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PHYLOGENETIC ANALYSIS 
OF PHYTOPATHOGENIC BACTERIA 
AFFECTING WALNUTS (JUGLANS SP.) IN UKRAINE
Walnuts (Juglans sp.) are aff ected by a wide range of bacterial pathogens belonging to diff erent taxa, and their accurate 

identifi cation is necessary for understanding both the etiology of diseases and the development of eff ective 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. Th e 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. Th e 16S rRNA gene was amplifi ed by universal 

primers pA and pH. Sequence assembly, editing, and alignment were performed using Multalin and Sequence Manipu-

lation Suite soft ware. Th e 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-1027T and P. syringae pv. syringae ATCC 19310. Conclusions. Th e high level of similarity of the 16S 

rRNA gene sequences isolated from the type strains confi rms their taxonomic affi  liation 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 confi rms 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 aff ecting 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). Th e increasing diversity of walnut-asso-
ciated bacterial pathogens may be linked to in-
tensifi ed 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-

DNA hybridization relatedness value of 70% was 
accepted as the standard threshold for defi ning 
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 
off  may underestimate species diversity in some 
bacterial groups. Th erefore, higher threshold 
values, typically between 98.2% and 99.0%, were 
later suggested to improve species-level resolu-
tion (Stackebrandt & Ebers, 2006). Th is 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). Th e 
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 
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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.

Th e 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 diff erent regions 
of Ukraine were included in the study: Agrobac-
terium spp.  — 1gor, 3gor, 8gor; Xanthomonas 
spp. — 1or, 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—1003T; Xanthomonas arbori-
cola pv. juglandis — 8665, 8666, 8865. Th e 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). Th e concentration of the isolated 
DNA was measured using a spectrophotometer 
NanoDrop (Th ermo Fisher Scientifi c, USA). Th e 
16S rRNA gene was amplifi ed 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). Amplifi cation was performed on 
a Veriti 96-Well Th ermal Cycler 9902 (Applied 
Biosystems, USA) under the following condi-
tions: initial DNA denaturation at 96 °C for 6 

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. Th e 16S rDNA amplicons were 
sequenced from both the 5’ and 3’ ends using an 
automatic 3130 Genetic Analyzer (Applied Bio-
systems, USA).

Th e 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/). Th e MEGA 12.1 program (https://
megasoft ware.net/download_form) was applied 
to construct the phylogenetic relationships den-
drogram (Tamura et al., 2021). Th e dendrograms 
were inferred applying the Neighbor-Joining 
method with Kimura’s two-parameter model 
based on 100 replicates of the “bootstrap” assay.

Results. At the initial stage of identifi cation, 
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. Th e 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—1003T, 
confi rming 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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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

Strain
Species, strain, and accession numbers 

of 16S rRNA gene nucleotide sequences of type strains 
in the GenBank database

Sequence identity 
of the studied strains 

(%)

Agrobacterium sp., 1gоr, 3gor, 8gor
A. tumefaciens UCM B—1000, 
UCM B—1002, 
UCM B—1003Т

A. arsenijevicii NCPPB 4602, CP166104.1 99 .3—99.9

A. cavarae ICMP 9759, PP103276.1 96.6—97.3

A. cucumeris 0132, CP080388.1 98.5—99.2

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

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, refl ecting the phylogenetic 
diversity within the genus (Table 1).

Th e dendrogram shows that the isolated 
strains, the collection strains, and the type strain 
A. tumefaciens UCM B—1003T 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 fi rst stage of identifi cation, the isolat-
ed strains Xanthomonas spp. 17nut, 8nut, 6nut, 
14nut, 1or, 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 diff er-
ent Xanthomonas species. Th e 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, confi rming 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 1or and 
3or showed 99—99.7% identity with X. hortorum 
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LMG 733 and X. campestris ICM 21080, while 
lower similarity (94.73—97.57%) was found with 
species such as X. albilineans LGM 494T, X. bo-
nasiae FX16, and X. sacchari LMG 471T, 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. Th is 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 identifi cation, 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 

analysis was conducted against the type and 
reference strains of various Pseudomonas spe-
cies. Th e 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-1027T, confi rming 
their close phylogenetic relationship with this 
species (Table 3).

Comparison with other Pseudomonas species 
revealed diff erent 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 2341T, while 
lower similarity (96.35—97.74%) was found 
with species P. cichorii ATCC 10857 and P. 
viridifl ava CFBP 1590. 

Moderate sequence identity (97.19—99.35%) 
of gene 16S rRNA was observed with P. avel-
lanae NCPPB 3481, P. amygdali LMG 2123T, 
P. meliae MAFF 301463, P. savastanoi ATCC 
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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
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13522, P. fi cuserectae JCM 2400, P. caricapa-
payae ATCC 33615, and P. caspiana FBF102, 
refl ecting 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-
1027T, P. syringae ATCC 19310, and P. cannabina 
CFBP 2341T. Th is 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

Strain
Species, strain, and accession numbers 

of 16S rRNA gene nucleotide sequences of type strains 
in the GenBank database

Sequence identity 
of the studied strains 

(%)

Xanthomonas spp. 17nut, 8nut, 
6nut, 14nut, 1or, 3 or
X. arboricola pv. juglandis 8665, 
8666, 8865

X. albilineans LGM 494T, NR_026316.1 94.73—97.57

X. arboricola pv. juglandis NCPPB 411, NR_113167.1 98.51—99.65

X. axonopodis NCPPB 557, CP167232.1 95.44—99.45

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 8678T, 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. fl oridensis 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 5743T, NR_026320.1 97.06—99.44

X. prunicola CFBP 8353, NR_179860.1 97.20—99.58

X. sacchari LMG 471T, NR_026392.1 95.70—97.83

X. theicola LMG 8684T, NR_113168.1 95.07—97.19

X. translucens NCPPB 3711, CP076255.1 95.02—97.01

X. vasicola LMG 736T, NR_026383.1 97.27—99.65

X. vesicatoria ATCC 35937, CP018725.1 97.13—99.45
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28609, P. congelans DSM 14939T, and P. viridi-
fl ava CFBP 1590, were positioned at phylogene-
tic distances, further confi rming 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. Th e 
Pseudomonas syringae pv. syringae isolated stra-
ins 4n, 5n, 9nut, 10nut, and 16nut were assigned 
accession numbers PV202554—PV202558. Th e 
Agrobacterium tumefaciens stra ins UCM B—

1003T, UCM B—1002, UCM B—1000, 1gor, 
3gor, and 8gor were deposited under accession 
numbers PV203509—PV203514. Th e Xan tho-
mo nas arboricola pv. juglandis isolated strains 
1or, 3or, 6nut, 8nut, 14nut, 17nut and collec tion 
strains 8665, 8666, 8865 were assigned accession 
numbers PV203615—PV203623.

Discussion. Th e 16S rRNA gene is widely used 
for preliminary identifi cation of phytopatho-
genic bacteria, providing reliable genus-level 
assignment. However, its resolution is limited 
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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
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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; 
Hördt 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 (Hördt 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 
defi ned 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; Ramírez-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. Th e level of 16S rRNA gene 
sequence similarity among these species is high 
and reaches 98—99%. Th e 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 diff er 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
Species, strain, and accession numbers 

of the 16S rRNA gene nucleotide sequences of type strains 
in the GenBank database

Sequence identity 
of the studied strains, 

%

Pseudomonas spp. 4n, 5n, 9nut, 
10nut, 16nut
P. syringae pv. syringae UCM B-1027T

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. fi cuserectae 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. viridifl ava 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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and biological characteristics. Agrobacterium 
nepotum and Agrobacterium fabacearum are con-
sidered saprophytic bacteria (Delamuta et al., 
2020; Shams et al., 2013). Th eir lifecycle and lack 
of pathogenicity signifi cantly distinguish them 
from the isolates obtained in this study. Th ere-
fore, these species can be excluded from further 
consideration. In contrast, Agrobacterium arseni-
jevicii and Agrobacterium tumefaciens are well-
known plant pathogens (Kuzmanović et al., 2015; 
De Clee ne et al., 1978). According to the litera-
ture, A. arsenijevicii is capable of inducing crown 
gall formation on raspberry (Rúbus idáeus) and 
cherry plum (Prunus cerasifera) (Kuzmanović et 
al., 2015). However, there are no published data 
indicating that representatives of this species 
cause tumor formation in walnut (Juglans regia).

Th e 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 

infect more than one plant host. Phylogeneti-
cally, the genus is considered stable, with only 
22% of species described in the last fi ve 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-
fi ed based on comparative genomic analyses and 
extended phenotypic characterization (Hördt 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 diff erences 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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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
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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 diff erentiated 
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). Th erefore, 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. Th e Pseudomonas sy-
ringae group includes 15 recognized species and 
more than 60 pathovars. Accurate classifi cation 
and identifi cation are essential for understand-
ing their ecology and managing plant diseases. 
Recent phylogenetic studies have refi ned 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. fi cuserectae, P. caricapapayae), 
Group V (P. asturiensis, P. viridifl ava), 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 IV, including P. cerasi, P. congelans, P. syrin-
gae, P. cannabina, and P. savastanoi. 

Overall, these results confi rm a general pat-
tern in phytopathogenic bacteria: 16S rRNA 
gene sequencing provides a useful step for spe-
cies-level assignment but are insuffi  cient for 
pathovar-level identifi cation (Hördt et al., 2020; 
Gomila et al., 2017; Loper et al., 2012). Integra-
tion of phenotypic characteristics and host spec-
ifi city is essential to distinguish among closely 
related species and to confi rm the likely identity 
of walnut-associated pathogens such as A. tume-
faciens, X. arboricola pv. juglandis, and P. syrin-
gae pv. syringae. Accurate identifi cation remains 
critical for understanding disease etiology and 
developing targeted management strategies for 
walnut bacterial diseases in Ukraine.

Conclusions. Comparative phylogenetic 
ana lysis 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, 
confi rming 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 specifi city, these 
isolates belong to the species X. arboricola and 
most likely pv. juglandis.
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Isolated strains Pseudomonas spp. formed a 
well-defi ned 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, refl ect-
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 
species were more distant.

Overall, the obtained results demonstrate that 
16S rRNA gene sequence analysis is a reliable 

tool for confi rming species-level affi  liation 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 diff erentiation. Th ese 
fi ndings contribute to a better understanding of 
the phylogenetic diversity of bacterial pathogens 
aff ecting walnut trees in Ukraine.
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ФІЛОГЕНЕТИЧНИЙ АНАЛІЗ ФІТОПАТОГЕННИХ БАКТЕРІЙ, 
ЩО УРАЖУЮТЬ ВОЛОСЬКИЙ ГОРІХ (JUGLANS SP.) В УКРАЇНІ

Волоський горіх (Juglans sp.) уражується широким колом бактеріальних збудників, що належать до різних 
таксонів, і їх точна ідентифікація є необхідною для розуміння етіології захворювань і розробки ефективних 
заходів боротьби. Філогенетичний аналіз, заснований на аналізі гена 16S рРНК, широко використовується у 
таксономії бактерій. Проте таксономічні дослідження збудників бактеріальних хвороб горіху волоського в 
Україні є маловідомими. Метою цього дослідження було визначити таксономічну приналежність фітопато-
генних бактерій, ізольованих із волоського горіха (Juglans sp.) в Україні, за допомогою порівняльного аналізу 
нуклеотидних послідовностей гена 16S рРНК. Методи. Ген 16S рРНК ампліфікували за допомогою універ-
сальних праймерів pA та pH. Збірку, редагування та вирівнювання послідовностей виконували за програ-
мами Multalin та Sequence Manipulation Suite. Встановлення спорідненості нуклеотидних послідовностей 
гена 16S рРНК досліджуваних штамів з аналогічними нуклеотидними послідовностями типових штамів із 
GenBank, здійснювали, використовуючи програму BLASTN. Філогенетичні зв’язки встановлювали і графіч-
но відображали за допомогою програми MEGA. Результати. Філогенетичний аналіз послідовностей гена 
16S рРНК показав, що ізольовані штами Agrobacterium spp. мають найвищий відсоток подібності нуклеотид-
них послідовностей (99.4—99.9%) з Agrobacterium tumefaciens LGM 196. Нуклеотидні послідовності гена 16S 
рРНК ізольованих штамів Xanthomonas spp. споріднені (98.51—99.65%) з ідентичною послідовністю штама 
Xanthomonas arboricola pv. juglandis NCPPB 411. Ізоляти Pseudomonas spp. філогенетично споріднені (98.31—
99.51%) з Pseudomonas syringae pv. syringae UCM B-1027T та P. syringae pv. syringae ATCC 19310. Висновки. 
Високий рівень спорідненості послідовностей гена 16S рРНК ізольованих штамів з типовими штамами під-
тверджує їхню таксономічну приналежність до даних таксонів та підкреслює важливість філогенетичного 
аналізу в таксономії патогенних для горіху волоського бактерій. Порівняльний аналіз послідовностей гена 
16S рРНК в поєднанні з фенотиповими ознаками підтверджує, що бактерії, виділені з горіха волоського, на-
лежать до видів Agrobacterium tumefaciens, Xanthomonas arboricola та Pseudomonas syringae.

Ключові слова: ген 16S pPHК, філогенетичний аналіз, збудники бактеріальних хвороб горіха волоського, 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 eff ective probiotic microorganisms are of great scientifi c 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 identifi cation was carried out based on morphological characteristics, physiological and 

biochemical tests, and carbohydrate fermentation profi les 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 buff er; (b) antimicrobial activity (agar diff usion 

method); (c) autoaggregation ability (measuring optical density at 600 nm); (d) enzymatic activity (amylolytic and pro-

teolytic); and (e) antibiotic resistance (disk diff usion method). Statistical analysis of the obtained results was performed 

using Duncan’s test at a signifi cance level of p < 0.05. Results. A total of 45 LAB cultures with similar colony and cell 

morphology were isolated from diff erent plant sources. Identifi cation 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 identifi ed, while sensitivity to chloramphenicol, tetracycline, erythromycin, and 
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According to numerous literature sources, lactic 
acid bacteria (LAB) fi nd wide application in var-
ious industries. In the pharmaceutical fi eld, 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 eff ective pro-
ducers of lactic acid and other biologically active 
metabolites (Abedin et al., 2023; Anumudu et 
al., 2024). Th e fi elds 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 benefi cial eff ects 
on consumer health, which is partly due to the 

presence of vitamins and bacteria with probiotic 
properties (n et al., 2023). Th erefore, 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.

Th us, 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 identifi cation 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 fi rst vari-
ant (S1), the cabbage was fi nely 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. Aft er that, 1% 
(w/v) sugar was added, mixed, and stored in a 
refrigerator at (4 ± 2) °C for 7 days. Th e second 
variant (S2) involved adding fi nely 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). Aft er soaking, the 
cucumbers were placed in a container, supple-
mented with horseradish leaves (Armoracia rus-
ticana P.G. Gaertn., B. Mey. & Scherb), fl ower 
heads and stems of dill (Anethum graveolens L.), 
2% (w/v) NaCl, and warm boiled water. Th e 
mixture was left  for 3 days at (25 ± 2) °C. Fer-

rifampicin was established. Th e cultures demonstrated high autoaggregation levels, with the highest observed aft er 24 

hours for Lpb. plantarum S2. Conclusions. Lactic acid bacteria were isolated from fermented cabbage, cucumbers, and 

cherries. Th e 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.
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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). Th e 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 identifi cation 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. Th ere 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%. Th e 
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 identifi cation, the ability of the 
culture to ferment diff erent carbohydrates was 
evaluated: glucose, sucrose, lactose, maltose, 
fructose, mannitol, glycerol, sorbitol, inositol, 
mannose, galactose, raffi  nose, 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. Th e results were 
assessed based on the color change of the medi-
um indicator (bromcresol purple). Species iden-

tifi cation was performed using the ABIS online 
service according to (Similarity, %) and (Proba-
bility, %) indices.

Resistance to simulated gastrointestinal con-
ditions. Th e culture, pre-grown for 16 hours, 
was centrifuged at 5000 rpm for 15 min, washed 
twice with sterile phosphate buff er (pH 7.2), and 
resuspended in phosphate buff er. Th e 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 buff er 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 aft er inoculation — 0 h, aft er 
1.5 h, and aft er 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). Th e 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-
ambèga 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 diff usion method, according to 
Hossain (2024). Aft er 24 h of incubation, inhibi-
tion zones were measured in mm.

Antibiotic resistance. Th e Kirby—Bauer disk 
diff usion method was used, according to Segawa 
et al. (2020). To characterize the complete anti-



ISSN 1028-0987. Microbiological Journal. 2026. (1) 19

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

biotic resistance profi le, antimicrobial agents of 
diff erent groups were applied (antibiotic content 
indicated in parentheses): benzylpenicillin (10 
μg), ampicillin (10 μg), amoxiclav (30 μg), gen-
tamicin (10 μg), kanamycin (30 μg), streptomy-
cin (10 μg), erythromycin (15 μg), azithromycin 
(15 μg), tetracycline (30 μg), vancomycin (30 
μg), bacitracin (10 μg), polymyxin B (300 U), ri-
fampicin (5 μg), clindamycin (10 μg), ceft riaxone 
(30 μg), ofl oxacin (5 μg), and chloramphenicol 
(30 μg). Cultures grown for 16 h in MRS medium 
were suspended in phosphate buff er and adjusted 
to the McFarland standard (0.5). A 0.1 mL ali-
quot of the resulting suspension was spread onto 
MRS agar plates, aft er which antibiotic disks were 
placed on the surface. Th e inoculated Petri dishes 
with antibiotics were incubated at 37 °C for 48 h, 
followed by measurement of the inhibition zone 
diameters. Th e presence or absence of antibiotic 
resistance was evaluated according to the stand-
ards described by (Charteris et al., 1998).

Autoaggregation. Th e autoaggregation prop-
erties of the strain were evaluated according to 
(Collado et al., 2008), namely by washing the 
culture once with phosphate buff er (pH 7.2) and 
resuspending it in phosphate buff er to an optical 
density at 600 nm of 0.5 ± 0.05, which approxi-
mately corresponds to 108 CFU/mL. Th e 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. Th e 

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

0

0

1 100tA AA
A

 
   
 

,

where A0 is the initial optical density and Аt is 
the optical density aft er 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 signifi cance of diff erences be-
tween mean values was determined using Dun-
can’s test at a signifi cance 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.

Th e largest number of isolates was obtained 
from fermented cabbage, with a total of 34 
isolates for the fi rst and second variants; ap-
proximately the same number of isolates was 
obtained from fermented cucumbers and cher-
ries. Th e colony morphology of the isolates was 
quite similar, with minor diff erences 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 

name
Number 

of isolates
Form of surface colonies

Gram 
staining

Catalase

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 FC 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 

+ —
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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. Th e observed morphological fea-
tures confi rm 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 identifi cation of 
LAB was carried out. Th e results are presented 
in Table 2.

Th e presented results indicate that all studied 
isolates are capable of fermenting pentoses; neg-
ative results were obtained for CO2 production 
from glucose and ammonia production from 

arginine, suggesting their affi  liation with faculta-
tively heterofermentative LAB species. Th e abili-
ty to ferment milk at diff erent temperatures fur-
ther confi rms their classifi cation as facultatively 
heterofermentative LAB. Although the cultures 
exhibit similar morphological and cultural char-
acteristics, diff erences were observed in carbohy-
drate fermentation profi les. Unlike the other iso-
lates, strain S1 was able to utilize rhamnose and 
inositol. In contrast, isolates S2 and C showed 
identical carbohydrate fermentation profi les, 
which may indicate the same species affi  liation.

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.

a b

c d

Fig. 1. Microphotographs of LAB isolates: a — S1; b — S2; c — FC; d — C
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Table 2. Physiological and biochemical characteristics of the isolates

 Characteristic
Isolates

S1 S2 FC C

Growth at temperatures 15 °С + + + +
45 °С + — +w —

Th reshold acidity, °Т 207.68 ± 5.51 197.00 ± 3.00 120.33 ± 4.51 188.35 ± 4.04

Growth on MRS with 
NaCl

1.5 % + + + +
3.0 % + + + +
6.5 % + — +w —

10.0 % — — +w —
12.0 % — — — —

Ability to coagulate milk at 
temperature

15 °С — — — —
25 °С + + + +
30 °С + + + +
37 °С + + + +
45 °С + — — —

Growth in MRS at pH 3.5 + + + +
4.0 + + + +
9.0 +w +w +w +w

9.5 — +w — —

Gelatin liquefaction — — — —

CO2 production from glucose — — — —

Ammonia formation from arginine — — — —

Nitrite reduction from nitrate — — — —

Fermentation of 
carbohydrates

D-arabinose — — — —
Glucose + + + +

Galactose + + + +
Lactose + + + +
Sucrose + + + +
Fructose + + + +
Maltose + + + +

Mannitol + + + +
Glycerol — — — —
Sorbitol + + + +
Inositol +w — — —

Raffi  nose — — — —
Rhamnose + — — —
D-xylose — — — —
Ribose + + + +

Mannose + + + +
Trehalose + + + +
Melezitose + + + +
Melibiose — + — +
Cellobiose + + + +
Gluconate + — + —

+ — positive result; — — negative result; +w — weak positive result
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Table 3. Results of phenotypic identifi cation

Culture Species affi  liation Similarity Probability

S1 Lacticaseibacillus rhamnosus 98.4 % 100 %

S2 Lactiplantibacillus plantarum 93.9 % 99.9 %

FC Lacticaseibacillus casei 92.5 % 96.1 %

C Lactiplantibacillus plantarum 93.9 % 99.9 %

Fig. 2. Resistance of the studied cultures to acidic conditions

Fig. 3. Resistance of cultures to 0.5% bile salt solution



ISSN 1028-0987. Microbiological Journal. 2026. (1) 23

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

According to the presented results, culture 
S1, isolated from fermented cabbage, was iden-
tifi ed as Lacticaseibacillus rhamnosus. Cultures 
S2 and C were identifi ed as Lactiplantibacillus 
plantarum. Culture FC, isolated from fermented 
cucumbers, was determined to be Lacticaseiba-
cillus casei.

Th e eff ect 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 
aft er 1 hour of incubation. Th e greatest decrease 
was recorded for cultures S1 and S2 at 18.11% 
and 14.87%, respectively. Aft er 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). Th e fi nal 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.

Th e study of the eff ect of bile on the investigat-
ed cultures is presented in Figure 3.

Th e eff ect of bile was observed during the 
fi rst 3-hour incubation. A signifi cant decrease in 
CFU/mL was detected for culture S1, by 6.56% 
relative to the initial CFU/mL count, and for 

FC  — by 3.97%. Aft er 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. Th e 
highest resistance was demonstrated by cul-
ture S2, for which the cell count decreased to 
6.82 ± 0.04 CFU/mL.

Th e 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 fi gures, 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. Th is 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. Th e color of 
the colonies may be due to pigmentation or to 
iodine penetration into the colonies, which re-
sulted in a yellow coloration.

Th e 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 

a b

1 2

3
4

Fig. 4. Proteolytic (a) and amylolytic (b) activities of the isolates, where 1 — S1, 2 — 
S2, 3 — FC, 4 — C
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and S. aureus. Th e highest values were record-
ed for cultures S2, C, and FC. In both cases, no 
signifi cant diff erences 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-

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 

Table 4. Antagonistic activity of LAB isolates

Test strains
Growth inhibition zones, mm

S1 S2 FC C

B. subtilis 6.47 ± 0.50b 9.67 ± 0.58a 6.43 ± 0.40b 9.40 ± 0.40a

E. coli 0.00 ± 0.00d 9.00 ± 0.20b 10.23 ± 0.25a 6.40 ± 0.40c

P. aeruginosa 7.33 ± 0.58a 0.00 ± 0.00c 5.27 ± 0.25b 0.00 ± 0.00c

S. aureus 9.50 ± 0.50b 10.40 ± 0.53a 10.77 ± 0.25a 7.40 ± 0.40c

C. albicans 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a

C. utilis 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a 0.00 ± 0.00a

Table 5. Sensitivity of the studied cultures to antibiotics

Group Antibiotic
Growth inhibition zones, mm

S1 S2 FC C

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

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

AMС 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 defi ned 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 — ofl oxacin.
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showed antagonistic activity against the oppor-
tunistic yeast strains C. albicans and C. utilis.

Th e sensitivity profi les 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, ceft riaxone, 
and ofl oxacin.

Th e 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 fi rst 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. Th e greatest changes 
in autoaggregation at 8 h were observed for cul-
tures S2 (38.39 ± 2.92%) and C (37.64 ± 1.30%). 
Aft er 24 h, the highest value was found for cul-

ture S2, reaching 68.16 ± 0.85%. Th e largest 
changes relative to the 4-h value were 37.53% for 
culture C and 36.43% for S1.

Discussion. Th e 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-
through put 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). Th e study by Pleng-
vidhya et al. (2007) using DNA fi ngerprinting 
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. Beganović 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; Хu et al., 2023), Pediococcus pentosaceus 
(Georgieva et al., 2023), and Lactobacillus para-
casei (Shankar et al., 2021). Th e 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. Th e 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 casselifl avus, 
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 

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. 
Th e low frequency of L. rhamnosus isolation may 
be attributed to the characteristics of the raw ma-
terial and the fermentation recipe. Th e 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 benefi cial properties of 
fermented plant-based products are largely de-
termined by the presence of LAB, which usual-
ly possess various probiotic properties. Th e vast 
majority of studies related to LAB isolation from 
fermented products focus on investigating typi-
cal or specifi c probiotic traits of the isolates. In 
this study, cultures belonging to L. rhamnosus, 
L. casei, and L. plantarum species were isolated. 
Th eir probiotic potential was assessed consider-
ing key criteria such  as resistance to gastric juice, 
bile salts, autoaggregation ability, antagonistic 
activity, etc. Th e obtained results were compared 
with data reported in the literature for the corre-
sponding species isolated from diff erent 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 aft er 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 Beganović 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). Th ese fi ndings 
indicate strain-specifi city of this trait. Acid re-
sistance studies of L. casei aft er 2 h of incubation 
at pH 1.5 demonstrated high survival of 99.9%, 
as shown by Gaber et al. (2025). A signifi cant 
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). Th e L. casei strain isolated from fer-
mented cucumbers showed very low resistance 
to pH 2.0 (below 5%) aft er 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. Th e results 
obtained in the present study are consistent, with 
survival values aft er 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 signifi cant decrease in viable counts to 103—
104 CFU/mL (Grosu-Tudor & Zamfi r, 2012). In 
the case of the L. plantarum Z22 culture isolated 
from plant material, survival reached 101.19%, 
indicating no negative eff ect (Wang et al., 2024). 
For the L. casei culture, lower resistance to 0.5% 

bile was observed, with survival decreasing to 
75% aft er 90 h of incubation (Shafakatullah & 
Chandra, 2015). In the study by Akmal et al. 
(2022), strains of L. plantarum and L. paracasei 
isolated from diff erent 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 (Tulumoğlu 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% aft er 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.

