-
ota of soybean roots (unpublished data).

The E solani species complex (FSSC) is cosmo-
politan in its distribution. However, it has been
proven that these fungi prefer tropical dry regions
(Backhouse et al., 1995; Sangalang et al., 1995; Sa-
bahi et al., 2023). That is, unlike other Fusarium
sp., these fungi can develop in arid conditions,
causing fusariosis on various crops. With climate
change in Ukraine, as in other countries, there is
a gradual increase in fusarium infection caused
by E solani complex, rather than Fusarium ox-
ysporum, which was more common previously.
We have established a significant distribution of
FSSC in Ukrainian soils and its impact on the
non-germination of seeds of the following crops:
winter wheat, spring barley, winter rye, corn,
sunflower, soybeans, beans, peas, millet, and
buckwheat (Rozhkova et al., 2024).

In addition to poor germination, these fungi
cause root rot, wilting, stunting, stem lesions, ne-
crosis, and chlorosis (Coleman, 2016). They have
a wide range of hosts; consequently, in the past,
specialized forms (formae speciales) of E solani
were isolated based on their ability to infect spe-
cific plant families. Subsequently, phylogenetic
analysis proved that these forms may correspond
to separate species (Short et al., 2013; O’'Donnell
et al., 2013; Coleman, 2016; Sabahi et al., 2023).
Members of the E solani species complex (FSSC)
clade 2 (E virguliforme, F. tucumaniae, F. bra-
siliense, and E crassistipitatum) cause Soybean
death syndrome, or Sudden Death Syndrome
(SDS), in North and South America. These soil-
borne species infect plants through the roots and
produce toxins that translocate to the above-
ground parts, causing characteristic interveinal
chlorosis and necrosis of leaves, followed by pre-
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mature defoliation (Hartman et al., 2005; Spam-
pinato et al., 2021).

Today, representatives of the E solani species
complex are widespread and dangerous path-
ogens worldwide, affecting both soybeans and
other crops. Therefore, the aim of our study was
to develop an express method for determining
soybean resistance during seed germination in
the soil and to find new ways to limit the spread
of FSSC in Ukrainian soils.

Materials and Methods. To identify genotypes
resistant to FSSC, nine soybean varieties from
originators in Austria, France, Canada, and Ger-
many were studied (Table 1). We have developed
an express analysis for detecting resistant soybean
genotypes based on seed germination in soil that
had been previously screened for the presence of
Fusarium sp. using the serial dilution method —
2x10* CFU/g. When soybean seeds were sown
in this soil, a fungal plaque of E solani formed
on 66.7% of the seeds after seven days. Thus, we
identified a soil sample with a high density of this
pathogen. For the assay, 10 g of dry soil was placed
into a Petri dish, followed by the addition of 10 ml
of sterile water. The seeds were arranged at a dis-
tance of 1 cm from each other (20 seeds per Petri
dish). The experiment was conducted in triplicate.
The seeds were germinated in a thermostat at a
temperature of 22—25 °C. On the seventh day, the
germination rate and the percentage of seeds in-
fected with E solani plaque were determined.

To evaluate the effectiveness of two treatment
schemes, seeds of the Niagara variety were treat-
ed according to the manufacturers’ recommen-
dations on the day of sowing. They were grown
in Petri dishes containing soil with the previ-
ously identified natural fungal infection. Seed
treatments included the following biological and
chemical preparations: 1 — Avercom® at a rate
of 0.06 L/t (based on metabolites of Streptomy-
ces avermitilis IMV Ac-2179 (54)); Sporazin at
2 L/t (based on strains of Bacillus subtilis and
Pseudomonas aureofaciens); inoculant — Eco-
vital at 1 L/t (an association of three strains of
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nodular bacteria Bradyrhizobium japonicum
UKM B-6018, UKM B-6023, and UKM B-6035,
and the phosphate-mobilizing bacteria Bacillus
megaterium UKM B-5724); 2 — the chemical
fungicide — Merivon® Pro, CS at 0.3—0.4 L/t (a.
i. Xemium® (250 g/L), pyraclostrobin (250 g/L));
the biostimulant Vitazyme at 1 L/t (containing
K,0 0.8%, Cu 0.07%, Zn 0.06%, Fe 0.20%), and
the inoculant Ecovital at 1 L/t.

In the control, seeds were treated with steri-
lized water. Seed germination, morphometric
indicators of seedling development and the per-
centage of E solani infection were determined on
the seventh day. The effectiveness of treatment
was calculated by the formula: Ee (%) = ((Rc—
Re)/Rc) x 100% (Tribel et al., 2001), where Rc
and Re represent the infection rates in the con-
trol and experimental groups, respectively.

The pathogenicity of E solani isolates from
soybeans was determined by artificial inocula-
tion of pea, bean, and sunflower seeds in soil.
Soil samples in Petri dishes were sterilized in a
drying cabinet at 120 °C twice for 45 minutes. 10
mL of the prepared E solani suspension was add-
ed to the soil, and sterilized water was added as
a control. The spore suspension was prepared as
follows: a pure culture of E solani was obtained
by subculturing a portion of the fungal plaque
from soybean seeds by growing in the soil in Petri
dishes; this isolate was cultivated for seven days
at a temperature of 24 + 2 °C on Czapek-Dox
medium; the fungal surface was washed with 10
ml of sterile water, and the resulting suspension
was diluted with sterile distilled water at a ratio
of 1:50 and filtered through filter paper.

Statistical analysis, including one-way analy-
sis of variance (ANOVA), was performed using
STATISTICA 10. Standard deviations were cal-
culated for the data presented in Table 3.

Results. The determination of resistant soy-
bean genotypes via soil seed germination was
conducted using nine varieties recommended
in Ukraine for their resistance to major patho-
gens, including Peronospora manshurica Sydov.,
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Fusarium sp., Septoria glicines L. Hemmi, Asco-
hyta phaseolum Sacc., Sclerotinia sclerotiorum
(Lib.) de Bary, phytopathogenic bacteria, and
viruses (Table 1).

Among these, ES Comandor, ES Mentor,
Niagara, and Mozart exhibited the highest re-
sistance rating (9 points) to primary pathogens.
In contrast, the Ambella variety showed lower
resistance (7 points) specifically to phytoviruses
and S. sclerotiorum (the causative agent of white
mold) and was not rated as resistant to other
pathogens. However, Ambella is characterized by
high lodging resistance. Consequently, based on
the originators’ recommendations, one non-re-
sistant and eight Fusarium-resistant soybean va-
rieties were selected for comparative analysis.

Since E solani primarily resides in the soil, plant
infection occurs immediately upon seed germi-
nation. Therefore, selecting genotypes resistant to
these fungi during this critical period is essential.
Before the study, a biological analysis confirmed
the absence of E solani on the initial seed lots.

The proposed method proved effective, as ev-
idenced by the varying percentages of FSSC in-
fection observed (Fig. 1).

Seed infection rates ranged from 11.7% to
100%. One-way analysis of variance (ANOVA)
confirmed a highly significant effect of the cul-
tivar on the infection rate (Fy | = 2563.1; p <
0.001). Genotypes with severe E solani infection
were identified, specifically Mozart, Ambella,
and Viola. Statistical analysis revealed highly sig-
nificant differences in seed germination across
the studied cultivars (p < 0.001). A strong nega-
tive correlation was established between the lev-
el of infection and seed germination (r = -0.94,
p < 0.001). The coefficient of determination
(R? = 0.88) indicates that 88% of the reduction
in germination is attributable to the pathogen-
ic impact of infections. Highly resilient varie-
ties (e.g., Niagara) exhibited minimal infection
rates while maintaining high seed viability. The
selected group of genotypes was characterized
by a high rate of infection with E solani. Along
with the fungal infection, bacterial infection also
developed, which was accompanied by an un-
pleasant odor. Our data on resistance coincided
with the characteristic of the production of only
one variety — Ambella. With the co-develop-
ment of fungal-bacterial pathogens, the Niagara

Table 1. Resistance of soybean varieties to pathogens according to recommendations for production

Variety Originator (country) Yeal‘ir(:%i%:iz:tlon Disease resistance
Acardia Probstdorfer Saat Zucht (Austria) 2020 Fusariosis, Septoriosis, Ascochytosis,
and Bacteriosis
Amadea Saatzucht Donau GesmbH & Co KG 2018 Peronosporosis, Ascochytosis,
(Austria) Bacteriosis, Septoriosis, and
Fusariosis
Ambella Saatbau (Austria) 2020 Sclerotiniosis, Viroses
Viola Probstdorfer SaatZucht GesmbH & Co 2017 Peronosporosis, Ascochytosis,
KG (Austria) Bacteriosis, Septoriosis, and Fusariosis
ES Governor Euralis Semans (France) 2020 Ascochytosis, Peronosporosis,
Septoriosis, Bacteriosis, and Fusariosis
ES Comandor Euralis Semans (France) 2018 Peronosporosis, Ascochytosis,
Bacteriosis, Septoriosis, and Fusariosis
ES Mentor Euralis Semans (France) 2013 » »
Niagara Sevita Genetics (Canada) 2017 » »
Mozart Deutsche Saatveredeiung AG (Germany) 2019 » »
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Fig. 1. The effect of genotype on E solani seed infection and its germination

variety showed the lowest percentage of infec-
tion (11.7%) and the highest seed germination
(93.3%). Thus, the degree of seed infection with
E solani was the primary determinant of the ger-
mination rate in soil.

The resistance of the Niagara variety to FSSC
pathogens was further verified by germinating
seeds in soil samples collected from nine regions
of Ukraine: Chernihiv, Sumy, Kharkiv, Poltava,
Cherkasy, Vinnytsia, Khmelnytskyi, Chernivtsi,
and Lviv (Table 2).

The infection rate of FSSC seeds ranged from
0 to 21.7%, confirming our previous findings re-
garding the resistance of the Niagara cultivar. This
variety demonstrated consistent resistance to the
pathogen across various soil types in Ukraine. The
lowest infection rate was observed in chornozems
(black soils) from the northeastern region of the
country. Fungal infection levels showed a direct
correlation with bacterial damage to soybean
seeds and seedlings. For instance, both fungal and
bacterial pathogens were absent in soil samples
from the Kharkiv region, whereas they were dom-
inant in samples from the Khmelnytskyi region.
Seed germination rates ranged from 91.7% to
100%, demonstrating a clear dependence on the
degree of soil fungal and bacterial contamination.

The effectiveness of seed treatments for a re-
sistant variety against F. solani infection. Spe-
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cific schemes for treating soybean seeds were de-
veloped to optimize germination. The seeds were
treated with the selected preparations immedi-
ately before sowing in the soil. The incubation
period lasted seven days. The study of combined
biological and chemical treatments demonstrat-
ed their high efficiency in limiting the develop-
ment of FSSC on the resistant soybean cultivar
Niagara (Table 3).

On the resistant cultivar, both seed treatment
systems demonstrated high efficiency, lead-
ing to significant increases in seed germination
and improved biometric indicators of soybean
seedling development (except the root length in
Scheme 2). While the treatment scheme incor-
porating the fungicide Merivon® Pro, CS showed
the highest efficiency, and the application of bi-
ological preparations also effectively reduced the
prevalence of E solani.

Pathogenicity of F. solani isolates from soy-
bean. The pure culture of this fungus was iso-
lated from the plaque that formed on soybean
seeds after sowing in soil. Following a seven-day
incubation period in a thermostat, the ability of
the isolate to infect seeds of other crops was eval-
uated. Before the experiment, biological analy-
sis confirmed that the tested seeds were free
of E solani. The soil used in the study was also
confirmed to be free of FSSC and was sterilized
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twice before use. The effectiveness of soil steri-
lization was verified using control samples. On
the fifth day of the experiment, signs of infection
with Fusarium fungi were recorded across all
studied crops. Seeds exhibiting the characteris-
tic fungal plaque were quantified (Table 4), and

their germination rates were calculated to assess
the pathogen’s impact.

The E solani species complex was not detect-
ed in any of the three control groups, confirming
that the soil sterilization was effective. During
the germination of pea and bean seeds, in addi-

Table 2. Infection of F. solani soybean seeds (Niagara variety) during germination in different soils

Seed infection, %
Regions of Ukraine Soil type Seed germination, %
FSSC bacteria

Chernihiv chornozem 5 8.3 95

Sumy chornozem 1.7 1.7 98.3
Kharkiv chornozem 0 0 100
Poltava chornozem 16.7 15 93.3
Cherkasy chornozem 13.3 13.3 93.3
Vinnytsia gray podzolized soils 6.7 6.7 96.7
Khmelnytskyi chornozem 21.7 15 91.7
Chernivtsi chornozem 10 13.3 96.7
Lviv sod-podzolic surface-gleyed soils 8.3 6.7 93.3

There is a statistically significant effect of the variants on the outcome at the 5% significance level (p<0.05).

Table 3. Efficiency of seed treatment of the Niagara soybean variety

Length, mm . .
N Pivomas | Seelnton | vy
8 ’ of seedlings of roots prants: & ’
Control 93.3 20.3 £0.95 754 +291 8.5+0.45 11.7 —
Scheme 1 98.3 2224221 83.3£2.85 9.9 £0.68 3.3 71.8
Scheme 2 100 21.7+1.31 69.4 +3.74 9.4+0.35 1.7 85.5
LSD, 3.9 3.16 6,38 1.03 0.5 5.0
Table 4. Artificial infection of seeds with F. solani isolate from soybean and its germination
Seed infection, %
. Seed
Variant Crop ermination, %
E solani Other microorganisms 8 7
Control Pisum sativum L. 0 Penicillium sp., Aspergillus sp., bacteria 90
Artificial infection 33,3a Penicillium sp., Aspergillus sp., bacteria 71,7a
Control Phaseolus vulgaris L. 0 bacteria 98,3
Artificial infection 21,7a bacteria 100a
Control Helianthus annuus L. 0 — 100
Artificial infection 13,3a Mucor sp. 80a
LSD,, 4.4 3,5
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tion to infection with E solani, the formation of
Penicillium sp. and Aspergillus sp. plaques and
the manifestation of bacteriosis were observed.
Mucor sp. growth was specifically noted on sun-
flower seeds. Infection with fungi of the E solani
species complex ranged from 13.3 to 33.3%. We
have proven that FSSC from soybeans are capa-
ble of infecting seeds of other crops (peas, beans,
and sunflower) through the soil. Furthermore,
legumes were found to be more susceptible to
infection than sunflower.

Discussion. Effective methods for limiting the
spread of FSSC are the cultivation of resistant va-
rieties, crop rotation, fungicide application, soil
solarization and biosolarization (Pérez-Hernan-
dez et al,, 2017; Rozhkova et al., 2024). Recent
studies on the control of the causative agent of
Soybean Sudden Death Syndrome (SDS) (E
virguliforme) also highlight as more effective
methods: the introduction of resistant genotypes
into production (including the development of
transgenic line) and the application of fluopyram
(Sjarpe et al., 2020; Spampinato et al., 2021).

We have developed an express analysis of re-
sistance to E solani for germination of soybean
seeds in soil. Instead, soybean resistance to F
virgulifome has been shown to be multigenic and
complex, as it must take into account root resist-
ance to fungal colonization and tissue resistance
to toxins and enzymes (Kumawat et al., 2016;
Chang et al,, 2018). However, experimental data
indicate that resistance to SDS disease can be
achieved through the inclusion of a single gene
(Ngaki et al., 2016; Wang et al., 2018; Spampina-
to et al., 2021). A greenhouse inoculation meth-
od for assessing soybean resistance to SDS was
previously established in 2008 (Neto et al., 2008).

We have found a resistant soybean variety to
the pathogen during seed germination. Due to
the strong development of Fusarium wilt in adult
plants under closed soil conditions, it was not
possible to find resistant zucchini varieties to F.
solani f. sp. cucurbitae (Pérez-Hernandez et al.,
2017). At the same time, in Japan, a breeding pro-
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gram for eustoma resistance to E solani has been
launched since 2014, as this pathogen is the most
harmful to this plant. A new analysis method has
been developed, which allowed us to distinguish
resistant and susceptible forms of Eustoma (On-
ozaki et al., 2020). Molecular studies have made
it possible to find the MAERF61-mdm-miR397b-
MdLAC7b module, which regulates apple resist-
ance to E solani (the causative agent of root rot)
via lignin biosynthesis (Zhou et al., 2024).

Studies of chemical fungicides in vivo and
in vitro have shown positive results, but with
the transition to reducing the pesticide load on
the environment, most of these substances are
banned for use in some countries or are awaiting
a ban in others. Thus, prochloraz, carbendazim,
and thiophanate-methyl have been proven to be
highly effective against Fusarium wilt in adult
zucchini plants (Pérez-Hernandez et al., 2017).
The same substances have shown inhibition of
E solani when added to the nutrient medium
(Ben Salem et al., 2011).

In Ukraine, as in the world, an active search for
effective biological preparations to limit the devel-
opment of FSSC is underway. With the artificial
introduction of E solani into the soil during the
treatment of pea seeds with the biological prepara-
tion Mikosan (glucans and melanins of Fomes fo-
mentarius), the spread of the disease was reduced
by 33.3%, and Chaetomium cochliodes 3250 — by
16.7% in the germination phase (Gentosh et al,,
2012). In contrast, the Egyptian strains of Ba-
cillus subtilis, Bacillus cereus, and Pseudomonas
fluorescens showed high antagonistic activity
(53.3—91.7% — percentage of mycelium inhibi-
tion) against E solani, which was isolated from
melon roots (Sallam et al., 2012). Pseudomonas
fluorescens strain from Lake Bogoria (Kenya) has
been reported as a promising biocontrol agent for
E solani on Phaseolus vulgaris L., although the in-
hibition of the fungal mycelium was only 5.95—
42.86%. In pots, one strain reduced the percent-
age of disease spread by 8—35% (Wekesa et al.,
2025). The study of the effectiveness of the biolog-
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ical agents Trichoderma harzianum and Gliocla-
dium virens revealed significant inhibition of the
growth of E solani mycelium on the medium, 87.3
and 83.5%, respectively (Ben Salem et al., 2011).
The use of Streptomyces sp. against FSSC
shows high efficiency in vitro and in vivo. The
antifungal activity of S. flaveus against E sola-
ni isolated from potato tubers was investigated,
and inhibition of fungal growth was shown due
to the secretion of extracellular chitinase by ac-
tinomycete (Phan & Nguyen, 2023). In vitro, the
antagonistic activity of S. rochei BT02 against E
solani as a causative agent of tomato root rot was
shown (45.3 — 58.9%) alongside cellulose deg-
radation, phosphate dissolution, indole-3-acetic
acid synthesis, biofilm formation, and sidero-
phore production. In greenhouse conditions, the
reduction of tomato root rot was 41.6% (Nguyen
et al., 2024). S. lactacystinicus CIAD-IA7, S.
cellostaticus CIAD-IA32, and S. lunaelactis CI-
AD-IA104 inhibited the growth of E solani by
95.4—97.9% in vitro due to the release of volatile
organic compounds (Ruiz-Cisneros et al., 2024).
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PO3POBKA EKCITPEC-AHAJII3Y OIIHKI CTIMKOCTI TEHOTUIIIB COT
JIO FUSARIUM SOLANI (MART.) SACC. TA IIJIAXV OBMEXXEHHSA MOTO ITOUIMPEHHSA

Kommnnexc Bupis Fusarium solani (Mart.) Sacc. (FSSC) nominye ceper ¢iromarorenis y rpyHToBiil Miko6ioTi Ta
HeTaTMBHO BIIZIMBA€ Ha NPOPOCTAaHHA HaciHHA B IpyHTax YkpaiHu. Cos € JOCUTb 4yT/IMBOIO JIO MATOT€HHOI Al
nux rpubis. E solani iHpiKye HaciHHA Ta MPOPOCTKM B IPYHTI, CIPUYMHAIOUN iX HEIIPOPOCTaHHS, gedopMaliilo,
a TAKOXK KOPEHEeBY THIWIb Ta HEKPO3 POC/INH. MeTor aHol po6oTy Oy/I0 pO3pOONTI eKCIIpec-aHali3 fijisl BU3HA-
YeHHsI CTINIKOCTI COI IIiff Yac MPOPOCTAHHS HACIHHI Ta BUSIBUTH CTpaTerii o6MexxeHHst nomnpents FSSC. Meropu.
YncenbHICTb IPYHTOBUX IpubiB BUSHAUAIM METOLOM po3BefieHb. F solani inenTudikysanu sa Kyn1pTypHo-Mop¢o-
noriunymMu o3Hakamu. EQeKTMBHICTD MPOTPYEHHS HACIHHSA OLIHIOBANM 3a IOKa3HMKOM 3apakeHoCTi HaciHHs F
solani Ta pospaxoByBanu 3a cTaHfapTHOIO (opmynoto. PesynbraTn. PospobieHO ekcripec-MeTOx A/ BUABICHHS
reHOTUIIB coi, cTiiikux Ko FSSC. I3 feB’ATy IpoTecTOBaHMX COPTIB BIU3HAUEHO BUCOKOCTINKUM copT Hiarapa. Tec-
TYBaHHS 1IbOTO COPTY B Pi3HUX 3pa3Kax IPYHTY [10Ka3ajIo piBeHb iHpiKyBaHHA B Mexxax Bifj 0% mo 21,7%, npudomy
HaJ{HVDKYMIL piBeHDb [IAaTOTeHy BUABJIEHO B YOPHO3eMax IiBHIYHO-cXifHOrO periony. OniHeHo aBi cxemu o6po6xu
HaciHHA copry Hiarapa: 1 — Asepkom®, Cnopasus, B. p. Ta Ekosiran, B. p.; 2 — Mepisor® IIpo, KC, Birasum,
B. p. Ta Exoirtar, B. p. Lli 06po6Ky MifiBUIIMIN CXOXKICTh HACIHHA Ta 3MeHIMIA Tioro ypakenus E solani. Ixus
edexTnBHICTD cTaHOBIIA 71.8% Ta 85.5%, BifnoBinHO. BcTaHoBIeHO, 110 i3071s1TH E solani i3 coi sparHi indikyBaru
Jepes I'PYHT HACIHHA TaKUX KY/IbTYp, sIK TOPOX, KBACOJIA Ta COHALIHUK. BucHoBKu. Po3pobennit ekcripec-aHartis
€ epeKTUBHMM /151 BUSIB/ICHHSI TeHOTHUIIIB, CTINKUX [0 iHikyBaHHA HaciHHs E solani B mepion npopoctanHs. [Ipo-
TeCTOBaHI cXeMu 06pOOKM HACIHHS CTINIKMX COPTIB € BUCOKOe(PEKTUBHIMIA.

Kniouoei cnosa: Glycine max (L.) Merrill., ¢pimonamozenu, cmitixuii copm, gysapios, gyHeiyudu, 6ionoziuni npe-
napamu, namozeHHicmo.
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IN STREPTOMYCETE GENOMES

OF SEQUENCES SIMILAR TO THE METHYLENOMYCIN
BIOSYNTHETIC CLUSTER

In streptomycetes, the clusters of genes that determine biosynthesis in the vast majority of antibiotics are usually located on
chromosomes, but some of them are located on large plasmids. Some of them are silent and do not express. The develop-
ment of a number of modern scientific technologies of molecular biology and bioinformatics makes it possible to identify
silent clusters in the genomes of streptomycetes. The aim of the work was to identify streptomycetes, the genomes of which
contained sequences similar to the cluster of genes of S. coelicolor A3(2), which determine the synthesis of methylenomycin
antibiotic (mmy/mmf-cluster). Methods. The objects of the study were nucleotide sequences of chromosomes and plasmids
of streptomycetes, which were deposited on publicly available Internet databases on the National Center for Biotechnol-
ogy Information. The analysis of primary DNA structures was performed using Basic Local Alignment Search Tool. The
sequence of mmy/mmf-cluster (SCP1 plasmid of S. coelicolor A3 (2)) was used as a request in a computerized analysis of
nucleotide sequences. Results. Sequences similar to the mmy/mmf-cluster and its individual genes were found in plenty of
streptomycete genomes belonging to different species. However, the complete sequences of probable clusters were found only
in a few streptomycete genomes. Of these, two sequences are localized on plasmids (NZ_CP109276.1, NZ_CP109103.1).
Based on the similarity of the 16S rRNA gene sequences of the Streptomyces strains of interest and the corresponding
gene of S. coelicolor A3(2), the genetic relatedness of most of the analyzed Streptomyces strains to S. coelicolor A3(2) was
determined. Methylenomycin resistance genes (mmr and mmy]) have been found in the genomes of many streptomyce-
tes that did not contain mmy/mmf-clusters, including two plasmids. Conclusions. The probable mmy/mmf clusters are
present in genomes of streptomycetes with different genetic affinity of S. coelicolor A3 (2). Of these, strains Streptomyces
sp. NPDC052727, Streptomyces sp. NPDC052721, Streptomyces sp. NRRL S-31 are not genetically related to S. coelicolor
A3(2). Two plasmids (NZ_CP109276.1, NZ_CP109103.1) have been identified, in which mmy/mmf-clusters are present.

Keywords: Streptomyces, genome, plasmid, mmy/mmf-clusters, nucleotide sequence, indicator of DNA identity, geneti-
cally affinity.

Citation: Polishchuk L.V. The Prevalence in Streptomycete Genomes of Sequences Similar to the Methylenomycin
Biosynthetic Cluster. Microbiological journal. 2026 (1). P. 52—61. https://doi.org/10.15407/microbiolj88.01.052

© Publisher PH «Akademperiodyka» of the NAS of Ukraine, 2026. This is an open access article under the CC BY-
NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)

52 ISSN 1028-0987. Microbiological Journal. 2026. (1)



The Prevalence in Streptomycete Genomes of Sequences Similar to the Methylenomycin Biosynthetic Cluster

Methylenomycin is epoxycyclopentenone anti-
biotic that has antibacterial activity against both
gram-positive and gram-negative organisms; it
is particularly effective against Proteus species
(Haneishi et al., 1974a; Haneishi et al., 1974b;
Wright & Hopwood, 1976). Streptomycetes pro-
duce the antibiotic in two variants: A and B (Ha-
neishi et al., 1974a).

As a rule, the genes of streptomycetes, the
products of which are necessary for the syn-
thesis of antibiotics, are organized into clus-
ters. The methylenomycin biosynthetic cluster
(mmy/mmf-cluster) contains 21 genes (Chater
& Bruton, 1985).

In streptomycetes, the gene clusters for the
biosynthesis of the vast majority of antibiotics
are usually located on chromosomes. However,
in some cases, such clusters are located on large
plasmids (Kinashi & Shimaj, 1987; Boccard et
al., 1989; Li et al,, 2016).

The location of the mmy/mmf-cluster on three
different DNA elements, linear (SCP1, 350 kb)
and circular (pSV1, 170 kb) plasmids and linear
chromosome (S. coelicolor A3(2)), is an unusual
phenomenon, indicating an interesting degree of
mobility of at least this set of antibiotic produc-
tion genes without any precedence (Aguilar &
Hopwood, 1982; Yamasaki et al., 2001).

Methylenomycin was first isolated from Strep-
tomyces violaceus-ruber SANK95570 (Haneishi
et al,, 1974a). The same compound was later
found to be produced by S. coelicolor (Wright &
Hopwood, 1976).

Comparison of primary structures of mmy/
mmf-clusters on plasmids (pSV1 and SCP1) re-
vealed their similarity at 99% (O’Rourke et al,,
2009). It was reported that clusters of 22 genes
involved in the production of secondary metab-
olites were identified in the genome of the strain
S. coelicolor A3(2) (Bentley et al., 2002).

It has been established that the bioactive po-
tential of many streptomycetes is much higher
than that found during cultivation. It is thought
that the reason for the “non-discovery” of these

ISSN 1028-0987. Microbiological Journal. 2026. (1)

potential new compounds is largely due to the
fact that genes are not expressed during con-
ventional laboratory culture, so-called silent
gene clusters (Mao et al., 2018; Gram, 2015).
The development of modern scientific technol-
ogies in molecular biology and bioinformatics
makes it possible to identify the presence of si-
lent clusters in the genomes of streptomycetes
(Gram, 2015).

It is known that the same antibiotic can be
produced by strains not only from different spe-
cies of the same genus of microorganisms, but
also by representatives of different genera (Lech-
evalier, 1975). For example, tetracycline antibi-
otics are produced by streptomycetes of species
S. rimosus, S. viridofaciens, Kitasatospora aureo-
faciens (Nelson & Levy, 2011).

Since 2002, when the complete nucleotide se-
quence of the strain S. coelicolor A3(2) genome
was determined, the primary structures of the
genomic DNAs of tens of thousands of strepto-
mycetes have been determined (Bentley et al,,
2002). The significant biosynthetic potential of
streptomycetes is well known; however, it has
been established that many biologically active
secondary metabolites are not synthesized dur-
ing laboratory growth (Blanco, 2012). A new ap-
proach to finding producers of important com-
pounds has recently emerged: genome analysis
(genome mining) (Zerikly & Challis, 2009; Li
et al., 2018). This strategy allows the identifica-
tion of biosynthetic gene clusters in sequenced
genomes and the prediction of a strain’s biosyn-
thetic potential by combining information on the
primary structure of genomes and bioinformat-
ics (Walsh & Fischbach, 2010). This approach —
genome mining — enables both the discovery
of new antibiotics and the derivatives of known
structures (Blanco, 2012; Li et al., 2018).

The aim of the work was to determine the ex-
istence of streptomycetes whose genomes con-
tain sequences similar to the cluster of S. coeli-
color A3(2) genes that determine the synthesis of
the antibiotic methylenomycin.
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Fig. 1. Two-dimensional structural formulas of methyl-
enomycins (Haneishi et al., 1974a)
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Fig. 2. Phisical map of the plasmid SCP1 (Kinashi et al., 1993)

Table 1. Genes of the mmy/mmf-cluster
and their loci of the plasmid SCP1 sequence

Genes Coding sequences
of the mmy/mmf-cluster of genes

mmyF 231676 — 232200
mmyY 232231 — 232692
mmyB 232923 — 233864
mmyQ 233951 — 234604
mmyE 234674 — 235837
mmyD 236410 — 237429
mmyX 237541 — 238245
mmyC 238242 — 239240
mmyA 239304 — 239552
mmyP 239676 — 240374
mmyK 240371 — 240991
mmr 241054 — 242481
mmy] 242698 — 243033
mmyG 242996 — 244177
mmyQO 244260 — 245381
mmyT 245412 — 246221
mmfR 246362 — 247006
mmfL 247201 — 248262
mmfH 248259 — 249461
mmfP 249458 — 250255
mmyR 250406 — 251017

54

Materials and Methods. The objects of the
study were the nucleotide sequences of streptomy-
cete chromosomes and plasmids deposited into
publicly available Internet databases of the Nation-
al Center for Biotechnology Information (NCBI)
server [www.ncbi.nlm.nih.gov/nucleotide/ ].

Analysis of the primary structures of strepto-
mycete DNAs was done using Basic Local Align-
ment Search Tool (BLAST) programs (discontig-
uous megablast) on the NCBI server [www.ncbi.
nlm.nih.gov/blast ]. The fragment of sequence
231676 bp — 251017 bp (the mmy/mmf-cluster)
of the plasmid SCP1 (AL589148.1) was used as
query N1 (Table 1). A sequence of the 16S RNA
gene (rrnC) of the strain S. coelicolor A3(2) was
used as query N2.

Results. As the pathway of methylenemy-
cin synthesis and its determination have been
most studied for the strain S. coelicolor A3(2),
the primary sequence of its mmy/mmf-cluster
was used as query to search for analogous clus-
ters in streptomycetes genomes. Sequences were
identified in 236 streptomycetes belonging to 52
species. However, the presence of complete se-
quences of mmy/mmf-clusters was detected only
in the genomes of 14 streptomycetes (Table 2).
Two such sequences are localized on plasmids
of strains S. anthocyanicus NBC 01636 and S.
anthocyanicus NBC 01777 (NZ_CP109276.1,
NZ_CP109103.1). It should be noted that the
plasmid of strain S. anthocyanicus NBC 01636 is
linear, while the plasmid of the strain S. anthocy-
anicus NBC 01777 is circular.

In addition, a dozen streptomycetes were
identified whose chromosomes contain up to
80% of the length of the mmy/mmf-cluster se-
quence. It should be noted that they lack genes
(mmfR mmfL mmfH mmfP mmyR), which are
necessary for activating the biosynthesis of the
antibiotic (Bowyer et al., 2017) (Table 1). As an
example, we can cite the chromosome sequences
of strains Streptomyces sp. AC512_CC834 (NZ_
JAGMUO010000026.1), S. mirabilis NBC_01472
(NZ_JAPEPS010000003.1), S. poriferorum Alt2

ISSN 1028-0987. Microbiological Journal. 2026. (1)
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mmyY — mmyQ mmyD — mmyC mmyP  mm mmyG mmyT mm
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B Regulation and resistance
B Methylenomycin biosymthesis
O MMF biosynthesis
Fig. 3. Organisation of the mmr/mmf-cluster of S. coelicolor A3(2) (Chater & Bruton, 1985)
Table 2. Similarity levels of streptomycete sequences
to the mmy/mmf-cluster sequence of S. coelicolor A3(2) (query N1)

Similarity Localization

Strains of Streptomyces
(Subject Sequences)

indices of clusters

of clusters on sequences

Streptomyces sp. NRRL_B-16638

S. anthocyanicus NBC 01636 plasmid unnamed1
S. anthocyanicus NPDC057076

S. rubrogriseus NPDC059658

S. rubrogriseus SID7739

S. violaceolatus JCM 4531

S. anthocyanicus JCM 3037

S. anthocyanicus NPDC000080

S. anthocyanicus NPDC000667

S. anthocyanicus NBC 01777 plasmid unnamed1
Streptomyces sp. ESN91

Streptomyces sp. NPDC052727

Streptomyces sp. NPDC052721

Streptomyces sp. NRRL S-31

Qc=100% 1=99.99%

Qc=100% 1=99.63%

Qc=100% 1=99.63%

Qc=100% 1=99.54%

Qc=100% 1=99.53%

Qc=100% 1=99.52%

Qc=100% 1=99.52%

Qc=100% 1=99.52%

Qc=100% 1=99.52%

Qc=100% 1=99.46%

Qc=100% 1=99.46%

Qc=98% 1=88.96%

Qc=98% 1=88.89%

Qc=96% 1=87.54%

NZ_JARAWB010000046.1*
14691 bp — 34033 bp **

NZ_CP109276.1
249549 bp — 230211 bp

NZ_JBHUTJ010000023.1
27030 bp — 46372 bp

NZ_JBHWEC010000023.1
55272 bp -74615 bp

NZ_JAAGMQO010000304.1
28564 bp — 47906 bp

NZ_BAAASK010000029.1
742 bp — 20084 bp

NZ_BMPR01000053.1
4144 bp - 23486 bp

NZ_JBEPFK010000016.1
9837 bp - 29179 bp

NZ_JBIAYQ010000024.1
88024 bp - 107366 bp

NZ_CP109103.1
89140 bp - 108487 bp

NZ_RAIE01000817.1
13454 bp — 32802 bp

NZ_JBFATK010000007.1
135817 bp -150740 bp

NZ_JBFATL010000052.1
27439 bp - 42360 bp

NZ_JOCB01000032.1
13847 bp — 33509 bp

* — anumber of sequence accessions, in GenBank, ** — localization of the mmy/mmf-cluster in the sequence, Qc —

Query coverage, I — identity.
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(NZ_CP120988.1), Streptomyces sp. NBC_01336
(NZ_CP108369.1).