Th e 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 Kagambèga 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). Th e 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 signifi cant 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 Beganović 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 
infl uence 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 fi ndings are consistent with the aforemen-
tioned studies, particularly the results presented 
by Beganović et al. (2014). Th e 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-

bicans and C. tropicalis. Based on these fi ndings, 
it can be concluded that the source of isolation 
infl uences antagonism against Candida spp., but 
not against opportunistic pathogenic bacteria, 
which was also confi rmed in our study.

Antibiotic resistance was examined to assess 
the safety of LAB cultures. Th e study by Begano-
vić et al. (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 fi ndings. For 
the L. casei strain, sensitivity to chlorampheni-
col, erythromycin, and penicillin was established 
(Shafakatullah & Chandra, 2015). Diff erent L. 
rhamnosus strains show similar antibiotic suscep-
tibility profi les, with typical sensitivity to ampi-
cillin, amoxiclav, tetracycline, erythromycin, and 
chloramphenicol, along with moderate sensitivi-
ty to ofl oxacin (Coppola et al., 2005; Korhonen et 
al., 2010). Th ese 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 aft er 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, specifi cally strains of 
Lacticaseibacillus rhamnosus, Lactiplantibacil-
lus plantarum, and Lacticaseibacillus casei. All 
cultures demonstrated high performance. Th e 
strain with the most favorable properties was 

S2 (Lpb. plantarum), which exhibited strong re-
sistance to acidic conditions and bile, as well as 
pronounced antagonistic activity against path-
ogenic bacteria. Th e absence of proteolytic and 
amylolytic activity in all investigated cultures in-
dicates the specifi city of their enzymatic profi le. 
Th e 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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ХАРАКТЕРИСТИКА ПРОБІОТИЧНИХ ВЛАСТИВОСТЕЙ МОЛОЧНОКИСЛИХ БАКТЕРІЙ, 
ВИДІЛЕНИХ З ФЕРМЕНТОВАНИХ РОСЛИННИХ СИРОВИН

Пошук та застосування ефективних пробіотичних мікроорганізмів мають велике наукове та практичне зна-
чення для біотехнології та харчової промисловості. Особлива увага приділяється молочнокислим бактеріям 
(МКБ), виділеним із ферментованої рослинної сировини, як джерелу природних ізолятів із високим адап-
тивним потенціалом. Подальше дослідження їхніх властивостей відкриває перспективи для розробки но-
вих функціональних продуктів рослинного походження з пробіотичними властивостями. Мета. Виділити 
культури молочнокислих бактерій із ферментованих овочів та ягід і дослідити їхні пробіотичні властивості. 
Методи. Молочнокислі бактерії виділяли з ферментованої рослинної сировини (капусти, огірків, вишні) 
методом послідовних розведень з подальшим висіванням на агар MRS. Визначення видів здійснювали на 
основі морфологічних ознак, фізіологічних і біохімічних тестів, а також профілів ферментації вуглеводів 
із використанням онлайн-сервісу ABIS. Пробіотичні властивості оцінювали за такими показниками: (а) 
стійкість до низького рН (pH 2.0) та жовчі (0.5 %) у фосфатному буфері; (б) антимікробна активність (ме-
тод дифузії в агарі); (в) здатність до автоагрегації (вимірювання оптичної щільності при 600 нм); (г) фер-
ментативної активності (амілолітичної та протеолітичної); та (д) стійкості до антибіотиків (метод дискової 
дифузії). Статистичний аналіз отриманих результатів проводили за допомогою тесту Дункана на рівні зна-
чущості p < 0.05. Результати. З різних рослинних джерел було виділено загалом 45 культур молочнокислих 
бактерій із схожою морфологією колоній та клітин. Ідентифікація показала, що ізоляти належали до видів 
Lacticaseibacillus rhamnosus, Lactiplantibacillus plantarum та Lacticaseibacillus casei. Усі культури виявляли стій-
кість до кислих умов (pH 2,0) та жовчних солей; однак найбільш стресостійким штамом був Lpb. plantarum 
S2. У жодного зі штамів не було виявлено протеолітичної або амілолітичної активності. Виявлено антимі-
кробну активність щодо тестових культур умовно-патогенних бактерій, таких як B. subtilis, S. aureus, E. coli. 
D резистентність до аміноглікозидів, глікопептидів та поліпептидів, тоді як чутливість до хлорамфеніколу, 
тетрацикліну, еритроміцину та рифампіцину була підтверджена. Культури демонстрували високий рівень 
автоагрегації, найвищий з яких був зафіксований через 24 години для Lpb. plantarum S2. Висновки. З фер-
ментованої капусти, огірків та вишні було виділено молочнокислі бактерії. Найкращі результати — висока 
стійкість до кислих умов та жовчних солей, а також антагоністичні та автоагрегаційні властивості — про-
демонстрував ізолят Lactiplantibacillus plantarum S2.

Ключові слова: пробіотики, стресостійкість, ферментативна активність, Lactobacillaceae, ферментовані 
овочі, харчові продукти, біотехнологія.
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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. Th ey produce a variety of biologically active com-

pounds of various orientations. Th e growth conditions of medicinal plants aff ect 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. Th e 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 offi  cinale Wigg.), 

and wild chicory (Cichorium intybus L.), which are used in offi  cial medicine to obtain herbal medicines, were taken. 

Th e 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 identifi cation of Pseudomonas 

aeruginosa), Scharlau MacCONKEY AGAR (B), and Scharlau XLD Agar (C) (for the identifi cation 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 identifi ed on an Agilent 6890N/5973 chromatographic-mass spectrometric system, 
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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. Th ey 
produce many biologically active compounds 
of various orientations. Th us, they are used for 
i) reductive therapy, which restores the activity of 
enzymes, ii) additive therapy, which introduces 
insuffi  cient intermediate metabolic products into 
the body, and iii) detoxifi cation therapy  (Kunakh, 
2005). Th e growth conditions of medicinal plants 
aff ect 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. Th eir number and activity 
depend on the conditions of drying and storage 
of herbs. Th e number of microorganisms in dry 
medicinal herbs is regulated by relevant quality 
and hygiene standards, which establish permis-
sible levels of microbial contamination. Diff erent 
countries and regions have diff erent regulations 
that defi ne 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-

tions, and the number of Enterobacteriaceae, in-
cluding Escherichia coli, usually should not exceed 
a certain number, in particular 102 CFU/g. Th e 
plants used for the study were hypericum (Hyper-
icum perforatum  L.), meadow clover (Trifolium 
pratense L.), plantain (Plantago major L.), dande-
lion (Taraxacum offi  cinale Wigg.), and wild chic-
ory (Cichorium intybus L.). Th ese plants are used 
in offi  cial 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. Th ey are known to 
inhabit the gastrointestinal tract of humans and 
animals. Th e 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). Th e 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 airfi eld in the Kyiv region and the Nizhyn 

and heterogeneity was determined by SDS-PAAG electrophoresis. Results. As a result of analysis of the microbiota that 

grew on selective nutrient media aft er inoculation of plant material on them, 35 isolates of microorganisms, representa-

tives of Pseudomonas aeruginosa and Escherichia coli, were isolated. Th ey were isolated from plant material, regardless 

of where the plants were collected — near the Zhuliany airfi eld, Nizhyn, or from the pharmacy network. In the LPS of 

E. coli 43, isolated from hypericum, which grew near the Zhuliany airfi eld, 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 identifi ed in its composition. Th e studied LPS turned out to be 

toxic, like the LPS of previously studied representatives of E. coli, but apyrogenic. Th is 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 profi le 

in the form of a ladder on electrophoresis. Conclusions. Medicinal herbs collected from diff erent ecological niches: the 

pharmacy network, near the Zhulyany or Nizhyn airfi elds, are contaminated to varying degrees with representatives of P. 

aeruginosa and E. coli. E. coli LPS isolated from hypericum diff ered in biochemical characteristics and biological activ-

ity from LPS isolated from other sources. Most likely, these diff erences 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.
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airfi eld 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: 
fl owering tops of shoots of hypericum (Hyperi-
cum perforatum L.), infl orescences and grass of 
meadow clover (Trifolium pratense L.), leaves of 
plantain (Plantago major  L.), and roots of dan-
delion (Taraxacum offi  cinale 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 fl ask 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-
fi cations. Isolation of LPS was performed by 
adding equal volumes of hot (65—70ºC) 90% 
phenol and water and incubating the mixture 
in a water bath at 70 ºC for 30 min with vigor-
ous stirring. Th e mixture was cooled and cen-
trifuged at 5000 rpm for 30 min to separate the 
aqueous phase from the phenolic phase. Th e 
phenolic phase was re-extracted by adding 300 
mL of distilled water. Th e aqueous phases were 
combined, dialyzed against tap and distilled 

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). Th e 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) .

Th e 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 × 0.25 mm × 0.25 μm); the carrier 
gas was helium at a fl ow rate of 1 mL/min. Th e 
identifi cation 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). Th e identifi cation 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 × 0.25 mm × 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 fl ow 
rate of 1.2 mL/min. Th e evaporator temperature 
was 250 °C, and fl ow distribution was 1:100. For 
identifi cation 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). Th e loading 
per gel lane was 20 μg or 50 μg. For visualization 
of LPS, the gels were stained with silver salts ac-
cording to the recommendations of Tsai (Tsai et 
al., 1982) in the modifi cation of Kulikov (Ku-
likov et al., 2019) .
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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 
purifi ed LPS. Rectal temperatures were measured 
using a rectal thermometer and recorded before 
injection and 3 hours aft er 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. 
Th e value of the null hypothesis p < 0.05 was 
taken as the critical level of reliability.

Results. As a result of the analysis of the micro-
biota that grew on selective nutrient media aft er 
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 diff erent 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 airfi eld, 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. Th e most con-
taminated were clover (all samples), chicory and 
dandelion from the areas near both airfi elds (clean 
control), hypericum from the area near the Zhulia-
ny airfi eld, 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).

Th e 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. 
Th e phosphate content as a percentage of the total 
mass of LPS was 0.53%. Th e monosaccharide com-

Table 1. Selected isolates

Plant
Microorganism, strain number

P. aeruginosa (А) E. сoli (В) E. сoli (С)

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 airfi eld, N — from the terri-

tory near the Nizhyn airfi eld.

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

Structural components 
of lipopolysaccharide

% to total sum 
of peaks area

Мonosaccharides (% to total sum of peaks area)

Fucose 2.01±0.1

Х 2.26±0.11

Mannose 30.62±1.5

Galactose 36.64±1.83

Glucose 24.13±2.08

Heptose 4.34±0.07

Fatty acids (% to total sum of peaks area)

С12:0 (dodecanoic) 22.56±1.13

С14:0 (tetradecanoic) 32.58±1.95

3-ОН-С14:0 (3-hydroxytetradecanoic) 44.86±2.24
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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 unidentifi ed monosaccharide 
(2.26%). Th e 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 
aft er LPS administration, while aft er 2 and 3 h, the 
temperature was lower than in control animals. 

As for toxicity, we used an indirect method of its 
identifi cation. It is known that the relative molar 
fraction of KDO in the LPS molecule can vary de-
pending on the degree of its toxicity. Th us, 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 shift s 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 diff erent wavelengths (Fig. 2), it 
can be assumed that E. coli 43 LPS is toxic.
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Fig. 1. Pyrogenic eff ect 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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Purifi ed 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. Th e silver stain-
ing profi les of various E. coli strains and the LPS 
under study (Fig. 3) indicate that LPS forms the 
classic ladder-shaped profi le 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 specifi city, controls resistance to 
antibiotics, etc. Th is is due to the heterogeneity of 

the LPS molecule, which includes both polysac-
charide and lipid parts, each of which performs 
specifi c 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. Th us, 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. 
Th e 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). Th e dominant fatty acids of E. coli 
43 LPS were 3-hydroxytetradecanoic (44.8%), 
tetradecanoic (32.6%), and dodecanoic (22.6%). 
But it diff ered 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%). Th e 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. Th e 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 diff ers in this 
indicator from the LPS of other strains. Th us, 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-

1 2 3 4 5

Fig. 3. Diff erent concentrations of E. coli LPS: 1 — 20, 

2 — 30, 3 — 40, 4 — 20, 5 — 30 ng
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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 diff erences 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 signifi cant eff ect on the submo-
lecular organization of the LPS molecule in the 
membrane. Th is 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 insignifi cant and 
amounted to only 0.014%, and charged groups of 
lipid A. Th e studied LPS turned out to be toxic, 
like other representatives of E. coli, but apyro-
genic. Th is distinguishes it from the LPS of other 
representatives of E. coli, which exhibit high py-
rogenicity (Brovarska & V arbanets, 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 diff erent lengths 
of polysaccharide chains and R-form molecules, 
which lack polysaccharide chains. Th e results of 

SDS-PAGE electrophoresis indicate that E. coli 43 
LPS forms a signifi cant number of fractions with 
diff erent degrees of electrophoretic mobility: fast 
and slow mobile. Th e fractions that travel a greater 
distance during the electrophoretic distribution 
correspond to the unsubstituted oligosaccharide 
core, and the less mobile ones correspond to the 
oligosaccharide core substituted with diff erent 
numbers of O-specifi c polysaccharide chains, 
from one to 40. Th e heterogeneity of the slowly 
mobile components can be explained by the dif-
ferent lengths of the O-specifi c polysaccharide, 
namely, the mobility decreases with the addition 
of one repeating chain. Th e heterogeneity of LPS 
is manifested in its formation of a classic profi le 
in the form of a “ladder” on electrophoresis. Such 
heterogeneity of LPS is due to the peculiarities of 
its biosynthesis and may contribute to the dense 
packing of LPS molecules, which creates a certain 
topography of the cell surface, which is necessary 
for the functioning of the bacterial cells.

Conclusions. E. coli LPS isolated from hyperi-
cum diff ered in biochemical characteristics and 
biological activity from LPS isolated from other 
sources. Most likely, these diff erences are due to 
the peculiarities of each strain studied.

Acknowledgments. Th e authors express 
their gratitude to the staff  of the Laboratory of 
Biological Polymer Compounds for assistance 
in conducting chromatograph mass spectrom-
etry studies.

Confl icts of Interest. Th e authors declare 
no potential confl ict of interest concerning the 
article.

REFERENCES

A l-Aalim, A. M., Al-Iedani, A. A., & Hamad, M. A. (2022). Extraction and purifi cation of lipopolysaccharide from 
Escherichia coli (local isolate) and study its pyrogenic activity. Iraqi Journal of Veterinary Sciences, 36(1), 45—51. 

Albersheim, P., Nevins, D. J., English, P. D., & Karr, A. (1967). A method for the analysis of sugars in plant cell-wall 
polysaccharides by gas-liquid chromatography. Carbohydrate Research, 5(3), 340—345. 

B rovarska, O. S., & Varbanets, L. D. (2019). Infl uence of the isolation method on the composition and biological 
properties of Escherichia coli lipopolysaccharide. Mikrobiol Z, 81(2), 3—13. 

B rovarska, O. S., Varbanets, L. D., & Kalinichenko, S. V. (2020). Chemical characterization and biological activity of 
Escherichia сoli lipopolysaccharides. Mikrobiol Z, 82(6), 35—42. 



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

O.S. Brovarska, K.G. Garkava, K.A. Dovgopola, T.V. Bulygina, L.D. Varbanets

Chaby, R., Charon, D., Caroff , M., et al. (1993). Estimation of 3-manno-2-octulosonic acid in lipopolysaccharides: 
an unsolved problem. Metod in Carbohydrate Chemistry. J. N. BeMiller, R. L. Whistler, D. H. Shaw, editors. New 
York, John J. & Sons Inc. 9, 33—46.

Dische, Z. (1953). Qualitative and quantitative colorimetric determination of heptose. J Biol Chem, 204(2), 983—997. 
Dubois, M., Gilles, K., Hamilton, J. K., Rebers, P. A., & Smith, Fred. (1956). Colorimetric method for determination 

of sugars and related substances. Analytical Chemistry, 28(3), 350—356. 
Fiske, C. H., & Subbarow, Y. (1925). Th e colorimetric determination of phosphorus. J Biol Chem, 66(1), 375—400. 
Kobzar, A. Ya. (2004). Pharmacognosy in medicine. Kyiv, 476 p.
 Kulikov, E. E., Golomidova, A. K., Prokhorov, N. S., Ivanov, P. A., & Letarov, A. V. (2019). High-throughput LPS 

profi ling as a tool for revealing of bacteriophage infection strategies. Scientifi c reports, 9(1), 2958. 
Kunakh (2005). Biotechnology of medicinal plants. Genetic and physiological-biochemical foundations. Kyiv, Logos. 

730.
Laemmli, U. K. (1970). Cleavage of proteins during the assembly of the head of bacteriophage T4. Nature, 227, 

680—685. 
Lowry, O. H., Rosenbrough, N. J., Farr, L. A., & Randal, R. J. (1951). Protein measurement with the Folin reagent. J 

Biol Chem, 193(5), 265—275. 
Ouchterlony, О. (1962). Diff usion in gel methods for immunological analysis. (Part 4 of 4). Chemical Immunology 

and Allergy, 126—154. 
Spirin, A. S. (1958). Spectrophotometric determination of total nucleic acids. Biochemistry, 23(5), 656—662.
Tsai, C. M., Frash, C. E. (1982). A sensitive silver stain for detecting lipopolysaccharides in polyacrilamide gels. Ana-

lytical biochemistry, 119(1), 115—119. 
Varbanets, L. D., Zdorovenko, G. M., & Knirel, Yu. A. (2006). Methods of endotoxin investigations. Kyiv, Naukova 

Dumka.
Varbanets, L. D., Brovarskaya, O. S., Garkava, K. G., & Tymoshenko U. V. (2024). Characteristics of Escherichia coli 

K lipopolysaccharide. Mikrobiol Z, 86(6), 20—28. 
Westphal, O., & Jann, K. (1965). Bacterial lipopolysaccharides — extraction with phenol. Methods Carbohydr Chem, 

5, 83—91.
Received 16.04.2025



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

Characteristics of Escherichia coli Lipopolysaccharide Isolated from Hypericum perforatum

О.С. Броварська1, К.Г. Гаркавa2, К.А. Довгопола3, Т.В. Булигіна4, Л.Д. Варбанець 1

1 Інститут мікробіології і вірусології ім. Д.К. Заболотного НАН України,
вул. Академіка Заболотного, 154, Київ, 03143, Україна

2 Національний технічний університет України 
“Київський політехнічний інститут ім. Ігоря Сікорського”,
проспект Берестейський, 37, Київ, 03056, Україна

3 ДСНС України, Ніжин, Україна
вул. Космонавтів, 90, Чернігівська обл., Ніжин, 16600, Україна

4 Київський національний університет імені Тараса Шевченка, 
вул. Володимирська, 60, Київ, 01033, Україна

ХАРАКТЕРИСТИКА ЛІПОПОЛІСАХАРИДУ ESCHERICHIA COLI 
ВИДІЛЕНОГО ІЗ HYPERICUM PERFORATUM

 Дикорослі трав›янисті рослини являють собою цінний природний ресурс, що є джерелом рослинної харчової 
і лікарської сировини та відіграє важливу роль у функціонуванні природних екосистем. Вони виробляють 
безліч біологічно активних сполук різної спрямованості. Умови  росту лікарських рослин впливають на їхню 
мікробіологічну чистоту, активність біологічних сполук, які вони синтезують, а також на придатність цих 
рослин для подальшого використання. Зокрема, сухі лікарські трави можуть містити різні мікроорганізми. 
Метою даної роботи було дослідити склад мікробіоти цих рослин та властивості ліпополісахариду (ЛПС), 
ізольованого з одного із штамів Escherichia coli, виділеного зі звіробою звичайного. Методи. Вивчалися 
рослини звіробою звичайного (Hypericum perforatum L.), конюшини лучної (Trifolium pratense L.), подо-
рожника великого (Plantago major L.), кульбаби лікарської (Taraxacum offi  cinale Wigg.) та цикорію дикого 
(Cichorium intybus L.), які використовуються в офіційній медицині з метою отримання фітопрепаратів. 
Аналіз забруднення рослин мікроорганізмами проводили шляхом їх посіву на загальновживані (МПА) 
та селективні поживні середовища: Scharlau CETRIMIDE AGAR (A), (Тверде середовище для ідентифікації 
Pseudomonas aeruginosa), Scharlau MacCONKEY AGAR (B) та Scharlau XLD Agar (С) (для ідентифікації E. coli). 
ЛПС з одного із штамів Escherichia coli 43, ізольованого зі звіробою звичайного, одержували водно-фенольним 
методом; моносахаридний і жирнокислотний склад ідентифікували на хроматомас-спектрометричній сис-
темі Agilent 6890N/5973; гетерогенність визначали SDS-PAAG електрофорезом. Результати. У результаті 
аналізу мікробіоти, яка виросла на селективних поживних середовищах після посіву на них рослинного ма-
теріалу, було виділено 35 ізолятів мікроорганізмів, представників Pseudomonas aeruginosa та Escherichia сoli. 
Ці мікроорганізми виділялись із рослинного матеріалу, незалежно від того, де були зібрані рослини, біля 
аеродромів Жуляни, Ніжин, або одержані з аптечної мережі. В ЛПС E. coli 43, ізольованого зі звіробою зви-
чайного, який ріс біля аеродрому Жуляни домінуючими моносахаридами були галактоза (36.64 %), маноза 
(30.62 %) та глюкоза (24.13 %). Тільки три жирні кислоти, 3-гідрокситетрадеканова (44.8 %), тетрадеканова 
(32.6%) та додеканова (22.6 %), були ідентифіковані в його складі. Досліджений ЛПС виявився токсичним, 
як і ЛПС раніше досліджених представників Е. coli, але апірогенним. Це відрізняє його від ЛПС інших пред-
ставників Е. coli, які проявляють високу пірогенність. Можна припустити, що це обумовлено тим, що він 
ізольований з рослин, зокрема, звіробою звичайного. ЛПС є гетерогенним, що проявляється в утворенні 
ним класичного профілю у вигляді “драбини” на електрофореграмах. Висновки. Лікарські рослини, зібрані 
з різних екологічних ніш — аптечної мережі, територій поблизу аеродромів Жуляни та Ніжина  — були 
контаміновані представниками P. aeruginosa та E. coli різною мірою. ЛПС E. coli, ізольований зі звіробою 
звичайного, за біохімічними характеристиками та біологічною активністю відрізнявся від ЛПС, ізольованих 
з інших джерел. Скоріше всього ці відмінності обумовлені особливостями кожного дослідженого штаму. 

Ключові слова: мікробіота лікарських рослин, Escherichia сoli, ліпополісахарид, моносахаридний, жирнокис-
лотний склад, гетерогенність, пірогенність, токсичність.
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DEVELOPMENT OF AN EXPRESS ANALYSIS 
FOR EVALUATING THE RESISTANCE OF SOYBEAN 
GENOTYPES TO FUSARIUM SOLANI (MART.) SACC. 
AND WAYS TO LIMIT ITS SPREAD
Th e Fusarium solani (Mart.) Sacc. species complex (FSSC) dominates among phytopathogenic fungi in soil mycobiota 

and negatively aff ects seed germination in Ukrainian soils. Soybean is quite sensitive to the pathogenic eff ect of these 

fungi. F. solani infects seeds and seedlings in the soil and causes their non-germination, deformation, and root rot and 

necrosis of plants. Th is 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. Th e number of soil fungi was determined by the 

dilution method. F. solani was identifi ed by cultural and morphological characteristics. Th e eff ectiveness 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 identifi ed as highly 

resistant. Testing Niagara across diff erent 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. 

Th ese treatments increased seed germination and reduced seed damage by F. solani. Th eir effi  ciency was 71.8 and 85.5%, 
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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-off .

Research on the distribution and causative 
agents of fusariosis in Europe remains limited. 
Studies of soybean grain in Poland have identi-
fi ed F. avenaceum as dominant alongside F. equi-
seti and F. sporotrichioides; F. clavum, F. fl agelli-
forme, and FIESC 31 were isolated for the fi rst 
time (Żelechowski et al., 2021). In Serbia, species 
complexes such as FIESC (F. incarnatum and F. 
equiseti), FOSC (F. oxysporum), FSSC (F. solani), 
FAATSC (F. acuminatum, F. avenaceum, and F. 
tricinctum) were isolated from soybean tissues 
(roots, stems, and seeds) (Jasnić 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, F. proliferatum, and F. sporotri-
chioides (Canada), F. fujikuroi (USA), F. arme-
niacum (Korea), F. commune, F. solani, and F. 
tricinctum (USA), and F. 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 identifi ed: F. 
oxysporum, F. culmorum, F. moniliforme, F. sola-
ni, F. gibbosum, F. sambucinum, F. avenaceum, F. 
graminearum, and F. sporotrichiella (Adamenko, 
2015). Currently, according to our data, F. solani 

has become the most widespread in the mycobi-
ota of soybean roots (unpublished data).

Th e F. 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). Th at 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 F. solani complex, rather than Fusarium ox-
ysporum, which was more common previously. 
We have established a signifi cant 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, 
sunfl ower, 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). Th ey have 
a wide range of hosts; consequently, in the past, 
specialized forms (formae speciales) of F. solani 
were isolated based on their ability to infect spe-
cifi c 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 F. solani species complex (FSSC) 
clade 2 (F. virguliforme, F. tucumaniae, F. bra-
siliense, and F. crassistipitatum) cause Soybean 
death syndrome, or Sudden Death Syndrome 
(SDS), in North and South America. Th ese 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-

respectively. It was determined that isolates of F. solani from soybean are capable of infecting seeds of the following crops 

through the soil: peas, beans, and sunfl owers. Conclusions. Th e developed express analysis is eff ective for detecting resis-

tant genotypes to seed infection during the germination period to F. solani. Th e tested seed treatment schemes of resistant 

varieties are highly eff ective.

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

pathogenicity.
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mature defoliation (Hartman et al., 2005; Spam-
pinato et al., 2021).

Today, representatives of the F. solani species 
complex are widespread and dangerous path-
ogens worldwide, aff ecting both soybeans and 
other crops. Th erefore, the aim of our study was 
to develop an express method for determining 
soybean resistance during seed germination in 
the soil and to fi nd 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 — 
2 × 104 CFU/g. When soybean seeds were sown 
in this soil, a fungal plaque of F. solani formed 
on 66.7% of the seeds aft er seven days. Th us, we 
identifi ed 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. Th e seeds were arranged at a dis-
tance of 1 cm from each other (20 seeds per Petri 
dish). Th e experiment was conducted in triplicate. 
Th e 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 F. solani plaque were determined.

To evaluate the eff ectiveness of two treatment 
schemes, seeds of the Niagara variety were treat-
ed according to the manufacturers’ recommen-
dations on the day of sowing. Th ey were grown 
in Petri dishes containing soil with the previ-
ously identifi ed 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 

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 
K2O 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 F. solani infection were determined on 
the seventh day. Th e eff ectiveness 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.

Th e pathogenicity of F. solani isolates from 
soybeans was determined by artifi cial inocula-
tion of pea, bean, and sunfl ower 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 F. solani suspension was add-
ed to the soil, and sterilized water was added as 
a control. Th e spore suspension was prepared as 
follows: a pure culture of F. 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 fi ltered through fi lter 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. Th e 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 gliсines 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) specifi cally 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 F. solani primarily resides in the soil, plant 
infection occurs immediately upon seed germi-
nation. Th erefore, selecting genotypes resistant to 
these fungi during this critical period is essential. 
Before the study, a biological analysis confi rmed 
the absence of F. solani on the initial seed lots.

Th e proposed method proved eff ective, 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) 
confi rmed a highly signifi cant eff ect of the cul-
tivar on the infection rate (F8, 18 = 2563.1; p < 
0.001). Genotypes with severe F. solani infection 
were identifi ed, specifi cally Mozart, Ambella, 
and Viola. Statistical analysis revealed highly sig-
nifi cant diff erences 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). Th e coeffi  cient of determination 
(R2 = 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. Th e 
selected group of genotypes was characterized 
by a high rate of infection with F. 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)
Year of registration 

in Ukraine
Disease resistance

Acardia Probstdorfer Saat Zucht (Austria) 2020 Fusariosis, Septoriosis, Ascochytosis, 
and Bacteriosis

Amadea Saatzucht Donau GesmbH & Co KG 
(Austria)

2018 Peronosporosis, Ascochytosis, 
Bacteriosis, Septoriosis, and 

Fusariosis

Ambella Saatbau (Austria) 2020 Sclerotiniosis, Viroses

Viola Probstdorfer SaatZucht GesmbH & Co 
KG (Austria)

2017 Peronosporosis, Ascochytosis, 
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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variety showed the lowest percentage of infec-
tion (11.7%) and the highest seed germination 
(93.3%). Th us, the degree of seed infection with 
F. solani was the primary determinant of the ger-
mination rate in soil.

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

Th e infection rate of FSSC seeds ranged from 
0 to 21.7%, confi rming our previous fi ndings re-
garding the resistance of the Niagara cultivar. Th is 
variety demonstrated consistent resistance to the 
pathogen across various soil types in Ukraine. Th e 
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.

Th e eff ectiveness of seed treatments for a re-
sistant variety against F. solani infection. Spe-

cifi c schemes for treating soybean seeds were de-
veloped to optimize germination. Th e seeds were 
treated with the selected preparations immedi-
ately before sowing in the soil. Th e incubation 
period lasted seven days. Th e study of combined 
biological and chemical treatments demonstrat-
ed their high effi  ciency 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 effi  ciency, lead-
ing to signifi cant 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 effi  ciency, and the application of bi-
ological preparations also eff ectively reduced the 
prevalence of F. solani.

Pathogenicity of F. solani isolates from soy-
bean. Th e pure culture of this fungus was iso-
lated from the plaque that formed on soybean 
seeds aft er 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 confi rmed that the tested seeds were free 
of F. solani. Th e soil used in the study was also 
confi rmed to be free of FSSC and was sterilized 
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Fig. 1. Th e eff ect of genotype on F. solani seed infection and its germination  



ISSN 1028-0987. Microbiological Journal. 2026. (1) 47

Development of an Express Analysis for Evaluating the Resistance of Soybean Genotypes to Fusarium solani

twice before use. Th e eff ectiveness of soil steri-
lization was verifi ed using control samples. On 
the fi ft h day of the experiment, signs of infection 
with Fusarium fungi were recorded across all 
studied crops. Seeds exhibiting the characteris-
tic fungal plaque were quantifi ed (Table 4), and 

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

Th e F. solani species complex was not detect-
ed in any of the three control groups, confi rming 
that the soil sterilization was eff ective. During 
the germination of pea and bean seeds, in addi-

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

Regions of Ukraine Soil type
Seed infection, %

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

Th ere is a statistically signifi cant eff ect of the variants on the outcome at the 5% signifi cance level (p<0.05).

Table 3. Effi  ciency of seed treatment of the Niagara soybean variety

Variant
Seed 

germination, %

Length, mm
Phytomass 
of plants, g

Seed infection 
FSSC, %

Effi  ciency, %
of seedlings of roots

Control 93.3 20.3 ± 0.95 75.4 ± 2.91 8.5 ± 0.45 11.7 —

Scheme 1 98.3 22.2 ± 2.21 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

LSD05 3.9 3.16 6,38 1.03 0.5 5.0

Table 4. Artifi cial infection of seeds with F. solani isolate from soybean and its germination

Variant Crop
Seed infection, %

Seed 
germination, %

F. solani Other microorganisms

Control Pisum sativum L. 0 Penicillium sp., Aspergillus sp., bacteria 90

Artifi cial infection 33,3a Penicillium sp., Aspergillus sp., bacteria 71,7a

Control Phaseolus vulgaris L. 0 bacteria 98,3

Artifi cial infection 21,7a bacteria 100a

Control Helianthus annuus L. 0 — 100

Artifi cial infection 13,3a Mucor sp. 80a

LSD05 4.4 3,5
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tion to infection with F. solani, the formation of 
Penicillium sp. and Aspergillus sp. plaques and 
the manifestation of bacteriosis were observed. 
Mucor sp. growth was specifi cally noted on sun-
fl ower seeds. Infection with fungi of the F. 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 sunfl ower) through the soil. Furthermore, 
legumes were found to be more susceptible to 
infection than sunfl ower.

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

We have developed an express analysis of re-
sistance to F. 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 fi nd resistant zucchini varieties to F. 
solani f. sp. cucurbitae (Pérez-Hernández et al., 
2017). At the same time, in Japan, a breeding pro-

gram for eustoma resistance to F. 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 fi nd the MdERF61-mdm-miR397b-
MdLAC7b module, which regulates apple resist-
ance to F. 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. Th us, prochloraz, carbendazim, 
and thiophanate-methyl have been proven to be 
highly eff ective against Fusarium wilt in adult 
zucchini plants (Pérez-Hernández et al., 2017). 
Th e same substances have shown inhibition of 
F.  solani when added to the nutrient medium 
(Ben Salem et al., 2011).

In Ukraine, as in the world, an active search for 
eff ective biological preparations to limit the devel-
opment of FSSC is underway. With the artifi cial 
introduction of F. 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 
fl uorescens showed high antagonistic activity 
(53.3—91.7% — percentage of mycelium inhibi-
tion) against F. solani, which was isolated from 
melon roots (Sallam et al., 2012). Pseudomonas 
fl uorescens strain from Lake Bogoria (Kenya) has 
been reported as a promising biocontrol agent for 
F. 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). Th e study of the eff ectiveness of the biolog-
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ical agents Trichoderma harzianum and Gliocla-
dium virens revealed signifi cant inhibition of the 
growth of F. solani mycelium on the medium, 87.3 
and 83.5%, respectively (Ben Salem et al., 2011).

Th e use of Streptomyces sp. against FSSC 
shows high effi  ciency in vitro and in vivo. Th e 
antifungal activity of S. fl aveus against F. 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 F. 
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, biofi lm 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 F. solani by 
95.4—97.9% in vitro due to the release of volatile 
organic compounds (Ruiz-Cisneros et al., 2024).

Conclusions. Due to the signifi cant preva-
lence of FSSC in Ukrainian soils, we were able 
to develop a rapid analysis for detecting resistant 
soybean genotypes by seed germination in soil 
aft er its natural infection with fungi. Utilizing 
this analysis, we have identifi ed the resistant cul-
tivar Niagara, the stability of which was verifi ed 
across diverse soil types in Ukraine. Th e resistant 
variety showed high effi  ciency of seed treatment 
with mixtures of biological and chemical prepa-
rations, with effi  ciencies of 71.8% and 85.5%, re-
spectively. By studying the pathogenicity of the 
F. solani isolate from soybean seeds that did not 
germinate, its ability to infect beans, peas, and 
sunfl owers was established. Notably, legumes 
were found to be more susceptible to infection 
than sunfl owers. Consequently, identifying crop 
precursors (rotation crops) that exhibit higher 
resistance to local populations of this pathogen 
represents a promising direction for future re-
search and agricultural practice.
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РОЗРОБКА ЕКСПРЕС-АНАЛІЗУ ОЦІНКИ СТІЙКОСТІ ГЕНОТИПІВ СОЇ 
ДО FUSARIUM SOLANI (MART.) SACC. ТА ШЛЯХИ ОБМЕЖЕННЯ ЙОГО ПОШИРЕННЯ

Комплекс видів Fusarium solani (Mart.) Sacc. (FSSC) домінує серед фітопатогенів у ґрунтовій мікобіоті та 
негативно впливає на проростання насіння в ґрунтах України. Соя є досить чутливою до патогенної дії 
цих грибів. F. solani інфікує насіння та проростки в ґрунті, спричиняючи їх непроростання, деформацію, 
а також кореневу гниль та некроз рослин. Метою даної роботи було розробити експрес-аналіз для визна-
чення стійкості сої під час проростання насіння та виявити стратегії обмеження поширення FSSC. Методи. 
Чисельність ґрунтових грибів визначали методом розведень. F. solani ідентифікували за культурно-морфо-
логічними ознаками. Ефективність протруєння насіння оцінювали за показником зараженості насіння F. 
solani та розраховували за стандартною формулою. Результати. Розроблено експрес-метод для виявлення 
генотипів сої, стійких до FSSC. Із дев’яти протестованих сортів визначено високостійким сорт Ніагара. Тес-
тування цього сорту в різних зразках ґрунту показало рівень інфікування в межах від 0% до 21,7%, причому 
найнижчий рівень патогену виявлено в чорноземах північно-східного регіону. Оцінено дві схеми обробки 
насіння сорту Ніагара: 1 — Аверком®,  Споразин, в. р. та Ековітал, в. р.; 2 — Мерівон® Про, КС, Вітазим, 
в. р. та Ековітал, в. р. Ці обробки підвищили схожість насіння та зменшили його ураження F. solani. Їхня 
ефективність становила 71.8% та 85.5%, відповідно. Встановлено, що ізоляти F. solani із сої здатні інфікувати 
через ґрунт насіння таких культур, як горох, квасоля та соняшник. Висновки. Розроблений експрес-аналіз 
є ефективним для виявлення генотипів, стійких до інфікування насіння F. solani в період проростання. Про-
тестовані схеми обробки насіння стійких сортів є високоефективними.

Ключові слова: Glycine max (L.) Merrill., фітопатогени, стійкий сорт, фузаріоз, фунгіциди, біологічні пре-
парати, патогенність.
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THE PREVALENCE 
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. Th e develop-

ment of a number of modern scientifi c technologies of molecular biology and bioinformatics makes it possible to identify 

silent clusters in the genomes of streptomycetes. Th e 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. Th e 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. Th e analysis of primary DNA structures was performed using Basic Local Alignment Search Tool. Th e 

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 diff erent 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 mmyJ) have been found in the genomes of many streptomyce-

tes that did not contain mmy/mmf-clusters, including two plasmids. Conclusions. Th e probable mmy/mmf clusters are 

present in genomes of streptomycetes with diff erent genetic affi  nity 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 identifi ed, in which mmy/mmf-clusters are present.

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

cally affi  nity.
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Methylenomycin is epoxycyclopentenone anti-
biotic that has antibacterial activity against both 
gram-positive and gram-negative organisms; it 
is particularly eff ective 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. Th e 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).

Th e location of the mmy/mmf-cluster on three 
diff erent 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 fi rst isolated from Strep-
tomyces  violaceus-ruber SANK95570 (Haneishi 
et al., 1974a). Th e 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 identifi ed 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 

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). 
Th e development of modern scientifi c 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 diff erent spe-
cies of the same genus of microorganisms, but 
also by representatives of diff erent 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). Th e signifi cant 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 fi nding producers of important com-
pounds has recently emerged: genome analysis 
(genome mining) (Zerikly & Challis, 2009; Li 
et al., 2018). Th is strategy allows the identifi ca-
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). Th is approach — 
genome mining  — enables both the discovery 
of new antibiotics and the derivatives of known 
structures (Blanco, 2012; Li et al., 2018).

Th e 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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Materials and Methods. Th e 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 ]. Th e 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 
identifi ed 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 
identifi ed 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 
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Fig. 1. Two-dimensional structural formulas of methyl-
enomycins (Haneishi et al., 1974a)

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 
of the mmy/mmf-cluster

Coding sequences
 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

mmyJ 242698 — 243033 

mmyG 242996 — 244177 

mmyO 244260 — 245381 

mmyT 245412 — 246221 

mmfR 246362 — 247006 

mmfL 247201 — 248262 

mmfH 248259 — 249461 

mmfP 249458 — 250255 

mmyR 250406 — 251017 
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mmyY mmyQ mmyD mmyC mmyP mmyG mmyT mmfL mmfPmmr

mmyF mmyB

Regulation and resistance

Methylenomycin biosymthesis

MMF biosynthesis

mmyRmmyE mmyX mmyA mmyK mmyJ mmyO mmfR mmfH

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)

Strains of Streptomyces
(Subject Sequences)

Similarity 
indices of clusters

Localization 
of clusters  on sequences

Streptomyces sp. NRRL_B-16638 Qc=100% I=99.99% NZ_JARAWB010000046.1*
14691 bp — 34033 bp **

S. anthocyanicus NBC 01636 plasmid unnamed1 Qc=100% I=99.63% NZ_CP109276.1
249549 bp — 230211 bp

S. anthocyanicus NPDC057076 Qc=100% I=99.63% NZ_JBHUTJ010000023.1
27030 bp — 46372 bp

S. rubrogriseus NPDC059658 Qc=100% I=99.54% NZ_JBHWEC010000023.1
55272 bp -74615 bp

S. rubrogriseus SID7739 Qc=100% I=99.53% NZ_JAAGMQ010000304.1
28564 bp — 47906 bp

S. violaceolatus JCM 4531 Qc=100% I=99.52% NZ_BAAASK010000029.1
742 bp — 20084 bp

S. anthocyanicus JCM 3037 Qc=100% I=99.52% NZ_BMPR01000053.1
4144 bp - 23486 bp 

S. anthocyanicus NPDC000080 Qc=100% I=99.52% NZ_JBEPFK010000016.1
9837 bp - 29179 bp 

S. anthocyanicus NPDC000667 Qc=100% I=99.52% NZ_JBIAYQ010000024.1
 88024 bp - 107366 bp

S. anthocyanicus NBC 01777 plasmid unnamed1 Qc=100% I=99.46% NZ_CP109103.1
89140 bp - 108487 bp

Streptomyces sp. E5N91 Qc=100% I=99.46% NZ_RAIE01000817.1
13454 bp — 32802 bp

Streptomyces sp. NPDC052727 Qc=98% I=88.96% NZ_JBFATK010000007.1
135817 bp -150740 bp

Streptomyces sp. NPDC052721 Qc=98% I=88.89% NZ_JBFATL010000052.1
27439 bp - 42360 bp

Streptomyces sp. NRRL S-31 Qc=96% I=87.54% NZ_JOCB01000032.1
13847 bp — 33509 bp

* — a number of sequence accessions, in GenBank, ** — localization of the mmy/mmf-cluster in the sequence, Qc — 
Query coverage, I — identity.



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

L.V. Polishchuk

(NZ_CP120988.1), Streptomyces sp. NBC_01336 
(NZ_CP108369.1). 

Th e 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.

Th e 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 classifi ca-
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 affi  nity 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).

Th e 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 classifi ed 
to the species belong to the S. violaceoruber group. 
As mentioned above, methylenenomycin synthe-
sis was initially identifi ed 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

Strains of Streptomyces Similarity indices of genes
16S RNA — genes

(Subject Sequences)

S. anthocyanicus JCM 3037 Qc=86% I=100.00% IEZ16_RS41860 * 

Streptomyces sp. NRRL_B-16638 Qc=100% I=99.93% PV411_ RS40795

S. anthocyanicus NBC 01636 Qc=100% I=99.93% OH747_ RS19190

S. anthocyanicus NBC 01777 Qc=100% I=99.93% OIE72_ RS17665

S. violaceolatus JCM 4531 Qc=100% I=99.87% GCM10010310_r00040

S. anthocyanicus NPDC000080 Qc=100% I=99.82% ABVB25_ RS42450

S. rubrogriseus SID7739 Qc=100% I=99.80% G3I66_ RS31625

S. anthocyanicus NPDC057076 Qc=100% I=99.03% ACFIWJ_38635

S. anthocyanicus NPDC059658 Qc=100% I=99.80% ACFV1I_ RS39470

S. anthocyanicus NPDC000667 Qc=80% I=99.10% ACFY28_ RS42415 *

Streptomyces sp. E5N91 Qc=100% I=99.93% EBH19_ RS05140

Streptomyces sp. NPDC052727 Qc=80% I=98.15% ABOL14_ RS39690 *

Streptomyces sp. NPDC052721 Qc=100% I=98.11% ABOL21_ RS39585

Streptomyces sp. NRRL S-31 Qc=100% I=97.71% IF37_ RS40265

Qc — Query coverage, I — identity, * — the gene sequence is partially represented.
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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 mmyJ) of S. coelicolor A3(2) in the genomes 
of streptomycetes (Fig. 5, Table 1). Th e presence 
of methylenemycin resistance has been estab-
lished in a number of streptomycetes that do not 
produce the antibiotic. Examples include S. vio-
laceoruber Tü22, 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 mmyJ genes 
of S. coelicolor A3(2) are widely distributed in 
the genomes of streptomycetes (Fig. 5). Th is 
study examined chromosomes and plasmids, 
the sequences of which were completely deter-
mined or presented as a set of contigs (Fig. 1). 
Among the identifi ed 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 mmyJ 
genes of S.  coelicolor A3(2) were identifi ed in 
the chromosomes of many strains, for example, 
Streptomyces  sp. NBC_00656 (NZ_СЗ109033), 
Streptomyces  sp. NBC_01336 (NZ_СP108369), 
S.  poriferorum ALT2 (NZ_CP1209988), Strep-
tomyces sp. NBC_01530 (NZ_CP109394), and 
S. tsukubensis AT3 (NZ_CP045178).

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. Th e localization of the mmy/mmf 
cluster in the plasmids SCP1 (S. coelicolor A3(2)) 
and pSV1 (S. violaceoruber SANK95570) was es-
tablished. Th is 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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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.

Fig. 5. Prevalence of sequences in streptomycete ge-
nomes similar to both the sequence of the entire cluster 
and the sequences of individual genes



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

L.V. Polishchuk

antibiotics in streptomycetes is determined by 
gene clusters located on chromosomes. 

Th e 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).

Th e 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). 
Th us, their presence was shown in 2 plasmids 
(NZ_CP109276.1, NZ_CP109103.1). Th e iden-
tifi ed 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 
identifi ed 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 fi rst reported 

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 mmyJ) in the genomes of strepto-
mycetes that do not produce methylenemycin. 
Methylenemycin resistance has been reported 
in S. violaceoruber Tü22, 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 mmyJ genes were 
identifi ed in the genomes of a signifi cant num-
ber of streptomycetes. Among those identifi ed 
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_СP108369), 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 mmyJ 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_JB-
HUXS010000021.1). 

Th e conducted determination of close rela-
tionships of 14 identifi ed strains of streptomy-
cetes revealed the affi  nity of 11 strains to the 
model strain (Table 4). Th e determination of 
the affi  nity of the strains was carried out based 
on the levels of similarity of their 16S RNA 
genes (I>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. albidofl avus 
group. Although the strain of S. coelicolor A3(2) 
is traditionally referred to as the S. albidofl avus 
clade, there are reports in the literature about 
its greater affi  nity 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-
fi ed 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 diff erent species  — for example, the antibi-
otic landomycin E is produced by the strains S. 
globisporus 1912 and S. cyanogenus S136. Th e 

strains are not genetically closely related (Rebets 
et al., 2003; Matselyukh et al., 2016).

Conclusions. A fairly signifi cant presence of 
mmy/mmf-clusters in the genomes of strepto-
mycetes with diff erent genetic affi  nities of the S. 
coelicolor A3(2) strain has been established. Two 
plasmids (NZ_CP109276.1, NZ_CP109103.1) 
were identifi ed, in the sequences of which mmy/
mmf-clusters are present. Th e primary structures 
of NZ_CP109276.1, NZ_CP109103.1, and SCP1 
plasmids are only partially similar  — only a 
fragment that determines the sequences of their 
mmr/mmf clusters. Also, many streptomycetes 
(14.8%) were identifi ed whose genomes con-
tained probable genes resistant to methylene-
mycin, including two plasmids NZ_CP120991.1 
and NZ_CP108601.1.
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ПОШИРЕНІСТЬ У ГЕНОМАХ СТРЕПТОМІЦЕТІВ ПОСЛІДОВНОСТЕЙ, 
ПОДІБНИХ КЛАСТЕРУ БІОСИНТЕЗУ МЕТИЛЕНОМІЦИНУ

У стрептоміцетів кластери генів, що детермінують біосинтез у переважній більшості антибіотиків, зазвичай 
розташовані на хромосомах, однак незначна кількість таких кластерів розташована на великих плазмідах. 
Деякі з них є мовчазними і не експресуються. Розвиток низки сучасних наукових технологій молекулярної 
біології та біоінформатики дає змогу виявити мовчазні кластери в геномах стрептоміцетів. Метою роботи 
було виявити стрептоміцети, в геномах яких містяться послідовності, подібні до кластера генів S. coelicolor 
A3 (2), що визначають синтез антибіотика метиленоміцину (mmy/mmf-кластер). Методи. Об›єктами 
дослідження були нуклеотидні послідовності хромосом та плазмід стрептоміцетів, які депоновано в 
загальнодоступні Інтернет бази даних на сервері Th e National Center for Biotechnology Information. Аналіз 
первинних структур ДНК проводили за допомогою програм Basic Local Alignment Search Tool на тому ж 
сервері. Первинна структура mmy/mmf-кластеру (плазміда SCP1 S. coelicolor A3 (2)) використовувалася як 
запит у комп’ютеризованому аналізі нуклеотидних послідовностей. Результати. Послідовності, подібні 
до mmy/mmf-кластера та його окремих генів, знайдено в геномах декількох стрептоміцетів, що належать 
до різних видів. Однак наявність повних послідовностей ймовірних кластерів виявлено лише у незначної 
кількості геномів стрептоміцетів. З них дві послідовності локалізовані на плазмідах (NZ_CP109276.1, 
NZ_CP109103.1). На підставі подібності послідовностей генів 16S рРНК відібраних штамів Streptomyces і 
відповідного гена S. coelicolor A3(2), було визначено генетичну спорідненість більшості проаналізованих 
штамів стрептоміцетів із S. coelicolor A3(2). Гени стійкості до метиленоміцину (mmr та mmyJ) виявлено в 
геномах багатьох стрептоміцетів, які не містили mmy/mmf-кластерів, включаючи і дві плазміди. Висновки. 
Вірогідні mmy/mmf-кластери присутні в геномах стрептоміцетів з різною генетичною спорідненістю штаму 
S. coelicolor A3(2). З них штами Streptomyces sp. NPDC052727, Streptomyces sp. NPDC052721 та Streptomyces 
sp. NRRL S-31 не є генетично спорідненими з S. coelicolor A3(2). Виявлено дві плазміди (NZ_CP109276.1 і 
NZ_CP109103.1), в послідовностях яких присутні mmy/mmf-кластери.

Ключові слова: Streptomyces, геном, плазміда, mmy/mmf-кластери, нуклеотидна послідовність, показники 
ідентичності ДНК, генетична спорідненість.
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THE STATE OF NEUTROPHILIC GRANULOCYTE 
INDICES IN PATIENTS WITH ACUTE INFECTED 
NECROTIZING PANCREATITIS DEPENDING 
ON THE TYPE OF PATHOGEN 
Th e 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. Th e 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 - PhI were studied. Results. Pseudomonas aeruginosa, Escherichia 

coli, Enterococcus faecalis, Klebsiella pneumoniae, Acinetobacter baumannii,and Staphylococcus epidermidis were the 

most common bacterial pathogens identifi ed in AINP patients. Th e 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. Th e metabolic activity and phagocytic index of blood PMN in patients with infected 

APN did not diff er depending on the monoculture or association with isolated microorganisms. However, patients with a 

monoculture of m/o had a signifi cantly 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. Th e main directions of the disorders are a signifi cant activation of the processes of blood PMN metabolism. 

A signifi cantly 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 signifi cantly 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 infl ammatory 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. Th e 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-infl am-
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 signifi cant 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 еnecrotic accumulations from 
the small intestine. Th ese fi ndings 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 et al., 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 

defense against pathogens and infl ammation 
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-
fl ammation and injury (Wan et al., 2021). 

Th eir huge number, constant production, high 
cytotoxicity, and ability to create extracellular traps 
underlie their ability to eff ectively protect the body 
from the negative eff ects 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. Th ey 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 aft er 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 infl uence other aspects of body func-
tion remain largely unexplored to this day.

Th e 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. Th e 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 Scientifi c Cen-
ter of Surgery and Transplantation named aft er 
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.
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Th ere 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. Th e 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. 

Th e 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). 

Th e NBT test reaction was performed accord-
ing to Park et al. (1968) and Bengt Bjorksten 
(1974). Th e 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 
diff erence in active PMN in the ST NBT and SP 
NBT tests, was determined.

Th e 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. Th en, 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.

Th e preparations were air-dried by placing the 
glass in the upright position. Th e bulk of the liq-
uid fl owed down on the glass. Th e glass slides are 
fi xed with Nikiforov’s mixture and counterstained 
with 0.1% neutral red stain for 3 min. Th e slides 
were air-dried, and the percentage of granulocytes 

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. Th e phagocytic ac-
tivity of neutrophils was evaluated by two indi-
cators: PhI 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 diff erences (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. Th e 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. 

Th e 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%). 
Th ese fi ve G(–) bacteria accounted for 68% of all 
bacterial pathogens identifi ed in patients with 
AIPN. Th e 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%). Th e main fun-
gi in patients with AINP were Candida spp 
(5.33%). Among the G(–) bacteria, Pseudomo-
nas fl uprescesns, Erwinia spp, and Hafnia alvei 
are easily detected in patients with AIPN. 

Th e 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. 
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Th e distribution of culture results across the 
AIPN patients depending on G(–) and G(+) 
culture results or Сandida spp are presented in 
Diagram 2.

Culture-based analyses revealed 67.99 % 
gram-negative bacterial strains, 26.67% gram-
positive bacterial strains, and 5.33% fungal 
strains.

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

E. coli  13.33 %

E. faecalis 10.67 %

K. pneumonia 10.67 %

A. baumannii 9.33 %

S. epidermidis 9.33 %

C. freundii 6.67 %

Сandida spp. 5.33 %

E.faecium 4 %

S. aureus 2.67 %

P. fluorescens 1.33 %

Erwinia spp. 1.33 %

Hafnia alvei 1.33 %

G(–) culture results 67.99 %

G(+) culture results 26.67 %

Сandida spp. 5.33 %

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

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

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

In AINP patients with gram-negative cultures of 
microorganisms, a signifi cantly increased PhN of 
blood PMN was found compared to the control 
group. In AINP patients with gram-positive cultures 
of microorganisms, a signifi cantly 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 signifi cant diff erences.