The BLASTN analysis of their primary struc-
tures showed that plasmids NZ_CP109276.1,
NZ_CP109103.1, and SCP1 contain only in-
dividual fragments (Qc<25%) with a similar
(I<98.5%) primary structure, for example, the
sequences of their mmr/mmf-clusters.

The International Committee on the Recon-
ciliation of Approaches to Bacterial Systematics
recommended the use of primary structure of ge-
nomic DNA studies in the hierarchical classifica-
tion, in addition to the results of traditional phe-
notypic and serological studies (Vandamme et al.,
1996; Stackebrandt et al., 2002; Rong & Huang,
2010). For a long time, the primary structure of
16S rRNA was considered the “gold standard” in
determining the genetic affinity of streptomyce-
tes (Goodfellow et al., 2007). To determine the
genetic relatedness of selected strains, the se-

quence of the 16S RNA gene of the strain S. co-
elicolor A3(2) — query 2 — was used (Table 3).

The similarity levels in the 16S RNA gene se-
quences of 14 streptomycete strains showed rela-
tionship between most of the studied (11 strains)
streptomycetes and S. coelicolor A3(2): they were
higher than the required level (98.7%) (Doodfel-
low et al., 2007) (Table 3). Nine strains classified
to the species belong to the S. violaceoruber group.
As mentioned above, methylenenomycin synthe-
sis was initially identified in the S. violaceoruber
strain SANK95570 (Haneishi et al., 1974).

It was necessary to determine the presence of a
mmy/mmf-cluster in the chromosomes of strains
containing plasmids. It was found that the chro-
mosomes of the plasmid host strains (both S. co-
elicolor A3(2) and S. anthocyanicus NBC 01636,
S. anthocyanicus NBC 01777) contained only
small fragments similar to the sequence of clus-
ters (Qc=11%). Interestingly, the chromosomes

Table 3. Genetic consanguinity of selected streptomycete strains
and the strain S. coelicolor A3(2) based on the similarity their 16S RNA gene sequences

16S RNA — genes

Strains of Streptomyces

Similarity indices of genes

(Subject Sequences)

S. anthocyanicus JCM 3037
Streptomyces sp. NRRL_B-16638
S. anthocyanicus NBC 01636

S. anthocyanicus NBC 01777

S. violaceolatus JCM 4531

S. anthocyanicus NPDC000080
S. rubrogriseus SID7739

S. anthocyanicus NPDC057076
S. anthocyanicus NPDC059658
S. anthocyanicus NPDC000667
Streptomyces sp. ESN91
Streptomyces sp. NPDC052727
Streptomyces sp. NPDC052721
Streptomyces sp. NRRL S-31

Qc=86% 1=100.00%
Qc=100% 1=99.93%
Qc=100% 1=99.93%
Qc=100% 1=99.93%
Qc=100% 1=99.87%
Qc=100% 1=99.82%
Qc=100% 1=99.80%
Qc=100% 1=99.03%
Qc=100% 1=99.80%
Qc=80% 1=99.10%
Qc=100% 1=99.93%
Qc=80% 1=98.15%
Qc=100% 1=98.11%
Qc=100% 1=97.71%

IEZ16_RS41860 *
PV411_RS40795
OH747_RS19190
OIE72_ RS17665
GCM10010310_r00040
ABVB25_ RS42450
G3166_ RS31625
ACFIW]_38635
ACFV1I_RS39470
ACFY28_ RS42415*
EBH19_RS05140
ABOL14_RS39690 *
ABOL21_RS39585
IF37_ RS40265

Qc — Query coverage, I — identity, * — the gene sequence is partially represented.
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Fig. 4. Localization of sequences of streptomycete chromosomes that are similar to the same fragments of the mmy/
mmf-cluster. Lines: 1— S. coelicolor A3(2), 2 — S. anthocyanicus NBC 01636, 3 — S. anthocyanicus NBC 01777.

of all 3 strains contained sequences similar to the
same fragments of the cluster (Fig. 4). And they
were not methylenomycin resistance genes!

Of particular interest is the prevalence of
methylenemycin resistance determinants (mmr
and mmy]) of S. coelicolor A3(2) in the genomes
of streptomycetes (Fig. 5, Table 1). The presence
of methylenemycin resistance has been estab-
lished in a number of streptomycetes that do not
produce the antibiotic. Examples include S. vio-
laceoruber T22, Streptomyces sp. RK44 (Bech-
thold et al., 1995; Fang et al., 2020).

As shown by our studies, sequences similar
to the structures of the mmr and mmy] genes
of S. coelicolor A3(2) are widely distributed in
the genomes of streptomycetes (Fig. 5). This
study examined chromosomes and plasmids,
the sequences of which were completely deter-
mined or presented as a set of contigs (Fig. 1).
Among the identified sequences, one can men-
tion the plasmid genes NZ_CP120991 (PSA21_
RS40090, PSA21_RS40095) and NZ_CP108601
(OG199_RS45445, OG199_RS45450) of the
strains S. poriferorum ALT1 and Streptomy-
ces sp. NBC_01176, respectively. Sequences
similar to the structures of the mmr and mmy]
genes of S. coelicolor A3(2) were identified in
the chromosomes of many strains, for example,
Streptomyces sp. NBC_00656 (NZ_C3109033),
Streptomyces sp. NBC_01336 (NZ_CP108369),
S. poriferorum ALT2 (NZ_CP1209988), Strep-
tomyces sp. NBC_01530 (NZ_CP109394), and
S. tsukubensis AT3 (NZ_CP045178).
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Fig. 5. Prevalence of sequences in streptomycete ge-
nomes similar to both the sequence of the entire cluster
and the sequences of individual genes

Discussion. In the literature, only two strains
of streptomycetes (S. coelicolor A3(2) and S. vio-
laceus-ruber SANK95570) are mainly men-
tioned, in which the synthesis of methylenomy-
cin was found. The localization of the mmy/mmf
cluster in the plasmids SCP1 (8. coelicolor A3(2))
and pSV1 (S. violaceoruber SANK95570) was es-
tablished. This is one of the few cases of antibiot-
ic synthesis determined by plasmid genes. Since
the biosynthesis of the vast majority of known
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antibiotics in streptomycetes is determined by
gene clusters located on chromosomes.

The aim of our studies was to identify sequenc-
es similar to the mmy/mmf-cluster of S. coelicolor
A3(2) in the genomes of representatives of the
genus Streptomyces. Our research is based on the
assumption that mmy/mmf-clusters are much
more common in the genomes of streptomyce-
tes, but they may be silent (Mao et al., 2018).

The databases contain millions of strep-
tomycete DNA sequences, both small frag-
ments (for example, S. lonarensis DSM 42084
(NZ_BHZG01001077.1 — 108 bp)) and com-
plete chromosomes (S. prasinosporus JCM
4816 (NZ_BAAAXF000000000.1 — 15 Mbp)).
BLASTN analysis of nucleotide sequences
(Streptomyces (taxid:1883)) in the RefSeq Ge-
nome Database found more than 5000 se-
quences in streptomycete genomes similar to
both the sequence of the entire cluster and the
sequences of individual genes. It was found that
probable mmy/mmf-clusters are quite common
in streptomycete genomes (Table 2, Fig. 4).
Thus, their presence was shown in 2 plasmids
(NZ_CP109276.1, NZ_CP109103.1). The iden-
tified plasmids are not related to each other or
to SCP1 — less than 25% of their sequences are
similar and represent of putative mmy/mmf-
cluster sequences.

It is unknown whether the remaining 12
identified clusters are plasmid or chromosom-
al sequences, since their genome sequences
are presented as sets of contigs. However, it
was shown that 5 contigs of Streptomyces sp.
NRRL_B-16638 contain 97% of the SCP1 plas-
mid sequence (I = 99.99%) (Polishchuk, 2023).
Moreover, the strain is closely related to S. coeli-
color A3(2) (Table 4). In addition, the presence
of agarose catabolism gene cluster in the strain
genome was established (Polishchuk, 2023). As
is known, the isolation of the S. coelicolor A3(2)
strain from tap water as an agar-decomposing
actinomycete with the unique characteristic of
producing colored pigments was first reported
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in 1942; this strain with similar properties was
again isolated from a soil sample (Stanier, 1942;
Erikson, 1948).

Of particular interest is to determine the
prevalence of antibiotic resistance determinants
(mmr and mmy]) in the genomes of strepto-
mycetes that do not produce methylenemycin.
Methylenemycin resistance has been reported
in S. violaceoruber Ti22, Streptomyces sp. RK44
(Bechthold et al., 1995; Fang et al., 2020).

In the study of chromosomal and plasmid
DNAs, the sequences of which were determined
completely or presented as sets of contigs, prob-
able sequences of mmr and mmy] genes were
identified in the genomes of a significant num-
ber of streptomycetes. Among those identified
in our study, there are both plasmid genes NZ_
CP120991 (PSA21_RS40090, PSA21_RS40095)
and NZ_CP108601 (OG199_RS45445, OG199_
RS45450) of the strains S. poriferorum ALT1
and Streptomyces sp. NBC_01176, and chro-
mosomal genes of the strains Streptomyces sp.
NBC_00656 (NZ_CP109033), Streptomyces
sp. NBC_01336 (NZ_CP108369), S. porifero-
rum ALT2 (NZ_CP1209988), Streptomyces sp.
NBC_01530 (CP109394), S. tsukubensis AT3
(NZ_CP045178). In addition, the presence of
probable sequences of mmr and mmy]J genes was
detected in the contigs of several dozen strep-
tomycete strains — S. bauhiniae NPDC094017
(NZ_JBEOUJ010000005.1), S. griseorubigino-
sus NPDC006192 (NZ_JBEXTC010000002.1),
and Streptomyses sp. NPDC057249 (NZ_]B-
HUXS010000021.1).

The conducted determination of close rela-
tionships of 14 identified strains of streptomy-
cetes revealed the affinity of 11 strains to the
model strain (Table 4). The determination of
the affinity of the strains was carried out based
on the levels of similarity of their 165§ RNA
genes (1>98.7%) (Goodfellow et al., 2007) since
the sequences of most of the tested strains are
presented as sets of contigs, and the sequences
of the necessary “housekeeping” genes were not
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determined. It is well known that the S. coeli-
color A3(2) strain belongs to the S. albidoflavus
group. Although the strain of S. coelicolor A3(2)
is traditionally referred to as the S. albidoflavus
clade, there are reports in the literature about
its greater affinity to streptomycetes of the spe-
cies Streptomyces violaceoruber than with the
typical strains of the species Streptomyces coeli-
color (Hatano et al., 1994; Hoskisson & Wezel,
2019). At the same time, 9 strains were classi-
fied as species belonging to the S. violaceoruber
group (Table 3).

It has been established that the same antibiotic
can be synthesized by streptomycetes belonging
to different species — for example, the antibi-
otic landomycin E is produced by the strains S.
globisporus 1912 and S. cyanogenus S136. The
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IacturyT Mikpo6ionorii i Bipyconorii im. JI.K. 3a6omoraoro HAH Vkpainu,
Byn. AkazieMika 3abonoTHoro, 154, Kuis, 03143, Ykpaina

[MOUIVPEHICTDb Y TEHOMAX CTPEIITOMIIETIB ITOC/IIJOBHOCTEM,
MOAIBHUX KIIACTEPY BIOCMHTE3Y METMJIEHOMILIVIHY

Y cTpenroMilieTiB KIacTepy reHiB, 0 AeTepMiHYIOTh 0i0CHHTe3 y epeBaXkHiil 611bIIocTi aHTOI0THKIB, 3a3BUYall
pO3TaIIoBaHi Ha XPOMOCOMaX, OffHAK He3HAaYHA Ki/IbKICTh TAKMX K/IAacTepiB po3TalllOBaHa Ha BEIVKUX IIa3Miflax.
HesKi 3 HUX € MOBYa3HMMIU i He €KCIIPECYIOThCs. PO3BUTOK HM3KM CyYaCHUX HAYKOBUX TEXHOJIOTIN MOJIEKY/IAPHOL
6iosorii Ta 6ioiHdopMaTUKY Ta€ 3MOTY BUSBIUTHU MOBYa3HI K/IaCTEPU B FTeHOMAX CTpernToMineTiB. MeToio po6oTu
6y/10 BUSBUTY CTPENTOMILIETH, B T€HOMaX SIKMX MICTATHCS IOCTIZOBHOCTI, HOAIOHI K0 KIacTepa reHiB S. coelicolor
A3 (2), mwo BM3HAYAIOTb CMUHTE3 AHTUOIOTMKA MeTMIeHOMILVHY (mmy/mmf-knactep). Meromu. O6 exTamu
ROCTKeHHsT OynM HYK/ICOTMIHI IOCTIZOBHOCTI XPOMOCOM Ta IUIas3Mifi CTPEHNTOMILIeTiB, fAKi [IeIOHOBAaHO B
3arajbHOROCTyIHI IHTepHeT 6a3u manHux Ha cepsepi The National Center for Biotechnology Information. Anarnis
nepBuHHUX cTpyKTyp JHK nposopgwmm 3a gonomorowo nporpam Basic Local Alignment Search Tool Ha Tomy >k
cepsepi. [lepBuuua cTpykrypa mmy/mmf-xknacrepy (mwrasmiga SCP1 S. coelicolor A3 (2)) BUKOpUCTOBYBaIacs siK
3aIMUT y KOMITIOTEPU30BAHOMY aHAJIi31 HYKJIEOTUAHUX HOcTigoBHOCTeil. Pesynpratu. IlocmizoBHocTi, momi6Hi
[0 mmy/mmf-KIacTepa Ta JIOr0 OKpeMUX IeHiB, 3HAalIIEHO B F€HOMAX JeKiIIbKOX CTPENTOMILIeTiB, 110 HaJIeKaTh
mo pisHux BufiB. OfHAK HAABHICTb MOBHUX IOCITiIOBHOCTEN IMOBIpHUX K/IacTepiB BUABAEHO JMIIE Y HE3HAUHOL
KiTbKOCTi TeHOMIB cTpenToMineTiB. 3 HMX MBI IOCIiOBHOCTI noKanmisoBaHi Ha mmasmigax (NZ_CP109276.1,
NZ_CP109103.1). Ha mipcrasi nogi6Hocti mocnifoBHocTelt renis 16S pPHK Binibpanux mramis Streptomyces i
BifmoBifHOro rena S. coelicolor A3(2), 6yno BM3HAYEHO TeHETWYHY CIOpifHeHicTh 61IbLIIOCTI IMpoaHaIi3oBaHUX
mraMiB crpentoMineris i3 S. coelicolor A3(2). Tenn crilikocTi o MeTUIeHOMILMHY (mmr Ta mmy]) BUABIECHO B
reHoMax 6araTbOX CTpenTOMILeTiB, AKi He MicTuIM mmy/mmf-Knactepis, BKIo4aoun i i miasmifyu. Bucnokn.
BiporinHi mmy/mmf-knactepu IpuUCyTHI B TeHOMaX CTPEITOMIILIETIB 3 Pi3HOI TeHETUYHOIO CIIOPIAHEHICTIO ITaMy
S. coelicolor A3(2). 3 uux mramu Streptomyces sp. NPDC052727, Streptomyces sp. NPDCO052721 ta Streptomyces
sp. NRRL S-31 He € reHetnyto crnopifgaenumu 3 S. coelicolor A3(2). Bussneno ni mrasmigu (NZ_CP109276.1 i
NZ_CP109103.1), B IOCmifOBHOCTSX SKUX IPUCYTHI mmy/mmf-Knactepi.

Kmiouosi cnoea: Streptomyces, zeHom, nnasmioa, mmy/mmf-knacmepu, HyK1eomuoHa nocri006HiCMb, NOKASHUKU
ioenmuunocmi JJHK, eenemuuna cnopionericmo.
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THE STATE OF NEUTROPHILIC GRANULOCYTE
INDICES IN PATIENTS WITH ACUTE INFECTED
NECROTIZING PANCREATITIS DEPENDING

ON THE TYPE OF PATHOGEN

The aim of the work was to study the state of polymorphonuclear leukocytes (PMN) in patients with acute infected
necrotizing pancreatitis (AINP) depending on the type of pathogen. Methods. In patients with AINP in the preoperative
period and in patients of the control group, the metabolic activity of blood neutrophils in the SP and ST test with nitro-
blue tetrazolium (NBT), as well as the PR of metabolic activity were determined in the blood. The percentage of active
PMN in the phagocytosis reaction (a percentage of neutrophils involved in phagocytosis) and the number of absorbed
Candida albicans particles on average by one PMN - Phl were studied. Results. Pseudomonas aeruginosa, Escherichia
coli, Enterococcus faecalis, Klebsiella pneumoniae, Acinetobacter baumannii,and Staphylococcus epidermidis were the
most common bacterial pathogens identified in AINP patients. The patients with G(-) microorganisms had a signifi-
cantly increased number of formazan-positive blood PMN in the ST NBT test, as well as PhN of blood PMN compared to
patients with G(+) microorganisms. The metabolic activity and phagocytic index of blood PMN in patients with infected
APN did not differ depending on the monoculture or association with isolated microorganisms. However, patients with a
monoculture of m/o had a significantly increased PMN blood phagocytic index compared to patients with microbial as-
sociations. Conclusions. In patients with acute necrotizing pancreatitis, there are disturbances in the functional activity
of the PMN. The main directions of the disorders are a significant activation of the processes of blood PMN metabolism.
A significantly increased PhN of blood PMN was found in patients with G(-) microorganisms compared to patients with
G(+) microorganisms. It was found that patients with m/o monoculture had a significantly increased PhN of blood PMN
compared to patients with microbial associations.

Keywords: acute infective necrotizing pancreatitis, absorptive activity, metabolic activity, Gram-negative microorgan-
isms, Gram-positive microorganisms, polymorphonuclear leukocytes (PMN).
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Acute pancreatitis (AP) is one of the most com-
mon inflammatory diseases of the digestive sys-
tem, with a tendency to a constant increase in the
proportion of this disease among patients with
acute abdominal surgical pathology. The etio-
pathogenetic mechanisms of acute infected ne-
crotic pancreatitis (AINP) can vary, and they in-
variably trigger an immune response that largely
determines the severity and course of the disease.
In general, AP is associated with a mortality rate
of 1 to 5% due to either an excessive pro-inflam-
matory response or a strong compensatory inhi-
bition of antibacterial defense mechanisms that
lead to a severe necrotic form of infected pancre-
atitis (Glaubitz et al., 2023; Iannuzzi et al., 2022).
Recent data from microbiome studies elucidate
the role of the microbiome in pancreatic diseas-
es. Infection is a significant cause of mortality in
patients with severe acute pancreatitis (SAP). How-
ever, the bacterial range is always evolving (Fan et
al,, 2020). Based on current understanding, bacte-
ria translocate to the enecrotic accumulations from
the small intestine. These findings align with fur-
ther translational experiments demonstrating the
migration of fungi and bacteria into the pancreas
through the upper gastrointestinal tract (Fritz et al.,
2010; Aykut etal., 2019; Pushalkar et al., 2018). Cul-
ture-based analyses revealed that Enterococcus spp.,
coagulase-negative Staphylococcus, and Candi-
da spp. are commonly found in walled-off necrosis
samples obtained by endoscopic puncture and as-
piration (Sahar et al., 2018; Mowbray et al., 2018).
Retrospective analysis concluded that the bacterial
spectrum characteristics of 398 AP patients shows
48,4 % gram-negative bacterial strains, 41,2%
gram-positive bacterial strains, and 10,4% fungal
strains (Fan et al., 2020). A multihospital clinical
study showed that the gut population of Enterococ-
cus was higher and positively correlated with the
serum levels of IL-6 in SAP patients, suggesting
that the increase in Enterococci contributes to the
severity of this disease (Tan et al., 2015).
Neutrophils are an important component
of the innate immune system, mediating both
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defense against pathogens and inflammation
through numerous processes, including phago-
cytosis, release of granular enzymes, oxidative
burst, and neutrophil extracellular trap forma-
tion (Lehman & Segal, 2020).

Increased and sustained activation of neutro-
phils is a major determinant of pancreatic in-
flammation and injury (Wan et al., 2021).

Their huge number, constant production, high
cytotoxicity, and ability to create extracellular traps
underlie their ability to effectively protect the body
from the negative effects of microbial pathogens.
However, neutrophils are much more than im-
mune sentinels, as evidenced by the wide range
of their functions, found in the context of tissue
homeostasis, regeneration, or chronic pathology.

Over more than a century, neutrophils (mi-
crophages) have been recognized as the fastest
and most aggressive immune cells to respond
to infection. They are a large army of non-pro-
liferative cells that are constantly searching for
microbial pathogens, adhere to a strict circadian
regime, live only a few hours, and after contact
with microorganisms must be quickly eliminat-
ed so as not to cause concomitant damage to the
macroorganism. Paradoxically, the mechanisms
that they use to protect the macroorganism and
to further influence other aspects of body func-
tion remain largely unexplored to this day.

The aim of the work is to investigate the
state of polymorphonuclear leukocytes (PMN)
counts in patients with AINP depending on the
type of pathogen.

Materials and Methods. The study is based on
the analysis of the results of the examination of 24
patients with AIPN (purulent-necrotic forms and
pancreatic abscess) in the preoperative period,
who were treated at the National Scientific Cen-
ter of Surgery and Transplantation named after
A.A. Shalimov of the National Academy of Medi-
cal Sciences of Ukraine, and 21 healthy donors.

According to the Declaration of Helsinki, all pa-
tients were informed and gave their consent for the
use of their data (examination results) in the study.

63



A.A. Stasenko, Yu.A. Dibrova

There were 22 men and 2 women (aged 29 to
65 years) among the patients in the main group,
which structurally corresponds to a higher prev-
alence of purulent complications in male pa-
tients. The control group consisted of 21 healthy
volunteer donors, including 11 men and 10
women (aged 26 to 53 years).

Bacteriological studies of blood and abscess
contents were performed to determine the eti-
ology of purulent-septic complications of AINP.

The phagocytosis study was performed ac-
cording to the method described by K.F. Cher-
nushenko (1985). We evaluated the absorption
activity of PMN: the percentage of active PMN
in the phagocytosis reaction — phagocytic index
(PhI) and the number of absorbed Candida albi-
cans particles on average by one PMN — phago-
cytic number (PhN).

The NBT test reaction was performed accord-
ing to Park et al. (1968) and Bengt Bjorksten
(1974). The metabolic activity of neutrophils in
the spontaneous (SP) and stimulated (ST) tests
with nitroblue tetrazolium (NBT), as well as the
reserve (R) index of metabolic activity, as the
difference in active PMN in the ST NBT and SP
NBT tests, was determined.

The reactions were performed using venous
heparinized blood cells. One drop (0.02 mL) of
blood plasma pre-settled for erythrocyte sedimen-
tation and 0.02 mL of medium 199 was added on
a grease-free glass slide. Then, the NBT solution
was added to the glass slide and gently mixed, and
further incubated at 37 °C for 30 min in a humid
chamber. For the determination of Yeast-stimu-
lated recovery, in addition to the above ingredi-
ents, 0.02 mL suspension of nonviable C. albicans
at a concentration of 1 million m.b./mL obtained
by heating was added to a water bath for 1 hour.

The preparations were air-dried by placing the
glass in the upright position. The bulk of the lig-
uid flowed down on the glass. The glass slides are
fixed with Nikiforov’s mixture and counterstained
with 0.1% neutral red stain for 3 min. The slides
were air-dried, and the percentage of granulocytes
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with intracellular deposits of formazan, NBTposi-
tive cells, were counted by light microscopy.

100 PMNs were counted for examining spon-
taneous NBT-reducing activity and stimulated
(ST) NBT-reducing activity. The phagocytic ac-
tivity of neutrophils was evaluated by two indi-
cators: Phl and PhN.

Statistical processing of the immunological
results of the study was performed using the pa-
rameters of variation statistics — relative values
(p), mean values (x), mean errors of the mean
and relative values (mr and mx), and estimation
of the reliability of differences (P) (“Microsoft
Excel” and “STATISTICA 6” programs by “Stat
SOFT” for working with data in “Windows”). To
compare the quantitative indicators of indepen-
dent groups, in the case of normal distribution,
the Student’s test was used.

Results. The distribution of patients depend-
ing on the isolated pathogens is presented in
Diagram 1.

In the etiopathogenesis of AINP, the following
pathogens were the leading ones: Pseudomonas
aeruginosa, Escherichia coli, Enterococcus faeca-
lis, Klebsiella pneumoniae, Acinetobacter bau-
mannii, and Staphylococcus epidermidis.

The main Gram-negative G(-) bacteria in
AIPN patients were P. aeruginosa (24%), E. coli
(13.33%), K. pneumoniae (10.67%), A. bauman-
nii (13.33%), and Citrobacter freundii (6.67%).
These five G(-) bacteria accounted for 68% of all
bacterial pathogens identified in patients with
AIPN. The main Gram-positive G(+) bacteria
in patients with AIPN were E. faecalis (10.67%),
S. epidermidis (9.33%), E. faecium (4%), and
Staphylococcus aureus (2.67%). The main fun-
gi in patients with AINP were Candida spp
(5.33%). Among the G(-) bacteria, Pseudomo-
nas fluprescesns, Erwinia spp, and Hafnia alvei
are easily detected in patients with AIPN.

The results indicated that there were 11 patients
with G(- ) culture results, 5 patients with G(+)
culture results, and 8 patients with both G(-) and
G(+) microorganisms among the AINP patients.

ISSN 1028-0987. Microbiological Journal. 2026. (1)



The State of Neutrophilic Granulocyte Indices in Patients with Acute Infected Necrotizing Pancreatitis

Type of pathogen in patients of AIPN B P. aeruginosa 24 %

B E. coli 13.33 %

B E. faecalis 10.67 %

B K. pneumonia 10.67 %

B A. baumannii 9.33 %

B S. epidermidis 9.33 %

B C. freundii 6.67 %

B Candida spp. 5.33 %

I E.faecium 4 %

B S. aureus 2.67 %

B P. fluorescens 1.33 %

W Erwinia spp. 1.33 %
Hafnia alvei 1.33 %

Fig. 1. The distribution of AIPN patients depending on the isolated pathogens

B G(-) culture results 67.99 %
B G(+) culture results 26.67 %
m Candida spp. 5.33 %

Fig. 2. The distribution of culture results in AIPN patients depending on the type of
infectious agent

The distribution of culture results across the Culture-based analyses revealed 67.99 %
AIPN patients depending on G(-) and G(+) | gram-negative bacterial strains, 26.67% gram-
culture results or Candida spp are presented in | positive bacterial strains, and 5.33% fungal

Diagram 2.

strains.
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The results of the study of the metabolic and
phagocytic activities of blood PMN in AINP
patients depending on the type of pathogen,
namely, belonging to G(-) and G(+) microor-
ganisms and with a mixed form of infection, are
presented in Table 1.

Significant changes in the metabolic activity of
blood PMN were found in AINP compared with
donors. AINP patients had a significantly increased
metabolic activity of blood PMN in the SP NBT test
and a significantly decreased PR of blood PMN.

In AINP patients with gram-negative cultures of
microorganisms, a significantly increased PhN of
blood PMN was found compared to the control
group. In AINP patients with gram-positive cultures
of microorganisms, a significantly reduced PhN
PMN of blood was observed compared to healthy
subjects. Comparison of the study results for the
metabolic and phagocytic activities of blood PMN
in patients with G(-) and G(+) microorganisms,
only G(-) microorganisms, and only G(+) micro-
organisms did not reveal any significant differences.

Table 1. Comparison of the metabolic and phagocytic activities of blood neutrophilic granulocytes
of the groups with different bacterial culture results in AINP patients

Group SPNBT,% | STNBT,% PR, % PhI, % PBN,
conventional units.
Donors
n=21 13.6£2.3 63.7£3.0 42.5+4,8 70.7+2.9 3.85+0.22
Patients with G(-)
microorganisms n=11 53.7+5.7 78.5+2.7% 23.8+6.2 56.0 + 3.7 4.62 +0.67*
Patients with G(+)
microorganisms n=5 40.6 £5.2 67.8 +3.7 28.0+7.7 67.3+6.6 2.84+0.25
Patients with G(-) and G(+)
microorganisms n=38 444+ 8.7 71.1 £6.8 26.7+79 65.3+6.8 3.81 £0.99

* — The difference between the number of formazan-positive blood PMN in the ST NBT test and PhN blood PMN
is significant in AINP patients in the group with G(-) microorganisms compared with those in patients with G(+)

microorganisms (P<0.01 — P<0.05).

Table 2. Comparison of the metabolic and phagocytic activity of blood neutrophilic granulocytes
in AINP patients depending on isolated monoculture or association of microorganisms

Group SP NBT, % ST NBT, % PR, % PhI, % P.hN’ .
conventional units.
Donors 13.6+2.3 63.7+3.0 425+ 4.8 70.7 £2.9 3.85+0.22
n=21
Patients with one isolated 49.6 +4.4 752 +2.5 25.1+4.8 61.1+3.7 4.40 +0.77
microorganism
n=8
Patients with association 444+ 8.7 71.1 £6.8 26.7+79 65.0 6.3 2.33+0.33*
of microorganisms
n=16

* — The difference between the PhN of blood PMN in AINP patients is significant in the group with monoculture
compared to those in patients with m/o association (P<0.05).
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Next, we compared the data on the patients
with monoculture and with microbial asso-
ciations of pancreatic infection. Monoculture
was obtained in 33.3% of patients, and mi-
crobial associations in 66.7%. Comparison of
the results of the study of the metabolic and
phagocytic activities of blood PMN in AINP
patients depending on the presence of one iso-
lated pathogen (monoculture) and several de-
tected pathogens (associations) are presented
in Table 2.

The metabolic and phagocytic activity of
blood neutrophil granulocytes in AINP patients
with isolated monoculture and association
of microorganisms were significantly differ-
ent from similar indicators of healthy individu-
als. The metabolic activity and phagocytic index
of blood PMN in AINP patients were not sig-
nificantly different between the two groups —
with monoculture or association of isolated
m/o. However, patients with a monoculture of
m/o had a significantly increased PMN blood
phagocytic index compared with patients with
microbial associations.

Discussion. It is known that the pathogenic-
ity factors of many pathogens disrupt the evo-
lutionarily formed mechanisms of regulation
of the macroorganism’s immune defense (Pak-
bin, Briick & Rossen, 2021; Wang et al., 2021).
We found pathogens in AINP patients , among
which Gram-negative bacteria were the most
prevalent. The pathogens identified by us in
AINP patients are consistent with the classical
concepts of the etiopathogenesis of acute pancre-
atitis (Chengsi Zhao et al., 2023). We compared
the metabolic and phagocytic activity of blood
PMN in AINP patients depending on whether
the pathogen belongs to the Gram-positive or
Gram-negative flora. Patients with isolated G(-)
microorganisms had a significantly increased
number of formazan-positive blood neutrophils
in the ST NBT test and a significantly increased
PhN of blood neutrophils compared to patients
with G(+) microorganisms. A stimulated NBT

ISSN 1028-0987. Microbiological Journal. 2026. (1)

test characterizes the potential ability of the
PMN to respond with a «respiratory explosion»
to adequate irritation. The phagocytic number
reflects the intensity of phagocytosis. Thus, G(-)
microorganisms do not block the production of
oxygen-dependent bactericidal factors and the
absorption activity of PMN compared to G(+)
microorganisms, which is explained by different
molecules and structures that make up the cell
wall of microorganisms and different antigenic-
ity and functions of biological membranes.

Gram-negative bacteria and lipopolysaccha-
ride (LPS) are likely to be more potent triggers
of the innate immune response. Many pathogens
have evolved means to prevent phagocytosis or
to resist its effects on phagocytic cells. (Thi, Wi-
bowo, & Bernd Rehm, 2020). Some pathogens
try to do that by producing substances that ex-
tracellularly intoxicate phagocytes. S. aureus can
secrete various membrane- damaging toxins
that can cause cell lysis and death (Eileen Uribe-
Querol & Carlos Rosales, 2017).

In our studies, it was found that patients with
microorganisms monoculture had a significant-
ly increased PhN of blood PMN compared to
patients with microorganisms association. This
indicates that the bacteria in associations are
able to avoid phagocytizing blood PMN. They
are highly interactive and possess an extraordi-
nary repertoire of intercellular communication
and social behavior, including quorum sensing
(Azimi S, Klementiev, & Whiteley M, Diggle,
2020). Another explanation for the differences
in PhN between the study groups may be the
fact that the phagocytic response is dose-depen-
dent with an increase in the number of bacte-
ria (Skjeflo et al., 2019). The studies by Giuditta
Fiorella Schiavano et al. (2016) revealed an un-
expected level of specificity in the elimination of
bacteria in phagosomes and showed that com-
pletely different mechanisms are required to de-
stroy different types of bacteria.