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

Group SP NBT, % ST NBT, % PR, % PhI, %
PhN, 

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=8 44.4 ± 8.7 71.1 ± 6.8 26.7 ± 7.9 65.3 ± 6.8 3.81 ± 0.99

* — Th e diff erence between the number of formazan-positive blood PMN in the ST NBT test and PhN blood PMN 
is signifi cant 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, %
PhN, 

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 one isolated 
microorganism 

n=8

49.6 ± 4.4 75.2 ± 2.5 25.1 ± 4.8 61.1 ± 3.7 4.40 ± 0.77

Patients with association 
of microorganisms 

n=16

44.4 ± 8.7 71.1 ± 6.8 26.7 ± 7.9 65.0 ± 6.3 2.33 ± 0.33*

* — Th e diff erence between the PhN of blood PMN in AINP patients is signifi cant 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.

Th e metabolic and phagocytic activity of 
blood neutrophil granulocytes in AINP patients 
with isolated monoculture and association 
of microorganisms were signifi cantly diff er-
ent from similar indicators of healthy individu-
als. Th e metabolic activity and phagocytic index 
of blood PMN in AINP patients were not sig-
nifi cantly diff erent   between the two groups — 
with monoculture or association of isolated 
m/o. However, patients with a monoculture of 
m/o had a signifi cantly 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, Brück & Rossen, 2021; Wang et al., 2021). 
We found pathogens in AINP patients , among 
which Gram-negative bacteria were the most 
prevalent. Th e pathogens identifi ed 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 fl ora. Patients with isolated G(–) 
microorganisms had a signifi cantly increased 
number of formazan-positive blood neutrophils 
in the ST NBT test and a signifi cantly increased 
PhN of blood neutrophils compared to patients 
with G(+) microorganisms. A stimulated NBT 

test characterizes the potential ability of the 
PMN to respond with a «respiratory explosion» 
to adequate irritation. Th e phagocytic number 
refl ects the intensity of phagocytosis. Th us, 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 diff erent 
molecules and structures that make up the cell 
wall of microorganisms and diff erent 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 eff ects on phagocytic cells. (Th i, 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 signifi cant-
ly increased PhN of blood PMN compared to 
patients with microorganisms association. Th is 
indicates that the bacteria in associations are 
able to avoid phagocytizing blood PMN. Th ey 
are highly interactive and possess an extraordi-
nary repertoire of intercellular communication 
and social behavior, including quorum sensing 
(Azi mi  S, Klementiev, & Whiteley M, Diggle, 
2020). Another explanation for the diff erences 
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 (Skjefl o et al., 2019). Th e studies by Giuditta 
Fiorella Schiavano et al. (2016) revealed an un-
expected level of specifi city in the elimination of 
bacteria in phagosomes and showed that com-
pletely diff erent mechanisms are required to de-
stroy diff erent 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-
fi ed in patients with AINP.

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

G(+) microorganisms. Our study fi rst report-
ed that patients with isolated microorganisms 
monoculture have a signifi cantly increased 
blood PMN PhN compared to patients with mi-
crobial associations. 
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СТАН ПОКАЗНИКІВ НЕЙТРОФІЛЬНИХ ГРАНУЛОЦИТІВ 
У ХВОРИХ НА ГОСТРИЙ ІНФІКОВАНИЙ НЕКРОТИЗУЮЧИЙ ПАНКРЕАТИТ 
ЗАЛЕЖНО ВІД ТИПУ ЗБУДНИКА 

Мета роботи — вивчити стан поліморфноядерних лейкоцитів (ПМЯЛ) у хворих на гострий інфікований 
некротичний панкреатит (ГІНП) залежно від типу збудника. Методи. У пацієнтів з ГІНП у доопераційному 
періоді та у пацієнтів контрольної групи визначали метаболічну активність нейтрофілів крові в спонтан-
ному (Сп) та стимульованому (Ст) тестах із нітросинім тетразолієм (НСТ), а також показник резерву (ПР) 
метаболічної активності в крові. Вивчали відсоток активних ПМЯЛ у реакції фагоцитозу —фагоцитарний 
індекс (ФІ  — відсоток нейтрофілів, залучених до фагоцитозу) та кількість поглинених часточок Candida 
albicans у середньому одним ПМЯЛ  — фагоцитарне число  — ФЧ. Результати. Pseudomonas aeruginosa, 
Escherichia coli, Enterococcus faecalis, Klebsiella pneumoniae, Acinetobacter baumannii та Staphylococcus epidermidis 
були найпоширенішими бактеріальними збудниками, виявленими в пацієнтів з ГІНП. У пацієнтів , які мали 
Г(–) мік ро організми, було виявлено значно більшу кількість формазан-позитивних ПМЯЛ крові в Ст-НСТ-
тесті, а також (ФЧ) ПМЯЛ крові порівняно з пацієнтами з Г(+) мікроорганізми. Метаболічна активність та 
фагоцитарний індекс ПМЯЛ крові в пацієнтів з ГІНП не відрізнялися залежно від монокультури або асо-
ціації виділених мікроорганізми. Однак пацієнти з монокультурою м/о мали значно збільшений ФІ ПМЯЛ 
крові порівняно з пацієнтами з мікробними асоціаціями. Висновки. У пацієнтів з ГІНП спостерігаються 
порушення функціональної активності ПМЯЛ. Основними напрямами порушень є значна активація про-
цесів метаболізму ПМЯЛ крові. У пацієнтів з Г(–) мікроорганізми було виявлено значно збільшений ФЧ 
ПМЯЛ крові порівняно з пацієнтами з Г(+) мікроорганізми. Встановлено, що у пацієнтів з монокультурою 
мікроорганізми був значно більший PhN ПМЯЛ крові порівняно з пацієнтами з мікробними асоціаціями. 

Ключові слова: гострий інфікований некротичний панкреатит (ГІНП), поглинальна активність, мета-
болічна активність, грам-негативні Г(–) мікроорганізми, грам-позитивні Г(+) мікроорганізми, поліморфно-
ядерні лейкоцити (ПМЯЛ).
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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. Th e most eff ective plant defense against viruses is eff ector-triggered 

immunity (ETI) provided by R proteins encoded by R genes. Th e R gene, which is named Wsm1, provides broad wheat 

resistance against WSMV compared to the other three known today resistance genes. Th e 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 WSMV identifi cation 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 eff ectiveness of Wsm1-based resistance. Results. For the fi rst 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 confi rmed by DAS-ELISA show eff ectiveness of the resistance gene 

Wsm1 against WSMV 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 fi rst report about screen-

ing diff erent 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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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 signifi cant 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 confi rmed in Ukraine (Mishchen-
ko et al., 2018, 2019, 2021). Th e virus is transmit-
ted mechanically and is effi  ciently 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). Th e 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 WSMV cell-to-cell movement 
(Choi et al. 2005).

Plants defend themselves against patho-
gens through pattern-triggered immunity (PTI). 
PTI 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 eff ectors to defeat PTI. If specialized re-
ceptors in the plant called resistance (R) proteins, 
directly or indirectly recognized eff ectors, the 
second layer of plant defense is activated, which 
is named eff ector-triggered immunity (ETI). 
R-proteins are encoded by R genes primarily 

function through a “gene-for-gene” interaction, 
where specifi c R genes in plants recognize cor-
responding avirulence (Avr) genes in pathogens 
(Ngou et al., 2022). Th is recognition triggers a 
plant defense response, oft en 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 WSMV resistance named as 
Wsm1, Wsm2, Wsm3, and c2652 have been iden-
tifi ed 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 fi rst ob-
served in a wild wheat relative Th ynopyrum inter-
medium (Host) Barkworth and Dewey [Agropy-
ron intermedium (Host) P.Beauv.] (Triebe et al., 
1991). Th e resistance gene from Th . intermedium, 
designated as Wsm1, was introduced into culti-
vated wheat by translocation on the wheat chro-
mosome 4DL. Mechanism of Wsm1-mediated 
resistance in wheat likely involves virus replica-
tion suppression or/and movement restriction, 
but the exact mode is still under study. Th e Wsm1 
resistance gene itself does not code for a specifi c 
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). Th is 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). 

Wsm1 provides broad resistance of wheat 
against WSMV compared to Wsm2 and Wsm3. 
Both Wsm1 and Wsm2 are temperature-sensitive 
genes and are ineff ective at higher temperatures. 
Th ey have been reported to provide more eff ec-
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 
(WSMV 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 eff ec-
tively used in wheat breeding programs to incor-
porate the Wsm1 gene into new wheat varieties. 
Th is 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 fi eld. 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. 

Th e goal of this study was to screen wheat va-
rieties for the presence of resistance gene Wsm1 
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 fi elds of Poltava, 
Kyiv, Odesa, Ternopil, Kirovohrad, Chernihiv, 
and Vinnytsia regions, during which both plants 

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.

Identifi cation 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 specifi c anti-
bodies against WSMV No. 07048S/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). Th e re-
sults were recorded on a Termo Labsystems Opsis 
MR reader (USA) with Dynex Revelation Quick-
link soft ware 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 Purifi cation Kit (Th ermo Fisher Scientifi c, 
USA). Two-step RT-PCR was conducted using 
RevertAid Reverse Transcriptase (RevertAidTM 
M-MuLV, Th ermo Scientifi c, USA), DreamTaq™ 
Green PCR Master Mix (Th ermo Fisher Scien-
tifi c, USA), and specifi c oligonucleotide primers 
WS-8166F 5' GAGAGCAATACTGCGTGTACG 3', 
and WS-8909R 5' GCATAATGGCTCGAAGT-
GATG3' (Kudela et al., 2008). Th e amplifi cation 
reactions were set up as follows: initial denatur-
ation for 3 min at 95 °C, followed by 30 cycles of 
95 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min. 
Th e fi nal extension step was at 72 °C for 10 min.

Th e presence of the Wsm1 resistance gene. To 
screen Wsm1, genomic DNA was extracted from 
wheat leaves using the GeneJet Plant Genomic 
DNA Purifi cation Mini Kit K0791 according to 
the manufacturer`s protocol (Th ermo Fisher 
Scientifi c, USA).

Th e presence of Wsm1-resistance gene was ve-
rifi ed by PCR using specifi c primer pair STSJ15: 
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STSJ15_L (GTAGCAGGGGAAGCTGAAGA) 
and STSJ15_R CCGAGCTCACACGCTAATTT 
with the expected size of the amplifi cation pro-
duct 500 bp (Talbert et al., 1996). DreamTaq™ 
Green PCR Master Mix (2Х) К1081(Th ermo 
Fisher Scientifi c, USA) was used for PCR. Am-
plifi cation was carried out in a thermocycler; the 
volume of the reaction mixture was 25 μL, ac-
cording to the manufacturer’s recommendations. 
Aft er mixing all reagents, the microtubes were 
transferred to a thermocycler. Amplifi cation mo-
de for determining the Wsm1 gene: 95 °С — 30 s, 
followed by 33 cycles at 95 °С for 30 s, 56 °С for 
30 s, 72 °С for 45 s, and 72 °С for 5 min.

Verifi cation of the presence of amplifi cation 
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, Th ermo Scientifi c, 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 buff er pH 7.4 in a ratio 
of 1:2 (m:V), following the homogenate fi ltration. 
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 fi ve individ-
ual wheat plants pooled together before grind-
ing. Th ree technical repeats were conducted for 
each biological repeat. When appropriate, the 
fi ndings 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 fi rst part of our work, we 
studied 16 wheat samples and varieties selected 
from diff erent regions of Ukraine in 2023—2024 
(Table  1). Of them, WSMV was confi rmed 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 Wsm1 resistance gene, a 500 bp 
amplifi cation 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 fi elds studied, 29 varieties germinated from 
seeds in the laboratory were also tested (Table 2). 
Th e results of PCR using primers to the Wsm1 
gene showed that no amplifi cation 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 

a b dc

Fig.1. Wheat variety Bohdana with symptoms of WSMV infection (a, b, c), d  — 
healthy sample
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Fig. 2. Identifi cation of WSMV 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 (Th ermo 
Scientifi c, USA); lane K — negative control of the reaction
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Fig. 3. Gel electrophoresis with 500 bp PCR fragments amplifi ed using primers for 
the Wsm1 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 (Th ermo Scientifi c, USA)

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

Th ese three WSMV-infected samples do not 
contain the resistance gene Wsm1, ? 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).

Th us, 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 

if these varieties are aff ected by WSMV in arti-
fi cial conditions. Th e 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 WSMV in the laboratory greenhouse. Th e 
wheat var. Panianka served as the positive con-
trol for the inoculation as not carrying the Wsm1 
gene. Th e bioassay results revealed the absence 
of the viral symptoms on the all 12 inoculated 
wheat samples, which was confi rmed by DAS 
ELISA (Fig.8). 
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Table 1. Results of screening wheat from diff erent 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 Wsm1

10 var. Rotax, 2024 — +
11 var. Bohdana, 2024 + —

11a var. Bohdana, 2024 + —

12 breeding line # 12 PBGI-NCSCI*, 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 — —

П breeding line # 10, DSV-Ukraine, 2024 — +
V 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

K–K+ M K–K+ M 8 9 10 11 12 13 14

K+ M 22 23 24 25 26 27 28 29

1 2 3 4 5 76

K–K+ M 15 16 17 18 19 2120

Fig. 4. Gel electrophoresis of PCR products using primers for the Wsm1 gene 
(expected size of the amplifi cation product is 500 bp): К+ — positive control; К— — 
negative control; М — DNA markers, 100bp (Th ermo Scientifi c, USA). Lane numbers 
correspond to the sample numbers indicated in Table 2.
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a b c

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

Sample No 
in the experiment

Variety/sample Wsm1
Sample No 

in the experiment
Variety/sample Wsm1

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 Wsm1 

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; c — healthy wheat plants, 
variety MIP Vyshyvanka

Table 3. Results of screening wheat varieties and breeding lines 
sampled in 2025 for the presence of WSMV and resistance gene Wsm1 

Sample No 
in the experiment

Name of variety/sample
Date and /or 

collection year, location
WSMV Wsm1

1 breeding line #4, PBGI-NCSCI (Motsnyi I.I.) 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.I.) 22.05.25, Poltava region — —

6 breeding line #11, PBGI-NCSCI (Motsnyi I.I.) 22.05.25, Poltava region — —
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Sample No 
in the experiment

Name of variety/sample
Date and /or 

collection year, location
WSMV Wsm1

7 breeding line #12, PBGI-NCSCI (Motsnyi I.I.) 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 I.I.) Odesa, 2025 — —

12 breeding line # 34, PBGI-NCSCI (Motsnyi I.I.) Odesa, 2025 — —

13 breeding line #35, PBGI-NCSCI (Motsnyi I.I.) Odesa, 2025 — —

14 breeding line #36, PBGI-NCSCI (Motsnyi I.I.) 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. Baterfl iai 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/ Wsm1 gene; ‘+’— presence of WSMV/ Wsm1 gene; * PBGI-NCSCI — Plant Breeding and 
Genetics Institute — National Center of Seed and Cultivar Investigation; ** — Th e V.M. Remeslo Myronivka Institute 
of Wheat, National Academy of Agrarian Sciences of Ukraine; *** — Nosivka Breeding and Research Station, Th e 
V.M. Remeslo Myronivka Institute of Wheat, National Academy of Agrarian Sciences of Ukraine

Continuation of Table 2
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Discussion. Severe studies for the eff ect of 
the Wsm1 presence on yield under WSMV in-
fection were carried out. Baley et al. (2001) 
reported about 5% yield reduction in lines 
carrying Wsm1 compared with a 32% reduction 

in the yield of lines lacking Wsm1. Yield in-
creases by 37% in winter wheat breeding lines 
with Wsm1 compared to Wsm1-free lines (Divis 
et  al.,  2006). However, Sharp et  al. (2002) re-
vealed that in the absence of WSMV disease, the 
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T4DL·4JsS translocation for  Wsm1  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 signifi cant eff ect 
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 signifi cantly 
diff erent from that of Wsm1-free lines.

Eff ective 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 
specifi c genes that confer disease resistance, al-
lowing breeders to select for these traits more 
effi  ciently than using traditional methods. Th is 
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.

Conclusions. Th us, our study demonstrates 
that the Wsm1 gene is present in the 12 inves-
tigated wheat varieties/breeding lines that are 
widely used on Ukrainian farms. Th e bioassay 
results show the eff ectiveness of the Wsml gene 
resistance against WSMV inoculation in experi-
mental conditions. Hence, wheat varieties car-
rying the Wsm1 gene can be included into the 
breeding programs in Ukraine. To our knowl-
edge, this is the fi rst report about screening of 
diff erent wheat varieties grown in Ukraine for 
the presence of the Wsm1 gene.
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СТІЙКІСТЬ ПРОТИ ВІРУСУ СМУГАСТОЇ МОЗАЇКИ ПШЕНИЦІ: 
ДОСЛІДЖЕННЯ НАЯВНОСТІ ГЕНА WSM1 У РІЗНИХ СОРТАХ ПШЕНИЦІ, 
ЩО ВИРОЩУЮТЬСЯ В УКРАЇНІ

Вірус смугастої мозаїки пшениці (ВСМП) є найбільш шкодочинним вірусом зернових культур і економічно 
важливим вірусом у вирощуванні пшениці в багатьох країнах, включаючи Україну. Найефективнішим 
захистом рослин від вірусів є імунітет, викликаний ефекторами (ЕТІ), що забезпечується R-білками, 
кодованими R-генами. R-ген, названий Wsm1, забезпечує широку стійкість пшениці до ВСМП порівняно з 
трьома іншими відомими на сьогодні генами стійкості. Метою цього дослідження було проведення скринінгу 
сортів пшениці, вирощених в Україні, на наявність гена стійкості Wsm1 за допомогою маркера на основі ПЛР. 
Методи. Для ідентифікації ВСМП у зразках пшениці використовували візуальну діагностику, сендвіч-ІФА, 
екстракцію тотальної РНК та ЗТ-ПЛР. Для виявлення гена Wsm1 проведено екстракцію геномної ДНК рослин 
та ПЛР із праймерами. Для перевірки ефективності стійкості на основі Wsm1 використовували біологічний 
аналіз та ІФА. Результати. Вперше в Україні було проведено скринінг 102 сортів/селекційних ліній пшениці 
на наявність гена Wsm1 за допомогою маркера на основі ПЛР. Наше дослідження демонструє, що ген Wsm1 
присутній у 12-ти досліджуваних сортах/селекційних лініях пшениці, які широко використовуються в 
українських господарствах. Результати біоаналізу, підтверджені ІФА, показують ефективність гена стійкос-
ті Wsm1 проти інокуляції ВСМП в експериментальних умовах. Висновки. Досліджувані сорти пшениці, що 
несуть ген Wsm1, можуть бути включені до селекційних програм в Україні. Наскільки нам відомо, це перше 
повідомлення про скринінг різних сортів пшениці, вирощених в Україні, на наявність гена Wsm1.

Ключові слова: вірус смугастої мозаїки пшениці, пшениця, стійкість рослин, Wsm1, ПЛР-маркери, Україна.
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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 modifi cation of plant cell wall 

polysaccharides. While bacterial and ascomycete pectinases are well studied and widely applied, the enzymatic poten-

tial of Basidiomycota remains underexplored. Th is 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 μmol/min/

mL to 1163.8 units/gsubstrate), with white-rot fungi achieving the upper range. Th e most promising producers are from 

the genera Pleurotus, Trametes, and Lentinula. Th e review also covers isolation methods, including ammonium sul-

fate precipitation, dialysis, ion-exchange, and gel-fi ltration chromatography (purifi cation 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. Th ese enzymes show promis-

ing properties for fruit juice extraction, clarifi cation, tissue maceration, and bioconversion of agro-industrial wastes. 

Th erefore, Basidiomycota represents a valuable but insuffi  ciently characterized source of industrial pectinases, requir-

ing further study of new strain selection, cultivation optimization, and large-scale enzyme applications.

Keywords: Basidiomycota, pectinase, biotechnology, enzyme, cultivation, enzyme purifi cation, clarifi cation.
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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). Th e 
basis of pectin compounds is homogalacturo-
nan, modifi ed by numerous side chains. Th ese 
compounds are targets for pectolytic enzymes 
(pectinases)  — a broad class of enzymes that 
catalyze the depolymerization and modifi cation 
of pectin substances by hydrolysis, de-etherifi -
cation, or β- 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-
terifi cation 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 
β-elimination mechanism (Bonnin et al., 2020; 
Ozojiofor et al., 2023). 

Pectinesterases (EC 3.1.1.X), belonging to 
CE1, CE8, and CE12 families, initiate degrada-
tion by hydrolyzing methyl or acetyl esters in 
pectin backbone, oft en via a serine hydrolase-
like catalytic triad (Ser-His-Asp) in a ping-pong 
mechanism, releasing low-esterifi ed pectin or 
pectic acid and methanol/ethanol; subtypes in-
clude pectin methylesterases (random, block, 
or processive demethylation) and acetyl ester-
ases (O-2/O-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; 
Urbániková, 2021). 

Glycosyl hydrolases, primarily GH28 (poly-
galacturonases), employ acid-base catalysis 
for α-1,4-gly co sidic 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 

subtypes like rhamnogalacturonan hydrolases 
(GH28/78/105/106) cleave RG-I via endo/exo 
modes, and arabinanases (GH3/10/43/51/54/62) 
hydrolyze α-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 
β-elimination, abstracting C5 protons to form 
Δ4,5-unsaturated products via tyrosinate/
Zn2+-dependent transelimination, oft en requir-
ing Ca2+ 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 
(clarifi cation, yield improvement, aroma en-
hancement), textile fi ber processing (pectin 
shell removal), wastewater bioremediation, and 
plant biomass conversion (Garg et al., 2016; 
Ruiz et al., 2017). 

Th e 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 insuffi  ciently studied, which em-
phasizes the relevance of this work

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

Materials and Methods. Th is 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-
cifi c terms “pectinase”, “pectinolytic enzyme”, 
“polygalacturonase”, “pectin esterase”, “pectin 
lyase”, “pectin depolymerization”, “CAZy”, “tran-
scriptome”, “secretome”, “fungal genome”, “gene 
family”, “fungal pectinase gene”, “basidiomycete”, 
“pectinase purifi cation”, “enzyme characteriza-
tion”, “enzyme activity”, “biochemical 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-specifi c terms such as “Agaricus 
bisporus”, “Ag. brasiliensis”, “Agrocybe pediades”, 

“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. 
palustris “Fmt. pinicola”, “Fmt. serialis” (or syn. 
“T. serialis”), “Galerina marginata”, “Ganoderma 
lucidum”, “Gelatoporia subvermispora”, “Gloeoph-
yllum trabeum”, “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 fi ardii”, “Mucidula mu-
cida”, “Omphalotus olearius”, “Panaeolus papilio-
naceus”, “Pilatotrama ljubarskyi”, “Phanerochaete 
chrysosporium” (syn. “Phanerodontia chrysospo-
rium”), “Phlebia brevispora”, “Phl. radiata”, “Phle-
biopsis gigantea”, “Phlegmacium glaucopus”, “Pho-
liota conissans”, “Plicaturopsis crispa”, “Pleurotus 
eryngii”, “Pl. fl orida”, “Pl. ostreatus var. fl orida”), 
“Pl. ostreatus”, “Pl. pulmonarius”, “Pl. sajor-caju” 
(or syn. “Lns. sajor-caju”), “Postia placenta”, “Pyc-
noporus cinnabarinus” (or syn. “T. cinnabarina”), 
“Pyc. sanguineus” (or syn. “T. sanguinea”), “Rho-
docollybia 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”, “Wolfi poria cocos”, et al. Genus-
specifi c 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. Th e source 
list was refi ned 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, classifi cation, and 
distribution of genes through CAZy families);

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

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

(4) practical aspects of the application of fun-
gal pectinases in the food, environmental, and 
processing industries.

Genetic potential 
of Basidiomycota for pectinase synthesis
Th e expression of the corresponding genes of 
Basidiomycota ensures the eff ective breakdown 
of plant cell wall polysaccharides, which is a key 
function of fungal adaptation to various sub-
strates, including pectin (Rytioja et al., 2014). 
Th e 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). 
Th ese genes diff er in diff erent types of fungi 
(white rot, brown rot, and soft  rot), indicating 
signifi cant diff erences 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 classifi ed within the PL1, PL2, 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. Th ey have been 
identifi ed 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-specifi c analysis reveals that most pec-
tin-degrading lyases in F. 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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Collybia nuda
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Coniophora puteana
Coprinopsis cinerea

Coriolopsis trogii
Cryptococcus neoformans 

Cyathus striatus
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Fistulina hepatica 
Flammula alnicola 

Flammulina elastica
Flammulina ononidis
Flammulina velutipes

Fomitopsis pinicola 
Galerina marginata

Gelatoporia subvermispora
Gloeophyllum trabeum 

Gymnopilus junonius
Gymnopus androsaceus

Hebeloma cylindrosporum
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Lentinula edodes
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Phlebia brevispora
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Pleurotus eryngii
Pleurotus ostreatus
Plicaturopsis crispa

Postia placenta
Pycnoporus cinnabarinus
Rhodocollybia butyracea
Schizophyllum commune

Serpula lacrymans
Stereum hirsutum

Suillus brevipes
Trametes coccinea

Trametes elegans
Trametes hirsuta

Trametes polyzona
Trametes pubescens
Trametes sanguinea
Trametes versicolor

Trametes villosa
Tricholoma matsutake

Ustilago maydis
Volvariella volvacea

Wolfiporia cocos
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Fig. 1. Distribution of the number of pectinolytic enzyme genes in diff erent 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).

Th e PL9 family occurs only sporadically in Ba-
sidiomycota, being detected in F. ononidis, F. velu-
tipes, S. commune, Crd. militaris, Hym. radicata, 
and Muc. mucida (Park & Kong, 2018; Ruiz-Due-
ñas 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—PL11 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, 
refl ecting evolutionary adaptation to lignin-rich 
substrates, where β-elimination plays a key role 
in pectin clearance and effi  cient 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-Dueñas 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-Dueñas et al., 2021). Among Ba-
sidiomycota, the predominant families are GH3, 
GH28, and GH43, with GH43 oft en the most 

represented. In particular, members of the GH28 
family are widespread across genera such as 
Armillaria, Fomitopsis, Galerina, Gymnopus, Col-
lybiopsis, Laccaria, Mucidula, Postia, and Wolfi po-
ria. Conversely, species belonging to Coniophora, 
Gelatoporia, Gloeophyllum, and Infundibulicybe, 
display comparable numbers of GH3 and GH28 
genes (Ruiz-Dueñas 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. Th e 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 (Mäkinen et al., 
2019). In Plp. gigantea, a particularly high number 
of polygalacturonase- and rhamnosidase-encod-
ing genes have been identifi ed. 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. Th e 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 refl ect 
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. Th is 
enzymatic versatility facilitates synergistic lignin 
degradation (Mäkinen et al., 2019; Ruiz-Dueñas et 
al., 2021; Rytioja et al., 2014). Brown-rot fungi (Gl. 
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, refl ecting 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, signifi cant variability was 

found, refl ecting their potential for the decom-
position of lignocellulosic materials and pectins, 
as well as their adaptation to specifi c environ-
mental conditions.