Conclusions. P, aeruginosa, E. coli, E. faecalis,
K. pneumoniae, A. baumannii,and S.epidermidis
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were the most active bacterial pathogens identi-
fied in patients with AINP.

It was found that AINP patients with G(-)
microorganisms had a significantly increased
number of formazan-positive blood PMN in the
ST NBT test, as well as a significantly increased

G(+) microorganisms. Our study first report-
ed that patients with isolated microorganisms
monoculture have a significantly increased
blood PMN PhN compared to patients with mi-
crobial associations.
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PhN of blood PMN compared to patients with
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Hanionanpuuit Meguuanmii yHiepcutet iM. O.O. boromonbus,
Hamnionanpauit Haykosuit Lentp xipyprii Ta TpancmianTonorii iM. O.O. Ilanimosa HAMH Ykpainn,
Byn. Akafemika llanmimoBa, 30, Kuis, 03126, Ykpaina

CTAH ITIOKA3HUKIB HEMTPO®IIbHNX I'PAHYJIOLIUTIB
Y XBOPVIX HA TOCTPUI IHOIKOBAHMNM HEKPOTU3YIOUMI [TAHKPEATUT
3AJIEXKHO BIJI TUITY 3bYIHIMKA

Mera pobotu — BMBUNTHU CTaH HoaiMopdHOsgepHux meitkorutis (IIMSJI) y xBopux Ha roctpuit iHpiKoBaHMIT
HekpoTuuHuit mankpearut (I'THIT) sanexxHo Bif tumy 36ygHuka. Meropu. Y nanienris 3 ['THIT y noonepauiitnomy
mepiofi Ta y maljieHTiB KOHTPOJIbHOI TPy BU3HAYAIM METaOOMYHY aKTUBHICTD HEMTPOdiniB KPOBi B CIOHTAH-
HoMmy (Cr) Ta ctumynboBanoMy (Cr) Tectax i3 Hirpocunim teTpasoniem (HCT), a Takoxx mokasuuk pesepsy (IIP)
MeTaboMiYHOI aKTUBHOCTI B KpoBi. BuBuamu Bifcotok aktuBHux [IMAJ] y peaxuii ¢aronyurosy —¢aronurapHuii
inpgexc (PI — BigcoTox HelTpodiniB, 3amydeHNx Ko (HaroluTosy) Ta KiIbKICTh NOIMMHEHUX YacTodok Candida
albicans y cepegubomy opauM IIMAJI — ¢aronurapre uncno — OY. Pesymbratu. Pseudomonas aeruginosa,
Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Acinetobacter baumannii ta Staphylococcus epidermidis
Oynu HamompeHinmmy 6akrepianbHuMy 36ygHUKaMy, BusiBleHuMy B anientis 3 TTHIL. Y mauienTis , siki Manu
I'(-) mikpoopraHismu, 6y/10 BUSB/IEHO 3HAYHO 6i/bIIy KibKicTh popmasan-nosutusHux [IMSJI kposi B C1-HCT-
tecTi, a Takox (OY) IIMSAJI kposi nmopiBHsiHO 3 manientamu 3 I'(+) Mikpoopranismu. MeTabo/iuHa aKTUBHICTb Ta
darorurapumit ingexc [IMSJI xposi B marienTis 3 I'THII He BifpisHsIUCS 3aI€)KHO BiJi MOHOKYIBTYpHU ab0 aco-
niarnii BugineHux Mikpoopranismu. OfHak Hal[ieHTV 3 MOHOKY/IBTYPOIO M/0 Many 3Ha4HO 36imburennit I [IMSAJ
KpOBIi HOPIBHIHO 3 manieHTamMn 3 MiKpoOHUMM acouiarisimu. BucHoBku. Y manientis 3 ['THII crocrepirarorbes
nopyuteHHs QpyHkuioHanpHol aktuBHOCTI [IMAJI. OcHOBHMMU HallpsAMaMM IOPYLIeHb € 3HaYHa aKTUBaLlid IIpo-
necis metabonismy IIMSJT kposi. ¥V mauientis 3 I'(-) Mikpoopranismu 6y1o BusiBieHo 3Ha4HO 30imbuernit OY
IIMAJI xpoBi nopiBHAHO 3 HanienTamu 3 ['(+) Mikpooprarismu. BcTaHOBIIEHO, 1O y MAL[iEHTIB 3 MOHOKY/IBTYPOIO
Mikpooprauismu 6yB sHaqHo 6imbumit PAN ITMSIJT kpoBi TOpiBHAHO 3 MallieHTaMu 3 MIKpOOHMMM acoLiallisaMIL.

Knouosi cnosa: cocmpuii ingixosanuii Hekpomuunuti nankpeamum (I'IHII), noenunanvha axmusHicmo, mema-
boniuna axmuenicmo, epam-Heeamueni I'(-) mikpoopearizmu, epam-nosumueni I'(+) mixpoopearizmu, nonimopgpHo-
a0epHi netikouumu (IIMAI).
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PLANT RESISTANCE

TO WHEAT STREAK MOSAIC VIRUS:

INVESTIGATION OF THE PRESENCE OF Wsm1 GENE

IN DIFFERENT WHEAT VARIETIES GROWN IN UKRAINE

Wheat streak mosaic virus (WSMV) is the most harmful virus of cereals and is an economically important virus in
wheat grown in many countries, including Ukraine. The most effective plant defense against viruses is effector-triggered
immunity (ETI) provided by R proteins encoded by R genes. The R gene, which is named Wsm1, provides broad wheat
resistance against WSMV compared to the other three known today resistance genes. The goal of this study was to screen
wheat varieties grown in Ukraine for the presence of resistance gene Wsm1 using a PCR-based marker. Methods. Visual
diagnosis, DAS-ELISA, total RNA extraction, and RT-PCR were used for the WSMYV identification in wheat samples.
Extraction of plant genomic DNA and PCR with primers for the detection of the Wsm1 gene were carried out. Bioassay
and ELISA were used for checking the effectiveness of Wsm1-based resistance. Results. For the first time in Ukraine,
screening of 102 wheat varieties/breeding lines for the presence of the Wsm1 gene was performed using a PCR-based
marker. Our study demonstrates that the Wsm1 gene is present in the 12 investigated wheat varieties/breeding lines that
are widely used in Ukrainian farms. Bioassay results confirmed by DAS-ELISA show effectiveness of the resistance gene
Wsm1 against WSMYV inoculation in experimental conditions. Conclusions. Investigated wheat varieties carrying the
Wsm1 gene can be provided to the breeding programs in Ukraine. To our knowledge, this is the first report about screen-
ing different wheat varieties grown in Ukraine for the presence of the Wsm1 gene.

Keywords: wheat streak mosaic virus, wheat, plant resistance, Wsm1, PCR-based markers, Ukraine.
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Plant Resistance to Wheat Streak Mosaic Virus: Investigation of the Presence of WsmI Gene

Wheat streak mosaic virus (WSMV) is a single-
stranded, positive-sense, monopartite RNA vi-
rus in the family Potyviridae, genus Tritimovirus.
WSMV is the most harmful virus of cereals and
is economically important in wheat. WSMV can
cause significant yield losses of wheat of 5%, with
100% in localized infections (French & Stenger
2004; Schubert, 2015; Hasan et al., 2025; Singh
et al., 2018). WSMV occurrence and impact on
wheat yield are confirmed in Ukraine (Mishchen-
ko et al., 2018, 2019, 2021). The virus is transmit-
ted mechanically and is efficiently transmitted
by the wheat curl mite Aceria tosichella Keifer,
which acquires virions during phloem feeding on
infected hosts. Virus-bearing mites harbor and
transmit WSMV throughout their lifetime (3—4
weeks), allowing both horizontal (plant-to-plant)
and vertical (transovarial) transmission (Gupta
et al., 2019; Tatineni & Hein, 2018; Trzmiel et al.,
2021, 2022). The genome is approximately 9.3 kb
and encodes a single polyprotein that is proteo-
lytically cleaved into 10 mature proteins: P1, HC-
Pro, P3, 6K1, CI, 6K2, VPg, NIa-Pro, NIb, and CP
(Li et al., 2025). CP is known a multifunctional
protein required for cell-to-cell movement and is
a long-distance transport determinant (Tatineni
& French 2014; Tatineni et al., 2023). P3N-PIPO
is also involved in WSMYV cell-to-cell movement
(Choi et al. 2005).

Plants defend themselves against patho-
gens through pattern-triggered immunity (PTI).
PTTI activates multiple signaling pathways in host
cells (i.e., activation of mitogen-activated protein
kinases, reactive oxygen species (ROS) signaling,
reactive nitrogen species (RNS), lipids, callose,
salicylic acid, jasmonic acid, ethylene, etc. (Nguy-
en et al,, 2021)). However, many pathogens, in-
cluding viruses, deploy a variety of proteins
called effectors to defeat PTI. If specialized re-
ceptors in the plant called resistance (R) proteins,
directly or indirectly recognized effectors, the
second layer of plant defense is activated, which
is named effector-triggered immunity (ETI).
R-proteins are encoded by R genes primarily
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function through a “gene-for-gene” interaction,
where specific R genes in plants recognize cor-
responding avirulence (Avr) genes in pathogens
(Ngou et al., 2022). This recognition triggers a
plant defense response, often a hypersensitive re-
sponse (HR) and/or initiation of signal transduc-
tion pathways, which restricts pathogen growth
and spread (Jones et al., 2024; Zhu et al., 2025).
Four R genes for WSMYV resistance named as
Wsml, Wsm2, Wsm3, and ¢2652 have been iden-
tified in wheat to date (Haley et al., 2002; Sharp
et al., 2002; Divis et al., 2006; Haber et al., 2006).
High levels of resistance to WSMV was first ob-
served in a wild wheat relative Thynopyrum inter-
medium (Host) Barkworth and Dewey [Agropy-
ron intermedium (Host) PBeauv.] (Triebe et al.,
1991). The resistance gene from Th. intermedium,
designated as Wsm1I, was introduced into culti-
vated wheat by translocation on the wheat chro-
mosome 4DL. Mechanism of WsmI-mediated
resistance in wheat likely involves virus replica-
tion suppression or/and movement restriction,
but the exact mode is still under study. The Wsm1
resistance gene itself does not code for a specific
protein, but rather refers to a segment of DNA
from the intermediate wheatgrass (T. interme-
dium), which confers resistance to WSMV (Fa-
him et al.,, 2012). This alien chromatin segment
is present on a translocation chromosome in
wheat, where it provides resistance by impairing
the long-distance movement of the virus within
the plant. While the exact protein(s) produced by
the Wsm1 gene are not fully characterized, the
resistance mechanism involves blocking the virus
from entering the plant’s vascular tissue, particu-
larly at lower temperatures (Tatineni et al., 2016).
Wsml provides broad resistance of wheat
against WSMV compared to Wsm2 and Wsma3.
Both WsmI and Wsm2 are temperature-sensitive
genes and are ineffective at higher temperatures.
They have been reported to provide more effec-
tive resistance at or below 18 °C than at 24 °C
and above (Graybosch et al., 2009; Haley et al.,
2011; Seifers et al., 2006; Tatineni et al., 2010;
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Gautam et al., 2025). Farahbakhsh et al. (2019)
reported that in WSMV-resistant wheat at 20 °C,
most metabolic pathways were enhanced (amino
acid metabolism, lipid metabolism, and alkaloid
pathways). However, at 32 °C, increased suscepti-
bility of resistant plants to WSMV was observed,
which was accompanied by a decrease in the ex-
pression of components of signal transduction
pathways or a decrease in the level of metabolites
associated with this pathway, which may be asso-
ciated with plant adaptation to combined stress
(virus and high temperature). In mixed infections,
both symptom severity and virus accumulation
(WSMYV and TriMV) were notably greater in the
wheat cultivars carrying the Wsm2 gene than in
those carrying Wsm1 (Gautam et al., 2025).

Marker-assisted selection (MAS) can be effec-
tively used in wheat breeding programs to incor-
porate the Wsm1 gene into new wheat varieties.
This approach accelerates the breeding process
by allowing breeders to select for the Wsm1 gene
using molecular markers rather than relying
solely on time-consuming and labor-intensive
phenotypic evaluations in the field. Using these
molecular markers, breeders can screen large
populations of wheat plants and select those car-
rying the desired resistance genes, even at the
seedling stage, before the development of visible
disease symptoms.

In Ukraine, markers linked to stem rust resis-
tance genes Sr33, Sr39, Sr40, and to yellow rust for
selecting wheat breeding lines were investigated
(Kozub et al., 2023; Pirko et al., 2021; Pirko et al.,
2024). But the study of wheat resistance genes to
viruses has not been carried out in our country.

The goal of this study was to screen wheat va-
rieties for the presence of resistance gene Wsml
using a PCR-based marker.

Materials and Methods. Collection of wheat
samples. In total, 102 wheat varieties and breed-
ing lines were studied in the work. Wheat sur-
veys were conducted in the fields of Poltava,
Kyiv, Odesa, Ternopil, Kirovohrad, Chernihiyv,
and Vinnytsia regions, during which both plants
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with disease symptoms and visually healthy
samples were selected. Seeds for some varieties
were kindly provided by farmers interested in
this study and were germinated in the laboratory
to the 2—3 leaf stage.

Identification of WSMV was performed using
a double-antibody sandwich enzyme-linked im-
munosorbent assay (DAS-ELISA), and RT-PCR.
DAS-ELISA was carried out using specific anti-
bodies against WSMV No. 070485/100 according
to manufacturer's protocol (Loewe Biochemica
GmbH Germany). Material from healthy-look-
ing wheat plants was included as negative con-
trols. Positive controls were commercial samples
(Loewe Biochemica GmbH Germany). The re-
sults were recorded on a Termo Labsystems Opsis
MR reader (USA) with Dynex Revelation Quick-
link software at a wavelength of 405 nm. Samples
were considered positive when their absorbance
at 405 nm was at least three times higher than
that of negative controls (Crowther, 1995).

Extraction of total RNA was carried out
from symptomatic leaves using a GeneJet Plant
RNA Purification Kit (Thermo Fisher Scientific,
USA). Two-step RT-PCR was conducted using
RevertAid Reverse Transcriptase (RevertAid™
M-MuLV, Thermo Scientific, USA), DreamTaq™
Green PCR Master Mix (Thermo Fisher Scien-
tific, USA), and specific oligonucleotide primers
WS-8166F 5 GAGAGCAATACTGCGTGTACG 3,
and WS-8909R 5' GCATAATGGCTCGAAGT-
GATG3' (Kudela et al., 2008). The amplification
reactions were set up as follows: initial denatur-
ation for 3 min at 95 °C, followed by 30 cycles of
95 °Cfor 30s, 55 °C for 30 s, and 72 °C for 1 min.
The final extension step was at 72 °C for 10 min.

The presence of the Wsm1 resistance gene. To
screen Wsm1, genomic DNA was extracted from
wheat leaves using the GeneJet Plant Genomic
DNA Purification Mini Kit K0791 according to
the manufacturer's protocol (Thermo Fisher
Scientific, USA).

The presence of WsmI-resistance gene was ve-
rified by PCR using specific primer pair STSJ15:
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STSJ15_L (GTAGCAGGGGAAGCTGAAGA)
and STSJ15_R CCGAGCTCACACGCTAATTT
with the expected size of the amplification pro-
duct 500 bp (Talbert et al., 1996). DreamTaq™
Green PCR Master Mix (2X) K1081(Thermo
Fisher Scientific, USA) was used for PCR. Am-
plification was carried out in a thermocycler; the
volume of the reaction mixture was 25 pL, ac-
cording to the manufacturer’s recommendations.
After mixing all reagents, the microtubes were
transferred to a thermocycler. Amplification mo-
de for determining the Wsm1 gene: 95 °C — 30's,
followed by 33 cycles at 95 °C for 30 s, 56 °C for
30's, 72 °C for 45 s, and 72 °C for 5 min.

Verification of the presence of amplification
products was carried out using a horizontal DNA
electrophoresis in agarose gel by the above method
with DNA markers 100bp (MassRuler DNA Lad-
der Mix ready-to-use, Thermo Scientific, USA).

Bioassay. Wheat plants were inoculated with
infectious material (sap of WSMV-infected wheat
plants). A portion of the plant material (5—10 g)
was crushed and ground in a mortar with the ad-
dition of 0.1 M phosphate buffer pH 7.4 in a ratio
of 1:2 (m:V), following the homogenate filtration.
Carborundum powder was applied to the leaves
of the studied wheat plants at the two-true-leaf
stage, then virus-containing material was applied,
inoculating the leaves, and the plants were put in
a shaded place for one day, followed by their cul-
tivation in greenhouse conditions. Wheat carry-
ing the Wsm1 gene was used as the control.

Statistical analysis. Five biological repeats
were conducted for each ELISA measurement.
Each of them contained leaves from five individ-
ual wheat plants pooled together before grind-
ing. Three technical repeats were conducted for
each biological repeat. When appropriate, the
findings of technical repeats were averaged to get
the mean value for each biological repeat. DAS
ELISA, PCR, and bioassay were performed in
three replicates.

Results. In the first part of our work, we
studied 16 wheat samples and varieties selected
from different regions of Ukraine in 2023—2024
(Table 1). Of them, WSMV was confirmed by
ELISA and RT-PCR in the Bohdana variety and
in sample V (samples # 11 and # 11a), which ex-
hibited classic symptoms of leaf streak mosaics
(Fig. 1, 2).

According to the PCR results using primers
targeting the Wsml resistance gene, a 500 bp
amplification product was observed in 11 sam-
ples, which indicates the presence of the target
gene (Fig. 3, Table 1).

In addition to the wheat plants selected in
the fields studied, 29 varieties germinated from
seeds in the laboratory were also tested (Table 2).
The results of PCR using primers to the Wsm1
gene showed that no amplification product of
about 500 bp was detected (Fig. 4).

In 2025, 62 wheat varieties/breeding lines
were collected and analyzed for the presence of
WSMV and Wsm1 . DAS ELISA and RT-PCR

Fig.1. Wheat variety Bohdana with symptoms of WSMV infection (g, b, ¢), d —
healthy sample
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Fig. 2. Identification of WSMYV in wheat samples (2023-2024): a — by DAS-ELISA; b — by RT-PCR: lane numbers
correspond to sample numbers indicated in Table 1; lane marked with M contains DNA markers, 100bp (Thermo
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Fig. 3. Gel electrophoresis with 500 bp PCR fragments amplified using primers for
the WsmI gene. Lane numbers correspond to the sample numbers indicated in Table
1. Samples containing the Wsm1 gene are marked in yellow. Lane marked with M
contains DNA markers, 100bp (Thermo Scientific, USA)

showed WSMYV infection in varieties Stromboli
and Asori (Ternopil region) and in the breeding
line # 1273/25 (PBGI-NCSCI, Odesa) (Fig. 5, 6).

These three WSMV-infected samples do not
contain the resistance gene Wsm]l, ? in contrast
to the rest of the selected samples. Only the
breeding line #11 (DSV-Ukraine) carries the tar-
get gene (Fig.7, Table 3).

Thus, screening 102 wheat varieties/breed-
ing lines has been carried out, 12 of them car-
rying the Wsm1 gene (Tables 1—3). Hence, the
following step of our investigation was to check
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if these varieties are affected by WSMV in arti-
ficial conditions. The var. Lutescens 16923, var.
Rotax (2023), var. Rotax (2024) breeding lines
##1,2,3,6,9,10,11 (DSV-Ukraine), and breeding
lines # 12 and 22 (PBGI-NCSCI) were inoculat-
ed by WSMYV in the laboratory greenhouse. The
wheat var. Panianka served as the positive con-
trol for the inoculation as not carrying the Wsm!1
gene. The bioassay results revealed the absence
of the viral symptoms on the all 12 inoculated
wheat samples, which was confirmed by DAS
ELISA (Fig.8).
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Fig. 4. Gel electrophoresis of PCR products using primers for the Wsml gene
(expected size of the amplification product is 500 bp): K+ — positive control; K— —
negative control; M — DNA markers, 100bp (Thermo Scientific, USA). Lane numbers
correspond to the sample numbers indicated in Table 2.

Table 1. Results of screening wheat from different regions
sampled in 2023—2024 for the presence of WSMV and resistance gene Wsm1

Sample No in the experiment Name of variety/sample, date, and /or collection year WSMV Wsml
10 var. Rotax, 2024 — +
11 var. Bohdana, 2024 + —
11la var. Bohdana, 2024 + —
12 breeding line # 12 PBGI-NCSCT*, 2024 — +
14 var. Rotax, Chernihiv region, 3.06.2023 — +
17 breeding line # 17 PBGI-NCSCI*, 2024 — —
22 breeding line # 22 PBGI-NCSCI*, 2024 — +
24 breeding line #1, DSV-Ukraine, 2024 — +
25 breeding line #2, DSV-Ukraine, 2024 — +
26A breeding line #3, DSV-Ukraine, 2024 — +
29 breeding line #6, DSV-Ukraine, 2024 — +
32 breeding line #9, DSV-Ukraine, 2024 — +
59 Lutescens 16923, Odesa, 2024 — +
709 var. Reform, Kirovohrad region, 2024 — —
IT breeding line # 10, DSV-Ukraine, 2024 — +
\Y% var. Akter, Vinnytsia region, 16.05.2024 + —

* PBGI-NCSCI — Plant Breeding and Genetics Institute — National Center of Seed and Cultivar Investigation;
‘—*— absence of the WSMV/ Wsm1 gene; ‘+'— presence of the WSMV/ Wsm1 gene
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Fig. 5. Symptoms of WSMV infection on winter wheat: a — var. Stromboli, Ternopil
region, 6.06.2025; b —var. Asori, Ternopil region, 6.06.2025; ¢ — healthy wheat plants,
variety MIP Vyshyvanka

Table 2. Results of screening 29 wheat samples grown
from seeds in the laboratory for the presence of resistance gene Wsm1

in tkslzr::l)l();zrljr(r)lent Variety/sample Wsml in t}Slzrg)I();eerIi?lent Variety/sample Wsml

1 Odeska-267 _ 16 Elehiia Myronivska —
2 Obriy — 17 Oksamyt Myronivskyi —
3 Panianka — 18 Struna Myronivska —
4 Tvorchist odeska — 19 Diana —
5 Favorytka odeska — 20 Sophia Kyivska —
6 Lutescens 16823 — 21 Lisova pisnia —
7 Merty — 22 Novosmuglyanka —
8 Vente — 23 Aktor, 2023 —
9 Vilshana — 24 Aktor, 2024 —
10 Sanzhara — 25 Breeding line #46, PBGI-NCSCI| —
11 Dykanka — 26 Breeding line #40, PBGI-NCSCI| —
12 Zelenyi Hay — 27 Sonata Poltavska —
13 Orzhytsia Nova — 28 MIP Fortuna —
14 MIP Vyshyvanka — 29 Smuglianka —
15 MIP Lada —

‘—¢— absence of WsmlI

Table 3. Results of screening wheat varieties and breeding lines
sampled in 2025 for the presence of WSMYV and resistance gene Wsml

in tizrgfézgr(r)lent Name of variety/sample colleclt)igf;er;i /lzrcation WSMV | Weml
1 breeding line #4, PBGI-NCSCI (Motsnyi L.1.) 22.05.25, Poltava region — —
2 breeding line #5, DSV 22.05.25, Poltava region — —
3 breeding line #7, DSV 22.05.25, Poltava region — —
4 breeding line #8, DSV 22.05.25, Poltava region — —
5 breeding line #10, PBGI-NCSCI (Motsnyi I.1.) 22.05.25, Poltava region — —
6 breeding line #11, PBGI-NCSCI (Motsnyi 1.1.) 22.05.25, Poltava region — —
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Continuation of Table 2

in tlslzlzgigl?lent Name of variety/sample colleclt)igf;erzi /l(ércation WSMV' | Wsml
7 breeding line #12, PBGI-NCSCI (Motsnyi I.1.) 22.05.25, Poltava region — —
8 breeding line #13, PBGI-NCSCI (Lytvynenko M.A.) |22.05.25, Poltava region — —
9 breeding line #14, PBGI-NCSCI (Lytvynenko M.A.) |22.05.25, Poltava region — —
10 breeding line #15, PBGI-NCSCI (Lytvynenko M.A.) |22.05.25, Poltava region — —
11 breeding line #33, PBGI-NCSCI (Motsnyi 1.1.) Odesa, 2025 — —
12 breeding line # 34, PBGI-NCSCI (Motsnyi L.1.) Odesa, 2025 — —
13 breeding line #35, PBGI-NCSCI (Motsnyi I.1.) Odesa, 2025 — —
14 breeding line #36, PBGI-NCSCI (Motsnyi .1.) Odesa, 2025 — —
15 var. Karmeliuk 21.05.25, Poltava region — —
16 var. Pylypivka 21.05.25, Poltava region — —
17 var. Katrusia Odeska 21.05.25, Poltava region — —
18 breeding line 1257/25, PBGI-NCSCI 31.05.25, Odesa — —
19 breeding line 1274/25, PBGI-NCSCI 31.05.25, Odesa — —
20 breeding line 1165/25, PBGI-NCSCI 31.05.25, Odesa — —
21 breeding line 1207/25, PBGI-NCSCI 31.05.25, Odesa — —
22 breeding line 1193/25, PBGI-NCSCI 31.05.25, Odesa — —
23 breeding line 1190/25, PBGI-NCSCI 31.05.25, Odesa — —
24 breeding line 1273/25, PBGI-NCSCI 31.05.25, Odesa + —
25 var. MIP Hratsiia Myronivska Myronivka**, 12.05.25 — —
26 var. MIP Valensiia Myronivka, 12.05.25 — —
27 breeding line #11, DSV 21.05.25, Poltava region — +
28 var. Bohdana, 2025 21.05.25, Poltava region — —
29 var.MIP Lakomka Myronivka, 12.05.25 — —
30 var. Volodarka nosivshchyny Myronivka ***, 12.05.25 — —
31 var. Burshtyn Myronivka **%,12.05.25 — —
40 var. Stromboli Ternopil, 6.06.25 + —
41 var. Asori Ternopil, 6.06.25 + —
44(1) var. Baterfliai Ternopil, 6.06.25 — —
52 var. MIP Estafeta Myronivska Myronivka, 12.06.25 + —
53 var. Duniasha Myronivka, 12.06.25 — —
54 var. MIP Dovira Myronivka, 12.06.25 — —
55 var. MIP Darunok Myronivka, 12.06.25 — —
56 var. MIP Roksolana Myronivka, 12.06.25 — —
57 var. MIP Nika Myronivka, 12.06.25 — —
58 var. MIP Yuvileina Myronivka, 12.06.25 — —
59 var. MIP Vezha Myronivska Myronivka, 12.06.25 — —
60 var. MIP Feieriia Myronivka, 12.06.25 — —
61 var. MIP Aelita Myronivka, 12.06.25 — —
62 var. MIP Vidznaka Myronivka, 12.06.25 — —

‘—°— absence of WSMV/ Wsml gene; ‘“+'— presence of WSMV/ Wsm1 gene; * PBGI-NCSCI — Plant Breeding and
Genetics Institute — National Center of Seed and Cultivar Investigation; ** — The V.M. Remeslo Myronivka Institute
of Wheat, National Academy of Agrarian Sciences of Ukraine; *** — Nosivka Breeding and Research Station, The
V.M. Remeslo Myronivka Institute of Wheat, National Academy of Agrarian Sciences of Ukraine
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Fig. 6. Identification of WSMV in wheat samples (2025) by DAS-ELISA
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Fig. 7. Gel electrophoresis of PCR products using genomic DNA from wheat samples
collected in 2025 and primers for the WsmI gene (expected size of the amplification
product is 500 bp): K+ — positive control; K— — negative control; M — DNA markers,
100bp (Thermo Scientific, USA). Lane numbers correspond to the sample numbers
indicated in Table 3. Samples containing the WsmI gene are marked in yellow

78 ISSN 1028-0987. Microbiological Journal. 2026. (1)



Plant Resistance to Wheat Streak Mosaic Virus: Investigation of the Presence of WsmI Gene

203}
s
—480.2-
'&0.1-
O olm M m M [ m [ /@ m [ /@ /| |
S A TR Ve I T TR\ R VA P FRL E S
%%@@3%%9@%@% N NS F
6. ) YT 0T Y
SV U O i
& &

d

Fig. 8. Results of the artificial inoculation with WSMV of wheat varieties/breeding
lines carrying the Wsm1I gene: a, b, — plant breeding lines #1 and #2; ¢ — control, var.
Panianka with streak mosaic symptoms; d — results of DAS ELISA (b.l. -breeding line)

Discussion. Severe studies for the effect of | in the yield of lines lacking Wsm1I. Yield in-
the Wsm1I presence on yield under WSMV in- | creases by 37% in winter wheat breeding lines
fection were carried out. Baley et al. (2001) | with WsmI compared to WsmI-free lines (Divis
reported about 5% yield reduction in lines | et al., 2006). However, Sharp et al. (2002) re-
carrying Wsm1 compared with a 32% reduction | vealed that in the absence of WSMYV disease, the
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T4DL-4J*S translocation for WsmI had a yield
decrease of 11% to 28%. In another experiment,
yield penalty varied depending on the variety
of spring wheat and averaged 5% (Baley
et al., 2001), but there was no significant effect
on quality baking and milling. A study on hard
winter wheat conducted by Divis et al. (2006)
reported that the yield of Wsm1 selections from
breeding populations was not significantly
different from that of WsmI-free lines.

Effective molecular markers closely linked to
the target genes are a key for the success of MAS
on traits such as WSMV resistance and widely
used in wheat- breeding programs. MAS is a
valuable tool in European wheat breeding pro-
grams aimed at developing resistance to various
viruses. MAS uses molecular markers linked to
specific genes that confer disease resistance, al-
lowing breeders to select for these traits more
efficiently than using traditional methods. This
approach is particularly useful in combating the
rapid evolution of new pathogens that can ren-
der traditionally bred resistant varieties suscep-
tible within a few years.
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3 Cesnex11iltHO-TeHe TUYHUIT iHcTUTYT — HallioHa/bHMIT IIEHTP HaCiHHE3HABCTBA Ta COPTOBMBYEHHS,
Byn1. OBifiononbcbKa jopora, 3, Oxeca, 65036, Ykpaina

CTIVIKICTb ITIPOTU BIPYCY CMYTACTOI MO3ATKM ITIITEHMIIL:
JOCHIIDKEHHA HAABHOCTITEHA WSM1 Y PISHMX COPTAX ITHIEHNMIT],
IO BUPOIIYIOTHCA B YKPATHI

Bipyc cmyracroi mozaiku miennii (BCMII) e Hart6i1b1I IIKOZOYNMHHUM BipyCOM 3¢epPHOBMX KY/IBTYP i €KOHOMIYHO
BOX/IMBMM BIpycOM y BUPOLIYBaHHI IileHMIi B Garatbox KpaiHaX, BKIouanouu Ykpainy. HaiiedexrusHimmm
3aXMCTOM POCIAMH Bif BipyciB € imyHirter, Buxmkanuit epexropamm (ETI), mo sabesmeuyerncs R-Gimkamn,
KofjoBaHMMM R-reHamu. R-ren, HasBanmit Wsml, sabesnedye mmpoky cTifikicTs mmennti fo BCMII nopiBHAHO 3
TPbOMA IHIIMMY BilOMMMYL Ha CbOTOJIHI FeHaMU CTiIKOCTi. MeTO¥0 [1bOr0 HOCIIiKEHHsI OY/I0 IIPOBEJeHHS CKPUHIHTY
COPTIB IIIEHNIIi, BUPOLIEHNX B YKPaiHi, Ha HaABHICTb reHa cTiikocTi Wsml 3a jormomorox Mapkepa Ha ocHoBi ITJIP.
Mertomu. [Ina inentndixanii BCMII y 3paskax mieHnIyi BUKOPUCTOBYBAIN Bi3yanbHy HiarHOCTUKY, ceHABIU-IDA,
exctpakiito ToranbHoi PHK ta 3T-IUIP. [Ina BuasnenHs rena Wsml npoefieHo ekcTpakitito renomHoi JJHK pocnnu
ta IIJIP i3 mpaiimepamu. [J71s1 nepeBipku eeKTMBHOCTI CTIIKOCTI Ha 0CHOBI Wsm 1 BUKOPKUCTOBYBaM 6io/moriqHmit
aHari3 Ta [OA. PesynpraTu. Briepiue B Ykpaini 6yo nmposeneno ckpuHinr 102 copTis/ceneKuiiiHyx MiHil MieHni
Ha HaABHICTb reHa Wsml 3a fonomoror Mapkepa Ha ocHosi ITJIP. Hame gocnifykeHHa feMOHCTpYeE, o reH Wsml
TIPUCYTHIN y 12-TM JAOCHKYBaHMX COpPTaX/CeNeKLilHNX JiHiAX MIIeHNIH, fAKi IIMPOKO BUKOPUCTOBYIOTHCSA B
YKPaiHCBKUX TOCIofapcrBax. Pesympraru 6ioananisy, miprsepmxeni IOA, mokasyors eeKTUBHICTD TeHa CTiiIKOC-
ti Wsm1 nporu inokynsanii BCMII B ekciepyMeHTanbHMUX yMoBaX. BucHoBku. [locipkyBaHi copTu nieHnii, 1o
HecyTb reH Wsml, MOXKYTb OyTI BKIIOUEHi 10 CeneKIiltHux mporpaM B Ykpaini. Hackinbku Ham Biffomo, Iie mepiire
IIOBiJOMJIEHHA ITPO CKPUHIHT PiSHMX COPTIB IIIEHNUIi, BUPOLIEHNUX B YKpaiHi, Ha HaABHiCTb reHa Wsml.