Among the species of the genus Flammulina, 
there are genes encoding carbohydrate esterases, 
in particular Flm. elastica has 16 genes in CE1, 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 
CE1 - 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 diff erences 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-
Dueñas et al., 2021; Sipos et al., 2017).

Th e species Sch. commune is characterized by 
the presence of a large number of carbohydrate 
esterases (Ruiz-Dueñas et al., 2021). Individual 
studies of these species indicate the presence of 
up to 26 CE1 genes, 3 CE12 genes, and 2 CE8 
genes (Park et al., 2018). 

In species of the genera Pleurotus and Tram-
etes, there are diff erent 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-Dueñas et al., 2021; Zhang et al., 2020).

Th e 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). Th e 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 specifi c 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 
Pl. 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-effi  cient 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-Dueñas et al., 2021; Sipos et al., 2017).

Th e observed variation in the number and 
composition of PL, GH, and CE families among 
Basidiomycota species suggests that these diff er-
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, refl ecting evolu-

tionary adaptation to lignin-rich woody sub-
strates where coordinated ligninolytic and pecti-
nolytic systems act synergistically to enhance 
plant cell wall degradation (Mäkinen et al., 2019; 
Ruiz-Dueñas 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 fl exibility for colonization 
of variable organic substrates (Alfaro et al., 2020; 
Miyauchi et al., 2020). Pathogenic lineages, ex-
emplifi ed 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-Dueñas et al., 
2021; Sipos et al., 2017). By contrast, ectomycor-
rhizal fungi such as Lac. bicolor exhibit mark-
edly contracted CAZyme repertoires, a pattern 
refl ecting their evolutionary transition from sa-
protrophy to symbiotic nutrient exchange (Chen 
et al., 2016; Veneault-Fourrey et al., 2014).

Th e infl uence of cultivation conditions 
on the biosynthesis of pectinases
Th e number and diversity of pectinolytic CAZy 
genes directly infl uence the enzymatic activity 
of macromycetes. White-rot fungi such as G. lu-
cidum, Pl. ostreatus, Len. edodes, and T. versicolor 
consistently exhibit the highest pectinolytic ac-
tivities among basidiomycetes. Th eir ability to 
produce polygalacturonase, pectin lyase, rham-
nogalacturonase, and other pectinolytic enzymes 
at signifi cant levels refl ects 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 Rosário Freixo et al., 2008; 
Ruiz-Dueñas 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). Th eir 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. Th eir 
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 confi rmation (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 
et al., 2010; Zhu et al., 2016). 

Th e biosynthesis of pectolytic enzymes in B asi-
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. Th ese factors infl uence 
gene expression, enzyme activity, and enzyme 
yield, emphasizing the need for optimal control to 
maximize biosynthetic potential (Table 1, Ap pen-
dix https://doi.org/10.7910/DVN/RUJMYB). 

Type of cultivation

In the analyzed works, Basidiomycota were cul-
tivated mainly by surface cultivation in fl asks 
(Amin et al., 2017; Bonomini et al., 2017; de 
Siqueira et al., 2010; Farani de Souza et al., 2006; 

Inácio 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, fl asks with a volume of 125—
1000 mL were used (de Souza et al., 2008; do 
Rosário 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, Díaz-Godínez et al. cultivated 
Pl. pulmonarius and Pyc. cinnabarinus in a 5.5 l 
airlift  fermenter (75% fi lling) (Díaz-Godínez et 
al., 2016). Th e production of pectolytic enzymes 
by the surface fi lm method (without stirring) has 
also been reported (Alberto Marim et al., 2020).

Duration of cultivation

Th e choice of submerged or surface cultivation 
signifi cantly aff ected 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).

Th e pectinase activity of Pl. pulmonarius 
when cultivated on orange peels remained stable 
during the fi rst 20 days of cultivation. Aft er a de-
crease in activity, the peak value was recorded on 
day 35 (Inácio et al., 2015). A diff erent 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 
(Alcântara et al., 2013), T. maxima (López-
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 aft er reach-
ing a peak value: 15 days for F.  sclerodermeus 
(Papinutti et al., 2007), 4 days for T. versicolor 
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(Amin et al., 2017), and 50 days for Pl. eryngii 
(Xie et al., 2016).

Th ere 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 fi rst 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 intensifi cation of biosynthetic process-
es in liquid nutrient media. Th e 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 signifi cant de-
crease in the activity (Ravichandran et al., 2022). 
A similar trend was observed for T.  versicolor 
when cultivated on tomato pomace (do Rosário 
Freixo et al., 2008), Pl. ostreatus on a similar car-
bon source (Freixo et al., 2008), Pl. pulmonarius 
on a synthetic glucose-containing medium (Díaz-
Godínez 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 modifi ed potato broth with 
the addition of V8 juice, aft er which the activity 
remained or decreased (Miyairi et al., 2002). Th e 
activity of Pyc. sanguineus polygalacturonase in-
creased throughout the entire cultivation period 
(Quiroga et al., 2009).

Th e enzymatic activity during submerged cul-
tivation of Pyc. cinnabarinus was characterized 
by heterogeneous dynamics with several local 
maxima (Díaz-Godínez et al., 2016). 

Cultivation temperature

Th e optimal cultivation temperature for mac-
romycetes most oft en remains in the range of 
25—30 °C, which is typical for the growth of 

mesophilic fungi (Masutti et al., 2015; Ravichan-
dran et al., 2022). For Sch. commune, signifi cant 
deviations from these values were recorded, in 
particular 35 °C for polymethylesterase synthe-
sis and 45 °C for polygalacturonase (Mehmood 
et al., 2019a). Th e 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 

Th e pH value also aff ects pectinase synthesis. 
Most oft en, the initial pH was in the range of 
5.0—6.0 (Amin et al., 2017; do Rosário Freixo et 
al., 2008; Freixo et al., 2008; Miyairi et al., 2001; 
Sakamoto et al., 1994). A study of the eff ect 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

Th e choice of carbon source and inducer of pec-
tolytic enzymes signifi cantly aff ects 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 
eff ective 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 (Alcântara et al., 2013).

Substrate concentration

Substrate concentration has a signifi cant eff ect 
on the activity of pectolytic enzymes. Th us, 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). Signifi cantly greater diff erences 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

Th e use of other components of a diff erent nature 
has a diff erentiated eff ect on enzyme activity. Th us, 
the addition of rice bran and tofu pulp at various 
ratios intensifi ed pectinase activity by 37—42 
times (Jin-Kyeong et al., 2019). Th e pectinase yield 
changed slightly when the cocoa bean shell con-
tent was increased to 20% (Santos et al., 2025).

A slight positive eff ect 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). 
Th e 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).

Other factors

Certain wavelengths of light can aff ect the 
growth and biosynthesis of secondary metabo-
lites, including enzymes. Marim et al. investigat-
ed the eff ect of blue light on the pectinase activ-
ity of Lns. crinitus. It was found that pectinase 
activity in the culture fl uid decreased by almost 
10%, while synthesis productivity increased by 
20% (Alberto Marim et al., 2020).
Co-cultivation can also contribute to the intensi-
fi cation of pectolytic enzyme yield compared to 
monocultures. Th us, 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 (López-
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. Th e selec-
tion of these conditions makes it possible to obtain 
so-called “crude” enzymes (culture fi ltrates) with 
high pectolytic activity, which is the basis for fur-
ther isolation and more detailed study of enzymes.

Methods of purifi cation 
and characterization of pectinase isoforms

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

It is known that the purifi cation of enzymes from 
culture fl uid aft er cultivation of certain macrofungi 
is carried out using classical methods of ammoni-
um sulfate precipitation, dialysis, gel fi ltration, and 
ion-exchange chromatography (Table 2, Ap pen dix 
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 specifi c activity. For example, 
eight-stage purifi cation of Phd. chrysosponum 
endopolygalacturonase using acetone precipita-
tion, gel fi ltration, chromatography, and dialysis 
yielded a preparation with a specifi c activity of 
about 1 unit/gprotein, a purifi cation 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 fi nal activity of 124 nkat/mg protein (Nor-
mand et al., 2010).

Some strains demonstrate high enzyme ac-
tivity aft er minimal purifi cation. For example, 
with partial precipitation of proteins from the 
culture fi ltrate of Armillaria spp., Pos. placenta, 
Pyc. sanguineus, and St. purpureum polygalac-
turonase preparations with specifi c activity of 
18.8 units/mgprotein, 187 units/mgprotein, over 
340 units/mgprotein, 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 purifi cation of Pl. 
ostreatus polygalacturonase immediately aft er 
chromatographic purifi cation.

Purifi cation can also be used to separate diff er-
ent enzymes and their isoforms. Th us, when ob-
taining a preparation of polygalacturonase Fmt. 
cytisina at diff erent stages of purifi cation, it was 
possible to obtain a preparation of exopolygalac-
turonase and two isoforms of endopolygalactu-
ronase with a specifi c activity of about 50—100 
units/mgprotein (Miyairi et al., 2001). Miyairi et 
al. used column chromatography to separate two 
isoforms of pectin lyase with a specifi c activity of 
0.42—0.45 units/mgprotein (Miyairi et al., 2002).

Physicochemical properties 
of purifi ed enzymes

Purifi ed basidiomycete polygalacturonases show 
relative structural homogeneity but diff er sig-

nifi cantly in their biochemical properties. Th eir 
molecular mass varies between 34—65 kDa 
depending on the fungus species, purifi cation 
method, and degree of glycosylation (Clausen et 
al., 1996; do Rosário 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 aft er treatment of the enzyme 
with endoglycosidase H, which confi rms 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).

Th e isoelectric point (pI) of purifi ed 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). Th is 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 diff erent pI values are found, in-
dicating posttranslational modifi cation or expres-
sion of several genes (Miyairi et al., 2001).

Th e optimum activity of basidiomycete poly-
galacturonases occurs in a slightly acidic envi-
ronment, most oft en 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; Alcântara 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 (Alcântara et al., 2013). 

Th e temperature optima of polygalacturonases 
indicate their moderate thermostability. In most 
cases, the optimum activity is between 50 °C and 
60 °C (do Rosário 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-
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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 aft er 30 minutes 
of incubation at 50—60 °C (Hamada et al., 2015).

Th e kinetic parameters of enzymes show con-
siderable variability. Th e Michaelis constant (Km) 
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 signifi cantly lower Km 
values (e.g., 0.16 mg/mL in the endoPG I isoform 
of polygalacturonase from St. purpureum), indi-
cating a higher affi  nity for the substrate (Hama-
da et al., 2015). In turn, for polygalacturonase 
from St.  purpureum, the Km values were higher 
(13.23 mg/mL) (Freixo et al., 2008).

Th e maximum rates of enzymatic reaction 
(Vmax) 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, specifi c 
activity, and the eff ect of temperature and pH on 
pectinases of Basidiomycota are given in Table 3 (Ap-
pendix https://doi.org/10.7910/DVN/RUJMYB).

Eff ect of ions and inhibitors 
on the activity of polygalacturonases

Th e activity of pectolytic enzymes of Basidiomy-
cota is sensitive to the action of metal cations and 
thiol-reactive compounds. Most oft en, complete 
inhibition is caused by Hg2+, Fe2+, PCMB, N-bro-
mosuccinimide, which indicates the key role of 
sulfh ydryl 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 Ca2+ (Miyairi et al., 
2002). Monovalent ions and β-Mercaptoethanol 
had a positive eff ect on polygalacturonase activ-
ity (Carli et al., 2019; Miyairi et al., 1985). K+, Na+, 
Co2+, Zn2+ ions and EDTA usually have no ef-
fect or cause weak inhibition (Miyairi et al., 1985; 
Tanaka et al., 2019). Similar eff ects were found for 
recombinant St. purpureum enzymes expressed in 
Pichia pastoris (Carli et al., 2019). Th e summarized 
results of the eff ect of metal ions and low molecu-
lar mass inhibitors are presented in Table 4.

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

Enzyme Complete inhibition Decreased activity No eff ect
Increased 

activity
Ref.

Pectin Lyase 
St. purpureum

EDTA, N-bromosuc-
cinimide, PCMB, 

HgCl2

Mg2+, Mn2+ Iodoace-ta-
mide

Ca2+ (Miyairi et 
al., 2002)

Polygalactu-ronase 
Fmt. palustris

— — K+, Co2+, Mg2+, 
Fe2+, Mn2+, Cu2+.

— (Tanaka et 
al., 2019)

Polygalactu-ronase 
St. purpureum

Hg2+ Ba2+, Ca2+, Cd2+, Cu2+, 
Mg2+, Mn2+, Sn2+, Sr2+, 

Zn2+, Sodium p-chloromer-
curibenzoate.

Li+, EDTA Na+, K+, 
Iodoacet-

amide

(Miyairi et 
al., 1985)

Endopoly-
galacturonase 
St. purpureum in 
P. pastoris

Fe2+ Ca2+, K+, Mg2+, Mn2+, Na+, 
EDTA

— β-Mercap-
toethanol

(Carli et 
al., 2019)

“—“ — 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 clarifi cation (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 unpurifi ed enzyme preparation of pec-
tinase was studied for its eff ect 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 clarifi cation (Alcântara 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). Th e maceration of cu-
cumber cells was studied using a polygalacturo-
nase preparation from Armillaria spp. Th e authors 
report that complete tissue decomposition was ob-
served aft er only 90 minutes (Mwenje et al., 1999). 

Some enzymes can be used to obtain pectin 
from plant raw materials. For example, protopec-
tinase T. sanguinea released a signifi cant 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).

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. Th eir genetic repertoire 
is dominated by the GH28, PL1, PL3, CE8, and 
CE12 CAZy families, which collectively enable 
effi  cient 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.

Th e 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 specifi c activities. Neverthe-
less, the standardization of culture parameters 
remains challenging due to pronounced inter-
specifi c variability.

Reported pectinolytic activities among Ba-
sidiomycota span a wide range: from as low as 
0.05 μmol/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. Th is variation refl ects 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.

Purifi cation of pectinases from macromycetes 
generally employs multistep procedures involv-
ing ammonium sulfate precipitation, dialysis, 
and gel fi ltration chromatography. Reported 
purifi cation folds range between 2.4 and 10.5, 
with recovery yields of 21—65%. Th e resulting 
enzyme preparations display broad pH optima 
(3.5—6.5), moderate to high thermostability (up 

to 60 °C), and multiple isoforms, refl ecting bio-
chemical heterogeneity.

Although detailed biochemical characteriza-
tions remain scarce, available data indicate that ba-
sidiomycete-derived pectinases possess physico-
chemical properties suitable for biotechnological 
applications—particularly in fruit juice clarifi ca-
tion and wine maceration. Future research should 
prioritize the screening of high-producing strains, 
refi nement of cultivation parameters on agro-in-
dustrial by-products, and systematic purifi cation 
and functional analysis of pectinolytic enzymes to 
expand their use in industrial bioprocesses.

Confl ict of Interest. Th e authors have no con-
fl ict of interest to declare. 
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ПЕКТИНОЛІТИЧНІ ФЕРМЕНТИ BASIDIOMYCOTA: 
ГЕНЕТИЧНА ОСНОВА, УМОВИ ВИРОЩУВАННЯ, БІОХІМІЧНІ ВЛАСТИВОСТІ 
ТА ПРОМИСЛОВЕ ЗАСТОСУВАННЯ

Пектинази — це різноманітна група ферментів, відповідальних за деполімеризацію та модифікацію поліса-
харидів клітинних стінок рослин. Хоча пектинази бактерій та мікроміцетів добре вивчені та широко засто-
совуються, ферментативний потенціал Basidiomycota залишається недостатньо вивченим. У цьому огляді 
аналізується понад 70 видів Basidiomycota та узагальнюється генетичне різноманіття генів, що кодують пек-
тинази (понад 100 генів, пов’язаних з пектолітичною активністю), що належать до родин CAZy GH (8—78 
генів, наприклад, GH28 для полігалактуроназ), PL (до 24 генів, наприклад, PL1, PL3 для пектин/пектатліаз) 
та CE (до 19 генів, наприклад, CE8, CE12 для пектинестераз). Особлива увага приділяється ролі умов куль-
тивування — типу та концентрації субстрату, температури, pH, додавання азоту та спільного культивуван-
ня — у регуляції біосинтезу та активності ферментів. Пектинолітична активність коливається в широких 
межах (від 0.05 мкмоль/хв/мл до 1163.8 одиниць/гсубстрату), причому гриби білої гнилі досягають верхнього 
діапазону. Найбільш перспективними продуцентами є представники родів Pleurotus, Trametes та Lentinula. В 
огляді також розглядаються методи виділення, включаючи осадження сульфатом амонію, діаліз, іонообмін-
ну та гель-фільтраційну хроматографію (коефіцієнти очищення 2.4—10.5, відновлення 21—65 %), а також 
біохімічні властивості базидіоміцетних пектиназ, які демонструють помірну термостабільність (оптимум 
40—60 °C), кислий оптимум pH (3.5—6.5), структуру глікопротеїнів та численні ізоформи. Ці ферменти 
демонструють перспективні властивості для екстракції фруктового соку, освітлення, мацерації тканин та 
біоконверсії агропромислових відходів. Тому базидієві макроміцети є цінним, але недостатньо охарактери-
зованим джерелом промислових пектиназ, що вимагає подальшого вивчення селекції нових штамів, опти-
мізації культивування та широкомасштабного застосування ферментів.

Ключові слова: базидієві макроміцети, пектиназа, біотехнологія, фермент, культивування, очищення фер-
ментів, освітлення.
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EFFECT OF MUTATIONS IN HEMAGGLUTININ 
AND NEUROMINIDASE ON THE PROPERTIES 
OF SEASONAL INFLUENZA VIRUSES
Seasonal infl uenza viruses are pathogens that pose a constant threat to human health. Th ey circulate everywhere and 

cause seasonal rises in the incidence of varying degrees of intensity in the Northern and Southern Hemispheres. Th ese 

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. Th e aim of the work was to analyze the literature data on the 

possible impact of mutations in HA and neuraminidase (NA) of seasonal infl uenza viruses (A(H1N1)pdm09, A(H3N2), 

B/Victoria)) on their properties, epidemic potential, and degree of clinical manifestation of the disease. Th e B/Yamagata 

infl uenza virus has not been analyzed because its circulation has eff ectively stopped amid the COVID-19 pandemic. 

It has been shown that infl uenza viruses A(H1N1)pdm09, A(H3N2), and B/Victoria diff er signifi cantly in terms of 

evolution. In dynamics, it was demonstrated the amino acid substitutions that occurred in the HA and NA of infl uenza 

viruses, including those that aff ected antigenic properties, resistance of viruses to specifi c drugs, and clinical symptoms 

of infl uenza. Th ose mutations that contribute to the increase in the reproduction of viruses in cell cultures and chicken 

embryos and aff ect certain biological properties of the virus are also considered. Data on the comparison of mutations 

in infl uenza viruses of diff erent clades and viruses circulating in diff erent geographical areas are presented. It is shown 

that under virtually the same initial conditions, the A(H3N2) virus among other infl uenza viruses showed signifi cantly 

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 infl uenza 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 signifi cantly 

lower than that of A viruses, especially during the fi rst pandemic seasons. B/Victoria viruses are characterized by less 
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According to the changes in the taxonomy of in-
fl uenza viruses, they belong to the family Ortho-
myxoviridae of the genera Alphainfl uenzavirus 
(the only representative of Infl uenzavirus A) and 
Betainfl uenzavirus (the only representative of In-
fl uenzavirus B) (International Committee on Tax-
onomy of Viruses, 2022). Infl uenza 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. Th ese RNA-protein com-
plexes, in turn, are surrounded by a lipoprotein 
envelope lined with the matrix protein 

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

НA 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 specifi c antibodies are 
formed in the host. Aft er 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 HA2) linked by a disulfi de bond. 
Th e larger HA1 (distal to the viral membrane) 

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. Th e HA of the infl uenza A virus virion con-
tains about 500 molecules (Benton et al., 2020; 
Mancini et al., 2011). Th e 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 
HA1 chain. Th e structure of the RBD also deter-
mines the specifi city of antibodies synthesized in 
an infected organism. Th erefore, changes in this 
domain are crucial for both the characterization 
of the virus and its further spread. Infl uenza 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. Th e RBD contains 
a receptor binding site (RBS) on top of the con-
served stem domain, which houses the synthesis 
machinery. Th e 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. 
Th e amino acids at positions 205 and 402 in the 
HA1 and HA2 subunits of the A(H1N1) virus, re-
spectively, are also important for protein stability 

pronounced HA variability than infl uenza A viruses. Th e 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 infl uenza 

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: infl uenza A(H1N1)pdm09 virus, infl uenza A(H3N2) virus, infl uenza B/Victoria virus, hemagglutinin, 

neuraminidase, mutation.



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

V.I. Zadorozhna, M.G. Liulchuk, V.R. Shahinian, T.A. Serheieva, N.P. Vynnyk, N.O. Vynograd, I.L. Marychev

( Garjani et al., 2023;  Zhang et al., 2019;  Wang et 
al., 2015;  Wu & Wilson, 2020). 

Th e other structural component of the virus 
that aff ects the specifi city of immunity is NA. 
NA is an exosialidase that cleaves the α-ketosidic 
bond between sialic (N-acetylneuraminic) acid 
and an adjacent carbohydrate residue. Th e ami-
no acid sequence of NA is encoded by the 6th 
segment of the RNA. For infl uenza A virus, 9 NA 
subtypes have been described, and for infl uenza 
B and C viruses, only 1. Th e 9 NA subtypes of 
infl uenza 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).

Infl uenza viruses are highly variable. During 
circulation, mutations occur in the viral genome, 
which can cause changes in НA, 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 infl uenza 
viruses of diff erent 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. 
Th is 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 НA and NA can change the 
biological properties of the virus. Also, mutations 
that cause changes in НA 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 infl uenza viruses. 

Such changes can occur due to both a specifi c mu-
tation and the combined eff ect of several muta-
tions. To control the infl uenza epidemic situation, 
in particular, to monitor genetic and antigenic 
changes in infl uenza viruses, the Global Infl uenza 
Surveillance and Response System has been oper-
ating in the world for more than 70 years ( World 
Health Organization, 2022). Ukraine’s infl uenza 
surveillance system is part of the Global System, 
and the results of molecular genetic studies of 
infl uenza 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 
infl uenza season, including when selecting candi-
date viruses for seasonal infl uenza 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 infl uenza viruses 
on their biological properties, epidemic poten-
tial, and clinical manifestation of the disease.

Such information is important not only from 
a scientifi c 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.

Infl uenza A(H1N1)pdm09 virus. Th e fi rst 
pandemic of the 21st century was due to the 
emergence of the infl uenza A virus, designated 
A(H1N1)pdm09. It appeared in North America 
in March-April 2009 and spread rapidly among 
people. Th e A(H1N1)pdm09 virus replaced the 
previously known seasonal A(H1N1) virus. In 
the following years, A(H1N1)pdm09 continued 
to circulate along with infl uenza A(H3N2) and B 
viruses worldwide, causing annual seasonal epi-
demic increases in morbidity. Th e rapid ability of 
the virus to spread globally aft er its emergence is 
a testament to the public health threat posed by 
emerging infl uenza viruses ( Owuor et al., 2023). 
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Extremely signifi cant were the results of stud-
ies that proved that the change in specifi city 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). Th e HA of the 2009 
virus shared amino acid substitutions in antigen-
ic sites with the amino acid substitutions of the 
1918 virus. Th e diff erences were only in 10 amino 
acid positions: S159N in the Sa site, G188S and 
T189A in the Sb site, V169I, N171D and K209R 
in the Ca1 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 НA positions 
of the A(H1N1)pdm09 virus 128, 183, 186, 205, 
216, 249, and 272 are oft en detected together 
with mutations in other НA sites (co-mutations) 
( Chen et al., 2016). Amino acid positions within 
the HA that mediate heavy chain binding include 
Tyr108, Th r144, Arg146, Val148, Ser158, Glu203, 
and Ser240, while HA positions that interact with 
the light chain include Arg18 and Th r20 ( Gha-
foori et al., 2023). As they circulate, infl uenza vi-
ruses acquire mutations in НA 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 identifi ed almost every season. Th is is tak-
en into account in the development of seasonal 
vaccines. Currently, according to the structure of 
the HA gene, the A(H1N1)pdm09 virus is divided 
into 13 clades ( Sun et al., 2023). Many scientists 
study the eff ect of amino acid substitutions on 
the properties of infl uenza viruses. Th ere are sev-
eral approaches to the numbering of amino acid 
sequences in НAs. D.F. Burke and Smith D.J., 
(2014) proposed a scheme for numbering the 
HA of infl uenza A virus subtypes, the so-called 

H3 numbering. Th is 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 НA or the virus as a whole. Th e anal-
ysis of the known structures of infl uenza 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 infl uenza 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). 

Th e analysis of HA amino acid sequences of 
isolates obtained over several years since the last 
infl uenza 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 ( Castelán-
Vega et al., 2014).

 In the infl uenza A(H1) virus, amino acids at 
positions 190 and 225 of HA aff ect replication 
and transmission. It was shown that the D190Y 
mutation of AH1N1pdm09 reduces the affi  nity 
of the virus for sialic acid receptors expressed 
on the surface of erythrocytes of diff erent spe-
cies without aff ecting 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 aff ected the 
antigenicity of the virus (Mohan et al., 2021).
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To date, most infl uenza vaccines have been 
produced in cell culture. Using the infl uenza 
A(H1N1)pdm09 virus as a test platform and an 
integrated mutagenesis strategy, we identifi ed 
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. Th e vaccine derived from the 
strain with the Y161F mutation completely pro-
tected mice from lethal infection with the wild-
type A(H1N1)pdm09 virus. Compared to the 
original A(H1N1)pdm09 virus, the Y161F mu-
tant had signifi cantly higher avidity to avian and 
human receptor analogs. Th e introduction of the 
Y161F mutation into the HA of the seasonal in-
fl uenza 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(H1N1)-like viruses with HA muta-
tions V152I, G155E, S162 N, S183P, and D222G, 
which can occur during treatment with NA in-
hibitors (NAI), their eff ect on immune reactivity 
and replication potential on human respiratory 
epithelial cells Calu-3 was evaluated. Th e 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(H1N1)pdm09 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-
fl uenza virus ( Ilyushina et al., 2019). Th e D222G 
mutation signifi cantly increased the length of 
stay in the intensive care unit (22.8 days vs. 14.0 
days). It was also associated with a signifi cant 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). 

Earlier studies concluded that although the mu-
tation does not aff ect 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). Th e 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. Th us, the emergence of 
even a single NA mutation conferring resistance 
to pan-NAIs in clinical settings underscores the 
urgent need to develop new strategies to combat 
infl uenza ( L’Huillier 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. Th e authors note that the E119D NA muta-
tion, which can occur in A(H1N1)pdm09 viruses 
during zanamivir therapy, signifi cantly aff ects 
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(H1N1)pdm09 strains isolat-
ed in Turkey, two rather rare amino acid substi-
tutions were identifi ed (S162N — addition of a 
glycosylation site, and A186T — receptor bind-
ing region) ( Guldemir et al., 2013).

In seasonal infl uenza A(H1N1) viruses circu-
lating before the emergence of 2009 A(H1N1)
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(H1N1) 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 infl u-
enza viruses isolated from patients with immuno-
suppression deserve a separate study. In НA 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 signifi cantly increases 
the risk of severe infl uenza in these patients. Th e 
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. Th is requires moni-
toring such mutations for their persistence in the 
virus population and studying their functions.

Molecular genetic studies conducted in Kenya 
on infl uenza 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, 
S185, and S203T. Viruses of clade 6 evolved into 
subclades 6A, 6B, and 6C. Viruses of clade 6C with 
HA substitution V234I 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 I295V. Th ey 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 infl uenza in children un-

der 5 years of age, a lower probability of severe 
course was shown for A(H1N1)pdm09 viruses of 
genetic groups 6B and 7 ( Owuor et al., 2023).

In a study of A(H1N1)pdm09 viruses of sub-
clade 6B.1A, identifi ed 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. Th e au-
thors associate this with such a clinical manifesta-
tion as sore throat (χ2, 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 aff ect the 
antigenic properties of viruses ( Liu et al., 2020). 
Based on phylogenetic analysis, it was shown that 
the A(H1N1)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. Th e re-
placement for S183P was exactly in epitope B next 
to the RBS. NA also contained a novel mutation, 
I23T, potentially involved in N-glycosylation. Th e 
authors draw the attention to a signifi cant de-
crease in the eff ectiveness 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 I216T substitutions 
showed that these strains diff ered from the vac-
cine strain A/Michigan/45/2015 by the substitu-
tions of S91R, S181T, and I312V in the antigenic 
epitope of HA. Th e E189G mutation was detected 
in helix 190 of the receptor binding site. A new 
potential 179 glycosylation site (NQT) has been 
identifi ed, which was not detected until the 2015 
fl u season. Also, N146D, S200P, S202I, and A273T 
mutations in HA were identifi ed in 6 strains si-
multaneously with Q51K, F74S, and D416N mu-
tations in NA ( Liu et al., 2021).
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In the WHO European Region in the 2021/2022 
season. identifi ed 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). Th e 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 HA1, P137S, G155E, S128T, 
P137S, G155E, R113K, and I298V. 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(H1N1)pdm09 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; Ca1  — 
S203T, R205K, E235V, E235D, S236P; Ca2  — 
P137H, H138R, 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 infl uenza A(H1N1)pdm09 viruses, 
their functions, and eff ects on the properties of 
the virus are summarized in Table 1.

Th us, despite a large amount of research on 
the antigenic drift  of the A(H1N1)pdm09 virus, 
which is the youngest among modern seasonal 
infl uenza viruses, this issue remains relevant and 
requires constant monitoring.

Infl uenza 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 
infl uenza A(H9N2) viruses with the same natu-
ral Q226L mutation have tropism to human cell 
receptors. However, in the latter case, the authors 

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 oft en 
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. Th ese H bonds between RBS HA and 
Gal-2 contribute to the rotation of Gal-2, which 
is possible owing to the presence of the L226I 
mutation. Th e 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 confi rmed the presence of 
conserved cysteine positions Cys540 and Cys544 
in all strains of H3 viruses. It was suggested that 
the disulfi de 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 
aff ect the formation of the trimer. It was also sug-
gested that the disulfi de 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 I156L/K were identifi ed in 
a comparative study of viruses isolated from im-
munocompetent and immunocompromised pa-
tients. Replacement of I156K 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. Th ese, together 
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Table 1. Amino acid substitutions in HA and NA of infl uenza (H1N1)pdm09 viruses 
and their eff ect on the properties of the virus / the degree of clinical manifestation of the disease

Position Amino 
acids / Amino 

acid substitutions

НА/
NA

Functions/Mechanism of action / infl uence Reference Note

Arg18, Th r20 НА Participate in the binding to the light 
chain of antibodies

(Ghafoori et al., 
2023) 

Indicated positions of amino 
acids without mutations 

E47K, S124N, 
E172K 

НА Participate in inter- and intra-chain inter-
actions. Th e E47K mutation is destabiliz-
ing, however, when interacting with E31, 
it can still stabilize the structure, prevent-
ing the transition of HA to the fusion state

(Castelán-Vega 
et al., 2014)

Th ey are located in the sub-
unit HA2. Th e E47K mutation 
is next to the fusion peptide

S86T, V169T/
S181T G254

НА May aff ect the antigenic properties of vi-
ruses

(Liu et al., 2020) Th ese positions are side by 
side to the epitopes Cb, Sa, 
and Ca respectively 

Tyr108, Th r144, 
Arg146, Val148, 
Ser158, Glu203, 
Ser240 

HA Participate in the binding to the heavy 
chain of antibodies

(Ghafoori et al., 
2023)

Indicated positions of amino 
acids without mutations 

Positions 128, 
183, 186, 205, 
216, 249, 272

HA (Chen et al., 
2016)

Mutations are oft en found 
in these positions along with 
mutations at other HA sites 
(co-mutations)

N146D, S200P, 
S202I and A273T

HA Common mutations in HA at once with 
mutations in NA

(Liu et al., 2021) Simultaneous mutations in 
NA (Q51K, F74S, D416N)

Position 156 HA Aff ects the antigenicity of the virus (Mohan et al., 
2021)

A158E НА (Liu et al., 2023) Detected in the virus from an 
immunecompromised patient

Y161F HA  Increased the infectivity of the virus by 
more than 300 times and thermal stabil-
ity without changing the initial antigenic 
properties

(Wen et al., 
2018)

Th e vaccine, derived from the 
virus with the Y161F muta-
tion, fully protected mice 
from lethal infection with 
wild A(H1N1)pdm09

S162N HA Adding a glycosylation site (Guldemir et 
al., 2013)

Detected in viruses circulat-
ing in Turkey

K166Q, S188T HA Aff ect antigenic properties (Castelán-Vega 
et al., 2014)

Located in the HA1 subunit at 
antigenic sites

V169T, A278S, 
E508G, D518E

HA Th ese mutations were determined at the 
same time as mutations in NA. It is associ-
ated with  a sore throat 

(Liu et al., 2020) Simultaneous mutation in NA 
(V67I)

S186P HA Contributed to an increase in the titer of 
the virus. One of the positions where mu-
tations are oft en found along with muta-
tions at other HA sites (co-mutations). 
Receptor binding region 

(Guldemir et al., 
2013; Xing et al., 
2021; Chen et 
al., 2016)

An increase in the titer of the 
virus was observed in an ex-
periment on MDCK cells.
A186T detected in viruses cir-
culating in Turkey

V190I HA Helix receptor binding site 190 (Liu et al., 2023)
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Position Amino 
acids / Amino 

acid substitutions

НА/
NA

Functions/Mechanism of action / infl uence Reference Note

D190Y HA Reduces the affi  nity of the virus for sialic 
acid receptors expressed on the surface of 
erythrocytes of various species, without 
aff ecting viral replication in MDCK cells

(Ayora-Talave-
ra et al., 2014)

R221K HA May aff ect the antigenic properties of vi-
ruses

(Zhang et al., 
2019; Zhao et 
al., 2020)

Located in RBS

Q223L HA Increased binding of the virus to α2-6 gly-
cans

(Burke & 
Smith, 2014)

D222G HA It was associated with a signifi cant increase 
in the length of stay in the intensive care unit 
(22.8 days vs. 14.0 days) and with a signifi cant 
incidence of severe and fatal events. However, 
it was virtually absent in clinically mild cases. 
Can be considered a molecular marker of en-
hanced replication in certain cell types 

(Melidou et al., 
2015; Chan et 
al., 2011; Belser 
et al., 2011; Liu 
et al., 2023)

D239E HA Associated with milder disease (Pascalis et al., 
2012)

Reduces the virulence of the 
virus

Deletion 92—
362

NA Seen in the treatment of NAI. NAI Resis-
tance

(Ilyushina et 
al., 2019)

Observed concomitantly with 
the A197T mutation (200)

V106I, N248D NA Th ese double mutations can enhance the 
replication of the virus in the human body

(Sun et al., 2023)

E119G NA 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

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

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

E119D/H275Y NA Additionally, the inhibitory concentrations 
of 50% oseltamivir and peramivir were in-
creased by 790 and >5000 times, respective-
ly, compared to the original strain. Th e virus 
remained susceptible to favipiravir. Reduced 
viral replication activity, NA surface activity, 
and prevented mortality in infected mice

(L’Huillier et al., 
2015; Abed et 
al., 2016)

Studies were conducted on a 
recombinant strain

N146S NA Seen in the treatment of NAI. NAI Resis-
tance

(Ilyushina et al., 
2019) 

Observed concomitantly with 
the G155E (158) HA mutation

Y155H, V114I NA Seen in the treatment of NAI. NAI Resis-
tance

(Ilyushina et al., 
2019)

Observed concomitantly with 
the D222G mutation (225)

H275Y or 
H274Y, 354G

NA Resistance to NA inhibitors (Meijer et al., 
2009; Njouom 
et al., 2010)

Seasonal infl uenza A(H1N1) 
viruses before the 2009 pan-
demic

H275Y NA NAI Resistance (Liu et al., 2023) Observed in viruses from im-
mu necompromised individuals

R292K NA NAI Resistance (Liu et al., 2023) Observed in viruses from im-
mu ne-compromised individuals

Continuation of Table 1
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with the replacements N225D and Q311H, were 
characteristic of clade 3C.2a. Th e 3C.2a1 sub-
clade, characterized by amino acid substitutions 
N171K in HA1 and I77V and G155E in HA2, was 
identifi ed in 2016 as a genetic group whose preva-
lence was increasing at that time. Substitutions of 
T128A and T135K were characteristic of subclade 
3C.2a1b 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).

Th e 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. Th e P237 position 
is located at the interface of the HA trimmer, and  
this mutation aff ects the binding of sialic acid 
by stabilizing the HA trimmer ( Chambers et al., 
2014). Whole-genome sequencing detected the 
eff ect of all amino acid mutations of the HA strain 
A/Perth/16/2009 (H3N2), which was a compo-
nent of the infl uenza vaccine in 2010—2012, and 
revealed 2 mutations (G78D and T212I) that en-
hanced the growth of the virus in cell culture. Th e 
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-
ing in 2011 (Lee et al., 2018). Th e 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-

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 diff erent results of 
the hemagglutination titer of infl uenza 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 of human A(H3N2) 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-
fi cacy of infl uenza vaccines and drug resistance 
of circulating infl uenza viruses. Th us, potential 
interpretation errors can be avoided by carefully 
excluding such mutants from D151 ( Lee et al., 
2013). R83K, H183L, H156N, R220G, V226I, 
R229G, R229I, and R229K mutations in HA1, 
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 infl u-
enza A(H3N2) viruses. To determine the eff ect 
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 aff ect 
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. Th us, these 2 cysteines of the transmem-
brane domain  are important for the biological 
functions of the HA of the infl uenza virus of 
this serotype ( Xu et al., 2013). Viruses A(H3N2) 
clade 3c.2a of the 2014/2015 infl uenza season 
diff ered from the previous ones, which were 
similar to the vaccine strain A/Texas/50/2012 
(clade 3c.1), by ~10—12 amino acids. Th e 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. Th ese mutations at the B antigenic 
site signifi cantly reduce the binding of antibod-
ies specifi c to the A/Texas/50/2012 strain ( Allen 
& Ross, 2018). Viruses in clade 3c.2a are divided 
into subclades 3c.2a1 and 3c.3a2, and both have 
the N121K mutation. Viruses of the 3c.2a1 sub-
clade have an amino acid substitution N171K 
located at the antigenic site D. Th ese viruses 
can be further characterized by substitutions 
D122N and T135K at the antigenic site A, which 
causes the loss of N-linked glycosylation sites. 
Th e viruses of clade 3c.2a2 are distinguished by 
the substitution S144K, which is located in the 
antigenic region. 3c.2a2 viruses can be further 
classifi ed into 2 clusters. Cluster I contains I58V 
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 signifi cance ( Melidou et al., 2017). 

In the 2021/2022 season in the WHO Europe-
an Region, A(H3N2) was the predominant infl u-
enza virus. Among 776 strains studied, 98% be-
longed to the 3C.2a1b.2a.2a.2 subclade, 7 strains 
belonged to the 3C.2a.1b.1a subclade, and only 1 
to the 3C.2a1b.2a.1 subclade ( similar to the vac-
cine strain A/Cambodia/e0826360/2020, which 

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 I192F (390/610, 64%) or D53G, D104G, and 
K276R (170/610, 28%) were identifi ed in viruses 
of the most abundant subclade, 3C.2a1b.2a.2a.2. 
Antisera obtained against A/Cambodia/
e0826360/2020-like viruses were worse at inhib-
iting viruses of the 3C.2a1b.2a.2 subclade, but 
still maintained a low level of re cognition. It was 
recommended to replace the vaccine component 
A(H3N2) with the Northern Hemisphere sub-
clade virus 3C.2a1b.2a.2 for the 2022/2023 infl u-
enza season ( Melidou et al., 2022). 

Amino acid K173E and I260M 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 
defi ned as an epitope.

A relationship was found between mutations 
in the NA and HA genome segments of infl uenza 
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 strains belonged to the clade A(H3N2) 
3C.2a1b.2a.2. Th e HA gene of clade 3C.2a1b.2a.2 
encoded amino acid substitutions Y159N, T160I, 
L164Q, G186D, and D190N. Th e genomes of the 
clade 3C.2a1b.2a.2a.2 were divided into several 
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subclades, including 3C.2a1b.2a.2a.3a.1 (4.3%) 
(with G50K, D53N, N96S, I192F, and H156S), 
3C.2a1b.2a.2a.3 (9.0%) (D53N, N96S, I192F, and 
H156S), 3C.2a1b.2a.2a.1 (11.9%) (D53G, D104G, 
H156S, and K276R), (29.3%) (D53G, D104G, 
H156S, K276R, and L157I), and 3C.2a1b.2a.2b 
(41.3%) (with G50K and F79V replacements). 
Th e 3C.2a1b.2a.2a.1a subclade prevailed in the 
2021/2022 season (66%), while 3C.2a1b.2a.2b — 
in the 2022/2023 season (74%). Almost all domi-
nant sequences of the 3C.2a1b.2a.2b 2022/2023 
HA1 subclade diff ered from seasonal reference 
vaccine strain A/Darwin/6/2021 in amino acid 

substitutions E50K, F79V, I140K, and S156H 
( Fall et al., 2023).

Th us, despite the existence of the system for 
monitoring infl uenza viruses and studying their 
mutations in many countries, some questions re-
main about the signifi cance of certain mutations 
in diff erent segments of the A/H3N2 virus genome 
and, as a result, amino acid substitutions in the cor-
responding proteins. Th e results of the literature 
analysis of the eff ect of amino acid substitutions in 
HA and NA of infl uenza 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 infl uenza A(H3N2) viruses and their eff ect on the virus properties 

Amino acids
Position/Amino acid 

substitutions

НА/
NA

Functions / Mechanism of Action 
/ Infl uence

 Reference Note

Positions 50, 53, 62, 
137, 144, 145, 155, 156, 
158, 189, 244, 260, 275

HA Mutations are oft en found in these 
positions along with mutations at 
other HA sites (co-mutations)

(Chen et al., 2016)

G78D HA Enhanced virus growth in cell 
culture 

(Lee et al.,2018) Tested on the A/Perth/16/2009 
(H3N2) strain, which was a com-
ponent of the infl uenza vaccine 
in 2010-2012. Th e mutation oc-
curs at a low frequency in the 
natural sequences of the virus

R83K, H156N, H183L, 
R220G, V226I, 
R229G, R229I, R229K

HA1 MDCK-induced mutations (Li et al., 2009)

A147T, T147A,
G150E

НА2 MDCK-induced mutations (Li et al., 2009)

N121K, S144K, F159Y, 
K160T

НА Lead to a potential glycosylation 
site

(Kuzmanovska 
et al., 2021)

Characterized by clade 3C.2a

N122D, T135 K НА Located at antigenic sites, cause 
loss of N-linked viral glycosyl-
ation sites, potentially aff ect vi-
ral antigenicity

(Melidou et al., 
2017)

Such substitutions had the high-
est proportion of viruses detected 
in vaccinated patients in North-
ern Greece (subcluster of sub-
clade 3C.2a1). 

0T128A, T135K HA1 Lead to the loss of glycosylation 
motifs of T131K in HA1 and 
V200I in HA2

(Kuzmanovska 
et al., 2021)

Characterized by subclade 
3C.2a1b

G135T НА Provides a hydrogen bond (H 
bond) with the O4 atom of Sia-1

(Wu et al., 2020) Found at antigenic site A
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Amino acids
Position/Amino acid 

substitutions

НА/
NA

Functions / Mechanism of Action 
/ Infl uence

 Reference Note

N137S НА Provides an H bond to the car-
boxylate group Sia-1

(Wu et al., 2020) Found at antigenic site A

Positions 140-146 HA Th e amino acid changes in the 
140—146 HA region are charac-
teristic of antigenically distinct 
viruses

(Harvala et al., 
2017)

Viruses with amino acid substi-
tutions in these positions are of 
epidemic importance

S144K НА Flanked by the RBS site (Harvala et al., 
2017)

It is an antigenic site

 I156K НА (Liu et al., 2023) Detected in the virus in an im-
munocompromised patient

H156R, G186S, S219F НА Cultivation of chicken embryos 
took place 

(Park et al., 2020) When cultivated for 15 passages

N158K, T160K НА Changed the ability of viruses to 
bind to erythrocytes.
T160K promoted adaptation to 
reproduction in chicken em-
bryos

(Zeng et al., 
2020; Hu et al., 
2023)

In an experiment on a model of 
A/China/LZP/2017 strain. Gly-
cosylation at the HA1 158-160 
position may block the binding 
of the receptor to red blood cells

F159Y, K160T НА Potentially enhance the glyco-
sylation site, likely mask viral 
epitopes, and reduce antibody 
access to the antigenic site

(Allen & Ross, 
2018)

Together with the presence of 
N in position 158. Th ese mu-
tations in the B antigenic site 
signifi cantly reduce the binding 
of antibodies specifi c to the A/
Texas/50/2012 strain 

K160T НА Leads to the appearance of an 
N-linked glycosylation site at 
the B HA antigenic site. Reduces 
the activity of virus cultivation 
in chicken embryos

(Zost et al., 
2017)

K173E, I260M НА Observed in oseltamevir-resis-
tant strains 

(Moules et al., 
2010; Kosik & 
Yewdell 2019)

Accompanied by loss of a seg-
ment of the NA gene

G186V НА Promotes the adaptation of the 
virus to cultivation on chicken 
embryos without changing the 
antigenicity of the virus 

(Liang et al., 
2022)

D190 НА Receptor-binding amino acid 
position associated with hu-
man-adaptive receptor-binding 
HA1 residual

(Hu et al., 2023)

L194P НА By ensuring the reproduction of 
the virus in chicken embryos, it 
changes its antigenic properties. 
Reduces infectivity and prevents 
airborne transmission 

(Liang et al., 
2022; Hu et al., 
2023)

Continuation of Table 2
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Amino acids
Position/Amino acid 

substitutions

НА/
NA

Functions / Mechanism of Action 
/ Infl uence

 Reference Note

T212I НА Enhanced the growth of the vi-
rus in cell culture

(Lee et al., 2018) Tested on the A/Perth/16/2009 
(H3N2) strain, which was a 
component of the infl uenza vac-
cine in 2010—2012. Entrenched 
in a variant of the virus that cir-
culated in 2011.

G225N W222R НА Enable H-bonds with Gal-2 (Wu et al., 2020) Are in the D2 antigenic site

D225G НА Promotes viral reproduction in 
chicken embryos

(Hu et al., 2023)

L226I НА Mutation lowers the fl oor of the 
RBS to create space for the Gal-
2 O4 atom to rotate toward the 
base of the RBS

(Wu et al., 2020) Are in the D2 antigenic site

Q226L/
G228S

НА Change in HA specifi city from 
avian-type receptors to human-
type receptors

(Xu et al., 2010) Viruses that caused pandemics 
in 1957 (A(H2N2)) and H3N2 
in 1968 (A(H3N2)), acquired 
these mutations 

P227 НА Human-adaptive receptor-
binding HA1 residual

(Hu et al., 2023)

P237L НА It contributed to the  reproduc-
tion and agglutination of eryth-
rocytes in the presence of osel-
tamivir. at Th e mutation may 
aff ect the binding of sialic acid 
by stabilizing the HA trimmer

(Chambers et al., 
2014)

But in the absence of the F209S 
mutation, position P237 is lo-
cated at the boundary of the HA 
trimmer

Position 260 НА Is an epitope (Garjani et al., 
2023; Moules et 
al., 2010) 

Replacement of I260M was ob-
served in ossaltemivir-resistant 
strains 

Cys540, Cys544 НА Disulfi de bonds between cyste-
ine at these positions may con-
tribute to the structural stability 
and functional activity of HA 
trimmers

(Zhou et al., 
2014; Xu et al., 
2014; Chlanda et 
al., 2017; Zhang 
et al., 2019)

Conservative positions

C540S, C544L НА Reduced thermal stability, but 
increased fusion activity com-
pared to the HA of the «wild» 
virus

(Xu et al., 2013) Mutant viruses were obtained 
for the study

T148K, H150R, 
D151G

NA Have receptor-binding activity (Kong et al., 
2021)

D151G/N NA May be an indicator of changes 
caused by MDCK culture

(Lee et al., 2013) None of the NA sequences 
obtained directly from clini-
cal specimens contained the 
D151G/N mutation

Continuation of Table 2
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Separately, following the example of the EU/
EEA countries, it is necessary to dwell on the 
infl uenza 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 identifi cation 
of only 10 strains of the infl uenza virus ( Euro-
pean Centre for Disease Prevention and Control, 
2022). Th e rapid spread of the SARS-CoV-2 virus 
and strict preventive measures eff ectively stopped 
the circulation of the infl uenza virus for some 
time. In the following season (2021/2022), dur-
ing sentinel surveillance, 4,609 positive samples 
(13% of the examined) were already identifi ed, 
of which 98.7% were virus A, and among 4,105 
subtyped strains of virus A, 8.5% belonged to se-
rotype A(H1N1)pdm09 and 91.5% to A(H3N2). 
Aft er 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 infl uenza 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(H1N1)pdm09 and 
70% to A(H3N2) ( European Centre for Disease 
Prevention and Control, 2023). Th us, in fact, un-
der the same initial conditions, the A(H3N2) vi-
rus showed signifi cantly higher epidemic activity 
among other infl uenza 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 infl uenza viruses will in-
crease, to which a layer of susceptible population 
will accumulate during this time.

Infl uenza B/Victoria virus. Antigenic drift  
in infl uenza 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-
fl uenza B virus appears to be signifi cantly lower 

than that of the HA of the infl uenza A virus. Th e 
total rate of amino acid substitution in the HA1 
of the studied infl uenza B viruses was 2% over 10 
years, while the HA1 of the infl uenza A H3 virus-
es changed by 9.2% over the same period ( Krystal 
et al., 1983). Unlike infl uenza A viruses, of which 
a large number are animal viruses or zoonotic vi-
ruses, humans are the primary biological host for 
infl uenza B viruses. Infl uenzavirus B is the only 
member of the genus Betainfl uenzavirus. In addi-
tion, infl uenza A and B viruses signifi cantly diff er 
in evolution, which occurs mainly due to antigen-
ic drift  in HA but is slower compared to infl uenza 
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 diff erent 
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-
fl uenza virus of the B/Yamagata lineage, since its 
circulation in the world against the backdrop of 
the COVID-19 pandemic has eff ectively stopped. 
As for the B/Victoria virus, mutations are oft en 
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 suffi  cient 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 HAl, 
NP, M, and NS genes, and showed that the rate of 
nucleotide substitutions in these genes was 2.29 x 
10-3; 1.39 x 10-3; 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, Sl97N/D, and A202V. At the same 
time, the HAl gene evolved faster than the others. 
Gene reassortment and gene mutations were the 
main evolutionary mechanisms for the infl uenza 
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, I146V in HA1 were ob-
served, and in 2015—2017 — I117V 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 infl uenza 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 infl uenza 
B virus of the Victoria lineage, it was shown that 
aft er the period of its lowest genetic diversity in 
2011—2015, 3 amino acid substitutions (D129G, 
I180V, 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. It 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. Th is 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). Th ey 
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 I180T 
and K209N mutations in HA and have been iso-
lated in China, Southeast Asia (Bangkok, Singa-
pore, and Vietnam), and North America. Cla-
de1A.4 viruses had a G378E mutation in NA and 
were detected only in Laos. Mutations in the in-

ternal proteins PB2 (T103A), PB1 (V208I), and 
PA (I686V) and the non-structural protein NS 
(L241F) were also identifi ed in Victoria viruses. 
Th ese 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. Th ey aim to optimize the 
adaptation of the virus ( Virk et al., 2020).

A group of infl uenza 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 infl uenza 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 infl uenza B/Victoria viruses. Th ese deletions 
probably aff ect 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 (I132V, N144D, C196S, 
and E198D) were in antigenic epitopes. Th us, in-
fl uenza B viruses diff ered signifi cantly from the 
vaccine strain recommended by the WHO for this 
period (Ye et al., 2018), which certainly aff ected 
the eff ectiveness 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%), V177I (77.78%), and K495R 
(83.3%). Th e most noticeable diff erence was ob-
served between the 2017/2018 B/Victoria viruses 
and the viruses of the 2019/2020 season. Th ere 
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). Th e circulating viruses 
of clade V1A.3a.2 contained amino acid substitu-
tions HA1 A127T, P144L, and K203R. Th ey were 
poorly inhibited by antiserum obtained against 
viruses like B/Washington/02/2019. Th is was the 
reason for replacing the vaccine component of 
this serotype with B/Austria/1359417/2021-like 

strains (V.1A.3a.2) (Melidou et al., 2022). Th ese 
results confi rm the eff ect 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 signifi cantly lower than that of A vi-
ruses, especially during the fi rst 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 
infl uenza 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 eff ect of amino acid 
substitutions in HA infl uenza B/Victoria viruses 
on their biological properties. Th e eff ect of muta-
tions on the clinical course of infl uenza B could 
not be determined. 