Knrouosi cnosa: sipyc cmyzacmoi mosaiku nutenuyi, nuenuysd, cmiixicme pocaun, Wsml, IIJIP-mapkepu, Ykpaina.
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PECTINOLYTIC ENZYMES OF BASIDIOMYCOTA:
GENETIC BASIS, CULTURE CONDITIONS,
BIOCHEMICAL PROPERTIES,

AND INDUSTRIAL APPLICATIONS

Pectinases are a diverse group of enzymes responsible for the depolymerization and modification of plant cell wall
polysaccharides. While bacterial and ascomycete pectinases are well studied and widely applied, the enzymatic poten-
tial of Basidiomycota remains underexplored. This review analyzes over 70 species of Basidiomycota and summarizes
the genetic diversity of pectinase-encoding genes (over 100 genes associated with pectolytic activity), belonging to the
CAZy families GH (8—78 genes, e.g., GH28 for polygalacturonases), PL (up to 24 genes, e.g., PL1 and PL3 for pec-
tin/pectate lyases), and CE (up to 19 genes, e.g., CE8 and CE12 for pectinesterases). Special attention is given to the
role of cultivation conditions — substrate type and concentration, temperature, pH, nitrogen supplementation, and
co-cultivation — in regulating enzyme biosynthesis and activity. Pectinolytic activity varies widely (0.05 ymol/min/
mL to 1163.8 units/g_, . ), with white-rot fungi achieving the upper range. The most promising producers are from
the genera Pleurotus, Trametes, and Lentinula. The review also covers isolation methods, including ammonium sul-
fate precipitation, dialysis, ion-exchange, and gel-filtration chromatography (purification factors 2.4—10.5, recovery
21—65%), and biochemical properties of basidiomycete pectinases, which exhibit moderate thermostability (40—60
°C optima), acidic pH optima (3.5—6.5), glycoprotein structure, and multiple isoforms. These enzymes show promis-
ing properties for fruit juice extraction, clarification, tissue maceration, and bioconversion of agro-industrial wastes.
Therefore, Basidiomycota represents a valuable but insufficiently characterized source of industrial pectinases, requir-
ing further study of new strain selection, cultivation optimization, and large-scale enzyme applications.
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Pectins are complex heteropolysaccharides that
are part of the plant cell wall matrix, ensuring
its plasticity, porosity, hydration, and regulating
intercellular interactions (Ruiz et al., 2017). The
basis of pectin compounds is homogalacturo-
nan, modified by numerous side chains. These
compounds are targets for pectolytic enzymes
(pectinases) — a broad class of enzymes that
catalyze the depolymerization and modification
of pectin substances by hydrolysis, de-etherifi-
cation, or - elimination (Chandel et al., 2022;
Kaczmarska et al., 2022).

Depending on the type of chemical bond they
act on, pectinases are divided into three main
functional groups: pectinesterases (carbohy-
drate esterases, CE), which catalyze the de-es-
terification of methylated or acetylated residues;
glycosyl hydrolases (GH), which cleave glycosid-
ic bonds in the main chain or in side branches;
and polysaccharide lyases (PL), which act by a
B-elimination mechanism (Bonnin et al., 2020;
Ozojiofor et al., 2023).

Pectinesterases (EC 3.1.1.X), belonging to
CEl, CES8, and CE12 families, initiate degrada-
tion by hydrolyzing methyl or acetyl esters in
pectin backbone, often via a serine hydrolase-
like catalytic triad (Ser-His-Asp) in a ping-pong
mechanism, releasing low-esterified pectin or
pectic acid and methanol/ethanol; subtypes in-
clude pectin methylesterases (random, block,
or processive demethylation) and acetyl ester-
ases (O-2/0-3 hydrolysis), with fungal/bacterial
enzymes, favoring random cleavage, and plant
ones — block/processive for calcium cross-link-
ing (Ahmed et al., 2021; Hong et al., 2017; Liu et
al., 2018; Sharma et al., 2013; Tapre et al., 2014;
Urbénikova, 2021).

Glycosyl hydrolases, primarily GH28 (poly-
galacturonases), employ acid-base catalysis
for a-1,4-glycosidic bond cleavage endo forms
randomly hydrolyze internal bonds (invert-
ing/retaining mechanisms with Asp/Glu resi-
dues), while exo forms target chain ends, releas-
ing monomers or digalacturonates; additional
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subtypes like rhamnogalacturonan hydrolases
(GH28/78/105/106) cleave RG-I via endo/exo
modes, and arabinanases (GH3/10/43/51/54/62)
hydrolyze a-1,5-arabinan branches (Ahmed et
al., 2021; Bonnin et al.,, 2020; Matsumoto et al.,
2017; Sathya et al., 2014).

Polysaccharide lyases (PL1/3/9 for pec-
tate/pectin lyases) perform non-hydrolytic
B-elimination, abstracting C5 protons to form
A4,5-unsaturated products via tyrosinate/
Zn?**-dependent transelimination, often requir-
ing Ca?* for substrate stabilization in endo/exo
forms (Ahmed et al., 2021; Bekli et al., 2019; Wu
et al., 2020; Zheng et al., 2021).

Pectinases play a key role in industrial pro-
cesses, including juice and wine production
(clarification, yield improvement, aroma en-
hancement), textile fiber processing (pectin
shell removal), wastewater bioremediation, and
plant biomass conversion (Garg et al., 2016;
Ruiz et al., 2017).

The main producers of pectinases in indus-
try remain bacteria (Bacillus spp., Erwinia spp.)
and Ascomycota (representatives of the genera
Aspergillus spp. and Penicillium spp.), which
are characterized by high productivity, ease of
scaling, and resistance to cultivation conditions
(Haile et al., 2022). However, the enzymes of
these microorganisms do not always meet the
requirements for stability, selectivity, or envi-
ronmental safety. In this context, the search for
new pectinase producers is becoming particu-
larly relevant (Singh et al., 2024).

Unlike traditionally used microorganisms —
bacteria and microscopic fungi — Basidiomy-
cota remain less studied in the context of pec-
tolytic enzymes. However, they demonstrate
an exceptional ability to break down complex
polymers of plant origin, primarily due to the
presence of a developed system of lignolytic and
cellulolytic enzymes, including peroxidases, lac-
cases, cellulases, and others (Berger et al., 2022;
Rytioja et al., 2014). Interest in the pectolytic po-
tential of Basidiomycota is not new: in Ukraine,
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extensive research on basidiomycete pectinases
was conducted in the twentieth century at the
M. G. Kholodny Institute of Botany by Dud-
chenko, Trutneva, Danylyak, et al. (Danylyak
et al,, 1989; Dudchenko et al., 1985; Dudka et
al., 1982). Today, there are publications where
individual representatives of Basidiomycota are
considered promising producers of pectinases
(Zhang et al., 2022; Zubyk et al., 2025).

Known systematic reviews on pectinases and
their applications are mainly focused on high-
lighting the enzymes of bacteria and microfungi
(Amin et al., 2019; Haile et al., 2022; Kohli et
al., 2015; Patel et al., 2022; Shrestha et al., 2021).
Among them, the pectolytic enzymes of Basidio-
mycota remain insufficiently studied, which em-
phasizes the relevance of this work

The aim of the work was to systematize data
on the potential of Basidiomycota as producers
of pectolytic enzymes, analyze the factors in-
fluencing their synthesis, and characterize the
properties of the isolated enzymes and their ap-
plications.

Materials and Methods. This narrative review
synthesizes literature from 1990 to 2025 on pec-
tolytic enzymes produced by basidiomycete mac-
romycetes. A systematic search was conducted
across Scopus, Web of Science, Google Scholar,
and PubMed databases using a comprehensive
set of keywords encompassing general and spe-
cific terms “pectinase”, “pectinolytic enzyme”,
“polygalacturonase”, “pectin esterase”, “pectin
lyase”, “pectin depolymerization”, “CAZy”, “tran-
scriptome’, “secretome’, “fungal genome’, “gene
famlly” “fungal pectinase gene”, “basidiomycete”,

“pectinase purification”, “enzyme characteriza-
tion’, “enzyme activity’, “blochemical properties’,

»

“solid-state cultivation’, “submerged cultivation’,
“pectin-rich waste”, “fruit pomace”, “apple pom-
ace”, “citrus peel’, “beet pulp’, “agro-industrial
substrate”, “application of pectinase’, “fruit pro-
cessing’, “biocatalysis’, “biovalorization” along
with genus- -specific terms such as “Agaricus

bisporus”, “Ag. brasiliensis”, “Agrocybe pediades’,
ISSN 1028-0987. Microbiological Journal. 2026. (1)

“Armillaria cepistipes”, “Ar. gallica”, “Ar. mel-
lea”, “Ar. ostoyae”, “Ar. solidipes”, “Armillaria sp”,
“Bjerkandera adusta”, “B. fumosa’, “Cairneyella
variabilis”, “Ceriporiopsis subvermispora”, “Colly-
bia nuda”, “Collybiopsis luxurians”, “Coniophora
puteana’, “Coprinopsis cinerea” (or syn. “Copri-
nus cinereus”), * Cordyceps militaris”, “Coriolopsis
trogii”, “Coriolus cervinus” (or syn. “Trametopsis
cervina”), “Coriolus hirsutus” (or syn. “Trametes
hirsuta”), “C. pubescens” (or syn. “T. pubescens”),
“C. versicolor” (syn. “T. versicolor”), “C. zonatus”
(syn “T. zonatus”), “Cryptococcus neoformans’,
“Cyathus striatus”, “Dichomitus squalens”, “Fis-
tulina hepatica”, “Flammula alnicola”, “Flammu-
lina elastica”, “Flm. ononidis’, “Flm. velutipes,
“Fomes fomentarius”, “F. sclerodermeus”, “Fomi-
tiporia mediterranea”, “Fomitopsis cytisina”, Fmt.
palustrzs ‘Fmt. pinicola”, “Fmt. serialis” (or syn.

“T. serialis”), “Galerina marginata”, “Ganoderma
lucidum’, “Gelatoporia subvermispora”, “Gloeoph-
yllum tmbeum” “Grifola frondosa”, “Gymnopilus
junonius”, “Gymnopus androsaceus”, “Hebeloma
cylindrosporum”, “Heterobasidion annosum’, “He-
ricium erinaceus”, “Hydnomerulius pinastri’, “Hy-
menopellis radicata”, “Hypholoma sublateritium’,
“Hypsizygus ulmarius”, “Infundibulicybe gibba’,
“Laccaria amethystina”, “Lac. bicolor”, “Leuco-
agaricus gongylophorus”, “Lentinula edodes” (or
syn. “Lentinus edodes”), “Lns. crinitus’, “Lns.
squarrosulus”, “Macrocybe titans”, “Macrolepiota
fuliginosa”, “Marasmius fiardii”, “Mucidula mu-
cida”, “Omphalotus olearius”, “Panaeolus papilio-
naceus”, “Pilatotrama l]ubarskyz” “Phanerochaete
chrysosporium” (syn. “Phanerodontia chrysospo-
rium”), “Phlebia brevispora”, “Phl. radiata”, “Phle-
biopsis gigantea”, “Phlegmacium glaucopus”, “Pho-
liota conissans”, “Plicaturopsis crispa’, “Pleurotus
eryngii’, “Pl. florida”, “Pl. ostreatus var. florida”),
“Pl. ostreatus”, “Pl. pulmonarzus” “Pl. sajor-caju”
(or syn. “Lns. sajor-caju”), “Postia placenta”, “Pyc-
noporus cinnabarinus” (or syn. “T. cinnabarina”),
“Pyc. sanguineus” (or syn. “T. sanguinea”), “Rho-
docollybza butyracea”, “Schizophyllum commune’,

“Serpula lacrymans”, “Stereum hirsutum”, “St.

» «
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purpureum”, “Stropharia rugosoannulata”, “Suil-
lus brevipes”, “T. albida” (or syn. “Antrodia al-
bida”), “T. cingulata”, “T. coccinea”, “T. elegans,
“T. hirsuta”, “T. lilacinogilva” (or syn. “Rhodo-
fomitopsis lilacinogilva™), “T. polyzona”, “T. pube-
scens’, “T. ravida” (or syn. “Oxyporus ravidus”),
“T. sanguinea” (or syn. “Pyc. sanguineus”), “T. se-
rialis” (or syn. “Fmt. serialis”), “T. villosa”, “Tri-
choloma matsutake”, “Ustilago maydis”, “Volva-
riella volvacea”, “Wolfiporia cocos”, et al. Genus-
specific searches also incorporated combinations
of species names and targeted terminology (e.g.,
“PL. ostreatus + GH28, “T. versicolor + pectin ly-
ase gene’, “Sch. commune + CAZyme annotation’,
“Flm. velutipes + pectinase transcriptome”).

Priority was given to studies featuring com-
parative genomic and secretomic analyses, as
well as experimental data on fungal cultivation
using pectin-containing substrates. The source
list was refined through bibliographic cross-ref-
erencing in selected publications.

Inclusion was limited to peer-reviewed, full-
text English-language articles for reliability; dis-
sertations, conference abstracts, and technical
reports were excluded. Given the narrative focus
on qualitative synthesis rather than quantitative
meta-analysis, the review emphasizes genetic,
cultivation, biochemical, and application as-
pects, potentially underrepresenting evolution-
ary gene dynamics or less-studied Basidiomycota
groups (e.g., ectomycorrhizal species like Lac. bi-
color) and non-fungal comparisons.

All selected studies were grouped into four
content areas:

(1) genetic basis of pectolytic enzyme synthe-
sis in Basidiomycota (structure, classification, and
distribution of genes through CAZy families);

(2) influence of cultivation conditions on the
synthesis and activity of pectinases;

(3) methods of isolation, purification, and
biochemical characterization of enzymes;

(4) practical aspects of the application of fun-
gal pectinases in the food, environmental, and
processing industries.
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Genetic potential
of Basidiomycota for pectinase synthesis

The expression of the corresponding genes of
Basidiomycota ensures the effective breakdown
of plant cell wall polysaccharides, which is a key
function of fungal adaptation to various sub-
strates, including pectin (Rytioja et al., 2014).
The genes encoding the synthesis of pectolytic
enzymes mainly belong to the families of poly-
saccharide lyases (PL), glycosyl hydrolases (GH),
and, less frequently, carbohydrate esterases (CE).
These genes differ in different types of fungi
(white rot, brown rot, and soft rot), indicating
significant differences in their enzymatic poten-
tials for pectin degradation (Fig. 1) (Sista Ka-
meshwar & Qin, 2018).

Polysaccharide lyases
involved in pectin degradation

All pectin and pectate lyases characterized to date
are classified within the PL1, P12, PL3, PL9, PL10,
PL14, and PL22 families (Park & Kong, 2018).
Pectinases are mainly concentrated in PL1, while
pectate lyases are distributed across PL1, PL3, and
PL9. Comparative genomic analyses indicate that
PL genes are generally more prevalent in white-rot
fungi than in brown-rot species. They have been
identified in D. squalens, Fmp. mediterranea, Het.
annosum, Phl. brevispora, Pl. eryngii, Pl. ostreatus,
Pyc. cinnabarinus, St. hirsutum, and T. versicolor,
among others harboring the largest number (24
PL genes) (Sista Kameshwar & Qin, 2018).
Family-specific analysis reveals that most pec-
tin-degrading lyases in E ononidis belong to PL1
and PL3 (over 70%), whereas in Armillaria spe-
cies, PL3 dominates — ranging from 50% in Ar.
gallica to 70% in Ar. ostoyae (Park & Kong, 2018;
Sipos et al., 2017). In contrast, studies by Miyau-
chi et al. (2020) and Suzuki et al. (2012) demon-
strated that PL8 and PL14 families predominate
in several white-rot fungi, including Ph. carnosa
and Phd. chrysosporium, which contain one PL8
and three to seven PL14 genes. Two PL3 and one
PL8 genes were reported in G. boninense (Dhil-
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Fig. 1. Distribution of the number of pectinolytic enzyme genes in different species of Basidiomycota
across gene families
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lon et al., 2021), while Sch. commune possesses
PL1, PL3, and PL4 genes (Zhu et al., 2016).

The PL9 family occurs only sporadically in Ba-
sidiomycota, being detected in E ononidis, E velu-
tipes, S. commune, Crd. militaris, Hym. radicata,
and Muc. mucida (Park & Kong, 2018; Ruiz-Due-
fas et al., 2021). Some genomes lack PL genes, as
in Cer. subvermispora, Fmt. pinicola, Gl. Trabeum,
Phd. chrysosporium, and Pos. placenta (Miyauchi
et al., 2020; Sista Kameshwar & Qin, 2018; Zhu et
al., 2016). Similarly, ectomycorrhizal species such
as Lac. bicolor show no PL1—PLI11 representa-
tives (Veneault-Fourrey et al., 2014).

Overall, white-rot fungi — for instance, Flm.
velutipes (5 PL8, 8 PL3), Pl eryngii (3 PL1), and
T. versicolor (1 PL1) — display higher PL diversity,
reflecting evolutionary adaptation to lignin-rich
substrates, where B-elimination plays a key role
in pectin clearance and efficient lignocellulose
decomposition (Miyauchi et al., 2020; Rytioja et
al., 2014). Brown-rot species, such as G. trabeum,
Fmt. pinicola, and Pos. placenta, have minimal or
absent PL repertoires, consistent with their cellu-
lose-focused metabolism in nutrient-poor envi-
ronments (Levasseur et al., 2014; Sista Kamesh-
war & Qin, 2018; Zhu et al., 2016). Soft-rot and
pathogenic fungi (Ar. ostoyae, Sch. commune) oc-
cupy an intermediate position, which may corre-
spond to opportunistic or host-invasive lifestyles
(Park & Kong, 2018; Sipos et al., 2017). Ectomy-
corrhizal fungi such as Lac. bicolor typically lack
these genes due to their symbiotic, non-degrada-
tive strategies (Li et al., 2023; Ruiz-Duefias et al.,
2021; Veneault-Fourrey et al., 2014).

Glycosyl hydrolases
involved in pectin degradation

Glycosyl hydrolases (GHs) represent the most
abundant class of carbohydrate-active enzymes
in macromycetes, with their total number rang-
ing from 8 in Lac. amethystina to 78 in Gym. an-
drosaceus (Ruiz-Duefias et al., 2021). Among Ba-
sidiomycota, the predominant families are GH3,
GH28, and GH43, with GH43 often the most
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represented. In particular, members of the GH28
family are widespread across genera such as
Armillaria, Fomitopsis, Galerina, Gymnopus, Col-
lybiopsis, Laccaria, Mucidula, Postia, and Wolfipo-
ria. Conversely, species belonging to Coniophora,
Gelatoporia, Gloeophyllum, and Infundibulicybe,
display comparable numbers of GH3 and GH28
genes (Ruiz-Duefas et al., 2021; Sipos et al., 2017).

Despite this general trend, some studies have
reported distinct gene distributions. For instance,
in Cer. subvermispora and Gl. trabeum, most pec-
tolytic enzymes are encoded by GH28 genes,
while in Sch. commune, GH43 family genes pre-
dominate (Zhu et al., 2016). GH28 genes are typi-
cally the primary candidates in analyses of fungal
pectinolytic potential, given their essential role in
polygalacturonase biosynthesis. The genomes of
Pos. placenta and Len. edodes contain two GH28
genes either, whereas Ag. bisporus, G. lucidum,
Phd. chrysosporium, Pl. ostreatus, and Ser. lacry-
mans possess one. In contrast, Cop. cinerea, Lac.
bicolor, Sch. commune, and V. volvacea lack GH28
representatives (Chen et al., 2016).

Pectolytic activity of phleboid fungi such as B.
adusta, P. carnosa, Ph. radiata, Phl. brevispora, Phl.
centrifuga, and Plp. gigantea is mainly associated
with GH28 and GH105 families (Makinen et al.,
2019). In Plp. gigantea, a particularly high number
of polygalacturonase- and rhamnosidase-encod-
ing genes have been identified. However, other
studies found an expression limited primarily to
GH28 genes in Cer. subvermispora, Het. annosum,
Phd. chrysosporium, and Pos. placenta (Hori et al.,
2014). Similarly, Phl. radiata possesses three GH28
genes and one putative GH43 gene (Kuuskeri et
al., 2016), while more than 60% of GHs in Phl. coc-
cineus belong to GH28 (Couturier et al., 2015).

In contrast, the genome of Pyc. cinnabari-
nus contains comparatively few genes encoding
pectolytic enzymes. The GH28 family is under-
represented relative to other fungi, and fami-
lies GH51, GH53, GH54, and GH88 are absent.
Nevertheless, this species retains a limited set
of GH2, GH35, GH43, GH78, and GH93 genes
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(Levasseur et al., 2014). Other studies also high-
light the contribution of additional GH families
to pectin degradation. For example, in PL ostrea-
tus, GH16- and GH79-encoded enzymes par-
ticipate in pectin hydrolysis (Alfaro et al., 2020),
and in Pyc. coccineus, GH31 gene products are
similarly involved (Couturier et al., 2015).
Across Basidiomycota, GH repertoires reflect
clear ecological patterns. White-rot fungi such as
Flm. velutipes (12 GH3, 8 GH28, 14 GH43), PL os-
treatus (13 GH28, 13 GH2), and St. hirsutum (17
GH2, 17 GH28) typically encode 8 to 17 genes in
key GH families (GH28, GH43), supporting their
extensive capacity for glycosidic bond hydroly-
sis within pectin backbones and side chains. This
enzymatic versatility facilitates synergistic lignin
degradation (Mékinen et al., 2019; Ruiz-Duefas et
al., 2021; Rytioja et al., 2014). Brown-rot fungi (GI.
trabeum, Pos. placenta) display much lower GH28
gene counts (=2—3), consistent with their shift
toward cellulose specialization in nutrient-limited
substrates (Hori et al., 2014; Levasseur et al., 2014;
Zhu et al., 2016). Soft-rot and pathogenic species,
such as Sch. commune and Ar. mellea, show higher
variability (=12—20 genes per family), which likely
corresponds to their opportunistic and host-inva-
sive lifestyles (Alfaro et al., 2020; Kuuskeri et al.,
2016; Sipos et al., 2017). Ectomycorrhizal fungi like
Lac. bicolor maintain strongly reduced GH reper-
toires, reflecting their symbiotic, non-destructive
nutritional strategy (Veneault-Fourrey et al., 2014).
Taken together, these data indicate that white-
rot Agaricomycetes possess the most diverse and
functionally specialized GH repertoires, rein-
forcing their dominant ecological role in the
decomposition of lignocellulosic and pectic sub-
strates (Chen et al., 2016; Couturier et al., 2015).

Carbohydrate esterases

and carbohydrate-binding molecules

involved in pectin degradation

As a result of the analysis of some carbohydrate
esterase genes (CE1, CE12, and CE8) among dif-
ferent species of fungi, significant variability was
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found, reflecting their potential for the decom-
position of lignocellulosic materials and pectins,
as well as their adaptation to specific environ-
mental conditions.

Among the species of the genus Flammulina,
there are genes encoding carbohydrate esterases,
in particular Flm. elastica has 16 genes in CEl, 4
in CE12, and 2 in CE8 (Park et al., 2018). Mean-
while, another representative of this family, Flm.
ononidis, has a larger number of such genes in
CEl - 19, while the number of genes in other
families is similar. Available literature data also
indicate the presence of 1 to 3 CBM genes in these
species (Park et al., 2018; Park & Kong, 2018).

Species of the genus Armillaria show signifi-
cant differences in the number of carbohydrate
esterase genes. For example, Ar. mellea contains
1 gene in the CE1 family, 4 genes in CE12, and
10 genes in CE8, while other species of this ge-
nus, such as Ar. gallica, have no genes in the CE1
and CE12 families, but only 9 genes in the CE8
family. Ar. cepistipes also has no genes in the CE1
and CE12 families, but has 9 CE8 genes (Ruiz-
Duenas et al., 2021; Sipos et al., 2017).

The species Sch. commune is characterized by
the presence of a large number of carbohydrate
esterases (Ruiz-Duenas et al., 2021). Individual
studies of these species indicate the presence of
up to 26 CEl genes, 3 CE12 genes, and 2 CE8
genes (Park et al., 2018).

In species of the genera Pleurotus and Tram-
etes, there are different variations in the number
of carbohydrate esterase genes. Pl ostreatus has 2
genes in the CE1 family, 2 genes in CE12, and 2
genes in CE8, while T. versicolor has 3 genes in the
CE1 family, 1 gene in CE12, and 2 genes in CE8
(Ruiz-Duenas et al., 2021; Zhang et al., 2020).

The number of carbohydrate esterases and
carbohydrate-binding modules related to pectin
degradation in the Pyc. cinnabarinus genome is
limited. Among the CE families, CE12 is absent
in the genome. Carbohydrate-binding mod-
ules are also uncommon, and CBM67 is absent
(Levasseur et al., 2014).
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Overall, research on CBM family genes is less
common compared to other families. CBM35
genes have also been found in Ag bisporus,
Cop. cinerea, C. trogii, Phd. chrysosporium, Len.
edodes, and Sch. commune (Park et al., 2018;
Zhang et al., 2020). The last species had the
highest number of these genes (4 CBM67 family
genes). At the same time, these genes were not
found in Lac. bicolor (Park et al., 2018).

Given the genetic diversity and the presence
of specific genes, various representatives of Ba-
sidiomycota can be producers of pectolytic en-
zymes such as polygalacturonase and pectinase.
White-rot fungi (e.g., genera Phlebia, Pleurotus,
Trametes) possess enriched PL (up to 24 genes in
PI. eryngii) and GH28 repertoires, driven by se-
lective pressures for broad plant polymer degra-
dation in lignin-rich substrates and multiple iso-
forms for synergistic action with lignolytic en-
zymes (Rytioja & Qin, 2014; Sista Kameshwar &
Qin, 2018). Conversely, brown-rot species (e.g.,
Gl. trabeum, Fmt. pinicola) exhibit fewer genes
(e.g., PL1, PL3, and PL9 are absent), attribut-
able to specialization in cellulose hydrolysis over
pectin, as nutrient-scarce environments favor
energy-efficient pathways (Levasseur et al., 2014;
Zhu et al., 2016). Soft-rot groups like Sch. com-
mune show balanced GH43/CE diversity, linked
to opportunistic saprotrophy on pectin-variable
wastes, explaining rapid induction but lower se-
lectivity (Miyauchi et al., 2020). Phylogenetical-
ly, Agaricomycetes dominate in gene abundance
over other classes, with pathogenic genera (e.g.,
Armillaria) emphasizing CE8 for host penetra-
tion (Ruiz-Duenas et al., 2021; Sipos et al., 2017).

The observed variation in the number and
composition of PL, GH, and CE families among
Basidiomycota species suggests that these differ-
ences are not random but rather shaped by eco-
logical specialization and substrate availability.
White-rot fungi consistently exhibit the most
extensive and functionally diverse sets of pectin-
degrading enzymes, particularly within the PL1,
GH28, and CE1/CE8 families, reflecting evolu-
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tionary adaptation to lignin-rich woody sub-
strates where coordinated ligninolytic and pecti-
nolytic systems act synergistically to enhance
plant cell wall degradation (Mikinen et al., 2019;
Ruiz-Duenas et al., 2021; Rytioja et al., 2014).
In contrast, brown-rot fungi such as Gl trabe-
um, Fmt. pinicola, and Pos. placenta possess re-
duced PL and GH28 repertoires, consistent with
their shift toward cellulose-focused degradation
mechanisms in nutrient-limited environments
(Hori et al., 2014; Levasseur et al., 2014; Zhu et
al., 2016). Soft-rot and saprotrophic generalists,
including Sch. commune, display intermediate
diversity dominated by GH43 and CE families,
providing metabolic flexibility for colonization
of variable organic substrates (Alfaro et al., 2020;
Miyauchi et al., 2020). Pathogenic lineages, ex-
emplified by Armillaria species, show a selective
enrichment of CE8 and GH28 genes, likely linked
to enzymatic facilitation of host tissue penetra-
tion and infection processes (Ruiz-Duenas et al.,
2021; Sipos et al., 2017). By contrast, ectomycor-
rhizal fungi such as Lac. bicolor exhibit mark-
edly contracted CAZyme repertoires, a pattern
reflecting their evolutionary transition from sa-
protrophy to symbiotic nutrient exchange (Chen
et al.,, 2016; Veneault-Fourrey et al., 2014).

The influence of cultivation conditions
on the biosynthesis of pectinases

The number and diversity of pectinolytic CAZy
genes directly influence the enzymatic activity
of macromycetes. White-rot fungi such as G. lu-
cidum, PI. ostreatus, Len. edodes, and T. versicolor
consistently exhibit the highest pectinolytic ac-
tivities among basidiomycetes. Their ability to
produce polygalacturonase, pectin lyase, rham-
nogalacturonase, and other pectinolytic enzymes
at significant levels reflects both their ecological
specialization and genomic composition. Ge-
netic richness translates into high enzymatic ac-
tivity, enabling growth on pectin-rich substrates
such as sweet sorghum, tomato or apple pomace,
wheat bran, and citrus pectin and producing
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high yields of polygalacturonase pectin and lyase
(Amin et al., 2017; do Rosario Freixo et al., 2008;
Ruiz-Duenas et al., 2021; Rytioja et al., 2014).

By contrast, brown-rot Polyporales, such as F.
sclerodermeus and Fmt. Cytisina, show a much
lower pectinolytic potential (Miyairi et al., 2001;
Papinutti et al., 2007). Their genomes contain
several GH28 genes and lack PL families alto-
gether, consistent with their ecological strategy
(Riley et al., 2014).

Pathogenic Russulales, including Armillaria
spp., occupy an intermediate position. Their
pectinolytic potential remains poorly character-
ized, as most available data concern only polyga-
lacturonase activity, while other enzyme types —
such as PL and CE — have been scarcely investi-
gated. Limited evidence suggests that Armillaria
relies primarily on GH28-type polygalacturonas-
es for partial degradation of host pectin during
infection, whereas the presence and functional
role of PL3 and CE8 enzymes, although predict-
ed from genomic analyses (Sipos et al., 2017), is
still little experimental confirmation (Mwenje et
al., 1999). Saprotrophic Agaricales such as Sch.
commune possess fewer GH28 genes but express
auxiliary GH43 and CE1 enzymes,which allow a
rapid colonization of organic matter (de Siqueira
etal., 2010; Zhu et al., 2016).

The biosynthesis of pectolytic enzymes in Basi-
diomycota is also largely determined by cultivation
conditions, which include the type and duration
of the process, carbon and nitrogen sources, tem-
perature regime, pH of the medium, and inten-
sity of aeration or stirring. These factors influence
gene expression, enzyme activity, and enzyme
yield, emphasizing the need for optimal control to
maximize biosynthetic potential (Table 1, Appen-
dix https://doi.org/10.7910/DVN/RUJMYB).

Type of cultivation

In the analyzed works, Basidiomycota were cul-
tivated mainly by surface cultivation in flasks
(Amin et al., 2017; Bonomini et al., 2017; de
Siqueira et al., 2010; Farani de Souza et al., 2006;
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Inacio et al., 2015; Liu et al., 2017; Mehmood
et al., 2019b; Mohammad Shamim et al., 2017;
Stoilova et al., 2008; Zilly et al., 2012), bags/pack-
ages (Carolina et al., 2021; Garg et al,, 2014; Ra-
shad et al., 2009; Raymond et al., 2015; Sherief
et al., 2009), Petri dishes (Ganbarov et al., 2001),
jars (Kobayashi et al., 2023) or in a fermenter for
surface cultivation (Masutti et al., 2015). For sub-
merged cultivation, flasks with a volume of 125—
1000 mL were used (de Souza et al., 2008; do
Rosario Freixo et al., 2008; Falkoski et al., 2012;
Freixo et al., 2008; Majumder et al., 2020; Miyairi
et al,, 2001, 2002; Quiroga et al., 2009; Ravichan-
dran et al., 2022; Sakamoto et al., 1994; Schirp et
al., 2003). In turn, Diaz-Godinez et al. cultivated
Pl. pulmonarius and Pyc. cinnabarinus in a 5.5 1
airlift fermenter (75% filling) (Diaz-Godinez et
al., 2016). The production of pectolytic enzymes
by the surface film method (without stirring) has
also been reported (Alberto Marim et al., 2020).

Duration of cultivation

The choice of submerged or surface cultivation
significantly affected its duration. In most stud-
ies, surface cultivation lasted more than 14 days,
which is typical for the production of other en-
zymes, such as laccase, cellulase, etc. (Freitas et
al., 2021; Kurt et al., 2010; Papadaki et al., 2019;
Wang et al., 2024).

The pectinase activity of PL pulmonarius
when cultivated on orange peels remained stable
during the first 20 days of cultivation. After a de-
crease in activity, the peak value was recorded on
day 35 (Indcio et al., 2015). A different dynamics
was observed for Cop. cinereus (Raymond et al,,
2015), G. lucidum, Mac. titans, Pl. Ostreatus, and
Pl pulmonarius (Zilly et al., 2012), Len. edodes
(Alcantara et al, 2013), T. maxima (Lopez-
Sandin et al., 2024), for which pectinase activity
increased gradually throughout the cultivation
period. Other studies indicate that pectinase ac-
tivity increased slowly and decreased after reach-
ing a peak value: 15 days for E sclerodermeus
(Papinutti et al., 2007), 4 days for T. versicolor
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(Amin et al.,, 2017), and 50 days for PI. eryngii
(Xie et al., 2016).

There are also studies reporting that maxi-
mum pectinase activity in surface cultivation
was observed as early as 3—5 (Mehmood et al.,
2019a), 6 (Ganbarov et al., 2001), and 7 days of
cultivation (Stoilova et al., 2008). In addition,
in the study of pectinase synthesis in Sch. com-
mune, it was found that the highest activity was
observed on the first day of cultivation (Mehm-
ood et al., 2019b).

Unlike surface cultivation, submerged cultiva-
tion varied in duration from 4 to 15 days, which is
due to the intensification of biosynthetic process-
es in liquid nutrient media. The maximum activ-
ity of pectolytic enzymes of Lns. squarrosulus was
reached already on day 4 of cultivation in potato-
glucose medium, while continuing the experi-
ment to 7, 11, and 15 days led to a significant de-
crease in the activity (Ravichandran et al., 2022).
A similar trend was observed for T. versicolor
when cultivated on tomato pomace (do Rosario
Freixo et al., 2008), Pl. ostreatus on a similar car-
bon source (Freixo et al., 2008), Pl pulmonarius
on a synthetic glucose-containing medium (Diaz-
Godinez et al., 2016), and T. trogii on a pectin-
containing medium (Levin et al., 1998).

In the case of St. purpureum, the highest en-
zyme activity was recorded on the 14th—15th
day of cultivation in modified potato broth with
the addition of V8 juice, after which the activity
remained or decreased (Miyairi et al., 2002). The
activity of Pyc. sanguineus polygalacturonase in-
creased throughout the entire cultivation period
(Quiroga et al., 2009).

The enzymatic activity during submerged cul-
tivation of Pyc. cinnabarinus was characterized
by heterogeneous dynamics with several local
maxima (Diaz-Godinez et al., 2016).

Cultivation temperature

The optimal cultivation temperature for mac-
romycetes most often remains in the range of
25—30 °C, which is typical for the growth of
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mesophilic fungi (Masutti et al., 2015; Ravichan-
dran et al., 2022). For Sch. commune, significant
deviations from these values were recorded, in
particular 35 °C for polymethylesterase synthe-
sis and 45 °C for polygalacturonase (Mehmood
et al., 2019a). The activity of extracellular pec-
tinases of B. adusta increased with an increase
in temperature from 20 °C to 28 °C (up to 32 °C
for C. versicolor) and decreased sharply with a
further increase to 40 °C (Ganbarov et al., 2001).

pH of the medium

The pH value also affects pectinase synthesis.
Most often, the initial pH was in the range of
5.0—6.0 (Amin et al., 2017; do Rosario Freixo et
al., 2008; Freixo et al., 2008; Miyairi et al., 2001;
Sakamoto et al., 1994). A study of the effect of the
initial pH on the yield of pectinases B. adusta and
C. versicolor demonstrates a normal distribution
of activity with a maximum at pH 5.5 (Ganbarov
et al,, 2001). Similar behavior of C. versicolor
exopolysaccharidase activity was observed in
another study, with a maximum at pH 5 (Amin
et al,, 2017). Several maxima were observed in a
study of T. trogii pectolytic enzymes in the ranges
4.0—5.0 and 6.0—7.0 (Levin et al., 1998).

Substrate type

The choice of carbon source and inducer of pec-
tolytic enzymes significantly affects their activ-
ity . In a study of cottonseed hulls, ramie stems,
kenaf, and reeds, pectinase activity was higher
when kenaf stems were used (Xie et al., 2016).
Lemon pulp proved to be a more favorable source
for polygalacturonase yield than papaya waste,
for which enzyme activity was almost three times
lower (Rashad et al., 2009). Wheat bran was more
effective for obtaining exopolygalacturonase than
other carbon sources studied (Amin et al., 2017).

In the case of Ag. brasiliensis and Pl. ostreatus,
higher polygalacturonase activity was observed
when using sweet sorghum bagasse compared to
banana stems, corn residues, soybeans, or cotton
(de Siqueira et al., 2010). When studying apple,
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cranberry, and strawberry pomace for the cul-
tivation of Len. edodes, the highest polygalactu-
ronase activity was recorded when using straw-
berry pomace throughout the entire cultivation
period (Alcantara et al., 2013).

Substrate concentration

Substrate concentration has a significant effect
on the activity of pectolytic enzymes. Thus, in-
creasing the amount of pomelo peel from 5 g/L
to 40 g/L more than doubled the activity of exo-
polysaccharide galacturonase (Majumder et al.,
2020). Significantly greater differences were ob-
served when the carbon source was increased
from 1% to 10% (de Siqueira et al., 2010). Peak
values of polymethylgalacturonase and pectin-
ase activity increased with an increase in pectin
concentration from 2.5 g/L to 15 g/L, while in
the case of polygalacturonase activity, the maxi-
mum values were already observed at a pectin
concentration of 10 g/L and did not change with
a further increase to 15 g/L (Levin et al., 1998).

Additional components of the medium

The use of other components of a different nature
has a differentiated effect on enzyme activity. Thus,
the addition of rice bran and tofu pulp at various
ratios intensified pectinase activity by 37—42
times (Jin-Kyeong et al., 2019). The pectinase yield
changed slightly when the cocoa bean shell con-
tent was increased to 20% (Santos et al., 2025).

A slight positive effect was observed when adding
peptone, ammonium sulfate, urea, calcium carbon-
ate, and magnesium sulfate heptahydrate during
the cultivation of C. versicolor (Amin et al., 2017),
ammonium nitrate, ammonium dihydrogen phos-
phate, sodium nitrate — B. adusta and C. versicolor,
as well as ammonium sulfate, asparagine, urea, and
peptone for the second one (Ganbarov et al., 2001).
The use of organic nitrogen sources (kazamino ac-
ids, aspartic acid) was more suitable for the synthe-
sis of galacturonases and pectinases. A positive ef-
fect was also observed when Tween-80 was added
to the culture medium (Levin et al., 1998).
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Other factors

Certain wavelengths of light can affect the
growth and biosynthesis of secondary metabo-
lites, including enzymes. Marim et al. investigat-
ed the effect of blue light on the pectinase activ-
ity of Lns. crinitus. It was found that pectinase
activity in the culture fluid decreased by almost
10%, while synthesis productivity increased by
20% (Alberto Marim et al., 2020).
Co-cultivation can also contribute to the intensi-
fication of pectolytic enzyme yield compared to
monocultures. Thus, inoculation of Aspergillus
niger to T. versicolor on days 4 and 5 (Stoilova
et al., 2008), Phd. chrysosporium to Trichoderma
reesei at 12 hours of cultivation, as well as their
simultaneous sowing increased the activity of
pectinases (Yang et al., 2013). Co-cultivation of
T. maxima and Pyc. sanguineus was also accom-
panied by an increase in pectinase activity com-
pared to the monoculture of T. maxima (Lépez-
Sandin et al., 2024).

Biochemical characteristics of pectinases
of basidiomycete macromycetes

As shown in the previous section, the biosynthesis
of pectolytic enzymes largely depends on cultiva-
tion conditions, primarily the carbon source, tem-
perature, pH, and cultivation method. The selec-
tion of these conditions makes it possible to obtain
so-called “crude” enzymes (culture filtrates) with
high pectolytic activity, which is the basis for fur-
ther isolation and more detailed study of enzymes.

Methods of purification
and characterization of pectinase isoforms

Purification of enzymes is an important step for
their biochemical characterization and assess-
ment of their potential for industrial use.

It is known that the purification of enzymes from
culture fluid after cultivation of certain macrofungi
is carried out using classical methods of ammoni-
um sulfate precipitation, dialysis, gel filtration, and
ion-exchange chromatography (Table 2, Appendix
https://doi.org/10.7910/DVN/RUJMYB).
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In a number of cases, the combined use of
these methods made it possible to obtain prepa-
rations with high specific activity. For example,
eight-stage purification of Phd. chrysosponum
endopolygalacturonase using acetone precipita-
tion, gel filtration, chromatography, and dialysis
yielded a preparation with a specific activity of
about 1 unit/g_ . ,a purification factor of 15.5,
and a yield of about 60% (Shanley et al., 1993).
Chromatography and several stages of isoelec-
tric focusing were used to purify the prepara-
tion of Irpex lacteus rhamnogalacturonase with
a final activity of 124 nkat/mg protein (Nor-
mand et al., 2010).

Some strains demonstrate high enzyme ac-
tivity after minimal purification. For example,
with partial precipitation of proteins from the
culture filtrate of Armillaria spp., Pos. placenta,
Pyc. sanguineus, and St. purpureum polygalac-
turonase preparations with specific activity of
18.8 units/mgpmtein, 187 units/mgpmtem, over
340 units/mg, ;. and 200 units/mg protein,
respectively (Clausen et al., 1996; Hamada et
al., 2015; Mwenje et al., 1999; Quiroga et al.,
2009). Do Rosario Freixo et al. (2008) dem-
onstrate more than 65-fold purification of PL
ostreatus polygalacturonase immediately after
chromatographic purification.

Purification can also be used to separate differ-
ent enzymes and their isoforms. Thus, when ob-
taining a preparation of polygalacturonase Fmt.
cytisina at different stages of purification, it was
possible to obtain a preparation of exopolygalac-
turonase and two isoforms of endopolygalactu-
ronase with a specific activity of about 50—100
units/mg, i (Miyairi et al., 2001). Miyairi et
al. used column chromatography to separate two
isoforms of pectin lyase with a specific activity of
0.42—0.45 units/mg, .., (Miyairi et al., 2002).

Physicochemical properties
of purified enzymes

Purified basidiomycete polygalacturonases show
relative structural homogeneity but differ sig-
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nificantly in their biochemical properties. Their
molecular mass varies between 34—65 kDa
depending on the fungus species, purification
method, and degree of glycosylation (Clausen et
al., 1996; do Rosario Freixo et al., 2008; Freixo et
al., 2008; Majumder et al., 2020; Normand et al.,
2010). Some authors have reported a decrease in
molecular mass after treatment of the enzyme
with endoglycosidase H, which confirms the
presence of carbohydrate residues in the struc-
ture of polygalacturonase (Miyairi et al., 2001).
Studies of pectolytic enzymes of Armillaria spp.,
Pos. placenta, Pyc. sanguineus, St. purpureum,
have established a glycoprotein structure, which
is typical for extracellular fungal enzymes (Mi-
yairi et al., 1985; Mwenje et al., 1999; Sakamoto
et al., 1994; Shanley et al., 1993).

The isoelectric point (pI) of purified enzymes
ranges from 3.2 to 8.5, although in most cases pI is
within the range of 4.0—4.6 (Clausen et al., 1996;
Hamada et al., 2015; Miyairi et al., 1985, 2001,
2002). This indicates the predominantly acidic
nature of the enzymes, which correlates with
their optimal activity in an acidic environment. In
some cases, several isoforms of polygalacturonase
with similar but different pI values are found, in-
dicating posttranslational modification or expres-
sion of several genes (Miyairi et al., 2001).

The optimum activity of basidiomycete poly-
galacturonases occurs in a slightly acidic envi-
ronment, most often in the pH range of 4.0—5.5
(Clausen et al., 1996; Freixo et al., 2008; Hamada
et al., 2015; Miyairi et al., 2001, 2002; Mwenje et
al.,, 1999; Alcantara et al., 2013). Outside the opti-
mal pH range, the enzymes rapidly lose their ac-
tivity, but some retain more than 50% of their ac-
tivity even at pH 3.0 or 7.0 (Alcantara et al., 2013).

The temperature optima of polygalacturonases
indicate their moderate thermostability. In most
cases, the optimum activity is between 50 °C and
60 °C (do Rosdrio Freixo et al., 2008; Hamada et
al., 2015; Quiroga et al., 2009). At the same time,
some enzymes, in particular those from Pos. pla-
centa, exhibit maximum activity in the tempera-

ISSN 1028-0987. Microbiological Journal. 2026. (1)



Pectinolytic Enzymes of Basidiomycota

: Genetic Basis, Culture Conditions, Biochemical Properties

ture range from 25 °C to 35 °C, while for poly-
galacturonases Phd. chrysosporium and St. pur-
pureum, the optimum is at 66 °C and 70 °C,
respectively (Miyairi et al., 1985; Shanley et al,,
1993). Pectinases isolated from St. purpureum
showed maximum activity at 60 °C and retained
more than 90% of their activity after 30 minutes
of incubation at 50—60 °C (Hamada et al., 2015).

The kinetic parameters of enzymes show con-
siderable variability. The Michaelis constant (K )
values range from 0.065—0.286 mM in polygalac-
turonases from Fmt. cytisina and St. purpureum to
0.5—2.6 mg/mL for polygalacturonases from oth-
er macromycetes (Freixo et al., 2008; Miyairi et al.,
2001). Other studies report significantly lower K
values (e.g., 0.16 mg/mL in the endoPG I isoform
of polygalacturonase from St. purpureum), indi-
cating a higher affinity for the substrate (Hama-
da et al, 2015). In turn, for polygalacturonase
from St. purpureum, the K _ values were higher
(13.23 mg/mL) (Freixo et al., 2008).

The maximum rates of enzymatic reaction
(V... also vary widely: from 0.038—0.998
mmol/min in Fmt. cytisina and St. purpureum
to over 5500 units/mg protein in PL ostreatus
(Freixo et al., 2008; Miyairi et al., 2001).

Summary data on Michaelis constants, specific
activity, and the effect of temperature and pH on
pectinases of Basidiomycota are given in Table 3 (Ap-
pendix https://doi.org/10.7910/DVN/RUJMYB).

Effect of ions and inhibitors
on the activity of polygalacturonases

The activity of pectolytic enzymes of Basidiomy-
cota is sensitive to the action of metal cations and
thiol-reactive compounds. Most often, complete
inhibition is caused by Hg?*, Fe?*, PCMB, N-bro-
mosuccinimide, which indicates the key role of
sulfhydryl groups in the catalytic center (Carli et
al., 2019; Miyairi et al., 1985; Miyairi et al., 2002).

Stimulation of pectinase activity has been ob-
served in the presence of Ca?" (Miyairi et al.,
2002). Monovalent ions and p-Mercaptoethanol
had a positive effect on polygalacturonase activ-
ity (Carli et al., 2019; Miyairi et al., 1985). K*, Na*,
Co**, Zn>* jons and EDTA usually have no ef-
fect or cause weak inhibition (Miyairi et al., 1985;
Tanaka et al., 2019). Similar effects were found for
recombinant St. purpureum enzymes expressed in
Pichia pastoris (Carli et al., 2019). The summarized
results of the effect of metal ions and low molecu-
lar mass inhibitors are presented in Table 4.

Table 4. Effect of metal ions and chemical reagents on the activity of pectolytic enzymes of Basidiomycota

Enzyme Complete inhibition Decreased activity No effect Incr.ea.sed Ref.
activity
Pectin Lyase EDTA, N-bromosuc- Mg?*, Mn?* Todoace-ta- Ca?* | (Miyairi et
St. purpureum cinimide, PCMB, mide al., 2002)
HgCl,
Polygalactu-ronase — — K, Co**, Mg, — (Tanaka et
Fmt. palustris Fe?*, Min?*, Cu?*. al,, 2019)
Polygalactu-ronase Hg?* Ba?t, Ca?*, Cd?*, Cu?*, Li", EDTA | Na', K%, | (Miyairi et
St. purpureum Mg?*, Mn?*, Sn2*, Sr*, TIodoacet- | al., 1985)
Zn?*, Sodium p-chloromer- amide
curibenzoate.
Endopoly- Fe?* Ca?*, K*, Mg?*, Mn**, Na*, — B-Mercap- | (Carliet
galacturonase EDTA toethanol | al,,2019)
St. purpureum in
P, pastoris
“—“—no data
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Application of pectinases

from basidiomycete macromycetes

Pectolytic enzymes are an important component
of juice production, where they are widely used
for extraction and clarification (Amin et al., 2017).
Most publications are devoted to the study of the
practical use of pectinases of bacteria and Ascomy-
cota (Arshad et al., 2020; Haile et al., 2022; Shoily
et al., 2023), but there are also publications on the
use of enzymes of basidiomycete macromycetes.

An unpurified enzyme preparation of pec-
tinase was studied for its effect on apple juice
yield from pulp. Already with the addition of
1% enzyme, the apple juice yield increased by
10%, while a further increase in enzyme concen-
tration to 10% increased the juice yield by 40%
(Mehmood et al.,, 2019b). Recombinant endo-
polygalacturonase St. purpureum, expressed in
P. pastoris, showed a 20% and 30% decrease in
relative viscosity and a 15% and 12% increase in
light transmittance for papaya and apple juices,
respectively (Carli et al., 2019).

Zheng & Shetty (2000), studying Len. edodes
polygalacturonase, concluded that due to its tol-
erance to acidic pH , the enzyme is an excellent
candidate for tissue maceration, juice extraction,
and clarification (Alcintara et al., 2013). A similar
conclusion was made based on studies of Fmt. cy-
tisina and Irp. lacteus enzymes, which demonstrat-
ed higher values of viscosity reduction in pectin
and pectic acid solutions compared to commercial
pectinase (Kawai, 1972). The maceration of cu-
cumber cells was studied using a polygalacturo-
nase preparation from Armillaria spp. The authors
report that complete tissue decomposition was ob-
served after only 90 minutes (Mwenje et al., 1999).

Some enzymes can be used to obtain pectin
from plant raw materials. For example, protopec-
tinase 1. sanguinea released a significant amount
of pectin from lemon peels (Sakamoto et al., 1994).
Later, an enzyme preparation from the same mac-
romycete demonstrated a higher pectin yield from
orange, grapefruit, and lemon waste compared to
acid extraction (Sakamoto et al., 1995).
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In addition to its use in the food industry,
Mehmood et al. (2019b) studied the possibility
of commercial use of pectinase in the detergent
industry. It was found that the enzyme showed
high compatibility with Ariel, Surf Excel, and
Sufi, where the relative activity was above 60%.

Conclusions. Basidiomycota represent a rela-
tively underexplored yet highly promising source
of pectinolytic enzymes. Their genetic repertoire
is dominated by the GH28, PL1, PL3, CE8, and
CE12 CAZy families, which collectively enable
efficient pectin degradation within lignocellu-
losic substrates. Genomic analyses reveal that
these gene families — particularly GH28, PL1,
and CE8 — are widespread among genera such
as Flammulina, Pleurotus, Trametes, and Schizo-
phyllum. However, their distribution and copy
number vary markedly across taxa, with Flm. ve-
lutipes, Pl. ostreatus, and T. Versicolor, possessing
the most extensive sets of pectinolytic genes.

The synthesis and activity of pectinases in
Basidiomycota are strongly modulated by en-
vironmental and nutritional factors. Both sur-
face and submerged cultivation on pectin-rich
agro-industrial residues (such as apple pomace,
beet pulp, or citrus peel) promote high enzyme
yields. Supplementation with nitrogen sources
and optimization of pH and temperature further
enhance total and specific activities. Neverthe-
less, the standardization of culture parameters
remains challenging due to pronounced inter-
specific variability.

Reported pectinolytic activities among Ba-
sidiomycota span a wide range: from as low as
0.05 pmol/min/mL in Sch. commune grown on
citrus pectin, to 1163.8 U/g substrate in T. ver-
sicolor co-cultivated on oat straw and beet pulp,
and up to 1427 U/L in T. versicolor cultured on
tomato pomace. This variation reflects ecologi-
cal specialization: white-rot fungi consistently
display higher activities due to extensive CAZy
gene induction, whereas brown-rot species ex-
hibit lower values constrained by their reduced
enzymatic repertoires.
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Among basidiomycetes, the most potent pro-
ducers of pectinases are white-rot representatives
of Pleurotus (e.g., P. ostreatus) and Trametes (e.g.,
T. versicolor, T. hirsuta), which combine high en-
zymatic activity with metabolic versatility, allow-
ing growth on diverse pectin-rich substrates and
supporting scalability for industrial applications.

Purification of pectinases from macromycetes
generally employs multistep procedures involv-
ing ammonium sulfate precipitation, dialysis,
and gel filtration chromatography. Reported
purification folds range between 2.4 and 10.5,
with recovery yields of 21—65%. The resulting
enzyme preparations display broad pH optima
(3.5—6.5), moderate to high thermostability (up
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Kadenpa npomucnosoi 6ioTexHonorii Ta 6iodapmanii,
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MNEKTMHOJITUYHI ®EPMEHTV BASIDIOMYCOTA:
ITEHETMYHA OCHOBA, YMOBU BVMPOIYBAHHS, BIOXIMIYHI BTACTVBOCTI
TA TTIPOMMCJIOBE 3ACTOCYBAHHA

ITexTnHa3y — Lie pisHOMaHiTHA rpymna (epMeHTIB, Bi[IIOBiTa/bHIX 3a [eIo/IiMepu3allio Ta Mogudikallio moica-
XapUAiB KIITMHHIUX CTIHOK pociuH. Xo4a meKTrHasu 6akTepiit Ta MiKpoMiLeTiB f06pe BUBUEHI Ta INPOKO 3aCTO-
COBYIOTbCS, hepMeHTaTUBHMUII NOTeHIian Basidiomycota 3anuiiaeTbcss HEJOCTATHBO BUBYEHMM. Y I[bOMY OITISALI
aHayi3yeTbcs moHap 70 BUAiB Basidiomycota Ta y3araqbHIOETbCS TeHETUYHE PI3HOMAHITTA TeHiB, 110 KOZYIOTb IIeK-
THa3M (moHay 100 reHiB, OB sA3aHMX 3 MEKTOMITUYHOK aKTUBHICTIO), 110 Hanexatb o poxud CAZy GH (8—78
reHiB, Hanpukiaj, GH28 mia noniranakryponas), PL (zo 24 renis, Hanpuxian, PL1, PL3 pia nekrtun/nekrariia3)
ta CE (mo 19 renis, nanpuxiazg, CE8, CE12 s nmexktunectepas). Oco6mmBa yBara NpUAis€TbCA POJIi YMOB KY/Ib-
TUBYBAHHS — TUITY Ta KOHI[eHTpaLil CybCcTpaTy, TeMueparypu, pH, fofaBaHHs a30Ty Ta CIIIBHOTO KY/IbTUBYBaH-
HS — y pery/inii 6i0crHTe3y Ta akTUBHOCTI (pepMeHTiB. [TIeKTMHOMTHYHA aKTUBHICTDb KONMBAETHCS B MIMPOKUX
Mexkax (Big 0.05 MkMomb/xB/Mi 10 1163.8 oguHUIB/T cy6erp aTy), IpUIOMy Tpubu 6101 THMIL JOCSATAIOTh BEPXHBOTO
niamaszony. Haii6inpI mepcrneKTHMBHMMY IPOAYLIEHTaMy € IPeACTaBHUKY pofiB Pleurotus, Trametes ta Lentinula. B
OITIAA] TAKOXK PO3IIAAIOTHCS METOMY BYU/i/IEHHSI, BKIIIOYAI0U) OCaJ>)KeHH Cy/IbpaToM aMOHiIo, fiani3, ioH00OMiH-
HYy Ta renb-Qinprpaniitny xpomarorpadiio (koedinientn ounmenns 2.4—10.5, BigHoBIeHHA 21—65 %), a TaKOX
6ioximivyHi BracTMBOCTI 6a3UAiOMilleTHUX NEeKTUHA3, AKi JeMOHCTPYIOTh IOMIpHY TepMOCTaOIbHICTh (ONTUMYM
40—60 °C), xucmmit ontumyM pH (3.5—6.5), cTpykTypy DlikomporeiniB Ta umcinenHi isodpopmn. 1i dpepmentu
IeMOHCTPYIOTh IEepPCIEeKTUBHI BIACTUBOCTI /LA eKCTPaKIii PPYKTOBOTO COKY, OCBiT/IeHHA, Maljepallii TKaHUH Ta
6iokoHBepcil arpornpomMucioBux Bifxofis. Tomy 6asusieBi MaKpOMILeTH € LIHHNM, a/ie HeTOCTATHBO OXapaKTepu-
30BaHUM JDKEPE/IOM IIPOMMCIOBYX IIEKTMHA3, 1[0 BMMAara€e IOfIa/IbIIOr0 BMBYEHH CeJIeK|ii HOBMX LITaMiB, ONTH-
Misauii KyJIbTMBYBAHHS Ta MIMPOKOMACIITAOHOTO 3aCTOCYBaHHs (hepMEHTIB.

Kniouoei cnosa: 6a3udicsi maxpomivemu, nekmunasa, 6iomexHosnozis, pepmenm, Kyaomuey8anHs, OUUUeHH pep-
MeHMmis, 0C8imneHHA.
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EFFECT OF MUTATIONS IN HEMAGGLUTININ
AND NEUROMINIDASE ON THE PROPERTIES
OF SEASONAL INFLUENZA VIRUSES

Seasonal influenza viruses are pathogens that pose a constant threat to human health. They circulate everywhere and
cause seasonal rises in the incidence of varying degrees of intensity in the Northern and Southern Hemispheres. These
viruses are characterized by variability both due to antigenic drift and connection with the ability to reassort genes. It is
known that certain amino acid substitutions in the hemagglutinin (HA) of the virus contributed to its transition to the
use of human cellular receptors, which caused pandemics. The aim of the work was to analyze the literature data on the
possible impact of mutations in HA and neuraminidase (NA) of seasonal influenza viruses (A(HIN1)pdm09, A(H3N2),
B/Victoria)) on their properties, epidemic potential, and degree of clinical manifestation of the disease. The B/Yamagata
influenza virus has not been analyzed because its circulation has effectively stopped amid the COVID-19 pandemic.
It has been shown that influenza viruses A(HIN1)pdm09, A(H3N2), and B/Victoria differ significantly in terms of
evolution. In dynamics, it was demonstrated the amino acid substitutions that occurred in the HA and NA of influenza
viruses, including those that affected antigenic properties, resistance of viruses to specific drugs, and clinical symptoms
of influenza. Those mutations that contribute to the increase in the reproduction of viruses in cell cultures and chicken
embryos and affect certain biological properties of the virus are also considered. Data on the comparison of mutations
in influenza viruses of different clades and viruses circulating in different geographical areas are presented. It is shown
that under virtually the same initial conditions, the A(H3N2) virus among other influenza viruses showed significantly
higher epidemic activity against the background of the pandemic. In the future, as was observed before, the intensity of
its circulation will decrease, and the prevalence of other influenza viruses will increase, to which a layer of susceptible
population will accumulate over the time. During the pandemic, the circulation of B/Victoria viruses was significantly
lower than that of A viruses, especially during the first pandemic seasons. B/Victoria viruses are characterized by less
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pronounced HA variability than influenza A viruses. The higher antigenic stability of the virus contributes to the longer
circulation of certain genetic variants of the virus with a relatively stable level of intensity and the longer use of the same
vaccine variants of the viruses. Despite the large amount of data on monitoring the evolution of seasonal influenza
viruses and studying the impact of amino acid mutations in HA and NA on the biological properties of the virus, their
epidemic potential, and virulence potential, there are still many issues that need to be studied.

Keywords: influenza A(HIN1)pdm09 virus, influenza A(H3N2) virus, influenza B/Victoria virus, hemagglutinin,

neuraminidase, mutation.

According to the changes in the taxonomy of in-
fluenza viruses, they belong to the family Ortho-
myxoviridae of the genera Alphainfluenzavirus
(the only representative of Influenzavirus A) and
Betainfluenzavirus (the only representative of In-
fluenzavirus B) (International Committee on Tax-
onomy of Viruses, 2022). Influenza virus is an en-
veloped RNA(-) virus with a segmented genome
(8 segments) that encodes no less than 10 pro-
teins (polymerases PB1, PB2, PA, hemagglutinin
(HA), nucleoprotein (NP), neuraminidase (NA),
matrix membrane protein (M1), transmembrane
protein (M2), and non-structural proteins (NS1
and NS2). HA and NA proteins are the main sur-
face glycoproteins of the virion, while NP, PB1,
PB2, and PA (P-complex) proteins are associated
with the viral RNA. All RNA segments are sur-
rounded by a nucleocapsid protein, and each of
the genomic segments is attached to a complex
of polymerase proteins. These RNA-protein com-
plexes, in turn, are surrounded by a lipoprotein
envelope lined with the matrix protein

on the inside, and with NA, HA, and M2 pro-
tein on the outer surface of the viral particle
(Shtyrya et al., 2009; Zhang et al., 2019).

HA is a glycoprotein. In its main function, it is
a ligand that allows the virus to attach to the re-
ceptor of its biological host cell and penetrate it. It
is also an antigen to which specific antibodies are
formed in the host. After the receptor-mediated
capture of the bound virus by endocytosis, it is
HA that mediates the fusion of the virus envelope
with the endosome membrane. Each subunit of
the three-dimensional HA consists of 2 polypep-
tides (HA1 and HA?2) linked by a disulfide bond.
The larger HA1 (distal to the viral membrane)
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mediates receptor binding; the smaller HA2
(proximal to the membrane) anchors the HA in
the envelope and contains the fusion peptide, a
region directly involved in membrane interac-
tion. The HA of the influenza A virus virion con-
tains about 500 molecules (Benton et al., 2020;
Mancini et al., 2011). The globular head domain
is crucial for binding to cell receptors containing
sialic acid residues. It is also called the receptor
binding domain (RBD) and consists of only the
HAT1 chain. The structure of the RBD also deter-
mines the specificity of antibodies synthesized in
an infected organism. Therefore, changes in this
domain are crucial for both the characterization
of the virus and its further spread. Influenza A vi-
ruses are divided into 2 groups, depending on the
structure of the globular head domain. NA types
1,2,5,6,9,11, 12, 13, 16, and 18 are assigned to
one group, and types 3, 4, 7, 10, 14, and 15 are
assigned to the other group. The RBD contains
a receptor binding site (RBS) on top of the con-
served stem domain, which houses the synthesis
machinery. The RBS contains 4 highly conserved
amino acid positions (Y98, W153, H183, and
Y195) surrounded by 4 structural elements (130-
loop, 150-loop, 190-helix, and 220-loop). It is
responsible for viral infectivity by binding to cell
receptors and, as a result, is the main factor de-
termining the possibility of host infection. Single
amino acid substitutions in positions adjacent to
the RBS lead to antigenic drift. HA2 is quite con-
served. One of the most conserved regions in the
stem region is the alpha-helix of 55 amino acids.
The amino acids at positions 205 and 402 in the
HA1 and HA2 subunits of the A(HIN1) virus, re-
spectively, are also important for protein stability
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(Garjani et al., 2023; Zhang et al., 2019; Wang et
al., 2015; Wu & Wilson, 2020).

The other structural component of the virus
that affects the specificity of immunity is NA.
NA is an exosialidase that cleaves the a-ketosidic
bond between sialic (N-acetylneuraminic) acid
and an adjacent carbohydrate residue. The ami-
no acid sequence of NA is encoded by the 6th
segment of the RNA. For influenza A virus, 9 NA
subtypes have been described, and for influenza
B and C viruses, only 1. The 9 NA subtypes of
influenza A viruses are divided into 2 phyloge-
netic groups. Group 1 includes neuraminidases
of viruses of serotypes N1, N4, N5, and N8, and
Group 2 includes N2, N3, N6, N7, and N9 (Var-
ghese & Colman, 1991; Colman, 1989; Russell et
al., 2006; Shtyrya et al., 2009).

Influenza viruses are highly variable. During
circulation, mutations occur in the viral genome,
which can cause changes in HA, NA, and other
viral proteins. Depending on their extent (point
mutations or a complex of several mutations),
there is a gradual change in antigenic properties,
leading to the formation of a new antigenic vari-
ant of the virus, which is not completely neutral-
ized by previous antibodies. Such changes are
known as antigenic drift. Another more fun-
damental process in terms of genetic change is
gene reassortment, which occurs when influenza
viruses of different serotypes replicate simulta-
neously in the body of a given biological host.
In such cases, new viruses can emerge, especially
those with high epidemic or pandemic potential.
This process is called antigenic encoding.

In addition to altering the epidemic potential
of a virus by avoiding antibodies formed both
in previously infected or vaccinated individuals
and at the population level (population immu-
nity), mutations in HA and NA can change the
biological properties of the virus. Also, mutations
that cause changes in HA can lead to the forma-
tion of emergent pathogens by acquiring the abili-
ty to bind to human cell receptors, as, for example,
sometimes happens with avian influenza viruses.

106

Such changes can occur due to both a specific mu-
tation and the combined effect of several muta-
tions. To control the influenza epidemic situation,
in particular, to monitor genetic and antigenic
changes in influenza viruses, the Global Influenza
Surveillance and Response System has been oper-
ating in the world for more than 70 years (World
Health Organization, 2022). Ukraines influenza
surveillance system is part of the Global System,
and the results of molecular genetic studies of
influenza virus strains isolated in Ukraine, along
with viruses from other countries in the Northern
Hemisphere, are taken into account when pre-
dicting the circulation of viruses for the following
influenza season, including when selecting candi-
date viruses for seasonal influenza vaccines.

Based on the above, the aim of the study was
to analyze the possible impact of mutations in the
HA and NA regions of seasonal influenza viruses
on their biological properties, epidemic poten-
tial, and clinical manifestation of the disease.

Such information is important not only from
a scientific point of view but also from a practi-
cal point of view, since, if such amino acid sub-
stitutions are detected, it will facilitate a prompt
assessment of the potential risks of such drift in
predicting the intensity and characteristics of
the epidemic process for the following season, as
well as retrospective studies to compare the pre-
dicted and actual results.

Influenza A(HINI)pdmO09 virus. The first
pandemic of the 21st century was due to the
emergence of the influenza A virus, designated
A(HIN1)pdm09. It appeared in North America
in March-April 2009 and spread rapidly among
people. The A(HINI1)pdm09 virus replaced the
previously known seasonal A(HIN1) virus. In
the following years, A(HIN1)pdm09 continued
to circulate along with influenza A(H3N2) and B
viruses worldwide, causing annual seasonal epi-
demic increases in morbidity. The rapid ability of
the virus to spread globally after its emergence is
a testament to the public health threat posed by
emerging influenza viruses (Owuor et al., 2023).