Table 3. Amino acid substitutions in the HA 
of infl uenza B/Victoria viruses and their eff ect on the virus properties 

Amino acid position / 
Amino acid substitutions in HA

Functions/Mechanism of action / 
іnfl uence

Reference Note

Positions 75, 88, 175, 199, 
330, 235

Mutations are oft en found along with 
ones at other HA sites (co-mutations)

(Chen et al., 
2016)

A127T, P144L, K203R Aff ects the antigenic properties of 
the virus

(Melidou et al., 
2022)

I132V, N144D, C196S, 
E198D

Positions corresponding to anti-
genic epitopes

(Ye et al., 2018)

G133R, K136E Antigenic sites (Virk et al., 2020) Clade viruses 1A.2

Deletion K162, N163 May aff ect the antigenic properties 
of viruses because they border the 
immunodominant region of HA

(Hellferscee et 
al., 2021)

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

Deletion K162, N163, D164 May aff ect the antigenic properties 
of viruses

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

Infl uenza season 2016/2017 
(Europe, Asia, America, Africa)

Deletion K177 - D179 Together with T214P, it led to ad-
ditional loss of HA binding by 
monoclonal antibodies

(Liu et al., 2019)

T214P Potentially cancels out the N-linked 
glycan motif at position N212

(Liu et al., 2019) Oft en combined with deletion 
at positions K177 to D179
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Th e results of the analysis confi rmed the fact 
that viruses of the B/Victoria lineage are charac-
terized by less pronounced variability of HA than 
infl uenza A viruses. Th e 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. Th us, 
infl uenza viruses of serotypes A(H1N1)pdm09 
and A(H3N2) and B/Victoria diff er signifi cantly 
in certain epidemiological and evolutionary fea-
tures. And although this is infl uenced 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 eff ect of amino acid substi-

tutions in HA and NA (Tables 1, 2, 3). Despite 
the large amount of data on monitoring the evo-
lution of seasonal infl uenza 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 more questions than answers. Th e circu-
lation of zoonotic infl uenza viruses, in particular 
those of swine origin, requires parallel continu-
ous monitoring, when the risk of the formation 
of reassortant viruses including seasonal infl u-
enza A viruses, having an unknown pandemic 
potential, increases. We have discussed this prob-
lem in our previous publications. Th is once again 
emphasizes the importance and timeliness of the 
implementation of the One Health Concept.

REFERENСЕS

Abed, Y., Bouhy, X., L’Huillier A. G., Rhéaume, C., Pizzorno, A., Retamal, M., Fage, C., Dubé, K., Joly, M. H., Beau-
lieu, E., Mallett, C., Kaiser, L., & Boivin, G. (2016). Th e E119D neuraminidase mutation identifi ed in a multidrug-
resistant infl uenza A(H1N1)pdm09 isolate severely alters viral fi tness in vitro and in animal models. Antiviral Res, 
6—12. 

Allen, J. D., & Ross, T. M. (2018). H3N2 infl uenza viruses in humans: Viral mechanisms, evolution, and evaluation. 
Hum Vaccin Immunother, 14(8), 1840—1847. 

Ayora-Talavera, G., Cetina-Montejo, L., Matos-Patrón, A., & Romero-Beltrán, L. (2014). Hemagglutinin variants of 
infl uenza A(H1N1)pdm09 virus with reduced affi  nity for sialic acid receptors. Arch Virol, 159(5), 1207—11. 

Belser, J. A., Jayaraman, A., Raman, R., Pappas, C., Zeng, H., Cox, N. J., Katz, J. M., Terrence, R. S., & Tumpey, M. 
(2011). Eff ect of D222G mutation in the hemagglutinin protein on receptor binding, pathogenesis and transmis-
sibility of the 2009 pandemic H1N1 infl uenza virus. PLoS One, 6, e25091. 

Benton, D. J., Gamblin, S. J., Rosenthal, P. B., & Skehel, J. J. (2020). Structural transitions in infl uenza haemagglutinin 
at membrane fusion pH. Nature, 583 (7814), 150—153. 

Burke, D. F., & Smith, D. J. (2014). A recommended numbering scheme for infl uenza A HA subtypes. PLoS One, 
9(11), e112302. 

Castelán-Vega, J. A., Magaña-Hernández, A., Jiménez-Alberto, A., & Ribas-Aparicio R, M. (2014). Th e hemaggluti-
nin of the infl uenza A(H1N1)pdm09 is mutating towards stability. Adv Appl Bioinform Chem, 3(7), 37—44. 

Chambers, B. S., Li, Y., Hodinka, R. L., & Hensley, S. E. (2014). Recent H3N2 infl uenza virus clinical isolates rap-
idly acquire hemagglutinin or neuraminidase mutations when propagated for antigenic analyses. J Virol, 88(18), 
10986—9. 

Chan, P. K., Lee, N., Joynt, G. M., Choi, K. W., Cheung, J. L., Yeung, A. C., Lam, Ph.…. Hui, D. S. C. (2011). Clini-
cal and virological course of infection with haemagglutinin D222G mutant strain of 2009 pandemic infl uenza A 
(H1N1) virus. J Clin Virol, 50(4), 320—4. 

Chen, H., Zhou, X., Zheng, J., & Kwoh, C. K. (2016). Rules of co-occurring mutations characterize the antigenic 
evolution of human infl uenza A/H3N2, A/H1N1 and B viruses. BMC Med Genomics, 9(3), 69. 

Chlanda, P., Mekhedov, E., Waters, H., Sodt, A., Schwartz, C., Nair, V., Blank, P. S., & Zimmerberg, J. (2017). Pal-
mitoylation Contributes to Membrane Curvature in Infl uenza A Virus Assembly and Hemagglutinin-Mediated 
Membrane Fusion. J. Virol, 91, e00947—17. 

Chong, Y., & Ikematsu, H. (2018). Spread of predominant neuraminidase and hemagglutinin co-mutations in the 
infl uenza A/H3N2 virus genome. J Infect Chemother, 24(3),193—8. 



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

V.I. Zadorozhna, M.G. Liulchuk, V.R. Shahinian, T.A. Serheieva, N.P. Vynnyk, N.O. Vynograd, I.L. Marychev

Colman, P. M. (1989). NA enzyme and antigen. In: Sasaki Y, editor. Th e infl uenza viruses. New York: Plenum Publish-
ing Corporation, 175—218.

European Centre for Disease Prevention and Control. Seasonal infl uenza 2021-2022. In: ECDC. Annual epidemio-
logical report for 2021. Stockholm: ECDC; 2022.  — https://www.ecdc.europa.eu/sites/default/fi les/documents/
seasonal-infl uenza-annual-epidemiological-report-2020-2021.pdf

European Centre for Disease Prevention and Control. Seasonal infl uenza 2022−2023. In: ECDC. Annual Epidemio-
logical Report for 2023. Stockholm: ECDC; 2023. — https://www.ecdc.europa.eu/sites/default/fi les/documents/
seasonal-infl uenza-annual-epidemiological-report-2022-2023.pdf

Fall, A., Han, L., Yunker, M., Gong, Y. N., Li, T. J., Norton, J. M., Abdullah, O., Rothman, R. E., Fenstermacher, K. Z. J., 
Morris, C. P., Pekosz, A., Klein, E., & Mostafa, H. H. (2023). Evolution of Infl uenza A(H3N2) Viruses in 2 Con-
secutive Seasons of Genomic Surveillance, 2021—2023. Open Forum Infect Dis, 16, 10(12), ofad577. 

Garjani, A., Chegini, A. M., Salehi, M., Tabibzadeh, A., Yousefi , P., Razizadeh, M. H., Esghaei, M., Esghaei, M., & 
Rohban, M. H. (2023). Forecasting infl uenza hemagglutinin mutations through the lens of anomaly detection. Sci 
Rep, 13(1), 14944. 

Ghafoori, S. M., Petersen, G. F., Conrady, D. G., Calhoun, B. M., Stigliano, M. Z. Z., Baydo, R. O., Grice, R., Aben-
droth, J., Lorimer, D. D., Edwards, T. E., & Jade, K. (2023). Structural characterisation of hemagglutinin from seven 
Infl uenza A H1N1 strains reveal diversity in the C05 antibody recognition site. Sci Rep, 13, 6940. 

Glaser, L., Stevens, J., Zamarin, D., Wilson, I. A., García-Sastre, A., Tumpey, T. M., Basler, C. F., Taubenberger, J. K., & 
Palese, P. (2005). A single amino acid substitution in 1918 infl uenza virus hemagglutinin changes receptor binding 
specifi city. J Virol, 79(17), 11533—6. 

Guldemir, D., Kalaycioglu, A. T., Altas, A. B., Korukluoglu, G., & Durmaz, R. (2013). Monitoring genetic diversity 
of infl uenza A(H1N1)pdm09 virus circulating during the post-pandemic period in Turkey. Jpn J Infect Dis, 66(4), 
299—305. 

Harvala, H., Frampton, D., Grant, P., Raffl  e, J., & Nastouli, E. (2017). Emergence of a novel subclade of infl uenza 
A(H3N2) virus in London, December 2016 to January 2017. Eur Commun Dis Bull, 22, 30466. 

Harvala, H., Frampton, D., Grant, P., Raffl  e, J., Ferns, R. B., Kozlakidis, Z., Kellam, P., Pillay, D., Hayward, A., & Nas-
touli, E. (2017). Emergence of a novel subclade of infl uenza A (H3N2) virus in London, December 2016 to January 
2017. Eurosurveillance, 22(8), 30466. 

Hay, A. J., Gregory, V., Douglas, A. R., & Lin, Y. P. (2001). Th e evolution of human infl uenza viruses. Philos Trans R 
Soc Lond B Biol Sci, 29, 356(1416), 1861—70. 

Hellferscee, O., Treurnicht, F., Gaelejwe, L., Moerdyk, A., Reubenson, G., McMorrow, M., Tempia, S., McAnerney, J., 
Walaza, S., Wolter, N., von Gottberg, A., & Cohen, C. (2021). Detection of Victoria lineage infl uenza B viruses with 
K162 and N163 deletions in the hemagglutinin gene, South Africa, 2018. Health Sci Rep, 17, 4(3), e367. 

Hu, M., Kackos, C., Banoth, B., Ojha, C. R., Jones, J. C., Lei, S., Li, L., Kercher, L., Webby, R. J., & Russell, C. J. (2023). 
Hemagglutinin destabilization in H3N2 vaccine reference viruses skews antigenicity and prevents airborne trans-
mission in ferrets. Sci Adv, 29, 9(13), eadf5182. 

Igarashi, M., Ito, K., Yoshida, R., Tomabechi, D., Kida, H., & Takada, A. (2010). Predicting the antigenic structure of 
the pandemic (H1N1) 2009 infl uenza virus hemagglutinin. PLoS ONE, 5, e8553. 

Ilyushina, N. A., Komatsu, T. E., Ince, W. L., Donaldson, E. F., Lee, N. O’Rear, J. J., & Raymond, P. D. (2019). Infl uenza 
A virus hemagglutinin mutations associated with use of neuraminidase inhibitors correlate with decreased inhibi-
tion by anti-infl uenza antibodies. Virol J, 16, 149. 

International Committee on Taxonomy of Viruses. Taxon Details. History of the taxon: Species: Alphainfl uenzavirus 
infl uenzae (2022 Release, MSL #38), https://ictv.global/taxonomy/taxondetails?taxnode_id=202203956&taxon_
name=Alphainfl uenzavirus%20infl uenzae

Kong, H., Fan, S., Takada, K., Imai, M., Neumann, G., & Kawaoka, Y. (2021). H3N2 Infl uenza Viruses with 12- or 
16-Amino Acid Deletions in the Receptor-Binding Region of Th eir Hemagglutinin Protein. mBio, 21,12(6), e0151221. 

Kosik, I., & Yewdell, J. W. (2019). Infl uenza Hemagglutinin and Neuraminidase: Yin-Yang Proteins Coevolving to 
Th wart Immunity. Viruses, 11(4), 346. 

Krystal, M., Young, J. F., Palese, P., Wilson, I. A., Skehel, J. J., & Wiley, D. C. (1983). Sequential mutations in hemag-
glutinins of infl uenza B virus isolates: defi nition of antigenic domains. Proc Natl Acad Sci USA, 80(14), 4527—31. 

Kuzmanovska, M., Boshevska, G., Janchevska, E., Buzharova, T., Simova, M., Peshnacka, A., Nikolovska, G., Kochin-
ski, D., Ilioska, R. S., Stavridis, K., Mikikj, V., Kuzmanovska, G., Memeti, S., & Gjorgoski, I. (2021). A Compre-



ISSN 1028-0987. Microbiological Journal. 2026. (1) 123

Eff ect of Mutations in Hemagglutinin and Neurominidase on the Properties of Seasonal Infl uenza Viruses

hensive Molecular and Epidemiological Characterization of Infl uenza Viruses Circulating 2016—2020 in North 
Macedonia. Front Microbiol, 12, 713408. 

L’Huillier, A. G., Abed, Y., Petty, T. J., Cordey, S., Th omas, Y., Bouhy, X., Schibler, M., Simon, A., Chalandon, Y., 
van Delden, C., Zdobnov, E., Boquete-Suter, P., Boivin, G., & Kaiser, L. (2015). E119D neuraminidase mutation 
conferring pan-resistance to neuraminidase inhibitors in an A(H1N1)pdm09 isolate from a stem-cell transplant 
recipient. J Infect Dis, 212(11), 1726—34.

Lee, H. K., Tang, J. W., Kong, D. H., Loh, T. P., Chiang, D. K-L., Lam, T. T-Y., & Koay, E. S-Ch. (2013). Comparison 
of mutation patterns in full-genome A/H3N2 infl uenza sequences obtained directly from clinical samples and the 
same samples aft er a single MDCK passage. Plos one, 8(11), e79252. 

Lee, J. M., Huddleston, J., Doud, M. B., Hooper, K. A., Wu, N. C., Bedford, T., & Bloom, J. D. (2018). Deep mutational 
scanning of hemagglutinin helps predict evolutionary fates of human H3N2 infl uenza variants. Proc Natl Acad Sci 
USA, 115(35), E8276—E8285. 

Lei, N., Wang, H., Zhang, Y., Zhong, Yi., Wang, Yj., Huang, L-y., Ma, J-xin., Sun, Q., Yang, L., & Shu, Y-long. 
Shu-ming Li corresponding author1 and Ling-li Suncorresponding author (2019). Molecular evolution of 
infl uenza B virus during 2011—2017 in Chaoyang, Beijing, suggesting the free infl uenza vaccine policy. Sci 
Rep, 9, 2432. 

Li, D., Saito, R., Suzuki, Y., Sato, I., Zaraket, H., Dapat, C., Ma Caperig-Dapat, I., & Suzuki, H. (2009). In vivo and in 
vitro alterations in infl uenza A/H3N2 virus M2 and hemagglutinin genes: eff ect of passage in MDCK-SIAT1 cells 
and conventional MDCK cells. J Clin Microbiol, 47, 466—468. 

Liang, W., Tan, T. J. C., Wang, Y., Lv, H., Sun, Y., Bruzzone, R., Mok, C. K. P., & Wu, N. C. (2022). Egg-adaptive muta-
tions of human infl uenza H3N2 virus are contingent on natural evolution. PLoS Pathog, 18(9), e1010875. 

Liu, Y., Wang, Y., Liu, B., Cong, X., Ji, Y., Guo, X., & Gao, Y. (2020). Phylogenetic analysis and clinical characteristics 
of the co-occurring mutations in HA and NA genes of infl uenza A(H1N1)pdm09 viruses during 2015—2017 in 
Beijing, China. Virol J, 17(1), 182. 

Liu, B., Wang, Y., Liu, Y., Chen, Y., Liu, Y., Cong, X., Ji, Y., & Gao, Y. (2021). Molecular evolution and characterization 
of hemagglutinin and neuraminidase of infl uenza A(H1N1)pdm09 viruses isolated in Beijing, China, during the 
2017-2018 and 2018-2019 infl uenza seasons. Arch Virol, 166(1), 179—189. 

Liu, Y., Tan, H. X., Koutsakos, M., Jegaskanda, S., Esterbauer, R., Tilmanis, D., Aban, M., Kedzierska, K., Hurt, A. C., 
Kent, St. J., & Wheatley, A. K. (2019). Cross-lineage protection by human antibodies binding the infl uenza B hem-
agglutinin. Nat Commun, 10, 324. 

Liu, Y., Wang, Y., Wang, Y., Huan, Mai., Chen, Y. Y., Zhang, Y. J. Y., Cong, X., & Gao, Y. (2023). Phylogenetic analysis 
of HA and NA genes of infl uenza A viruses in immunosuppressed inpatients in Beijing during the 2018—2020 
infl uenza seasons. Virol J, 20, 101. 

Mancini, N., Solforosi, L., Clementi, N., de Marco, D., Clementi, M., & Burioni, R. (2011). A potential role for mono-
clonal antibodies in prophylactic and therapeutic treatment of infl uenza. Antiviral Re, 92, 15—26. 

Mao, H. Y., Sun, Y., Zhang, Y. J., Zhou, M., Chen, Y., Li, Z., Lu, Y. Y. (2013).[Analysis of genetic variation of hemag-
glutinin and three internal genes of infl uenza B virus isolated in Zhejiang province from 1999 to 2012]. [Article in 
Chinese]. Zhonghua Yu Fang Yi Xue Za Zhi, 47(5), 408—14. 

Meijer, A., Lackenby, A., Hungnes, O., Lina, B., Werf, S. van der, Schweiger, B., Opp, M., Paget, J., Kassteele, J. van de, 
Hay, A., & Zambon, M. (2009). Oseltamivir-resistant infl uenza virus A(H1N1), Europe, 2007—08 season. Emerg 
Infect Dis, 15(4), 552—560. 

Melidou, A., Gioula, G., Exindari, M., Chatzidimitriou, D., & Malisiovas, N. (2015). Genetic analysis of post-pan-
demic 2010−2011 infl uenza A(H1N1)pdm09 hemagglutinin virus variants that caused mild, severe, and fatal in-
fections in northern Greece. J Med Virol, 87(1), 57—67. 

Melidou, A., Gioula, G., Exindari, M., Ioannou, E., Gkolfi nopoulou, K., Georgakopoulou, T., Tsiodras, S., & 
Papa, A. (2017). Ιnfl uenza A (H3N2) genetic variants in vaccinated patients in northern Greece. J Clinical Viro-
logy, 94, 29—32. 

Melidou, A., Ködmön, C., Nahapetyan, K., Kraus, A., Alm, E., Adlhoch, C., Mooks, P., Dave, N., Carvalho, C., Mes-
lé, M. M., Daniels, R., & Pebody, R. (2022). Members of the WHO European Region infl uenza surveillance net-
work; Members of the WHO European Region infl uenza surveillance network that contributed virus characteri-
sation data. Infl uenza returns with a season dominated by clade 3C.2a1b.2a.2 A(H3N2) viruses, WHO European 
Region, 2021/22. Euro Surveill, 27(15), 2200255. 



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

V.I. Zadorozhna, M.G. Liulchuk, V.R. Shahinian, T.A. Serheieva, N.P. Vynnyk, N.O. Vynograd, I.L. Marychev

Mohan, T., Nguyen, H. T., Kniss, K., Mishin, V. P., Merced-Morales, A. A., Laplante, J....Gubareva, L.V. (2021). Clus-
ter of Oseltamivir-Resistant and Hemagglutinin Antigenically Drift ed Infl uenza A(H1N1)pdm09 Viruses, Texas, 
USA, January 2020. Emerging Infectious Diseases, 27(7), 1953—1957. 

Moules, V., Ferraris, O., Terrier, O., Giudice, E., Yver, M., Rolland, J. P., Bergeron, C., Ottmann, M., Fournier, E. …….. 
& Lina, B. (2010). In vitro characterization of naturally occurring infl uenza H3NA- viruses lacking the NA gene 
segment: Toward a new mechanism of viral resistance? Virology, 404, 215—224. 

Njouom, R., Mba, S.A., Noah, D.N., Gregory, V., Collins, P., Cappy, P., Hay, A., & Rousse,t D. (2010). Circulation of 
human infl uenza viruses and emergence of Oseltamivir-resistant A(H1N1) viruses in Cameroon, Central Africa. 
BMC Infect Dis, 8, 10, 56. doi: 10.1186/1471-2334-10-56. 

Owuor, D. C., de Laurent, Z. R., Nyawanda, B. O., Emukule, G. O., Kondor, R., Barnes, J. R. D., Nokes, J., Agoti, C. N., 
& Chaves, S. S. (2023). Genetic and potential antigenic evolution of infl uenza A(H1N1)pdm09 viruses circulating 
in Kenya during 2009—2018 infl uenza seasons. Sci Rep, 13, 22342. 

Pappas, C., Viswanathan, K., Chandrasekaran, A., Raman, R., Katz, J. M., Sasisekharan, R., & Tumpey, T. M. (2010). 
Receptor specifi city and transmission of H2N2 subtype viruses isolated from the pandemic of 1957. PLoS ONE, 
5, e11158. 

Park, Y. W., Kim, Y. H., Jung, H. U., Jeong, O. S., Hong, E. J., Kim, H., & Lee, J. I. (2020). Comparison of antigenic 
mutation during egg and cell passage cultivation of H3N2 infl uenza virus. Clin Exp Vaccine Res, 9(1), 56—63. 

Pascalis, H., Temmam, S., Wilkinson, D. A., Dsouli, N., Turpin, M., de Lamballerie, X., & Dellagi, K. (2012). Mo-
lecular evolutionary analysis of pH1N1 2009 infuenza virus in Reunion Island, South West Indian Ocean region: 
a cohort study. PLoS ONE, 7(8), e43742. 

Russell, R. J., Haire, L. F., Stevens, D. J., Collins, P. J., Lin, Y. P., Blackburn, G. M., Hay, A. J., Gamblin, S. J., & Ske-
hel, J. J. (2006). Th e structure of H5N1 avian infl uenza neuraminidase suggests new opportunities for drug design. 
Nature, 44, 45—49. 

Shtyrya, Y. A., Mochalova, L. V., & Bovin, N. V. (2009). Infl uenza virus neuraminidase: structure and function. Acta 
Naturae, 1(2), 26—32. 

Shu, B., Kirby, M. K., Warnes, C., Sessions, W. M., Davis, W. G., Liu, J., Wilson, M. M., Lindstrom, S., Wentworth, D. E., 
& Barnes, J. R. (2020). Detection and discrimination of ,infl uenza B Victoria lineage deletion variant viruses by 
real-time RT-PCR. Euro Surveill, 25(41), 1900652. 

Sriwilaijaroen, N., & Suzuki, Y. (2012). Molecular basis of the structure and function of H1 hemagglutinin of infl u-
enza virus. Proc Jpn Acad Ser B Phys Biol Sci, 88(6), 226—49. 

Stevens J., Blixt, O., Glaser, L., Taubenberger, J. K., Palese, P., Paulson, J. C., & Wilson, I. A. (2006). Glycan microarray 
analysis of the hemagglutinins from modern and pandemic infl uenza viruses reveals diff erent receptor specifi ci-
ties. J Mol Biol, 355(5), 1143—55. 

Su, S., Fu, X., Li, G., Kerlin, F., & Veit, M. (2017). Novel Infl uenza D virus: Epidemiology, pathology, evolution and 
biological characteristics. Virulence, 8(8), 1580—1591. 

Sun, H., Wang, Y., Liu, H., Pang, Z., Cui, X., Zhao, R., Liu, Y., Qu, X., Huang, M., Ke, C., & Liao, M. (2023). Th e genet-
ic diversity, replication, and transmission of 2009 pandemic H1N1 viruses in China. Front Microbiol, 14, 1110100. 

Tumpey, T. M., Maines, T. R., Van Hoeven, N., Glaser, L., Solórzano, A., Pappas, C., Cox, N. J., Swayne, D. E., Pa-
lese, P., Katz, J. M., & García-Sastre, A. (2007). A two-amino acid change in the hemagglutinin of the 1918 infl u-
enza virus abolishes transmission. Science, 2, 315(5812), 655—9. 

Varghese, J. N., & Colman, P. M. (1991). Th ree-dimensional structure of the neuraminidase of infl uenza virus A/
Tokyo/3/67 at 2.2 Å resolution. J Mol Biol, 221, 473—486.

Virk, R. K., Jayakumar, J., Mendenhall, I. H., Moorthy, M., Lam, P., Linster, M., Lim, J., Lin, C., Oon, L. L .E., 
Lee, H. K., Koay, E. S. C., Vijaykrishna, D., Smith, G. J. D., & Su, Y. C. F. (2020). Divergent evolutionary trajec-
tories of infl uenza B viruses underlie their contemporaneous epidemic activity. Proc Natl Acad Sci USA, 117(1), 
619—628. 

Wang, D., Wang, J., Bi, Y., Fan, D., Liu, H., Luo, N., Yang, Z., Wang, S., Chen, W., Wang, J., Xu, S., Chen, J., Zhang, Yi., 
& Yin, Y. (2018). Characterization of avian infl uenza H9N2 viruses isolated from ostriches (Struthio camelus) Sci 
Rep, 8, 2273. 

Wang, W., DeFeo, C. J., Alvarado-Facundo, E., Vassell, R., & Weiss, C. D. (2015). Intermonomer interactions in 
hemagglutinin subunits HA1 and HA2 aff ecting hemagglutinin stability and infl uenza virus infectivity. J Virol, 89, 
10602—10611. 



ISSN 1028-0987. Microbiological Journal. 2026. (1) 125

Eff ect of Mutations in Hemagglutinin and Neurominidase on the Properties of Seasonal Infl uenza Viruses

Wen, F., Li, L., Zhao, N., Chiang, M. J., Xie, H., Cooley, J., Webby, R., Wang, P. G., & Wan, X. F. (2018). A Y161F 
Hemagglutinin Substitution Increases Th ermostability and Improves Yields of 2009 H1N1 Infl uenza A Virus in 
Cells. J Virol, 92(2), e01621—17. 

World Health Organization (15 March 2022) Celebrating 70 years of the Global Infl uenza Surveillance and Response 
System. Available at: https://www.who.int/news-room/feature-stories/detail/celebrating-70-years-of-the-global-
infl uenza-surveillance-and-response-system

Wu, N. C., & Wilson, I. A. (2020). Structural Biology of Infl uenza Hemagglutinin: An Amaranthine Adventure. 
Viruses, 12(9), 1053. 

Wu, N. C., Otwinowski, J., Th ompson, A. J., Nycholat, C. M., Nourmohammad, A., & Wilson, I. A. (2020). Major 
antigenic site B of human infl uenza H3N2 viruses has an evolving local fi tness landscape. Nat Commun, 11, 1233. 

Xing, L., Chen, Y. B., Chen, B. Q., Bu, L., Liu, Y., Zeng, Z. Q.,... & Song, W. (2021). Antigenic drift  of the hemag-
glutinin from an infl uenza A (H1N1) pdm09 clinical isolate increases its pathogenicity in vitro. Virol Sin, 36, 
1220—1227. 

Xu, R., McBride, R., Paulson, J. C., Basler, C. F., & Wilson, I. A. (2010). Structure, receptor binding, and antigenicity 
of infl uenza virus hemagglutinins from the 1957 H2N2 pandemic. J Virol, 84(4), 1715—21. 

Xu, R., McBride, R., Nycholat, C. M., Paulson, J. C., & Wilson, I. A. (2012). Structural characterization of the hemag-
glutinin receptor specifi city from the 2009 H1N1 infl uenza pandemic. J Virol, 86(2), 982—90. 

Xu, S., Zhou, J., Liu, K., Liu, Q., Xue, C., Li, X., Zheng, J., Luo, D., Cao, Y. (2013). Mutations of two transmembrane 
cysteines of hemagglutinin (HA) from infl uenza A H3N2 virus aff ect HA thermal stability and fusion activity. 
Virus Genes, 47(1), 20-26. doi: 10.1007/s11262-013-0924-0. 