ISSN 1028-0987. Microbiological Journal. 2026. (1)



Effect of Mutations in Hemagglutinin and Neurominidase on the Properties of Seasonal Influenza Viruses

Extremely significant were the results of stud-
ies that proved that the change in specificity from
avian-type receptors to human-type receptors of
the viruses that caused the 1918 and 2009—2010
pandemics was due to only 2 substitutions in the
HA of the viruses, namely E190D and G225D
(Glaser et al., 2005; Tumpey et al., 2007; Stevens
et al., 2006; Xu et al., 2012). The HA of the 2009
virus shared amino acid substitutions in antigen-
ic sites with the amino acid substitutions of the
1918 virus. The differences were only in 10 amino
acid positions: S159N in the Sa site, G188S and
T189A in the Sb site, V1691, N171D and K209R
in the Cal site, S140P, Y141H and S145K in the
Ca2 site, and L75S in the Cb site.25,31(Zimmer &
Burke, 2009; Igarashi et al., 2010; Sriwilaijaroen
& Suzuki, 2012). Subsequently, it was shown that
the HA D239E mutation contributed to a milder
disease course, i.e. reduced viral virulence (Pas-
calis et al., 2012). Mutations in the HA positions
of the A(HIN1)pdm09 virus 128, 183, 186, 205,
216, 249, and 272 are often detected together
with mutations in other HA sites (co-mutations)
(Chen et al.,, 2016). Amino acid positions within
the HA that mediate heavy chain binding include
Tyr108, Thr144, Argl46, Val148, Ser158, Glu203,
and Ser240, while HA positions that interact with
the light chain include Argl8 and Thr20 (Gha-
foori et al., 2023). As they circulate, influenza vi-
ruses acquire mutations in HA and NA and other
proteins, adapting to the human population.
Some amino acid substitutions increase cumula-
tively, and a new phylogenetic lineage of this vi-
rus is identified almost every season. This is tak-
en into account in the development of seasonal
vaccines. Currently, according to the structure of
the HA gene, the A(HIN1)pdm09 virus is divided
into 13 clades (Sun et al., 2023). Many scientists
study the effect of amino acid substitutions on
the properties of influenza viruses. There are sev-
eral approaches to the numbering of amino acid
sequences in HAs. D.E Burke and Smith D.J.,
(2014) proposed a scheme for numbering the
HA of influenza A virus subtypes, the so-called
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H3 numbering. This is an equivalent number-
ing of amino acids for subtypes that are currently
circulating among humans or have a pandemic
potential, in particular, taking into account some
known mutations and their impact on the prop-
erties of the HA or the virus as a whole. The anal-
ysis of the known structures of influenza A virus-
es’ HAs allows us to identify amino acids that are
structurally and functionally equivalent for all
HA subtypes using a numbering system based on
the mature HA sequence. Comparison of amino
acid positions between influenza virus subtypes
is increasingly used to assess the zoonotic poten-
tial of circulating virus variants and for compara-
tive studies of subtypes (Burke & Smith, 2014).

The analysis of HA amino acid sequences of
isolates obtained over several years since the last
influenza pandemic revealed 9 amino acid sub-
stitutions that appeared during the pandemic
and became predominant: in the HA1 subunit
(D104N, K166Q, S188T, S206T, A259T, and
K285E) and in the HA2 subunit (E47K, S124N,
and E172K). Most of these substitutions were
localized in the regions involved in inter- and
intra-chain interactions, and only 2 (K166Q and
S188T) were located in known antigenic sites.
It was concluded that the selective pressure on
the NA aimed at improving its functionality and,
therefore, the adaptability of the virus, rather
than avoiding immune recognition (Casteldn-
Vega et al., 2014).

In the influenza A(H1) virus, amino acids at
positions 190 and 225 of HA affect replication
and transmission. It was shown that the D190Y
mutation of AHINIpdmO09 reduces the affinity
of the virus for sialic acid receptors expressed
on the surface of erythrocytes of different spe-
cies without affecting virus replication in MDCK
cells (Ayora-Talavera et al., 2014). However, in
an experiment, an amino acid substitution at the
S186P HA position increased the virus titer in
MDCK cells (Xing et al., 2021), and the changes
in the HA 156 amino acid position affected the
antigenicity of the virus (Mohan et al., 2021).
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To date, most influenza vaccines have been
produced in cell culture. Using the influenza
A(HINI)pdmO09 virus as a test platform and an
integrated mutagenesis strategy, we identified
the Y161F mutation in HA, which not only in-
creased the infectivity of the resulting virus by
more than 300 times but also improved its ther-
mostability without changing the original anti-
genic properties. The vaccine derived from the
strain with the Y161F mutation completely pro-
tected mice from lethal infection with the wild-
type A(HIN1)pdm09 virus. Compared to the
original A(HIN1)pdm09 virus, the Y161F mu-
tant had significantly higher avidity to avian and
human receptor analogs. The introduction of the
Y161F mutation into the HA of the seasonal in-
fluenza A(H3N2) virus also increased its repro-
ductive capacity and thermostability in MDCK
cells and chicken embryos (Wen et al., 2018).

Using the model of recombinant A/Califor-
nia/04/09(HIN1)-like viruses with HA muta-
tions V1521, G155E, S162 N, S183P, and D222G,
which can occur during treatment with NA in-
hibitors (NAI), their effect on immune reactivity
and replication potential on human respiratory
epithelial cells Calu-3 was evaluated. The G155E
and D222G mutations increased viral titers by
approximately 13-fold compared to the wild-type
virus. At the same time, the hemagglutination
and microneutralization activity of goat and fer-
ret antisera, monoclonal antibodies, and human
serum samples was approximately 100 times low-
er against pandemic A(HIN1)pdmO09 viruses. Al-
though the mechanism by which HA mutations
occur during NAI treatment is not known, some
HA mutations that occur during NAI treatment
are correlated with reduced immunity to the in-
fluenza virus (Ilyushina et al., 2019). The D222G
mutation significantly increased the length of
stay in the intensive care unit (22.8 days vs. 14.0
days). It was also associated with a significant in-
cidence of severe and fatal cases, but was practi-
cally absent among clinically mild cases (Melidou
et al., 2015; Chan et al., 2011; Liu et al., 2023).
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Earlier studies concluded that although the mu-
tation does not affect virus transmission, it can be
considered a molecular marker of enhanced rep-
lication in certain cell types (Belser et al., 2011).

In addition, the recombinant strain A/Califor-
nia/04/09 with the E119D mutation in NA showed
an increase in the 50% inhibitory concentration
of all NAIs tested (827-, 25-, 286-, and 702-fold
for zanamivir, oseltamivir, peramivir, and lanina-
mivir, respectively). The E119D/H275Y double
mutation further increased the 50% inhibitory
concentrations of oseltamivir and peramivir by
790 and >5000-fold, respectively, compared to
the original strain. Mutant viruses remained sus-
ceptible to favipiravir. Thus, the emergence of
even a single NA mutation conferring resistance
to pan-NAlIs in clinical settings underscores the
urgent need to develop new strategies to combat
influenza (UHuillier et al., 2015).

At the same time, in the experiment, the E119D
and E119D/H275Y mutations reduced the repli-
cation activity of viruses, decreased the surface ac-
tivity of NA, and prevented mortality in infected
mice. The authors note that the E119D NA muta-
tion, which can occur in A(HIN1)pdm09 viruses
during zanamivir therapy, significantly affects
the adaptability of the virus, and such a mutant
is unlikely to have a high transmission frequency
(Abed et al., 2016). Double mutations of V106I
and N248D in the NA protein may enhance virus
replication in humans (Sun et al., 2023).

In the study of A(HINI)pdmO09 strains isolat-
ed in Turkey, two rather rare amino acid substi-
tutions were identified (S162N — addition of a
glycosylation site, and A186T — receptor bind-
ing region) (Guldemir et al., 2013).

In seasonal influenza A(H1N1) viruses circu-
lating before the emergence of 2009 A(HIN1I)
pdm09, the H275Y or H274Y mutations in NA
were associated with resistance to oseltamivir,
i.e., to NA inhibitor drugs (Meijer et al., 2009). In
addition, the resistance of these viruses was due
to the D354G substitution, typical of most osel-
tamivir-resistant A(HINI) viruses that emerged
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in Europe and other countries in late 2007 and
2008 (Njouom et al., 2010).

Mutations in the HA and NA regions of influ-
enza viruses isolated from patients with immuno-
suppression deserve a separate study. In HA vi-
ruses from this category of patients, substitutions
were detected at positions A158E, and in NA —
N222K and G298A. In addition, in some cases,
viruses had amino acid substitutions H275Y and
R292K in NA, associated with resistance to NA
(Liu et al,, 2023), , which significantly increases
the risk of severe influenza in these patients. The
longer persistence of the virus in the body of indi-
viduals with an impaired immune system than in
immunocompetent individuals increases the risk
of various mutations aimed at further adaptation
of the pathogen to the host. This requires moni-
toring such mutations for their persistence in the
virus population and studying their functions.

Molecular genetic studies conducted in Kenya
on influenza viruses circulating in the country
in 2009—2018 demonstrated their evolutionary
changes, in particular due to NA. Comparisons
were made with the vaccine strains A/Califor-
nia/07/2009 (clade 1) and A/Michigan/45/2015
(6B.1). Clade 6 and 7 viruses circulated simulta-
neously in Kenya between 2009 and 2012, with
clade 6 viruses having the HA substitutions D97N,
S185T, and S203T, while clade 7 viruses had D97,
S§185, and S203T. Viruses of clade 6 evolved into
subclades 6A, 6B, and 6C. Viruses of clade 6C with
HA substitution V234] circulated in 2013-2014,
and subclades 6B with HA substitutions K163Q,
A256T, and K283E circulated in 2014—2016.
Subclade 6B further formed subgroup 6B.1 with
an additional HA substitution S84N. Viruses of
subgroup 6B.1 further formed subgroups 6B.1A
and 6B.1A1, which contained HA substitutions
S74R, S164T, and 1295V. They dominated in 2018.
HA substitutions S203T and S185T were the most
dominant and found in 100% and 59.3% of the
tested viruses, respectively, during the observa-
tion period. When assessing the impact of viruses
on the clinical course of influenza in children un-
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der 5 years of age, a lower probability of severe
course was shown for A(HIN1)pdm09 viruses of
genetic groups 6B and 7 (Owuor et al., 2023).

In a study of A(HIN1)pdm09 viruses of sub-
clade 6B.1A, identified in Beijing during the
2015—2017 season, simultaneous mutations in
HA (V169T, A278S, E508G, D518E) and in NA
(V67I) were detected in 30.3% of strains. The au-
thors associate this with such a clinical manifesta-
tion as sore throat (x2, P <0.05). Amino acid sub-
stitutions found at positions S86T (next to the Cb
epitope), V169T/S181T (next to the Sa epitope),
and G254 (next to the Ca epitope) may affect the
antigenic properties of viruses (Liu et al., 2020).
Based on phylogenetic analysis, it was shown that
the A(HINI)pdm09 viruses circulating in Ling-
cang (China) in 2018 belong to clade 6B with a
predominance of subclade 6B.1A. In addition, the
2018 strains had an increased rate of evolution
compared to the strains of the other years. Dur-
ing this period, several new HA mutations were
detected, including S183P and R221K. R221K
substitution has occurred in RBS, which may af-
fect the antigenic properties of viruses. The re-
placement for S183P was exactly in epitope B next
to the RBS. NA also contained a novel mutation,
23T, potentially involved in N-glycosylation. The
authors draw the attention to a significant de-
crease in the effectiveness of the vaccine against
this type of virus in 2018 (Zhao et al., 2020). Oth-
er studies conducted in Beijing in 2017—2018
and 2018—2019 on the sequencing of subclade
6B.1 strains with S162N and 1216T substitutions
showed that these strains differed from the vac-
cine strain A/Michigan/45/2015 by the substitu-
tions of S91R, S181T, and 1312V in the antigenic
epitope of HA. The E189G mutation was detected
in helix 190 of the receptor binding site. A new
potential 179 glycosylation site (NQT) has been
identified, which was not detected until the 2015
flu season. Also, N146D, S200P, S202I, and A273T
mutations in HA were identified in 6 strains si-
multaneously with Q51K, F74S, and D416N mu-
tations in NA (Liu et al., 2021).
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Inthe WHO European Regionin the2021/2022
season. identified viruses that were assigned to
subclades 6B.1A.5a.1 (similar to strain A/Victo-
ria/2570/2019) and 6B.1A.5a.2 (similar to strain
A/India/Pun-NIV312851/2021). The dominance
of one subclade or another varied through coun-
tries. Viruses of the most common subclade
6B.1A.5a.1 were characterized by amino acid
substitutions in HAI1, P137S, GI155E, S128T,
P137S, G155E, R113K, and 1298V. 6B.1A.5a.1
viruses were worse inhibited by antisera than ob-
tained against viruses of the 6B.1A.5a.2 subclade
(Melidou et al., 2022).

A(HINI)pdmO09 isolates obtained in 2009—
2017 in Ukraine, had changes in each of the an-
tigenic sites of HA: Sa — S162T, K163Q, K163I;
Sb — S185T, A186T, S190G, S190R; Cal —
S203T, R205K, E235V, E235D, S236P; Ca2 —
P137H, HI138R, A141T, D222G, D222N; and
Cb — A73S, S74R, S74N. Despite the detected
mutations, they retained similarities to viruses
that circulated in the world in 2009—2017, in
particular with the vaccine strain A/Califor-
nia/07/09 (Zolotarova et al., 2019).

Our data on amino acid substitutions in HA
and NA of influenza A(HINI1)pdm09 viruses,
their functions, and effects on the properties of
the virus are summarized in Table 1.

Thus, despite a large amount of research on
the antigenic drift of the A(HINI)pdm09 virus,
which is the youngest among modern seasonal
influenza viruses, this issue remains relevant and
requires constant monitoring.

Influenza A(H3N2) viruses. Viruses that
caused pandemics in 1957 (A(H2N2)) and in
1968 (A(H3N2)) acquired a pair of Q226L/
(G228S mutations in HA that allowed them to use
human cell receptors (Pappas et al., 2010; Xu et
al., 2009; Wu & Wilson, 2020) and, thus, ensured
their pandemic potential, since humanity had no
immunity to them. Later, it was shown that avian
influenza A(H9N2) viruses with the same natu-
ral Q226L mutation have tropism to human cell
receptors. However, in the latter case, the authors
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emphasize that the ability to transmit the virus is
not due to the binding properties of only recep-
tors. Adaptation to a biological host requires a
long process, and several genes may be associated
with transmissibility (Wang et al., 2018).

At positions 50, 53, 62, 137, 144, 145, 155, 156,
158, 189, 244, 260, and 275, mutations are often
found along with mutations at other HA sites
(co-mutations) (Chen et al., 2016). Some muta-
tions cause additional interactions with Sia-1 and
Gal-2 6'SLNLN in the A(H3N2) viruses. For ex-
ample, the G135T mutation provides a hydrogen
bond (H bond) with the O4 atom of Sia-1, and
the N137S mutation provides an H bond with the
carboxylate group of Sia-1. In addition, muta-
tions in W222R and G225N enable the H-bonds
with Gal-2. These H bonds between RBS HA and
Gal-2 contribute to the rotation of Gal-2, which
is possible owing to the presence of the L226]
mutation. The G135T and N137S mutations are
located in the A antigenic site, while the W222R,
G225N, and L226I ones are located in the D2 an-
tigenic site (Wu et al., 2020). Analysis of amino
acid sequences further confirmed the presence of
conserved cysteine positions Cys540 and Cys544
in all strains of H3 viruses. It was suggested that
the disulfide bonds formed between these cyste-
ine positions are critical for the trimerization of
HA. In addition, mutations in Cys555, Cys562,
and Cys565 in the cytoplasmic tail of HA do not
affect the formation of the trimer. It was also sug-
gested that the disulfide bonds between cysteine
at the Cys540 and Cys544 positions may contrib-
ute to the structural stability and functional ac-
tivity of HA trimmers (Zhou et al., 2014; Xu et
al., 2014; Chlanda et al., 2017; Zhang et al., 2019).

Mutations in HA 1156L/K were identified in
a comparative study of viruses isolated from im-
munocompetent and immunocompromised pa-
tients. Replacement of 1156K was observed in
the virus from an immunocompromised patient
(Liu et al., 2023). It was shown that substitutions
in HA1 N121K, S144K, F159Y, and K160T lead
to a potential glycosylation site. These, together
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Table 1. Amino acid substitutions in HA and NA of influenza (HIN1)pdmO09 viruses
and their effect on the properties of the virus / the degree of clinical manifestation of the disease

Position Amino
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acids / Amino Igfz/ Functions/Mechanism of action / influence Reference Note
acid substitutions
Argl8, Thr20 | HA |Participate in the binding to the light|(Ghafoorietal, |Indicated positions of amino
chain of antibodies 2023) acids without mutations
E47K, S124N, | HA |Participate in inter- and intra-chain inter- | (Castelan-Vega | They are located in the sub-
E172K actions. The E47K mutation is destabiliz- | et al., 2014) unit HA2. The E47K mutation
ing, however, when interacting with E31, is next to the fusion peptide
it can still stabilize the structure, prevent-
ing the transition of HA to the fusion state
S86T, V169T/ | HA |May affect the antigenic properties of vi- | (Liu et al., 2020) | These positions are side by
S181T G254 ruses side to the epitopes Cb, Sa,
and Ca respectively
Tyr108, Thr144, | HA |Participate in the binding to the heavy | (Ghafoori et al, | Indicated positions of amino
Argl46, Val148, chain of antibodies 2023) acids without mutations
Ser158, Glu203,
Ser240
Positions 128, | HA (Chen et al.,|Mutations are often found
183, 186, 205, 2016) in these positions along with
216, 249, 272 mutations at other HA sites
(co-mutations)
N146D, S200P, HA | Common mutations in HA at once with | (Liuetal., 2021) | Simultaneous mutations in
S$202I and A273T mutations in NA NA (Q51K, F74S, D416N)
Position 156 HA | Affects the antigenicity of the virus (Mohan et al,
2021)
A158E HA (Liu et al., 2023) | Detected in the virus from an
immunecompromised patient
Y161F HA | Increased the infectivity of the virus by |(Wen et al.,|The vaccine, derived from the
more than 300 times and thermal stabil- [ 2018) virus with the Y161F muta-
ity without changing the initial antigenic tion, fully protected mice
properties from lethal infection with
wild A(HIN1)pdm09
S162N HA | Adding a glycosylation site (Guldemir et|Detected in viruses circulat-
al,, 2013) ing in Turkey
K166Q, S188T | HA | Affect antigenic properties (Castelan-Vega | Located in the HA1 subunit at
etal, 2014) antigenic sites
V169T, A278S, | HA | These mutations were determined at the | (Liu et al., 2020) | Simultaneous mutation in NA
E508G, D518E same time as mutations in NA. It is associ- (Ve71)
ated with a sore throat
S186P HA | Contributed to an increase in the titer of | (Guldemir et al., | An increase in the titer of the
the virus. One of the positions where mu- | 2013; Xing et al., | virus was observed in an ex-
tations are often found along with muta-|2021; Chen et|periment on MDCK cells.
tions at other HA sites (co-mutations). |al., 2016) A186T detected in viruses cir-
Receptor binding region culating in Turkey
V1901 HA |Helix receptor binding site 190 (Liu et al., 2023)
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Continuation of Table 1

Position Amino

V106l, N248D

E119G

E119D/H275Y

N146S

Y155H, V1141

NA

NA

NA

NA

NA

These double mutations can enhance the
replication of the virus in the human body

Seen in the treatment of NAI. NAI resis-
tance. It reduced the replication activity of
the virus, the surface activity of NA, and
prevented mortality in infected mice

Additionally, the inhibitory concentrations
of 50% oseltamivir and peramivir were in-
creased by 790 and >5000 times, respective-
ly, compared to the original strain. The virus
remained susceptible to favipiravir. Reduced
viral replication activity, NA surface activity,
and prevented mortality in infected mice

Seen in the treatment of NAI. NAI Resis-
tance

Seen in the treatment of NAI. NAI Resis-
tance

(Sun et al., 2023)

(Ilyushina, et al.,
2019; Abed et
al,, 2016)

(CHuillier et al.,
2015; Abed et
al,, 2016)

(Ilyushina et al.,
2019)

(Ilyushina et al.,
2019)

acids / Amino I—IEIIZ/ Functions/Mechanism of action / influence Reference Note
acid substitutions
D190Y HA | Reduces the affinity of the virus for sialic | (Ayora-Talave-
acid receptors expressed on the surface of | ra et al., 2014)
erythrocytes of various species, without
affecting viral replication in MDCK cells
R221K HA | May affect the antigenic properties of vi- | (Zhang et al.,|Located in RBS
ruses 2019; Zhao et
al., 2020)
Q223L HA | Increased binding of the virus to a2-6 gly- | (Burke &
cans Smith, 2014)
D222G HA | It was associated with a significant increase | (Melidou et al.,
in the length of stay in the intensive care unit | 2015; Chan et
(22.8 days vs. 14.0 days) and with a significant | al., 2011; Belser
incidence of severe and fatal events. However, | et al., 2011; Liu
it was virtually absent in clinically mild cases. | et al., 2023)
Can be considered a molecular marker of en-
hanced replication in certain cell types
D239E HA | Associated with milder disease (Pascalis et al., | Reduces the virulence of the
2012) virus
Deletion 92— | NA |Seen in the treatment of NAI. NAIT Resis- | (Ilyushina et | Observed concomitantly with
362 tance al., 2019) the A197T mutation (200)

May be observed concomi-
tantly with the S183P (186)
HA mutation.

Studies were conducted on a
recombinant strain

Observed concomitantly with
the G155E (158) HA mutation

Observed concomitantly with
the D222G mutation (225)

H275Y or NA | Resistance to NA inhibitors (Meijer et al.,|Seasonal influenza A(HINI)
H274Y, 354G 2009; Njouom |viruses before the 2009 pan-
et al., 2010) demic
H275Y NA |NAI Resistance (Liu et al,, 2023) | Observed in viruses from im-
munecompromised individuals
R292K NA |NAI Resistance (Liu et al., 2023) | Observed in viruses from im-
mune-compromised individuals
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with the replacements N225D and Q311H, were
characteristic of clade 3C.2a. The 3C.2al sub-
clade, characterized by amino acid substitutions
N171K in HA1 and 177V and G155E in HA2, was
identified in 2016 as a genetic group whose preva-
lence was increasing at that time. Substitutions of
T128A and T135K were characteristic of subclade
3C.2alb and resulted in the loss of glycosylation
motifs of T131K in HA1 and V200I in HA2 (Kuz-
manovska et al., 2021). Also, the mutation that
led to the loss of the glycosylation site was N122D
(Harvala et al., 2017). Amino acid substitutions
of N158K and T160K in the experiment altered
the ability to bind to erythrocytes of the A/China/
LZP/2017 strain. Since 2013 to the present, the
frequency of the N-X-T motif at positions 158—
160 has increased worldwide and became domi-
nant in 2015 (76.4% of isolates studied) (Zeng al.,
2020). It is assumed that the HA K160T mutation
results in the appearance of an N-linked glycosyl-
ation site in the B HA antigenic site. H3N2 viruses
with the HA K160T mutation are poorly cultivat-
ed in chicken embryos (Zost et al., 2017).

The P237L mutation (but in the absence of the
F209S mutation) contributed to the increased vi-
ral reproduction and erythrocyte agglutination
in the presence of oseltamivir. The P237 position
is located at the interface of the HA trimmer, and
this mutation affects the binding of sialic acid
by stabilizing the HA trimmer (Chambers et al.,
2014). Whole-genome sequencing detected the
effect of all amino acid mutations of the HA strain
A/Perth/16/2009 (H3N2), which was a compo-
nent of the influenza vaccine in 2010—2012, and
revealed 2 mutations (G78D and T212I) that en-
hanced the growth of the virus in cell culture. The
G78D mutation occurs at a low frequency in nat-
urally occurring A(H3N2) sequences, and T212I
was entrenched in a variant of the virus circulat-
ingin 2011 (Lee etal., 2018). The amino acid sub-
stitution of G186V contributes to the adaptation
of the virus to cultivation in chicken embryos
without changing the antigenicity of the virus,
while the L194P mutation, ensuring the repro-
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duction of the virus in chicken embryos, changes
its antigenic properties (Liang et al., 2022). Also,
viruses with destabilized HA proteins due to the
L194P mutation had reduced infectivity and were
not transmitted by airborne droplets (Hu et al.,
2023). Studies have shown different results of
the hemagglutination titer of influenza viruses
cultured in chicken embryos and cell cultures.
No antigenic mutations in HA and NA were
observed during 15 passages when cultured in
MDCK-Sky3851 cells; however, when cultured
in chicken embryos, mutations in HA occurred
in 3 amino acid sequences (H156R, G186S, and
S219F) (Park et al., 2020). It has been shown that
the NA ofhuman A(H3N?2) viruses have receptor-
binding activity due to mutations in this protein
such as T148K, H150R, and D151G (Kong et al.,
2021). At the same time, according to other au-
thors, none of the NA sequences obtained direct-
ly from clinical samples contained the D151G/N
mutation. Such D151 mutations may complicate
the interpretation of hemagglutination inhibition
and NA inhibitor resistance assay results if they
are based on MDCK isolates. Such isolates have
been used in WHO programs to monitor the ef-
ficacy of influenza vaccines and drug resistance
of circulating influenza viruses. Thus, potential
interpretation errors can be avoided by carefully
excluding such mutants from D151 (Lee et al,
2013). R83K, HI183L, H156N, R220G, V226I,
R229G, R229I, and R229K mutations in HAI,
A147T, and T147A, and G150E in the HA2 pro-
tein can also be MDCK-induced; A30T in Ion
Channel Matrix Protein (M2) (Li et al., 2009).

In the analysis of the homologous sequence of
HA, it was found that 2 positions of cysteine (540
and 544) are uniquely present in the transmem-
brane domain of HA proteins out of all influ-
enza A(H3N2) viruses. To determine the effect
of these 2 cysteines, 3 mutants (C540S, C544L,
and 2C/SL) were obtained, and it was shown that
mutations of one or two cysteines did not affect
the proper expression of HA proteins in cells.
However, more importantly, all mutant HAs
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showed reduced thermal stability but increased
fusion activity compared to the HA of the “wild”
virus. Thus, these 2 cysteines of the transmem-
brane domain are important for the biological
functions of the HA of the influenza virus of
this serotype (Xu et al., 2013). Viruses A(H3N2)
clade 3c.2a of the 2014/2015 influenza season
differed from the previous ones, which were
similar to the vaccine strain A/Texas/50/2012
(clade 3c.1), by ~10—12 amino acids. The amino
acid substitutions F159Y and K160T at antigenic
site B, together with the presence of N at posi-
tion 158, represent a potential enhancement of
the glycosylation site, which likely masks viral
epitopes and reduces antibody access to the an-
tigenic site. These mutations at the B antigenic
site significantly reduce the binding of antibod-
ies specific to the A/Texas/50/2012 strain (Allen
& Ross, 2018). Viruses in clade 3c.2a are divided
into subclades 3c.2al and 3c.3a2, and both have
the N121K mutation. Viruses of the 3c.2al sub-
clade have an amino acid substitution N171K
located at the antigenic site D. These viruses
can be further characterized by substitutions
D122N and T135K at the antigenic site A, which
causes the loss of N-linked glycosylation sites.
The viruses of clade 3c.2a2 are distinguished by
the substitution S144K, which is located in the
antigenic region. 3c.2a2 viruses can be further
classified into 2 clusters. Cluster I contains 158V
and S219Y substitutions, and Cluster II contains
N122D and S262N substitutions, with N122D
resulting in the loss of a potential N-linked gly-
cosylation site. It has also been shown that any
amino acid changes in the region 140—146 HA
are characteristic of antigenically distinct viruses
of epidemic significance (Melidou et al., 2017).
In the 2021/2022 season in the WHO Europe-
an Region, A(H3N2) was the predominant influ-
enza virus. Among 776 strains studied, 98% be-
longed to the 3C.2alb.2a.2a.2 subclade, 7 strains
belonged to the 3C.2a.1b.1a subclade, and only 1
to the 3C.2alb.2a.1 subclade ( similar to the vac-
cine strain A/Cambodia/e0826360/2020, which
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was a component of vaccines for the Northern
Hemisphere in the 2021/2022 season). In the Re-
gion, amino acid substitutions HA1 D53N, N96S,
and 1192F (390/610, 64%) or D53G, D104G, and
K276R (170/610, 28%) were identified in viruses
of the most abundant subclade, 3C.2alb.2a.2a.2.
Antisera  obtained against A/Cambodia/
€0826360/2020-like viruses were worse at inhib-
iting viruses of the 3C.2alb.2a.2 subclade, but
still maintained a low level of recognition. It was
recommended to replace the vaccine component
A(H3N2) with the Northern Hemisphere sub-
clade virus 3C.2alb.2a.2 for the 2022/2023 influ-
enza season (Melidou et al., 2022).

Amino acid K173E and 1260M substitutions
have been observed in oseltamevir-resistant
strains, accompanied by the loss of a segment of
the NA gene (Moules et al., 2010; Kosik & Yewd-
ell, 2019). At the same time, according to data
(Garjani et al., 2023), amino acid position 260 is
defined as an epitope.

A relationship was found between mutations
in the NA and HA genome segments of influenza
A/H3N2 viruses isolated from patients in Japan
during the 2010-2015 seasons. In the 2011/2012
season, the appearance of isolates with amino
acid substitutions D93G in NA and N278K was
observed, which began to predominate in the
2012/2013 season. (95.8%). In subsequent seasons
(2013/2014 and 2014/2015), a strong relation-
ship between 93D(NA)-278N(HA) or 93G(NA)-
278K(HA) was not traced, however, the switching
of 93G(NA)-278N(HA) (63.5%) in 2014/2015
continued to prevail (Chong & Ikematsu, 2018).
Based on these results , the authors emphasize
that commutations in NA and HA can contribute
to the formation of an epidemic line of viruses.

When analyzing the evolution of the virus dur-
ing the 2021 — 2023 seasons. it was shown that
95.2% of the strainsbelonged to the clade A(H3N2)
3C.2alb.2a.2. The HA gene of clade 3C.2alb.2a.2
encoded amino acid substitutions Y159N, T160]I,
L164Q, G186D, and D190N. The genomes of the
clade 3C.2alb.2a.2a.2 were divided into several
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subclades, including 3C.2alb.2a.2a.3a.1 (4.3%)
(with G50K, D53N, N96S, 1192F, and H156S),
3C.2alb.2a.2a.3 (9.0%) (D53N, N96S, 1192F, and
H156S),3C.2alb.2a.2a.1 (11.9%) (D53G, D104G,
H156S, and K276R), (29.3%) (D53G, D104G,
H156S, K276R, and L1571), and 3C.2alb.2a.2b
(41.3%) (with G50K and F79V replacements).
The 3C.2alb.2a.2a.1a subclade prevailed in the
2021/2022 season (66%), while 3C.2alb.2a.2b —
in the 2022/2023 season (74%). Almost all domi-
nant sequences of the 3C.2alb.2a.2b 2022/2023
HA1 subclade differed from seasonal reference
vaccine strain A/Darwin/6/2021 in amino acid

substitutions E50K, F79V, 1140K, and S156H
(Fall et al., 2023).

Thus, despite the existence of the system for
monitoring influenza viruses and studying their
mutations in many countries, some questions re-
main about the significance of certain mutations
in different segments of the A/H3N2 virus genome
and, as a result, amino acid substitutions in the cor-
responding proteins. The results of the literature
analysis of the effect of amino acid substitutions in
HA and NA of influenza A(H3N2) viruses on their
properties and the degree of clinical manifestation
of the disease are presented in Table 2.

Table 2. Amino acid substitutions in HA and NA
of influenza A(H3N2) viruses and their effect on the virus properties
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Amino acids . . .
Position/Amino acid HA/ | Functions / Mechanism of Action Reference Note
- NA / Influence
substitutions

Positions 50, 53, 62, HA | Mutations are often found in these | (Chen etal., 2016)

137, 144, 145, 155, 156, positions along with mutations at

158, 189, 244, 260, 275 other HA sites (co-mutations)

G78D HA |Enhanced virus growth in cell | (Lee et al.,2018) | Tested on the A/Perth/16/2009
culture (H3N?2) strain, which was a com-

ponent of the influenza vaccine
in 2010-2012. The mutation oc-
curs at a low frequency in the
natural sequences of the virus

R83K, H156N, H183L, | HA1 | MDCK-induced mutations (Lietal., 2009)

R220G, V2261,

R229G, R2291, R229K

A147T, T147A, HA2 | MDCK-induced mutations (Li et al., 2009)

GI150E

N121K, S144K, F159Y, | HA | Lead to a potential glycosylation | (Kuzmanovska | Characterized by clade 3C.2a

K160T site etal., 2021)

N122D, T135K HA | Located at antigenic sites, cause | (Melidou et al., | Such substitutions had the high-
loss of N-linked viral glycosyl-|2017) est proportion of viruses detected
ation sites, potentially affect vi- in vaccinated patients in North-
ral antigenicity ern Greece (subcluster of sub-

clade 3C.2al).

0T128A, T135K HALI | Lead to the loss of glycosylation | (Kuzmanovska | Characterized by  subclade
motifs of T131K in HA1 and]|etal., 2021) 3C.2alb
V2001 in HA2

G135T HA |Provides a hydrogen bond (H |(Wu etal.,2020)|Found at antigenic site A
bond) with the O4 atom of Sia-1
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Continuation of Table 2

Amino acids

Position/Amino acid HA/ | Functions / Mechanism of Action Reference Note
- NA / Influence
substitutions
N137S HA |Provides an H bond to the car- | (Wu et al., 2020) | Found at antigenic site A
boxylate group Sia-1
Positions 140-146 HA |The amino acid changes in the | (Harvala et al.,| Viruses with amino acid substi-
140—146 HA region are charac- | 2017) tutions in these positions are of
teristic of antigenically distinct epidemic importance
viruses
S144K HA |Flanked by the RBS site (Harvala et al., |It is an antigenic site
2017)
1156K HA (Liu et al., 2023) | Detected in the virus in an im-
munocompromised patient
H156R, G186S, S219F | HA | Cultivation of chicken embryos | (Park et al., 2020) | When cultivated for 15 passages
took place
N158K, T160K HA | Changed the ability of viruses to | (Zeng et al,|In an experiment on a model of
bind to erythrocytes. 2020; Hu et al, | A/China/LZP/2017 strain. Gly-
T160K promoted adaptation to |2023) cosylation at the HA1 158-160
reproduction in chicken em- position may block the binding
bryos of the receptor to red blood cells
F159Y, K160T HA |Potentially enhance the glyco-|(Allen & Ross,|Together with the presence of
sylation site, likely mask viral|2018) N in position 158. These mu-
epitopes, and reduce antibody tations in the B antigenic site
access to the antigenic site significantly reduce the binding
of antibodies specific to the A/
Texas/50/2012 strain
K160T HA |Leads to the appearance of an|(Zost et al,
N-linked glycosylation site at|2017)
the B HA antigenic site. Reduces
the activity of virus cultivation
in chicken embryos
K173E, 1260M HA |Observed in oseltamevir-resis- | (Moules et al., | Accompanied by loss of a seg-
tant strains 2010; Kosik & |ment of the NA gene
Yewdell 2019)
G186V HA |Promotes the adaptation of the | (Liang et al,,
virus to cultivation on chicken |2022)
embryos without changing the
antigenicity of the virus
D190 HA |Receptor-binding amino acid|(Hu et al., 2023)
position associated with hu-
man-adaptive receptor-binding
HA1 residual
L194P HA |By ensuring the reproduction of | (Liang et al,
the virus in chicken embryos, it|2022; Hu et al.,
changes its antigenic properties. | 2023)
Reduces infectivity and prevents
airborne transmission
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Continuation of Table 2

Amino acids

caused by MDCK culture

Position/Amino acid HA/ | Functions / Mechanism of Action Reference Note
. NA / Influence
substitutions
T2121 HA |Enhanced the growth of the vi- | (Lee et al., 2018) | Tested on the A/Perth/16/2009
rus in cell culture (H3N2) strain, which was a
component of the influenza vac-
cine in 2010—2012. Entrenched
in a variant of the virus that cir-
culated in 2011.
G225N W222R HA | Enable H-bonds with Gal-2 (Wu etal, 2020) | Are in the D2 antigenic site
D225G HA |Promotes viral reproduction in | (Hu et al., 2023)
chicken embryos
L2261 HA | Mutation lowers the floor of the | (Wu et al., 2020) | Are in the D2 antigenic site
RBS to create space for the Gal-
2 04 atom to rotate toward the
base of the RBS
Q226L/ HA |Change in HA specificity from | (Xu et al., 2010) | Viruses that caused pandemics
G228S avian-type receptors to human- in 1957 (A(H2N2)) and H3N2
type receptors in 1968 (A(H3N2)), acquired
these mutations
P227 HA |Human-adaptive receptor- | (Hu et al., 2023)
binding HA1 residual
P237L HA | It contributed to the reproduc- | (Chambers et al., | But in the absence of the F209S
tion and agglutination of eryth- | 2014) mutation, position P237 is lo-
rocytes in the presence of osel- cated at the boundary of the HA
tamivir. at The mutation may trimmer
affect the binding of sialic acid
by stabilizing the HA trimmer
Position 260 HA |Is an epitope (Garjani et al., | Replacement of 1260M was ob-
2023; Moules et |served in ossaltemivir-resistant
al., 2010) strains
Cys540, Cys544 HA |Disulfide bonds between cyste- | (Zhou et al., | Conservative positions
ine at these positions may con- [2014; Xu et al,
tribute to the structural stability | 2014; Chlanda et
and functional activity of HA |al,, 2017; Zhang
trimmers etal., 2019)
C540S, C544L HA |Reduced thermal stability, but|(Xu et al,2013) | Mutant viruses were obtained
increased fusion activity com- for the study
pared to the HA of the «wild»
virus
T148K, HI50R, NA |Have receptor-binding activity |(Kong et al,
D151G 2021)
DI151G/N NA | May be an indicator of changes | (Lee etal.,2013) | None of the NA sequences

obtained directly from clini-
cal specimens contained the
D151G/N mutation
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Separately, following the example of the EU/
EEA countries, it is necessary to dwell on the
influenza seasons 2020/2021, 2021/2022, and
2022/2023. and the dynamics of circulation of
A(H3N2) viruses. Against the backdrop of the 1st
year of the COVID-19 pandemic (2020/2021 sea-
son), the European Centre for Disease Prevention
and Control (ECDC) reported the identification
of only 10 strains of the influenza virus (Euro-
pean Centre for Disease Prevention and Control,
2022). The rapid spread of the SARS-CoV-2 virus
and strict preventive measures effectively stopped
the circulation of the influenza virus for some
time. In the following season (2021/2022), dur-
ing sentinel surveillance, 4,609 positive samples
(13% of the examined) were already identified,
of which 98.7% were virus A, and among 4,105
subtyped strains of virus A, 8.5% belonged to se-
rotype A(HIN1)pdm09 and 91.5% to A(H3N2).
After 2.5 years of the COVID-19 pandemic and
the easing of quarantine measures against the
background of a decrease in the incidence of CO-
VID-19, the circulation of seasonal influenza vi-
ruses began to resume. In the 2022/2023 season
of the 19,538 positive samples (24% of those ex-
amined), 67% belonged to virus A and 33% to B.
Among the 11,257 subtyped strains of A viruses,
30% belonged to serotype A(HINI1)pdm09 and
70% to A(H3N2) (European Centre for Disease
Prevention and Control, 2023). Thus, in fact, un-
der the same initial conditions, the A(H3N2) vi-
rus showed significantly higher epidemic activity
among other influenza viruses against the back-
ground of the pandemic. In the future, as usual,
the intensity of its circulation will decrease, and
the prevalence of other influenza viruses will in-
crease, to which a layer of susceptible population
will accumulate during this time.

Influenza B/Victoria virus. Antigenic drift
in influenza viruses occurs mainly due to the ac-
cumulation of amino acid substitutions in the
HA1 portion of the HA molecule. However, the
rate of variability observed in the HA of the in-
fluenza B virus appears to be significantly lower
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than that of the HA of the influenza A virus. The
total rate of amino acid substitution in the HA1
of the studied influenza B viruses was 2% over 10
years, while the HA1 of the influenza A H3 virus-
es changed by 9.2% over the same period (Krystal
et al., 1983). Unlike influenza A viruses, of which
a large number are animal viruses or zoonotic vi-
ruses, humans are the primary biological host for
influenza B viruses. Influenzavirus B is the only
member of the genus Betainfluenzavirus. In addi-
tion, influenza A and B viruses significantly differ
in evolution, which occurs mainly due to antigen-
ic drift in HA but is slower compared to influenza
A viruses (Su et al,, 2017). Two lineages of this
virus, which were determined by phylogenetic
relationships of HA genes, diverged in the early
1970s (B/Victoria and B/Yamagata). At different
times, there was a predominance of the circula-
tion of viruses of one or another lineage (Hay et
al., 2001). In this paper, we do not analyze the in-
fluenza virus of the B/Yamagata lineage, since its
circulation in the world against the backdrop of
the COVID-19 pandemic has effectively stopped.
As for the B/Victoria virus, mutations are often
found at positions 75, 88, 175, 199, 330, and 235
of its HA, along with mutations at other HA sites
(commutation) (Chen et al., 2016). It has been
shown that T214P mutation potentially abrogat-
ed the N-linked glycan motif at N212, and was
generally coupled with a three-residue deletion
from K177 to D179. Although a single T214P
mutation was sufficient to avoid neutralization
by antibodies, the deletion of the three amino ac-
ids resulted in additional loss of HA binding by
monoclonal antibodies (Liu et al., 2019).

A study of the evolution of viruses of this lin-
eage was conducted in Zhejiang Province (China)
in 1999 — 2012, based on sequencing of the HAI,
NP, M, and NS genes, and showed that the rate of
nucleotide substitutions in these genes was 2.29 x
10-3;1.39x10-3; 1.78 x 10-3; 1.30 x 10-3 /site per
year, respectively. Variations in amino acid sub-
stitutions of the HAl domain of isolates mainly
included K48E, L58P, N75K, K80R, K129N/S,
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N165K, S172P, SI97N/D, and A202V. At the same
time, the HAI gene evolved faster than the others.
Gene reassortment and gene mutations were the
main evolutionary mechanisms for the influenza
B virus (Mao et al., 2013).

In Victoria viruses, which were isolated from
patients in China against the background of vac-
cination of children, in 2011—2012, amino acid
substitutions of L58P, 1146V in HA1 were ob-
served, and in 2015—2017 — [117V and N129D.
In addition, based on the phylogenetic analysis
of NA, the formation of the Yamagata-Victoria
interlinear reassortant, which emerged in 2013—
2014, was determined, which made it possible to
conclude that the circulating influenza B viruses
do not match the vaccine variant of the virus and
the need to replace it (Lei et al. 2019).

When analyzing the evolution of the influenza
B virus of the Victoria lineage, it was shown that
after the period of its lowest genetic diversity in
2011—2015, 3 amino acid substitutions (D129G,
1180V, and R498K) occurred in one of the 1A
subclades both in the stem and in the antigeni-
cally dominant domain of HA. From this period,
clade 1A split into 4 cocirculating clades 1A.1—
1A.4. Tt is noteworthy that variants with dele-
tions of 2 or 3 amino acids arose independently
in each of these clades, and viruses continued to
circulate simultaneously with viruses that did
not have deletions. This has led to a marked in-
crease in the genetic diversity of Victoria viruses.

Viruses of clade 1A.1 had a deletion of 2 ami-
no acids in HA (positions 162—163), while in
clades 1A.2—1A.4 — 3 amino acids (162—164).
Viruses of clade 1A.2 were found to be more
common (America, Africa, Asia, Europe). They
share mutations in HA (K136E and G133R) near
deletion 162—164, both at the HA antigenic site
and NA (A395T). Clade 1A.3 viruses had 1180T
and K209N mutations in HA and have been iso-
lated in China, Southeast Asia (Bangkok, Singa-
pore, and Vietnam), and North America. Cla-
delA.4 viruses had a G378E mutation in NA and
were detected only in Laos. Mutations in the in-
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ternal proteins PB2 (T103A), PB1 (V208I), and
PA (I686V) and the non-structural protein NS
(L241F) were also identified in Victoria viruses.
These results show that B/Victoria viruses have a
variety of deletion variants with additional HA
mutations, which mostly occur in the 120- and
160-loop RBD regions of HA, as well as in NA
and interior segments. They aim to optimize the
adaptation of the virus (Virk et al., 2020).

A group of influenza B viruses of the Victoria
lineage with a deletion of two amino acids in HA
at positions K162 and N163 was detected dur-
ing the influenza season in the Northern Hemi-
sphere from 2016 to 2017, with their subsequent
distribution. Based on a study of strains isolated
in 2018 in North Africa, it was concluded that
this deletion variant replaced previous circulat-
ing influenza B/Victoria viruses. These deletions
probably affect the antigenic properties of viruses
because they border the immunodominant re-
gion of HA (Hellferscee et al., 2021). Viruses with
a deletion of K162 and N163 have also been de-
tected in the United States. It corresponded to the
deletion of nucleotides (nt) in the HA gene 529—
534. Some viruses circulating in other territories
during the same time period may have had a de-
letion of 3 amino acids (K162, N163, D164) cor-
responding to the deletion of nt 529—534, and
evolved in parallel with a variant of viruses that
had a deletion of 2 amino acids (Shu et al., 2020).

When comparing isolates of the B/ Victoria lin-
eage circulating in Guangzhou (China) in 2016
with the vaccine strain B/Brisbane/60/2008 in
that season, 12 mutation sites in the HA1 domain
were shown, 4 of which (I1132V, N144D, C196S,
and E198D) were in antigenic epitopes. Thus, in-
fluenza B viruses differed significantly from the
vaccine strain recommended by the WHO for this
period (Ye et al., 2018), which certainly affected
the effectiveness of vaccination. In the analysis of
the HA and NA sequences of B/Victoria viruses
of the 2019/2020 season, determined in Macedo-
nia, in comparison with the vaccine strain B/Col-
orado/06/2017, 4 amino acid substitutions with
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high frequency were detected: G132R (77.78%),
K135E (77.78%), V1771 (77.78%), and K495R
(83.3%). The most noticeable difference was ob-
served between the 2017/2018 B/Victoria viruses
and the viruses of the 2019/2020 season. There
were double and triple amino acid deletions, re-
spectively (Kuzmanovska et al., 2021).

In the WHO European Region in the
2021/2022 season, among the viruses of the B/
Victoria lineage, some belonged to the clade
V1A.3a.2 (similar to the B/Austria/1359417/2021
strain), and some — to the V1A.3 clade (simi-
lar to the B/Washington/02/2019 strain recom-
mended for the 2021/2022 vaccine season in the
Northern Hemisphere). The circulating viruses
of clade V1A.3a.2 contained amino acid substitu-
tions HA1 A127T, P144L, and K203R. They were
poorly inhibited by antiserum obtained against
viruses like B/Washington/02/2019. This was the
reason for replacing the vaccine component of
this serotype with B/Austria/1359417/2021-like

Table 3. Amino acid substitutions in the HA

strains (V.1A.3a.2) (Melidou et al., 2022). These
results confirm the effect of the amino acid sub-
stitutions on the antigenic properties of the virus.

In general, against the backdrop of the CO-
VID-19 pandemic, the circulation of B/Victoria
viruses was significantly lower than that of A vi-
ruses, especially during the first pandemic sea-
sons. In the 2021/2022 season. their proportion
by sentinel surveillance data was only 1.3% (61
strains), while B/Yamagata viruses stopped circu-
lating altogether. In the 2022/2023 season. 6,412
influenza B viruses had already been reported,
1,968 were subtyped, all of which belonged to the
B/Victoria lineage (European Centre for Disease
Prevention and Control, 2022; European Centre
for Disease Prevention and Control, 2023).

Table 3 summarizes the effect of amino acid
substitutions in HA influenza B/Victoria viruses
on their biological properties. The effect of muta-
tions on the clinical course of influenza B could
not be determined.

of influenza B/Victoria viruses and their effect on the virus properties

Amino acid position /

Functions/Mechanism of action /

A127T, P144L, K203R
1132V, N144D, C196S,
E198D

G133R, K136E
Deletion K162, N163

Deletion K162, N163, D164

Deletion K177 - D179

Affects the antigenic properties of
the virus

Positions corresponding to anti-
genic epitopes
Antigenic sites
May affect the antigenic properties

of viruses because they border the
immunodominant region of HA

May affect the antigenic properties
of viruses

Together with T214P, it led to ad-
ditional loss of HA binding by
monoclonal antibodies

(Melidou et al.,
2022)

(Ye et al., 2018)

(Virk et al., 2020)

(Hellferscee et
al., 2021)

(Virk et al., 2020;
Shu et al., 2020)

(Liu et al., 2019)

Amino acid substitutions in HA influence Reference Note
Positions 75, 88, 175, 199, Mutations are often found along with | (Chen et al,
330, 235 ones at other HA sites (co-mutations) | 2016)

Clade viruses 1A.2

Were detected in the North-
ern Hemisphere in 2016-
2017 with their distribution

Influenza season 2016/2017
(Europe, Asia, America, Africa)

T214P Potentially cancels out the N-linked | (Liu et al., 2019) | Often combined with deletion
glycan motif at position N212 at positions K177 to D179
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The results of the analysis confirmed the fact
that viruses of the B/Victoria lineage are charac-
terized by less pronounced variability of HA than
influenza A viruses. The higher antigenic stabil-
ity of the virus contributes to the longer circula-
tion of certain genetic variants of the virus with
a relatively stable level of intensity and the longer
use of certain virus variants as vaccines. Thus,
influenza viruses of serotypes A(HINI)pdm09
and A(H3N2) and B/Victoria differ significantly
in certain epidemiological and evolutionary fea-
tures. And although this is influenced by many
factors, and other genes of viruses can be in-
volved in these processes, in addition to the HA
and NA genes, we tried to summarize the data
that characterize the effect of amino acid substi-
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BIUIVIB MYTAIIN Y TEMATJIIOTUMHIHI TA HEVIPOMIHIJIA3I
HA BIIACTMBOCTI CE3OHHMX BIPYCIB I'PUITY

CesoHHi Bipycu rpuny € 36ygHUKaMH, AKi CTAHOBJIATD HOCTINIHY 3arpo3y 3,0POB’I0 JIIOACTBA. BOHM LIUPKY/IIOIOTH
MOBCIOJHO i BUKIMKAIOTh CE30HHI Mi/IIOMM 3aXBOPIOBAHOCTI Pi3HOTO CTyNeHA iHTEHCMBHOCTI K Ha ITiBHivHil, Tak
i ma IliBpenniit miBkynax. i Bipycn xapakTepusyoThcs MiHIMBICTIO AK 32 PaXyHOK aHTUTEHHOTO Apelidy, Tak iy
3B’s13Ky 31 37aTHICTIO 10 peaccopralii reHiB. Bifomo, 110 okpemi aminokucnorHi saminn B remarmotutizi (HA) Bipycy
CTIPUAIN JIOTO TIEPEXOAY Ha BUKOPUCTaHHSA MIOCOKMX KIITUHHUX PELIENTOPIB, 0 CTaBajI0 NPUYMHOI0 IaH/IeMill.
Meroro pob6oTu 6yB aHaIi3 IiTepaTypHNUX JaHUX 100 MOXK/IMBOTO BITMBY MyTauiil y HA ta Heitpaminifasu (NA)
ce3oHHUX Bipycis rpuny (A(HINI)pdm09, A(H3N2), B/Victoria) Ha iX BIaCTMBOCTI, emifieMiYHMII [IOTEHIiaN Ta
CTYIIiHb KTiHIYHOTO IIPOsABY 3aXBOPIOBAHHA. AHaIi3 Bipycy rpuny ninii B/Yamagata e nposoouscs, OCKiIIbKI J1Oro
nUpKy/Anig Ha T nangemii COVID-19 daxruuno npunuamnacs. ITokasano, mo Bipycu rpuny A(HINI)pdm09,
A(H3N2) ta B/Victoria cyTTEBO Bifpi3HSIOTHCS 32 0COOMMBOCTAMU €BOJMIONIL. Y AMHAMIII IPOXEMOHCTPOBAHO,
AKi aMiHOKMC/IOTHI 3aMinu BinbyBamica 8 HA ta NA BipyciB rpuiy, 30kpema it Ti, 1[0 BIUIMBa/IM Ha aHTUT€HHI
B/IACTUBOCTI, PE3UCTEHTHICTD BipyciB /0 crenudivHUX nMiKapcbKux 3aco6iB Ta KIiHiYHI cummToMu rpumy. Takox
HaBe[eHO MyTallii, [0 CIPUAIOTH Ii[BUILEHHIO PENPORYKLil BipyCiB y KIITMHHUX Ky/JIbTypax Ta Ha KypsA4ux
eMOpioHaX, BIUIMBAOYM Ha IIe€BHI 6iomoriyni BracTuBOCTI Bipycy. HaBemeHo maHi 11070 MOpiBHAHHA MyTauiil y
BipyciB IpuIly pi3HUX KJIaj Ta BipyciB, 10 LIMPKYIIOBaNM Ha pisHuX reorpadidumx tepuropiax. IlokasaHo, 1o
(akTIYHO 32 OJHAKOBUX IIOYaTKOBMX yMOB Bipyc A(H3N2) BUABUB 3HAYHO BUILY ellifieMi4Hy aKTVBHICTb ceper
inmmx BipyciB rpuny Ha Tmi nanjemii. Hapami, Ax 1e cnocrepiramocd i paHille, iHTEHCUMBHICTD JI0TO LIMPKYIALLL
3HUSUTHCA, a MiABUIINTHCA MOIMPEHICTDh iHIIMX BipyciB IpuIly, 1O AKUX 3a Lefl 9aC HAKOMMYUTHCA IPOIIAPOK
CIIpUIHATIMBOTO Hace/leHHs. Y mepiof maHmeMil LupKy/siuis Bipyci niuii B/Victoria 6yma sHaYHO HIDKYOIO,
HDK IUPKY/ALiA BIipyciB A, 0COOMMBO IPOTArOM MepIINX IAHAEeMIYHUX ce30HIB. Bipycu minii B/Victoria
XapaKTepUsYIOThCS MEHIIO MiHmuBicTio HA, Hix Bipycu rpumy A. Y 6inblIoMy cTymeHi, HDK y iHIIMX Bipycis,
IXHs MiH/IUBICTb OB’sA3aHa 3 fenmenisMu B HA. Buia aHTnreHHa cTabinbHICTD Bipycy cripusie O1IbMII TPUBATOCTI
LVIPKY/IALl NeBHUMX TeHeTWYHMX BapiaHTIB BIpycy 3 BIZHOCHO CTabinbHUM piBHeM iHTEHCMBHOCTI Ta OibuI
TPUBA/IMM BUKOPYICTAHHAM OJHMX i TUX CaMUX BaKI[MHHUX BapiaHTiB BipyciB. HesBakaioum Ha Benukuii o6csr
JAHUX LIO0 MOHITOPUHIY €BOMIOLIIl CE30HHMX BipyCiB I'PUITY Ta BUBYEHHS BIUIMBY aMiHOKMCIOTHMX MYTaLlill y
HA rta NA Ha 6iooriuHi BIacTHBOCTI Bipycy, iX emijleMi¥HNMIT IIOTEHIia/I Ta IIOTEHIia/ BIPY/IEHTHOCTI, Ha CbOTOJHI
3a/IMIIAETbCA 6araTo MUTaHb, AKi HOTPeOYIOTb BUBYEHHS.

Kntouoei cnosa: sipyc epuny A(HINI1)pdmO09, sipyc epuny A(H3N2), sipyc epuny ninii B/Victoria, eemazniomuHin,
Helipaminioasa, mymauis.
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MICROBIAL BIOTECHNOLOGIES
OF ANTIBIOTIC DEGRADATION IN AQUACULTURE
AND NATURAL WATER BODIES

Antibiotics are used for therapeutic and prophylactic purposes in both medicine and veterinary medicine, as well as
growth stimulants on farms and in aquaculture. Pollution of natural waters with antibiotics has an extremely negative
impact on the environment, aquatic biosystems, and human health, leading to the formation of antibiotic-resistant bac-
teria and antibiotic-resistant genes. The presence of antibiotics in water resources and available methods for their degra-
dation are extremely relevant problems for Ukraine, which has significant potential for the development of aquaculture
in the domestic market and may become an important exporter of fish products in Europe in the future. Military ag-
gression and the blowing up of the Kakhovka Hydroelectric Power Plant exacerbated the problems with the pollution of
water bodies in Ukraine, including antibiotics. Removal of antibiotics is an important problem in wastewater treatment
and the preparation of drinking water for use. One of the promising methods for the destruction of antibiotics and other
xenobiotics is biodegradation, in particular decomposition using activated sludge, microbial strains, degradation of an-
tibiotics by electroactive biofilm, and enzymatic degradation of antibiotics. Aim of the work. To analyze and summarize
information on antibiotic contamination of water systems and the use of microbial biotechnologies for the degradation
of antibiotics in aquaculture and natural water bodies. Results. The presented work examines the most relevant methods
of antibiotic degradation in aquatic ecosystems with the involvement of microbial biotechnologies.
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Global risks associated with antibiotic use.
Antibiotic contamination of water resources
Antibiotics are drugs of natural or synthetic ori-
gin that have the ability to kill bacteria (bacte-
ricidal ability) or inhibit the growth of bacteria
(bacteriostatic ability). Antibiotics are widely
prescribed for the treatment of bacterial infec-
tions and revention of diseases in humans and
animals (Huber et al., 2024). Some antibiotics
are used as growth stimulants in farm animals,
in crop production and beekeeping, and aqua-
culture; antibiotics are also part of household
chemicals and cosmetics (Bondad-Reantaso et
al., 2023; McKernal et al., 2021)

Antibiotics cannot be fully absorbed by hu-
mans and animals, so a significant amount of
them is excreted in feces and urine, and released
into the environment. Also, antibiotics cannot
be completely removed by wastewater treatment
plants (Xu etal., 2014; Qiulian etal., 2021; Tran et
al., 2016). As a result, both the unchanged start-
ing compounds and their metabolites and de-
rivatives are released into the environment. The
main sources of environmental pollution with
antibiotics are wastewater from pharmaceutical
enterprises, hospitals, insufficiently treated water
from wastewater treatment and disinfection en-
terprises, wastewater from livestock farms, fish
farms, slaughterhouses, sedimentation tanks,
and domestic wastewater (Wang et al.,, 2020;
Mello et al., 2022). Approximately 20—30% of
all antibiotics released into the aquatic environ-
ment come from aquaculture enterprises (Zhou
etal., 2022; Shepelevych et al., 2023). In aquacul-
ture, antibiotics are used with feed to minimize
infections in fish and other organisms. Most
often, florfenicol, sarafloxacin, trimethoprim,
oxytetracycline, ciprofloxacin, and ofloxacin are
used in fish farming (Singh et al., 2021).

Under conditions of critical depletion of wa-
ter resources, fresh and marine surface water,
groundwater, and even drinking bottled water
can be contaminated with antibiotics due to the
use of manure and insufficiently treated waste-
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water for agricultural land (Baralla et al., 2021;
Zhang et al., 2018).

Since the discovery of penicillin in 1929, hun-
dreds of isolated or synthesized antibiotics have
been used (Yang et al., 2018). Among the various
categories, beta-lactam antibiotics (BLAs), fluoro-
quinolones (FQs), tetracyclines (TCs), macrolides
(MLs), and sulfonamides (SAs) are the most com-
monly used antibiotics (Zhu et al., 2024). Over the
past 20 years, the use of antibiotics in medicine
has increased significantly, so the problem of an-
tibiotic contamination of hospital wastewater and
domestic wastewater has become even more se-
rious. The SARS-CoV-2 (COVID-19) pandemic
and the uncontrolled use of antibiotics to treat
and prevent bacterial complications in patients
with coronavirus have exacerbated the problem
of environmental pollution (Sosa-Hernandez
et al., 2021). Antibiotics are not very resistant to
degradation, and the rate at which they enter the
environment significantly exceeds their rate of
degradation (Polianciuc et al., 2020). The war in
Ukraine and the use of antibiotics to treat mili-
tary and civilian populations, alongside the death
of a large number of domestic animals and birds
on farms as a result of military actions, have in-
creased and exacerbated the problem of antibiotic
resistance (Symochko et al., 2024; Polianciuc et
al., 2020; Petrosillo et al., 2023). A study of wa-
ter pollution in Ukraine showed a correlation
between the content of nitrogen compounds and
heavy metals in the experimental plots of the Uzh
River and the distribution of antibiotic-resistant
strains (Savenko et al., 2020).

The main ways of contamination of water re-
sources with antibiotics are shown in Figure 1.

In the environment, antibiotics can either
completely degrade or turn into highly bioactive
and potentially toxic substances that enter the
food chain. Antibiotics can have a direct impact
on a range of aquatic plants and animals, altering
species distribution and threatening the entire
aquatic ecosystem (Harada et al., 2008; Wang et
al., 2014). Antibiotics can be active at low con-
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Fig. 1. The main ways of contamination of water resources with antibiotics (Sosa-

Hernandez et al., 2021)

centrations (pg/L and ng/L) and cause a reduc-
tion in microbial biodiversity, threaten human
and animal health, and significantly impair en-
vironmental safety (Larsson, 2014; Wang et al,,
2020; Chiesa et al., 2018). Synergistic, additive,
or antagonistic effects between other toxins in
water and antibiotics are also not yet fully under-
stood and are of concern to scientists (Caldwell
etal., 2016).

The danger of antibiotics is manifested both in
the fact that their cumulative toxic effect on liv-
ing organisms has not yet been sufficiently stud-
ied, and in the fact that their constant presence
leads to the development of antibiotic-resistant
bacteria (ARB ) and antibiotic-resistance genes
(ARG), which can be transmitted to animals and
humans (Martins et al., 2018; Kassotaki et al.,

ISSN 1028-0987. Microbiological Journal. 2026. (1)

2016; Wang et al., 2024; Han et al., 2020; Xu et
al., 2022; Liu et al., 2022).

Antibiotic-resistant bacteria and antibiotic-re-
sistance genes can be transmitted through direct
or indirect contact with animals, manure, ani-
mal excrement or sewage, contaminated foods
(meat, eggs, milk, fish, seafood), and through
inhalation of the bioaerosols in which they are
contained. Antibiotic resistance is the inability of
an antibiotic administered at therapeutic doses
to reduce survival or inhibit the replication of a
pathogenic bacterium. Antibiotic resistance can
also cause allergies, asthma, intestinal disorders,
cancer, and endocrine disruption and have im-
munotoxic effects on humans (Mclnnes et al,,
2020; Sobhani et al., 2019). Due to antibiotic re-
sistance, the number of infections that are dif-
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ficult to treat with antibiotics is increasing every
year globally (Bai et al., 2021). In Ukraine and
around the world, the Russian-Ukrainian war
has exacerbated the problem of antibiotic resis-
tance and complicated the treatment of military
and civilian populations with wounds caused by
military aggression. (Petrosillo et al., 2023; Sy-
mochko et al., 2024; Loban et al., 2023; Berger
et al., 2023; Sandfort et al., 2022) This was also
observed in previous conflicts in Iraq, Syria, the
Congo, and in Israel-Gaza military conflict (Sy-
mochko et al., 2024).

Antibiotic resistance is a very important pub-
lic health issue worldwide, as it causes an in-
crease in mortality, long hospital stays, and in-
creased healthcare costs (Sirichokchatchawan et
al., 2021). The World Health Organization has
listed antimicrobial resistance among the top
10 global threats to public health. It is predicted
that antibiotic resistance could cause 10 million
deaths worldwide by 2050 (Antimicrobial resis-
tance, 17 November 2021).

The recognition of the risks associated with the
presence of antibiotic residues in food products
of animal origin and aquaculture has led many
countries , including the European Union (EU),
to establish maximum residual limits (MRLs) for
antibiotics in food products (Commission Regu-
lation (EU) 2018/782). Due to legal restrictions
on the content of antibiotics in feed in Europe,
the use of antibiotics in agriculture has been re-
duced from 65% to 27%. As an alternative to the
use of antibiotics in medicine, veterinary medi-
cine, aquaculture, vaccination, the use of bacte-
riophages, nanoantibiotics, bacteriocins, probi-
otics and prebiotics, synbiotics, parabiotics and
postbiotics, and extracts of medicinal plants is
considered (Bondad-Reantaso et al., 2023; Hal-
awa et al., 2023; Vasyliuk et al., 2023).

Antibiotic degradation

Detection and monitoring of antibiotics in waste-
water and aquatic ecosystems is an important
problem. Various methods are used for this, in-
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cluding enzyme-linked immunosorbent assays,
instrumental methods, and sensor technologies.
Each of them has its advantages and limitations,
and the choice of a method depends on the envi-
ronmental conditions and the type of antibiotic
contaminant (Zhu et al., 2024). Researchers are
also developing more environmentally friendly
antibiotics. Given the seriousness of the prob-
lem of antibiotic pollution, some countries have
introduced appropriate measures to limit them,
but they were taken too late and/or were insuffi-
cient to address the problem (Commission Reg-
ulation (EU) 2018/782). At the same time, due to
the excessive content of antibiotics in the aquatic
environment, scientists were forced to develop
various wastewater treatment methods aimed at
degrading these compounds. The methods can
be roughly divided into the following categories:
physical adsorption, chemical oxidation, photo-
degradation, and biodegradation (Sosa-Hernan-
dez et al., 2021).

Biodegradation, also called bioremediation, is
based on the use of microorganisms, fungi, and
enzymes to decompose or break down complex
chemicals present in water or soil sediments
into smaller and simpler molecules (Singh et
al., 2021).In addition to antibiotics, it is pos-
sible with the help of biodegradation to decom-
pose other xenobiotics, petroleum products,
pesticides, insecticides, drugs, polyurethane,
polycaprolactone, polystyrene, heavy metals,
etc. (Khomenko et al., 2022; Khomenko et al.,
2019). The biological degradation of antibiotics
is carried out through conventional activated
sludge (CAS) processes, membrane bioreactors
(MBR), and anaerobic reactor systems (Zhu et
al., 2024). The decomposition of antibiotics us-
ing microbial strains and microbiotechnologies
is a very promising method of degradation of
antibiotics and xenobiotics. Among the advan-
tages of using microbial-activated sludge and
microbial strains are the prospects for the use
of this method in industry and its ease to op-
erate. However, it should be remembered the
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possibility of the formation of genes of the re-
sistance of microorganisms to antibiotics (Liu
et al., 2018). Enzymatic degradation of antibi-
otics is an environmentally friendly and effec-
tive method that does not require much time,
but this method can be seriously affected by the
environment (Bilal et al., 2019).