Xu, S., Zhou, J., Liu, Q., Liu, K., Xue, C., Li, X., Zheng, J., Luo, D., & Cao, Y. (2014). Evidences for the existence of 
intermolecular disulfi de-bonded oligomers in the H3 hemagglutinins expressed in insect cells. Virus Genes, 48, 
304—311. 

Ye, F., Chen, X. J., Guan, W. D., Pan, S. H., Yang, Z. F., & Chen, R. C. (2018). Analysis of infl uenza B virus lineages 
and the HA1 domain of its hemagglutinin gene in Guangzhou, southern China, during 2016. Virol. J, 15(1), 175. 

Zeng, Z., Yau, L-F., Lin, Z., Xia, X., Yang, Z., Wang, J-R., Song, W., & Wang, X. (2020). Characterization and 
Evolutionary Analysis of a Novel H3N2 Infl uenza A Virus Glycosylation Motif in Southern China. Front Mic-
robiol, 11, 1318. 

Zhao, X. N., Zhang, H. J., Li, D., Zhou, J. N., Chen, Y. Y., Sun, Y. H., Adeola, A. C., Fu, X. Q., Shao, Y., & Zhang, M. L. 
(2020). Whole-genome sequencing reveals origin and evolution of infl uenza A(H1N1)pdm09 viruses in Lincang, 
China, from 2014 to 2018. PLoS One, 15(6), e0234869. 

Zhang, Y., Xu, C., Zhang, H., Liu, G. D., Xue, C., & Cao, Y. (2019). Targeting Hemagglutinin: Approaches for Broad 
Protection against the Infl uenza A Virus. Viruses, 11(5), 405. 

Zhou, J., Xu, S., Ma, J., Lei, W., Liu, K., Liu, Q., Ren, Y., Xue, C., & Cao, Y. (2014). Recombinant infl uenza A H3N2 
viruses with mutations of HA transmembrane cysteines exhibited altered virological characteristics. Virus Genes, 
48, 273—282. 

Zimmer, S. M., & Burke, D. S. (2009). Historical perspective—Emergence of infl uenza A (H1N1) viruses. N Engl J 
Med, 361, 279—285.

Zost, S. J., Parkhouse, K., Gumina, M. E., Kim, K., Diaz P. S., Wilson, P. C., Treanor, J. J., Sant, A. J., Cobey, S., & Hens-
ley, S. E. (2017). Contemporary H3N2 infl uenza viruses have a glycosylation site that alters binding of antibodies 
elicited by egg-adapted vaccine strains. Proc Natl Acad Sci USA, 114(47), 12578—12583. 

Received 10.04.2024



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

V.I. Zadorozhna, M.G. Liulchuk, V.R. Shahinian, T.A. Serheieva, N.P. Vynnyk, N.O. Vynograd, I.L. Marychev

В.І. Задорожна, М.Г. Люльчук, В.Р. Шагінян, 
Сергеєва Т.А., Винник Н.П., Маричев І.Л.

ДУ «Інститут епідеміології та інфекційних хвороб НАМН України», 
вул. Миколи Амосова, 5, Київ, 30038, Україна 

ВПЛИВ МУТАЦІЙ У ГЕМАГЛЮТИНІНІ ТА НЕЙРОМІНІДАЗІ 
НА ВЛАСТИВОСТІ СЕЗОННИХ ВІРУСІВ ГРИПУ

Сезонні віруси грипу є збудниками, які становлять постійну загрозу здоров’ю людства. Вони циркулюють 
повсюдно і викликають сезонні підйоми захворюваності різного ступеня інтенсивності як на Північній, так 
і на Південній півкулях. Ці віруси характеризуються мінливістю як за рахунок антигенного дрейфу, так і у 
зв’язку зі здатністю до реассортації генів. Відомо, що окремі амінокислотні заміни в гемаглютиніні (НА) вірусу 
сприяли його переходу на використання людських клітинних рецепторів, що ставало причиною пандемій. 
Метою роботи був аналіз літературних даних щодо можливого впливу мутацій у НА та нейрамінідази (NA) 
сезонних вірусів грипу (A(H1N1)pdm09, А(H3N2), B/Victoria) на їх властивості, епідемічний потенціал та 
ступінь клінічного прояву захворювання. Аналіз вірусу грипу лінії B/Yamagata не проводився, оскільки його 
циркуляція на тлі пандемії COVID-19 фактично припинилася. Показано, що віруси грипу А(H1N1)pdm09, 
А(H3N2) та  B/Victoria суттєво відрізняються за особливостями еволюції. У динаміці продемонстровано, 
які амінокислотні заміни відбувалися в НА та NA вірусів грипу, зокрема й ті, що впливали на антигенні 
властивості, резистентність вірусів до специфічних лікарських засобів та клінічні симптоми грипу. Також 
наведено мутації, що сприяють підвищенню репродукції вірусів у клітинних культурах та на курячих 
ембріонах, впливаючи на певні біологічні властивості вірусу. Наведено дані щодо порівняння мутацій у 
вірусів грипу різних клад та вірусів, що циркулювали на різних географічних територіях. Показано, що 
фактично за однакових початкових умов вірус A(H3N2) виявив значно вищу епідемічну активність серед 
інших вірусів грипу на тлі пандемії. Надалі, як це спостерігалося і раніше, інтенсивність його циркуляції 
знизиться, а підвищиться поширеність інших вірусів грипу, до яких за цей час накопичиться прошарок 
сприйнятливого населення. У період пандемії циркуляція вірусів лінії B/Victoria була значно нижчою, 
ніж циркуляція вірусів А, особливо протягом перших пандемічних сезонів. Віруси лінії B/Victoria 
характеризуються меншою мінливістю НА, ніж віруси грипу А. У більшому ступені, ніж у інших вірусів, 
їхня мінливість пов’язана з делеціями в НА. Вища антигенна стабільність вірусу сприяє більшій тривалості 
циркуляції певних генетичних варіантів вірусу з відносно стабільним рівнем інтенсивності та більш 
тривалим використанням одних і тих самих вакцинних варіантів вірусів. Незважаючи на великий обсяг 
даних щодо моніторингу еволюції сезонних вірусів грипу та вивчення впливу амінокислотних мутацій у 
НА та NA на біологічні властивості вірусу, їх епідемічний потенціал та потенціал вірулентності, на сьогодні 
залишається багато питань, які потребують вивчення.

Ключові слова: вірус грипу A(H1N1)pdm09, вірус грипу A(H3N2), вірус грипу лінії B/Victoria, гемаглютинін, 
нейрамінідаза, мутація.
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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. Th e presence of antibiotics in water resources and available methods for their degra-

dation are extremely relevant problems for Ukraine, which has signifi cant potential for the development of aquaculture 

in the domestic market and may become an important exporter of fi sh 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 biofi lm, 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. Th e presented work examines the most relevant methods 

of antibiotic degradation in aquatic ecosystems with the involvement of microbial biotechnologies.

Keywords: Antibiotics, antibiotic biodegradation, aquaculture, microbial biotechnology.
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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 
(bacter  iostatic 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 signifi cant 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 et al., 2014; Qiulian et al., 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. Th e 
main sources of environmental pollution with 
antibiotics are wastewater from pharmaceutical 
enterprises, hospitals, insuffi  ciently treated water 
from wastewater treatment and disinfection en-
terprises, wastewater from livestock farms, fi sh 
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 
 et al., 2022; Shepelevych et al., 2023).  In aquacul-
ture, antibiotics are used with feed to minimize 
infections in fi sh and other organisms. Most 
oft en, fl orfenicol, sarafl oxacin, trimethoprim, 
oxytetracycline, ciprofl oxacin, and ofl oxacin are 
used in fi sh 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 insuffi  ciently treated waste-

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), fl uoro-
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 signifi cantly, so the problem of an-
tibiotic contamination of hospital wastewater and 
domestic wastewater has become even more se-
rious. Th e 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-Hernández 
et al., 2021). Antibiotics are not very resistant to 
degradation, and the rate at which they enter the 
environment signifi cantly exceeds their rate of 
degradation (Polianciuc et al., 2020). Th e 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).

Th e 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; Wan g et 
al., 2014). Antibiotics can be active at low con-
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centrations (μg/L and ng/L) and cause a reduc-
tion in microbial biodiversity, threaten human 
and animal health, and signifi cantly impair en-
vironmental safety (Larsson, 2014; Wa ng et al., 
202 0; Chie  sa et al., 2018). Synergistic, additive, 
or antagonistic eff ects between other toxins in 
water and antibiotics are also not yet fully under-
stood and are of concern to scientists (Caldwell 
et al., 2016).

Th e danger of antibiotics is manifested both in 
the fact that their cumulative toxic eff ect on liv-
ing organisms has not yet been suffi  ciently 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., 2 018; Kassotaki et al., 

2016; Wang et al., 202 4; Han et al., 2020; Xu e t 
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, fi sh, 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 eff ects on humans (McInnes et al., 
2020; Sobhani et al., 2019). Due to antibiotic re-
sistance, the number of infections that are dif-

Antibiotics waste main streams to aquatic environment
Human

Human

Therapeuthics misuse

Animal

Animal
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Fig. 1. Th e main  ways of contamination of water resources with antibiotics (Sosa-
Hernández  et al., 2021)
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fi cult 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-
mo chko et al., 2024; Loban et al., 2023 ; Berger 
et al., 2023; Sandfort et al., 2022) Th is was also 
observed in previous confl icts in Iraq, Syria, the 
Congo, and in Israel-Gaza military confl ict (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). Th e 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). 

Th e 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-
la  tion (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., 2 023; 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-

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. Th e methods can 
be roughly divided into the following categories: 
physical adsorption, chemical oxidation, photo-
degradation, and biodegradation (Sosa-Hernán-
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 additi on 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). Th e biological degradation of antibiotics 
is carried out through conventional activated 
sludge (CAS) processes, membrane bioreactors 
(MBR), and anaerobic reactor systems (Zhu et 
al., 2024). Th e 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 eff ec-
tive method that does not require much time, 
but this method can be seriously aff ected by the 
environment (Bilal et al., 2019).

Decomposition of antibiotics 
u sing 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 nitrifi cation (autotrophic biodegrada-
tion) or by microbial chemical oxygen demand 
(heterotrophic biodegradation) (Zhu et al., 2020; 
Zhang et al., 2018). Th e 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 nitrifi cation (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. Th e activated sludge 
from municipal wastewater treatment plants 
can degrade three main macrolide antibiotics: 
erythromycin, clarithromycin, and azithromy-
cin (Terzic et al., 2018). Aft er treatment with 
activated sludge, the harmful eff ects of treated 
wastewater are signifi cantly reduced. Activated 
sludge aff ects the adsorption of quinolone-type 
antibiotics from the environment, but this eff ect 
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). Th e properties of antibiotics signifi cantly 

aff ect 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). Th e effi  ciency 
of antibiotic degradation due to activated sludge 
signifi cantly 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 
infl uence 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 effi  ciency 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 eff ective 
use of biological treatment, as effl  uents with high 
pollutant content cause the rapid death of acti-
vated sludge microorganisms. Th e effi  ciency of 
biotreatment methods for antibiotic-containing 
wastewater can be signifi cantly improved by hy-
brid systems combining activated sludge treat-
ment as the fi rst stage with a biofi lter 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 biofi lter 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. Th is 
property is infl uenced 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 modifi ca-
tion, many bacterial strains have been isolated 
with a pronounced ability to biodegrade antibi-
otics. Most oft en, 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 
strain  s of microorganisms capable of degrading 
antibiotics (Liu et al., 2021).

Microorganisms capable of degrading anti-
biotics can be classifi ed into individual strains 
and groups of strains (Martins et al., 2018). 
Most s tudies on the biodegrada  tion 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 
effi  ciency 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 effi   ciently degrade 
quinolone antibiotics, including norfl oxacin 
and enrofl oxacin, in various aquatic environ-

ments, such as tap water, seawater, river water, 
and lake water. Th is demonstrates their poten-
tial for bioremediation of contaminated water 
bodies and reducing the environmental burden 
of persistent pharmaceutical pollutants (Wang 
et al., 2024). Th rough screening, modifi cation, 
and microbial diversity experiments, it was pos-
sible to achieve 96.76% effi  ciency of degrada-
tion of 20 mg/L norfl oxacin (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) 
(Córdova-Kreylos et al., 2007). Th ere 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 eff ectively destroy enro-
fl oxacin and ceft iofur (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 enrofl oxacin 
(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
Concent ra-
tion (mg/L)

Removal rate(%) Sources References

Β-lactam Sulfonamides

Cephalosporin Achromobacter sp. YF-1 30 92.71 (7 days) Waste medicine 
residue

Zhang et al. (2019a)

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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Antibiotics Bacterial species
Concent ra-
tion (mg/L)

Removal rate(%) Sources References

Sulfamethoxazole Pseudomonas mandelii 
McBPA4

50 73 (15days) Laboratory Reis et al. (2018)

Sulfamethoxazole Acinetobacter sp. W1 5-240 100 (10h) Activated sludge Wang and Wang 
(2018)

Sulfamethoxazole Ochrobactrum sp. 
SMX-PM1-SA1

5 45.2 (8h) Wastewater Zhang et al. (2019c)

Sulfamethoxazole Labrys sp. SMX-W11 5 62.2 (8 days) Activated sludge Mulla et al. (2018)

Sulfamethoxazole Gordonia sp. 
SMX-W2-SCD14

5 51.4 (8 days) Pig manure Mulla et al. (2018)

Sulfamethoxazole Achromobacter sp. JL9 50 79.45 (120h) Pharmaceutical 
wastewater

Liang et al. (2019)

Sulfamethoxazole Acinetobacter sp. 30 100 (5h) Microbiological 
culture collection

Wang et al. (2018a)

Sulfadimidine Bacillus cereus J2 50 100 (36h) Municipal sewage Zhang et al. (2019c)

Sulfamethazine Acinetobacter sp. 30 100 (10h) Microbiological 
culture collection

Wang et al. (2018a)

Sulfadiazine Acinetobacter sp. 30 100 (10h) Microbiological 
culture collection

Wang et al. (2018a)

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 et al. (2018a)

Tetracycline Achromobacter sp. TJ-2# 50 63.9 (3 days) Contaminated soil Cheng et al (2017 b)

Oxytetracycline Pseudomonas sp.T4 100 26.88 (7 days) Livestock manure Meng et al. (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. TJ-2# 50 65.5 (3 days) Contaminated soil Cheng et al (2017 b)

Fluoroquinolones

Norfl oxacin Staphylococcus caprae 
NOR-36

5 92.6 (10 days) Pharmaceutical 
wastewater

Fu et al. (2017)

Ofl oxain Labrys portucalensis F11 0.45 34.6 (28 days) Fluorebenzene Maia et al. (2018)

Ofl oxain Rhodococcus sp.FR1 0.45 39.3 (28 days) Fluorebenzene Maia et al. (2018)

Ciprofl oxacin Th ermus thermophiles C419 5 57 (5 days) Pharmaceutical 
sludge

Pan et al. (2017)

Ciprofl oxacin Enterobacter sp. 
(KM504128)

5 96(14 days) Hospital effl  uent 
water

Liyanage and 
Manage (2018)

Ciprofl oxacin Lactobacillus gesseri 
(KM4055978)

5 100(14 days) Hospital effl  uent 
water

Liyanage and 
Manage (2018)

Ciprofl oxacin Bacillus sp. (KM504129) 5 74 (14 days) Hospital effl  uent 
water

Liyanage and 
Manage (2018)

Ciprofl oxacin 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)

Continuation of Table 1
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Table 2. Fungi that degrade antibiotics (Liu et al., 2021) 

Antibiotics Fungus
Concent-

ration (mg/L)
Removal rate(%)

Degradation 
enzyme

References

Sulfonamides

Sulfadiazine Fusarium solani KS256 1.5 18.53 (7 days) — Wang et al. (2018b)

Sulfamethoxazole Pycnoporus sangulneus 10 100 (2 days) Lac P450 Geo et al. (2017 a)

Sulfamethoxazole Phanerochaete Crysosporium 10 63.3 (8 days) MnP and 
LipP450

Geo et al. (2017 a)

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 denitrifi cans 
strain PR1

150 91(51h) — Nguyen et al. (2018)

Fluoroquinolones

Ciprofl oxacin Pleurotus ostreatus 500 95.07 Mnp Singh et al (2017) 

Norfl oxacin Penicillum janthinellum KS272 1.5 10.59 (8 days) — Wang et al (2018 b)

Ciprofl oxacin Pycnoporus sanguineus 10 98.5 (2 days) LacP450 Gao et al. (2017 a)

Norfl oxacin Pycnoporus sanguineus 10 96.4 (2 days) LacP450 Gao et al. (2017 a)

Ciprofl oxacin Phanerochaete Chrysosporium 10 64.5 (8 days) Mnp and Lip 
P450

Gao et al. (2017 a)

Norfl oxacin Phanerochaete Chrysosporium 10 73.2 (8 days) Mnp and Lip 
P450

Gao et al. (2017 a)

Norfl oxacin Irpex lacteus 10 100 (10 days) LacP450 Čvančarova et al. 
(2015)

Norfl oxacin Trametes versicolor 10 85 (14 days) MnP and 
MIP

Čvančarova et al. 
(2015)

Ofl oxacin Irpex lacteus 10 100 (10 days) MnP and 
MIP

Čvančarova et al. 
(2015)

Ciprofl oxacin Irpex lacteus 10 100 (10 days) Lac and MnP 
and MIP

Čvančarova et al. 
(2015)

Ciprofl oxacin Pleurutus ostreatus 10 60 (14 days) Lac Čvančarova et al. 
(2015)

Tetracyclines

Oxytetracycline 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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Degradation of antibiotics 
by e lectroactive biofi lms
Th e study of antibiotic degradation by electro-
active biofi lms (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 
(MFCs), microbial electrolysis cells (MECs), mi-
crobial solar cells (MSCs), and microbial desali-
nation cells (MDCs), all of which demonstrate 
asignifi cant potential for antibiotic degradation 
(Wu et al., 2018). Microorganisms oxidize an-
tibiotics through extracellular electron transfer, 

directly converting chemical energy into elec-
trical energy (Kovalakova et al., 2020; Wu et 
al., 2018; Li et al., 2020). Enhancing electrode 
effi  ciency in MES is achieved through material 
selection, electrode modifi cation, and optimiza-
tion of electrode 0(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 eff ectively degrade antibiotics 
such as cefepime, achieving degradation rates of 
up to 92.5% at concentrations of 5 mg/L, with 

Antibiotics Fungus
Concent-

ration (mg/L)
Removal rate(%)

Degradation 
enzyme

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 
and Lip

Copete-Pertuz et 
al. (2018) 

Cloxacilin Leptosphaerulina sp. 17.5 100 (6 days) Lac and Mnp 
and Lip

Copete-Pertuz et 
al. (2018)

Dicloxacilin Leptosphaerulina sp. 19 100 (6 days) Lac and Mnp 
and Lip

Copete-Pertuz et 
al. (2018)

Cefadroxyl Leptosphaerulina sp. 
CECT20913

15.2 100 (15 days) Lac and Mnp Perez Grisales et 
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.

Continuation of Table 2
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a maximum power output of 263.6 mW/cm² 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 et al., 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 eff ectively 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 effi  ciency, as voltage 
and temperature infl uence 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 eff ective microbial degrada-
tion (Zhou et al., 2021). Studying the partitioning 
of antibiotics across diff erent phases is critical to 
identify limiting factors aff ecting their degrada-
tion and to improve control over environmental 
release. Nevertheless, data on antibiotic distribu-
tion in MEC systems remains limited.

Electroactive biofi lms (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 

from the environment. Th ese biofi lms 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. Biofi lm 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 biofi lm 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 biofi lm 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. Th e aggrega-
tion of diff erent microorganisms within biofi lms 
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-
fi lms primarily occurs via the outer membrane 
of microbial cells (e.g., Geobacter sulfurreducens, 
Shewanella spp.) or indirectly through redox-
active microelements such as fl avins and phen-
azines produced by bacteria (e.g., Pseudomonas 
aeruginosa, Shewanella oneidensis) (Kong et al., 
2015). Th e effi  ciency of electron transport is 
constrained by biofi lm biomass, thickness, and 
structural stability. Incorporating magnetic ox-
ides into the biofi lm 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).

Th e formation and charge transfer in electro-
active biofi lms are infl uenced by factors includ-
ing electrode material, temperature, pH, sub-
strate concentration, and metal ion presence. 
Electroactive microorganisms play a pivotal 
role in MECs, aff ecting both external electron 
transfer and substrate metabolism, which jointly 
determine system effi  ciency. Dominant electro-
genic microorganisms have been identifi ed in 
the genera Th auera and Clostridium. Clostridi-
um species serve as key cofactors for hydrogen 
production, whereas Th auera species uniquely 
produce fi lamentous structures that facilitate 
intercellular aggregation and enhance electroac-
tive biofi lm formation (Kovalakova et al., 2020; 
Wang et al., 2017; Vila-Costa et al., 2017).

En zymatic degradation of antibiotics
Microorganisms produce enzymes capable of 
degrading antibiotics. Notably, β-lactamases 
target and hydrolyze the β-lactam ring, a criti-
cal structure in cephalosporins and other 
β-lactam antibiotics. Based on substrate speci-
fi city, β-lactamases are classifi ed into three main 
groups: penicillinases, cephalosporinases, and 
oxime-type cephalosporinases (Sánchez-San 
Martín 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).

Th e biodegradation potential of recombinant 
laccase from the thermoalkaliphilic bacterium 
Bacillus sp. has been demonstrated, eff ectively 
breaking down tetracycline, oxytetracycline, 
amoxicillin, and ciprofl oxacin (Sánchez-San 
Martín 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.

For instance, immobilizing β-lactamase on 
Fe3O4 magnetic nanoparticles maintained over 
95% degradation effi  ciency for penicillin aft er 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 effi  ciency for 32 out of 38 tested 
antibiotics within 24 hours (Zdarta et al., 2019).

Currently, β-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 purifi cation 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 insuffi  ciently eff ective 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 specifi c microbial 
consortia demonstrates high effi  ciency (>90%) 
and adapts well to diff erent types of wastewater. 
Enzymatic degradation using immobilized en-
zymes enables rapid and eff ective breakdown of 
antibiotics even in toxic environments. Electro-
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active biofi lms (EABs) show potential for decen-
tralized systems by combining water purifi cation 
with energy generation. Microbial consortia and 
enzymatic technologies are the most feasible 
for implementation in Ukraine due to their ef-
fi ciency and relatively low operational costs. Th e 

fi ndings 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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МІКРОБНІ БІОТЕХНОЛОГІЇ ДЕГРАДАЦІЇ АНТИБІОТИКІВ 
В АКВАКУЛЬТУРІ ТА ПРИРОДНИХ ВОДОЙМАХ

Антибіотики використовуються з терапевтичною та профілактичною метою як у медицині, так і у ветери-
нарії, а також як стимулятори росту на фермах і в аквакультурі. Забруднення природних водойм антибіоти-
ками вкрай негативно впливає на стан навколишнього середовища, водні біосистеми та здоров’я людини, 
призводить до утворення антибіотикорезистентних бактерій та антибіотикорезистентних генів. Наявність 
антибіотиків у водних ресурсах та доступні методи їх деградації є вкрай актуальними проблемами для 
України, яка має значний потенціал для розвитку аквакультури на внутрішньому ринку та може стати у 
майбутньому важливим експортером рибної продукції в Європі. Військова агресія Росії з підривом Кахов-
ської ГЕС загострила проблеми із забрудненням водойм в Україні, в тому числі й антибіотиками. Видален-
ня антибіотиків є важливою проблемою очищення стічних вод і підготовки питної води до використання. 
Одним із перспективних методів деструкції антибіотиків та інших ксенобіотиків є біодеградація, зокрема 
розкладання за допомогою активованого мулу, мікробних штамів, деградація антибіотиків електроактив-
ною біоплівкою та ферментативна деградація антибіотиків. Мета роботи. Проаналізувати та узагальнити 
інформацію щодо забруднення водних систем антибіотиками та використання мікробних біотехнологій для 
деградації антибіотиків в аквакультурі та природних водоймах. Результати. У представленій роботі роз-
глянуто найбільш актуальні методи деградації антибіотиків у водних екосистемах із залученням мікробних 
біотехнологій.

Ключові слова: антибіотики, біодеградація антибіотиків, аквакультура, мікробна біотехнологія.
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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. Th e 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. 

Before entering the Ukrainian Agricultural 
Academy, Ivan Gavrylovych began his career 
on his native collective farm, and then at the 
Shebelinskyi oil fi eld 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. Aft er completing his 
postgraduate studies and defending his thesis in 
1968, Ivan Gavrylovych was appointed scientifi c 
secretary of the Institute.

In 1984, I.G. Skrypal defended his doctoral 
dissertation, and in the same year, he was ap-
pointed Deputy Director of the Institute for Sci-
entifi c 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 signifi cant contribution 
to the development of general and molecular 
biology of mycoplasmas. Ivan Gavrylovych is 
a prominent fi gure 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.

Th e 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. Th anks to this, the work of I.G. 
Skrypal and his colleagues was recognized and 
appreciated by the international scientifi c com-
munity, which has added prestige to the entire 
fi eld of Ukrainian microbiological science. It 
should be noted that the 8th edition of Berg’s 
Microorganism Identifi er (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 confi rmation 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 dwarfi sm in cereals. On this basis, Ivan 
Gavrylovych formulated the main theoretical 
principles of phytopathogenesis caused by phy-
toplasmas. Together with colleagues represent-
ing his scientifi c school, I.G. Skrypal studied the 
molecular nature of mycoplasma receptors that 
determine their organotropism and adhesion to 
the tissues of the organs they aff ect; established 
the carbohydrate specifi city of these receptors in 
pathogenic strains, and studied the action of syn-
thetic receptors with a corresponding structure 
in order to eff ectively block the adhesive proper-
ties of pathogenic mycoplasma species. Th is was 

a novel approach to combating mycoplasma in-
fections, which, in particular, became the basis 
for Ivan Gavrylovych’s theory on the fundamen-
tal principles of plant “yellowing” pathogenicity. 
Th e 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 eff ect 
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 
fi rst time, but the most interesting results were 
obtained when studying the eff ect on mycoplas-
ma of substances such as 6-azacytidine, hydro-
carbon compounds, and synthetic oligonucle-
otides. Th e approach proposed by I.G. Skrypal 
was fundamentally new: the creation and use 
of synthetic oligonucleotides as super-specifi c 
antimicrobial agents with gene-directed action. 
Unique nucleic acid sequences, known as sig-
nature regions of their ribosomal RNA, were 
fi rst proposed as targets for infl uencing harm-
ful organisms. Th ese sequences are specifi c to 
certain families, genera, and species of micro-
organisms. Th eir 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 scientifi c achievements include 
more than 360 scientifi c 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 



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

I.P. Tokovenko

specialists in the fi eld 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 scientifi c 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 

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. 

Th e bright memory of Ivan Gavrylovych will 
live forever in our hearts!
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