Decomposition of antibiotics
using activated sludge

In biological treatment, activated sludge tech-
nologies are widely used (Liu et al., 2021). Both
aerobic and anaerobic microbial communities
are applied in this technology. Activated sludge
removes contaminants, including antibiotics,
through adsorption and microbial biodegrada-
tion. Antibiotics can be removed either by mi-
crobial nitrification (autotrophic biodegrada-
tion) or by microbial chemical oxygen demand
(heterotrophic biodegradation) (Zhu et al., 2020;
Zhang et al., 2018). The degree of antibiotic re-
moval from wastewater using activated sludge
varies from <1% to 71%. Studies show that ni-
trifying bacteria play a key role in antibiotic
biodegradation, which occurs mainly during co-
metabolism and endogenous respiration follow-
ing nitrification (Verlicchi et al., 2013; Alvarino
et al., 2014). However, it has not yet been possi-
ble to establish a relationship between the chem-
ical structure and composition of pollutants and
the degree of biotreatment. The activated sludge
from municipal wastewater treatment plants
can degrade three main macrolide antibiotics:
erythromycin, clarithromycin, and azithromy-
cin (Terzic et al., 2018). After treatment with
activated sludge, the harmful effects of treated
wastewater are significantly reduced. Activated
sludge affects the adsorption of quinolone-type
antibiotics from the environment, but this effect
is unstable (Radjenovic et al., 2009). A pure cul-
ture of the denitrifying bacterium Chromobacte-
rium sp. strain PR1, capable of degrading sulfa-
methoxazole (SMX), was isolated (Nguyen et al.,
2017). The properties of antibiotics significantly
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affect their biodegradation. In particular, com-
pounds with higher polarity, lower electronega-
tivity of functional groups, and better hydrophi-
licity generally have greater bioavailability and
degrade faster (Chen et al., 2022). The efficiency
of antibiotic degradation due to activated sludge
significantly depends on environmental factors
such as pH, temperature, dissolved oxygen, nu-
trients, and toxic substances, as well as the com-
position and proportion of microorganisms that
influence the decomposition duration. Under
low dissolved oxygen conditions, irritating gases
such as ammonia or sulfur dioxide may be gen-
erated, necessitating the regulation of nutrient
proportions in wastewater; otherwise, degra-
dation efficiency decreases. Several researchers
note that biological treatment with activated
sludge achieves fairly high drug removal effi-
ciency; however, this technique does not lead to
complete mineralization of pollutants, only their
accumulation in activated sludge, which poten-
tially creates additional risks. Antibiotics can
promote the formation and spread of antibiotic
resistance genes (ARGs), leading to the emer-
gence of new genetic contaminants (Zeng et al.,
2019). Moreover, the high toxicity of many drug
contaminants limits the widespread and effective
use of biological treatment, as effluents with high
pollutant content cause the rapid death of acti-
vated sludge microorganisms. The efficiency of
biotreatment methods for antibiotic-containing
wastewater can be significantly improved by hy-
brid systems combining activated sludge treat-
ment as the first stage with a biofilter containing
volcanic slag in the second stage. For example,
a single-stage activated sludge process achieves
amoxicillin removal at 70.36%, while the addi-
tion of a biofilter increases removal to 87.53%
(Pirsaheb et al., 2020).

Degradation of antibiotics
by microbial strains

In the process of evolution, some strains of mi-
croorganisms have acquired resistance to an-
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tibiotics and the ability to degrade them. This
property is influenced by several factors, in-
cluding the structure of antibiotics, the type of
microorganism, carbon and nitrogen sources,
temperature, and the composition of wastewa-
ter (the presence of heavy metals and other pol-
lutants).

Recently, through screening and modifica-
tion, many bacterial strains have been isolated
with a pronounced ability to biodegrade antibi-
otics. Most often, these are strains that degrade
sulfonamides and tetracyclines. Presumably, this
selectivity is because these two classes of antibi-
otics tend to adsorb on sediment, which ensures
their long-term preservation in the environ-
ment. (Mulla et al., 2018). Table 1 presents the
strains of microorganisms capable of degrading
antibiotics (Liu et al., 2021).

Microorganisms capable of degrading anti-
biotics can be classified into individual strains
and groups of strains (Martins et al., 2018).
Most studies on the biodegradation of quino-
lones have focused on single bacterial strains in
pure cultures, while there is much less research
examining their degradation by mixed micro-
bial communities. However, some research sug-
gests that combined strains may exhibit higher
efficiency in degrading antibiotics compared
to individual cultures, making them a promis-
ing approach for removing these compounds
from the environment. (Kassotaki et al., 2016).
Mixed bacterial strains can efficiently degrade
quinolone antibiotics, including norfloxacin
and enrofloxacin, in various aquatic environ-

ments, such as tap water, seawater, river water,
and lake water. This demonstrates their poten-
tial for bioremediation of contaminated water
bodies and reducing the environmental burden
of persistent pharmaceutical pollutants (Wang
et al., 2024). Through screening, modification,
and microbial diversity experiments, it was pos-
sible to achieve 96.76% efliciency of degrada-
tion of 20 mg/L norfloxacin (NOR) by complex
microbial communities such as Acinetobacter
bereziniae, Aeromonas caviae, Comamonas tes-
tosteroni, and Pseudomonas putida (Wang et al.,
2024). Anaerobic antibiotic deposits are well
degraded by sulfate-reducing bacteria (SRB)
(Cérdova-Kreylos et al., 2007). There is evi-
dence that under conditions of reduced sulfate
content, bacteria can degrade antibiotics. In ad-
dition, the nitrate reduction method has been
successfully used for microbial remediation, as
denitrifying bacteria effectively destroy enro-
floxacin and ceftiofur (Jia et al., 2017; Alexan-
drino et al.,, 2017). A microbial group capable
of decomposing tetracycline antibiotics was
isolated from the sediments at the mouth of
the Erne River. Additionally, scientists success-
fully enriched the microbiota at the mouth of
the Douro River, achieving degradation rates of
over 95% for oxytetracycline and enrofloxacin
(Harrabi et al., 2019).

Fungi are better able to withstand high con-
centrations of pollutants than bacteria, which
gives them an advantage in breaking down anti-
biotics. Table 2 lists fungi that degrade antibiot-
ics (Liu et al., 2021).

Table 1. Strains of microorganisms that degrade antibiotics (Liu et al., 2021)

Antibiotics Bacterial species Concentra- Removal rate(%) Sources References
tion (mg/L)
B-lactam Sulfonamides
Cephalosporin | Achromobacter sp. YE-1 30 92.71 (7 days) | Waste medicine | Zhangetal. (2019a)
residue
Sulfamethoxazole | Shewanella oneidensis MR-1 10 97.9 (3days) |Laboratory Mao et al. (2018)
Sulfamethoxazole | Shewanella sp. MR-4 10 100 (3days) |Laboratory Mao et al. (2018)
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Continuation of Table 1

Antibiotics Bacterial species Concentra— Removal rate(%) Sources References
tion (mg/L)
Sulfamethoxazole | Pseudomonas mandelii 50 73 (15days) |Laboratory Reis et al. (2018)
McBPA4
Sulfamethoxazole | Acinetobacter sp. W1 5-240 100 (10h) Activated sludge |Wang and Wang
(2018)
Sulfamethoxazole | Ochrobactrum sp. 5 45.2 (8h) Wastewater Zhang et al. (2019¢)
SMX-PM1-SA1
Sulfamethoxazole | Labrys sp. SMX-W11 5 62.2 (8 days) |Activated sludge |Mullaetal. (2018)
Sulfamethoxazole | Gordonia sp. 5 51.4 (8 days) |Pig manure Mulla et al. (2018)
SMX-W2-SCD14
Sulfamethoxazole | Achromobacter sp. JL9 50 79.45 (120h) | Pharmaceutical Liang et al. (2019)
wastewater
Sulfamethoxazole | Acinetobacter sp. 30 100 (5h) Microbiological | Wang et al. (2018a)
culture collection
Sulfadimidine Bacillus cereus J2 50 100 (36h) Municipal sewage | Zhang et al. (2019¢)
Sulfamethazine | Acinetobacter sp. 30 100 (10h) Microbiological | Wang et al. (2018a)
culture collection
Sulfadiazine Acinetobacter sp. 30 100 (10h) Microbiological | Wang et al. (2018a)
culture collection
Tetracyclines
Tetracycline Raoultella sp. XY-1 20 70.68 (8 days) | Pig farm sediment | Wu et al. (2018)
Tetracycline Klebsiella sp. SQY5 10-30 67.32 (92 days) | Municipal sludge |Shao etal. (2018a)
Tetracycline Achromobacter sp. TJ-2# 50 63.9 (3days) |Contaminated soil | Cheng et al (2017 b)
Oxytetracycline | Pseudomonas sp. T4 100 26.88 (7 days) |Livestock manure |Meng etal. (2018)
Oxytetracycline | Achromobacter sp. TJ-2# 50 58.3 (3 days) |Contaminated soil | Cheng et al (2017 b)
Oxytetracycline | Ochrobactrum sp.KSS10 30 63.33 (4 days) | Municipal sludge |Shao et al. (2018b)
Aureomycin Achromobacter sp. T]-2# 50 65.5 (3 days) |Contaminated soil | Cheng et al (2017 b)
Fluoroquinolones
Norfloxacin Staphylococcus caprae 5 92.6 (10 days) |Pharmaceutical |Fuetal. (2017)
NOR-36 wastewater
Ofloxain Labrys portucalensis F11 0.45 34.6 (28 days) | Fluorebenzene Maia et al. (2018)
Ofloxain Rhodococcus sp.FR1 0.45 39.3 (28 days) | Fluorebenzene Maia et al. (2018)
Ciprofloxacin Thermus thermophiles C419 5 57 (5days) |Pharmaceutical |Panetal. (2017)
sludge
Ciprofloxacin Enterobacter sp. 5 96(14 days) | Hospital effluent | Liyanage and
(KM504128) water Manage (2018)
Ciprofloxacin Lactobacillus gesseri 5 100(14 days) |Hospital effluent | Liyanage and
(KM4055978) water Manage (2018)
Ciprofloxacin Bacillus sp. (KM504129) 5 74 (14 days) | Hospital effluent | Liyanage and
water Manage (2018)
Ciprofloxacin Bradyrhizobium sp. GLC_01 0.05 70.4+7.4 (8 days) | Wastewater Nguen et al. (2018)
Macrolides
Tylosin | Achromobacter 50 96.08 (56 days) | Spinach soil Zhang et al. (2018c)
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Table 2. Fungi that degrade antibiotics (Liu et al., 2021)

Antibiotics Fungus Concent— Removal rate(%) Degradation References
ration (mg/L) enzyme
Sulfonamides
Sulfadiazine Fusarium solani KS256 1.5 18.53 (7 days) — Wang et al. (2018b)
Sulfamethoxazole | Pycnoporus sangulneus 10 100 (2 days) Lac P450 Geoetal. (2017 a)
Sulfamethoxazole | Phanerochaete Crysosporium 10 63.3(8days) |MnP and Geoetal. (2017 a)
LipP450
Sulfamethoxazole | Phoma sp. UHH5-1-03 10 57 (168h) Lac Hofmann
Schlosser (2016)
Sulfamethoxazole | Trametes versicolor ATCC 42530 10 90-94 (30 days) — Aydin (2016)
Sulfamethoxazole | Bjerkanderaadusta ATCC 28314 10 90-94 (30 days) — Aydin (2016)
Sulfamethoxazole | Achromobacter denitrificans 150 91(51h) — Nguyen et al. (2018)
strain PR1
Fluoroquinolones
Ciprofloxacin Pleurotus ostreatus 500 95.07 Mnp Singh et al (2017)
Norfloxacin Penicillum janthinellum KS272 1.5 10.59 (8 days) — Wang et al (2018 b)
Ciprofloxacin Pycnoporus sanguineus 10 98.5 (2 days) LacP450 Gao et al. (2017 a)
Norfloxacin Pycnoporus sanguineus 10 96.4 (2 days) LacP450 Gao et al. (2017 a)
Ciprofloxacin Phanerochaete Chrysosporium 10 64.5 (8days) |Mnp and Lip | Gao et al. (2017 a)
P450
Norfloxacin Phanerochaete Chrysosporium 10 732 (8 days) |Mnp and Lip | Gao et al. (2017 a)
P450
Norfloxacin Irpex lacteus 10 100 (10 days) | LacP450 Cvancarova et al.
(2015)
Norfloxacin Trametes versicolor 10 85 (14 days) MnP and Cvancarova et al.
MIP (2015)
Ofloxacin Irpex lacteus 10 100 (10 days) |MnP and Cvancarova et al.
MIP (2015)
Ciprofloxacin Irpex lacteus 10 100 (10 days)  |Lac and MnP | Cvanéarova et al.
and MIP (2015)
Ciprofloxacin Pleurutus ostreatus 10 60 (14 days) Lac Cvancarova et al.
(2015)
Tetracyclines
Oxvytetracycline | Fusarium verticillioides KS248 1.5 34.63 (7 days) — Wang et al (2018 b)
Oxytetracycline | Penicillium janthinellum KS272 1.5 40.29 (7 days) — Wang et al (2018 b)
Oxytetracycline | T. harzianum 250 92 (21 days) — Ahumada-Ru-
dolph et al. (2016)
Oxytetracycline | T.deliquescens 250 85(21 days) — Ahumada-Ru-
dolph et al. (2016)
Oxytetracycline | P, crustosum 250 92 (21 days) — Ahumada-Ru-
dolph et al. (2016)
Tetracycline Phanerochaete Chrysosporium 10 80 (3 days) Lip, mnp Qing et al. (2018)
Tetracycline Trichoderma harzianum 250 92 (21 days) — Ahumada-Ru-
dolph et al. (2016)
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Continuation of Table 2

Antibiotics Fungus rat?(;)r?irerrll;L) Removal rate(%) D eegrf';l;ireg‘leon References
Tetracycline Trichoderma deliquescens 250 85 (21 days) — Ahumada-Ru-
dolph et al. (2016)
Tetracycline Penicillium crustosum 250 83 (21 days) — Ahumada-Ru-
dolph et al. (2016)
Tetracycline Rhodotorula mucilaginosa 250 73 (21 days) — Ahumada-Ru-
dolph et al. (2016)
Tetracycline Talaromycts atroroseus 250 72(21 days) — Ahumada-Ru-
dolph et al. (2016)
Beta-lactam
Oxacilin Leptosphaerulina sp. 16 100 (6 days) Lac and Mnp | Copete-Pertuz et
and Lip al. (2018)
Cloxacilin Leptosphaerulina sp. 17.5 100 (6 days) Lac and Mnp | Copete-Pertuz et
and Lip al. (2018)
Dicloxacilin Leptosphaerulina sp. 19 100 (6 days) Lac and Mnp | Copete-Pertuz et
and Lip al. (2018)
Cefadroxyl Leptosphaerulina sp. 15.2 100 (15days) |Lac and Mnp | Perez Grisales et
CECT20913 al. (2019)
Cefadroxyl Trametes versicolor ATCC42530 6 100 (15 days) |Lac and Mnp | Perez Grisales et
al. (2019)

Note: Lac — laccase; LiP — lignin peroxidase; MnP — manganese peroxidase; MIP — manganese-independent
peroxidase; CGMCC — China General Microbiological Culture Collection Center.

Degradation of antibiotics
by electroactive biofilms

The study of antibiotic degradation by electro-
active biofilms (EAB) represents a promising re-
search direction (Zhang et al., 2024). Microbial
electrochemical systems (MES) harness the bio-
catalytic activity of microorganisms to transfer
electrons derived from biodegradable organic
compounds to electron acceptors on electrode
surfaces, facilitating interactions between micro-
bial cells and electrodes (Kovalakova et al., 2020;
Priyadarshini et al., 2022). MES include various
types of reactors, such as microbial fuel cells
(MFECs), microbial electrolysis cells (MECs), mi-
crobial solar cells (MSCs), and microbial desali-
nation cells (MDCs), all of which demonstrate
asignificant potential for antibiotic degradation
(Wu et al., 2018). Microorganisms oxidize an-
tibiotics through extracellular electron transfer,
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directly converting chemical energy into elec-
trical energy (Kovalakova et al., 2020; Wu et
al., 2018; Li et al., 2020). Enhancing electrode
efficiency in MES is achieved through material
selection, electrode modification, and optimiza-
tion of electrode O(Hasinger et al., 2012).
Microbial fuel cells (MFCs) have gained
widespread attention due to their operational
simplicity and low cost. Most exoelectrogens —
microorganisms responsible for electron trans-
fer — belong to Gram-negative Proteobacteria,
including well-known species such as Shewanel-
la oneidensis, Pseudomonas aeruginosa, and Geo-
bacter sulfurreducens. However, Gram-positive
exoelectrogens like Rhodococcus and Corynebac-
terium also show potential. Studies have demon-
strated that MFCs effectively degrade antibiotics
such as cefepime, achieving degradation rates of
up to 92.5% at concentrations of 5 mg/L, with
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a maximum power output of 263.6 mW/cm? at
25 mg/L. Electrochemical analyses revealed that
Gram-positive bacteria on the anode exhibit
increased resistance to vancomycin, resulted in
a 13.7% increase in power output. Conversely,
exoelectrogens in mixed communities show low
sensitivity to antifungal antibiotics such as am-
photericin, with degradation rates below 4.5%
(Cheng et al., 2023).

Microbial electrolysis cells (MECs) represent
an advanced technology that combines wastewa-
ter treatment with energy production (Huang et
al., 2022). MECs enhance electron transfer in an-
aerobic systems, thereby increasing overall effi-
ciency (Wu etal., 2023). In MECs, bacteria on the
anode oxidize organic compounds under applied
voltage, generating electrons that are transferred
via an external circuit to the cathode, where hy-
drogen is produced alongside protons (Amin et
al., 2022). Studies have demonstrated that MECs
operate effectively at room temperature to re-
move antibiotics from wastewater sludge by alter-
ing the microbial community (Wu et al., 2023).
Combining MECs with anaerobic digestion (AD)
further enhances removal efficiency, as voltage
and temperature influence both electrochemical
and biochemical processes (Wang et al., 2022).
However, optimal voltage parameters for antibi-
otic removal under mesophilic and thermophilic
conditions require further investigation.

Antibiotics in wastewater sludge predominant-
ly exist in a solid form and must be transferred to
the liquid phase for effective microbial degrada-
tion (Zhou et al., 2021). Studying the partitioning
of antibiotics across different phases is critical to
identify limiting factors affecting their degrada-
tion and to improve control over environmental
release. Nevertheless, data on antibiotic distribu-
tion in MEC systems remains limited.

Electroactive biofilms (EAB) consist of elec-
trogenic bacteria that transfer electrons to elec-
trodes, forming a complex structures composed
of extracellular polymeric substances (EPS) se-
creted by bacteria, along with organic matter
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from the environment. These biofilms integrate
diverse microbial populations (Pal et al., 2020).
Due to their unique properties, EABs hold a
considerable potential for bioenergy produc-
tion and chemical synthesis. Biofilm formation
on electrode surfaces is driven by microorgan-
isms that use the electrode as an electron accep-
tor or donor in their respiratory or metabolic
processes. EPS, which constitute approximately
90% of biofilm biomass, are primarily composed
of complex organic polymers such as polysac-
charides, proteins, lipids, and humic substances.
EPS play a critical role in forming the three-di-
mensional biofilm matrix and facilitate cell adhe-
sion to solid electrodes (Liu et al., 2018). Within
this matrix, microorganisms secrete various EPS
types, which are essential for microbial commu-
nity stability and enhance bacterial resistance to
toxic compounds (Li et al., 2022).

MEC systems formed by the synergistic in-
teraction of bacteria inoculated into activated
sludge promote substantial production of ex-
tracellular polymers, increasing the diversity of
pollutants subject to degradation. The aggrega-
tion of different microorganisms within biofilms
enhances resilience to adverse environmental
conditions, thereby improving the stability of
the MFC system (Wang et al., 2019). Additional-
ly, extracellular polymers exhibit photochemical
properties and can spontaneously generate reac-
tive free radicals under illumination, contribut-
ing to the degradation of pollutants, including
antibiotics (Wang et al., 2019).

Electron transfer within electroactive bio-
films primarily occurs via the outer membrane
of microbial cells (e.g., Geobacter sulfurreducens,
Shewanella spp.) or indirectly through redox-
active microelements such as flavins and phen-
azines produced by bacteria (e.g., Pseudomonas
aeruginosa, Shewanella oneidensis) (Kong et al.,
2015). The efficiency of electron transport is
constrained by biofilm biomass, thickness, and
structural stability. Incorporating magnetic ox-
ides into the biofilm enriches electrogenic bacte-
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ria, enhances electron production, and facilitates
electron transfer regardless of the distance to the
electrode (Yu et al., 2022).

The formation and charge transfer in electro-
active biofilms are influenced by factors includ-
ing electrode material, temperature, pH, sub-
strate concentration, and metal ion presence.
Electroactive microorganisms play a pivotal
role in MECs, affecting both external electron
transfer and substrate metabolism, which jointly
determine system efficiency. Dominant electro-
genic microorganisms have been identified in
the genera Thauera and Clostridium. Clostridi-
um species serve as key cofactors for hydrogen
production, whereas Thauera species uniquely
produce filamentous structures that facilitate
intercellular aggregation and enhance electroac-
tive biofilm formation (Kovalakova et al., 2020;
Wang et al., 2017; Vila-Costa et al., 2017).

Enzymatic degradation of antibiotics

Microorganisms produce enzymes capable of
degrading antibiotics. Notably, p-lactamases
target and hydrolyze the B-lactam ring, a criti-
cal structure in cephalosporins and other
B-lactam antibiotics. Based on substrate speci-
ficity, p-lactamases are classified into three main
groups: penicillinases, cephalosporinases, and
oxime-type cephalosporinases (Sanchez-San
Martin et al., 2024; Liu et al., 2021). Penicillin-
ases primarily degrade penicillin antibiotics,
cephalosporinases preferentially degrade cepha-
losporins, while oxime-type cephalosporinases
act on both classes (Gao et al., 2017).

The biodegradation potential of recombinant
laccase from the thermoalkaliphilic bacterium
Bacillus sp. has been demonstrated, effectively
breaking down tetracycline, oxytetracycline,
amoxicillin, and ciprofloxacin (Sanchez-San
Martin et al., 2024). Enzymatic systems for antibi-
otic degradation are further enhanced by immo-
bilization techniques that improve enzyme stabil-
ity and reusability, as free enzymes are prone to
rapid inactivation in environmental conditions.
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For instance, immobilizing B-lactamase on
Fe;O4 magnetic nanoparticles maintained over
95% degradation efficiency for penicillin after 35
reuse cycles (Gao et al., 2017). Similarly, laccase
immobilized with electrically conductive mate-
rials and mediated by 1-hydroxybenzotriazole
has shown successful tetracycline degradation.
An enzymatic membrane reactor combining
immobilized laccase and eugenol achieved over
50% degradation efficiency for 32 out of 38 tested
antibiotics within 24 hours (Zdarta et al., 2019).

Currently, B-lactamase-type enzymes domi-
nate antibiotic biodegradation applications.
Advances in immobilization materials facilitate
the widespread practical use of enzymatic treat-
ments to reduce antibiotic pollution (Becker et
al., 2017). Immobilization and chemical modifi-
cation enhance enzyme catalytic performance,
stability, and enable enzyme reuse, thereby im-
proving process feasibility and reducing costs
(Wang & Meng, 2024). Research continues to
focus on increasing enzyme stability, process-
ability, and reducing purification expenses
(Shao et al.,, 2019; Liang et al., 2021; Shakerian
et al.,, 2020).

Conclusions. Excessive use of antibiotics in
medicine, veterinary practice, and aquaculture,
combined with insufficiently effective waste-
water treatment, leads to the accumulation of
antibiotics in natural waters, contributing to
the spread of antibiotic-resistant bacteria and
genes. In Ukraine, these problems have been ex-
acerbated by military events, including the de-
struction of the Kakhovka Hydroelectric Power
Plant and the extensive use of antibiotics to treat
military personnel and civilians. Biodegradation
involving microorganisms, fungi, and enzymes
is a promising method for removing antibiotics
from water. Biodegradation by specific microbial
consortia demonstrates high efficiency (>90%)
and adapts well to different types of wastewater.
Enzymatic degradation using immobilized en-
zymes enables rapid and effective breakdown of
antibiotics even in toxic environments. Electro-
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active biofilms (EABs) show potential for decen-
tralized systems by combining water purification
with energy generation. Microbial consortia and
enzymatic technologies are the most feasible
for implementation in Ukraine due to their ef-
ficiency and relatively low operational costs. The

findings of this review can serve as a foundation
for modernization of wastewater treatment fa-
cilities and the development of environmentally
sustainable aquaculture in the country.
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TucruryT Mikpo6ionorii i Bipyconorii im. [I.K. 3a6omoraoro HAH Vkpainn,
By AkazieMika 3a6onoTHoro, 154, Kuis, 03143, Ykpaina

MIKPOBHI BIOTEXHOJIOTTI JETPAJTAIIIT AHTMBIOTHKIB
B AKBAKYJIBTYPI TA TIPMPOIHMX BOJOMMAX

AHTUOIOTMKY BUKOPMCTOBYIOTCS 3 TePANleBTUYHOIO Ta MPO]iTaKTUYHOI METOI0 AK Y MeUIIVHI, TaK i y BeTepu-
Hapii, a TAKOX K CTYMY/IATOPM POCTY Ha pepMax i B akBaKy/IbTypi. 3a6pyfHeHHS IPUPOSHUX BOLOIM aHTU6I0TH -
KaMJ BKpall HeraT¥BHO BIUIMBA€ Ha CTaH HaBKOJIMIIHBOI'O CepefOBUINA, BOAHI OiocucTeMM Ta 3[OPOB s JIIOVHIL,
IPUSBOAUTD A0 YTBOPEHHs aHTMOIOTUKOPE3UCTEHTHNX OaKTepiit Ta aHTHOI0THKOpe3ncTeHTHNX TeHiB. HasiBHicTD
aHTNOIOTHUKIB y BOJHMX pecypcax Ta AOCTYIHI MeTOAM iX Aerpajauil € BKpail aKTyaJIbHUMHU IIPOOIeMaMu A
VYKpainy, gKa Ma€ 3HAYHUI IOTEHIia/l /I PO3BUTKY aKBAKY/IbTYPU Ha BHYTPIIHbOMY PUHKY Ta MOXKE CTaTH Y
Mait6y THbOMY BaXX/IMBUM eKCIIOpTepoM pubHOI mpoayKiil B €spori. Biricbkosa arpecist Pocii 3 migpusom Kaxos-
cokoi I'EC saroctpuna mpobnemn i3 3a6pyfHeHHAM BOJOM B YkpaiHi, B TOMy uucii it anTubioTnkamu. Bunanen-
HS aHTUOIOTUKIB € BOXX/IMBOIO IPOOIEMOI0 OUNIIEHHA CTIYHMX BOJ i IITOTOBKY MUTHOI BOAM JIO BUKOPUCTAHHA.
OpHyM i3 mepCrIeKTUBHYX METOMIB JeCTPYKLil aHTMOI0TUKIB Ta IHIINX KCeHOOIOTUKIB € bioferpanaris, sokpema
PO3KJIaJlaHHA 3a JOIOMOIOKI0 aKTVBOBAaHOI'O MYy, MIKpOOHMX IITaMiB, Jerpafalii aHTUOIOTUKIB eleKTpOaKTUB-
Holo 6iomtiBkoro Ta pepMeHTaTVBHA ierpajiallig aHTn6ioTnKiB. MeTa po6oTu. [IpoananisyBaTi Ta y3araJbHUTH
indopmariio mono 3abpyAHEHHs BOGHIX CUCTEM aHTUOIOTIKAMI Ta BUKOPUCTAHH MIKPOOHMX 6i0TeXHOMOTIN AIst
merpapanil aHTMOIOTHKIB B aKBaKy/IbTYpi Ta IPUPOFHUX BofoliMax. PesynpraTu. Y mpepcrasieHiit po6oti pos-
IJIIHYTO HaOIIbII aKTya/IbHI MEeTOAM fierpaanii aHTUOIOTHUKIB Y BOZHUX eKOCUCTeMaX i3 3a/y4eHHAM MIKpOOHIX
6ioTexHOIOTijt.

Kntouosi cnosa: anmubiomuxu, 6iodezpadauis anmubiomuxie, akeaxynvmypa, MikpobHa 6iomexHonoeis.
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ANNIVERSARIES AND DATES

IVAN GAVRYLOVYCH SKRYPAL
(in memory of the scientist)

On November 27, 2025, at the age of 86, Ivan
Gavrylovych Skrypal, Doctor of Biological Sci-
ences, Professor, Corresponding Member of
the National Academy of Sciences of Ukraine,
Honored Worker of Science and Technology
of Ukraine, and Laureate of the State Prize of
Ukraine in Science and Technology, passed
away. The passionate heart of the outstanding
microbiologist stopped beating.

Ivan Gavrylovych Skrypal was born on March
11, 1939, in the village of Skrypali, Romny Dis-
trict, Sumy Region.

144

Before entering the Ukrainian Agricultural
Academy, Ivan Gavrylovych began his career
on his native collective farm, and then at the
Shebelinskyi oil field in the Kharkiv region. Af-
ter graduating from the Ukrainian Agricultural
Academy in 1965, I.G. Skrypal entered a post-
graduate program at the D.K. Zabolotny Insti-
tute of Microbiology and Virology of the Acad-
emy of Sciences of Ukraine. After completing his
postgraduate studies and defending his thesis in
1968, Ivan Gavrylovych was appointed scientific
secretary of the Institute.

In 1984, 1.G. Skrypal defended his doctoral
dissertation, and in the same year, he was ap-
pointed Deputy Director of the Institute for Sci-
entific Work. As a result of his fruitful work and
pedagogical activity, in 1992 he was elected a cor-
responding member of the National Academy of
Sciences of Ukraine, and in 1996, he received an
academic title of professor. Ivan Gavrylovych was
an Honored Worker of Science and Technology
of Ukraine and fully deserved this honorary title.

Ivan Gavrylovych Skrypal is an outstanding
scientist who made a significant contribution
to the development of general and molecular
biology of mycoplasmas. Ivan Gavrylovych is
a prominent figure in Ukrainian microbiologi-
cal science, the founder of a new branch of it —
phytoplasmology, who created an entire domes-
tic school of mycoplasmologists. It was thanks to
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his talent as an organizer that the D.K. Zabolot-
ny Institute of Microbiology and Virology of the
National Academy of Sciences of Ukraine estab-
lished the only research unit in Ukraine special-
izing in the study of mycoplasmas.

The research of this talented scientist reached
the molecular-biological level, and the latest
methods used in studying the subtle mecha-
nisms of mycoplasma life activity yielded im-
pressive results. Thanks to this, the work of I.G.
Skrypal and his colleagues was recognized and
appreciated by the international scientific com-
munity, which has added prestige to the entire
field of Ukrainian microbiological science. It
should be noted that the 8th edition of Berg’s
Microorganism Identifier (1984) introduced a
new systematic taxon — the Spiroplasmataceae
family, proposed by I.G. Skrypal.

I.G. Skrypal’s widely recognized and prior-
ity works include research into the fundamental
principles of molecular pathogenicity, theoreti-
cal and practical confirmation of the causes of
polyphytopathogenicity in some mycoplasmas
and high specialization in others.

A distinctive feature of Ivan Gavrylovych’s re-
search was the combination of both traditional
and new. original approaches to the study of mo-
lecular biology. A breakthrough in the study of
phytopathogenic mollicutes by this talented sci-
entist was the discovery of the pathogenic prop-
erties of phytoplasma, the causative agent of pale
green dwarfism in cereals. On this basis, Ivan
Gavrylovych formulated the main theoretical
principles of phytopathogenesis caused by phy-
toplasmas. Together with colleagues represent-
ing his scientific school, I.G. Skrypal studied the
molecular nature of mycoplasma receptors that
determine their organotropism and adhesion to
the tissues of the organs they affect; established
the carbohydrate specificity of these receptors in
pathogenic strains, and studied the action of syn-
thetic receptors with a corresponding structure
in order to effectively block the adhesive proper-
ties of pathogenic mycoplasma species. This was
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a novel approach to combating mycoplasma in-
fections, which, in particular, became the basis
for Ivan Gavrylovych’ theory on the fundamen-
tal principles of plant “yellowing” pathogenicity.
The results of these studies were highly praised,
and I.G. Skrypal, together with co-authors, was
awarded the D.K. Zabolotny Prize of the Nation-
al Academy of Sciences of Ukraine.

I.G. Skrypal was always at the forefront of
modern science. Along with studying the fun-
damental properties of mollicutes, he paid
considerable attention to researching the effect
of substances of various natures on the life ac-
tivity of mycoplasmas. It should be noted that
some of these substances were studied for the
first time, but the most interesting results were
obtained when studying the effect on mycoplas-
ma of substances such as 6-azacytidine, hydro-
carbon compounds, and synthetic oligonucle-
otides. The approach proposed by I.G. Skrypal
was fundamentally new: the creation and use
of synthetic oligonucleotides as super-specific
antimicrobial agents with gene-directed action.
Unique nucleic acid sequences, known as sig-
nature regions of their ribosomal RNA, were
first proposed as targets for influencing harm-
ful organisms. These sequences are specific to
certain families, genera, and species of micro-
organisms. Their presence was established in
most pathogens that cause diseases in humans
and animals. I.G. Skrypal and his co-authors re-
ceived an international patent for this invention,
and in 2001, he became a laureate of the State
Prize of Ukraine in Science and Technology.

I.G. Skrypal’s scientific achievements include
more than 360 scientific works, among which
are monographs and reference books on topical
issues of the molecular biology of mycoplasmas,
their cytology, and systematics. I. G. Skrypal’s
works are widely recognized and cited in do-
mestic and foreign monographs and journals,
and have practical applications in healthcare,
veterinary medicine, and plant protection. Ivan
Gavrylovych Skrypal trained a whole school of
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specialists in the field of mycoplasmology, who
work not only in Ukraine but also abroad.

I.G. Skrypal was noted for his considerable or-
ganizational talent. and for a long time he con-
sistently worked as deputy editor-in-chief of the
Microbiological Journal, for which he was very
passionate, was deputy chairman of the Special-
ized Council for the Defense of Doctoral Disser-
tations at the D.K. Zabolotny Institute of Micro-
biology and Virology of the National Academy of
Sciences of Ukraine, and a member of the presid-
ium of the Society of Microbiologists of Ukraine.

In addition to his scientific interests, Ivan
Gavrylovych was distinguished by his great love
for his native land; he was a true patriot of his
small homeland and a respected member of
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the Sumy region community. Ivan Gavrylovych
wrote some biographical sketches about famous
scientists of the past who contributed invaluable
knowledge to modern science.
Ivan Gavrylovych Skrypal, a brilliant scientist
and an extraordinary personality, passed away.
The bright memory of Ivan Gavrylovych will
live forever in our hearts!
Staff of the D. K. Zabolotny
Institute of Microbiology and Virology
of the National Academy of Sciences of Ukraine
S. M. Vinogradsky Society of Microbiologists of Ukraine
Department of Phytopathogenic Bacteria
of the D. K. Zabolotny
Institute of Microbiology and Virology
of the National Academy of Sciences of Ukraine
Editorial board of the Microbiological Journal
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