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MICROBIAL BIOTECHNOLOGY FOR ACCELERATED 
REMEDIATION OF WAR-AFFECTED SOILS. 
Part 1: SOIL RECOVERY FOLLOWING SHELL EXPLOSIONS
In regions of Ukraine aff ected by active hostilities, large areas of arable land have been severely damaged and require 
urgent remediation. Th is research aimed to assess the microbial disruption level in soils impacted by military actions — 
specifi cally shell explosions — and to develop a biotechnology for their accelerated restoration using microbial bioformula-
tions. Methods. Microbiological methods encompassed the cultivation of microorganisms for obtaining bioformulations 
and quantitative assessment of ecological-trophic groups through soil suspension plating on selective agar media. Ecologi-
cal indices were calculated as the ratio of microbial abundance on soil or starch-ammonium agar to that on meat-peptone 
agar. Metagenomic analysis of soil samples was performed using high-throughput sequencing on an Illumina MiSeq plat-
form. Model vegetation experiments involved the application of microbial formulations to soil and cultivation of white 
clover as a phytoremediator species. Field trials were carried out to evaluate the eff ectiveness of remediation strategies 
under real-world conditions. Th e content of the explosive compound hexahydro-1,3,5-trinitro-1,3,5-triazine in soil was 
determined using colorimetric methods and liquid chromatography coupled with mass spectrometry (LC-MS). Results. 
Shell explosions signifi cantly inhibited soil microbial activity due to mechanical disruption and toxic contamination. 
Th e greatest declines were observed in nitrogen-fi xing (3.2-fold), phosphate-mobilizing (6-fold), and cellulolytic (2.8-fold) 
microorganisms and streptomycetes (2.9-fold), which are proposed as bioindicators of soil disturbance. To address this, a 
bioremediation strategy was developed combining microbial soil detoxifi cation with phytoremediation using white clover 
(Trifolium repens) inoculated with microbial bioformulations to enhance stress tolerance. Th is approach mitigated pollut-
ant eff ects, promoting functional and taxonomic diversifi cation of soil prokaryotes. As toxicity decreased, an abundance of 
pollution-resistant Bacilli declined, while representation of sensitive taxa such as Actinobacteria and Alphaproteobacteria 
increased by 1.4-fold and 1.8-fold, respectively. Th e biotechnology proved highly eff ective in restoring benefi cial micro-
biota, rebalancing rhizospheric communities and supporting stable plant growth. Field trials confi rmed its robustness for 
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Due to the full-scale russian aggression, ac-
tive hostilities are ongoing across vast areas of 
Ukraine, posing catastrophic environmental 
stres sors  — primarily aff ecting soil systems. 
Th e current research predominantly focuses on 
the physical disruption and chemical contami-
nation of soils (Bonchkovsky et al., 2024). Th e 
primary explo sive-derived pollutants include 
2,4,6-trinitrotoluene (TNT), hexahydro-1,3,5-
trinitro-1,3,5-tria zi ne (RDX), and octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), 
which form toxic compounds upon interaction 
with soil organic matter  — an essential deter-
minant of soil fertility. Military-induced soil 
disturbances are increasingly recognized as a 
serious threat to the sustainable management 
of agroecosystems in Ukraine (Kucher, 2025; 
Maslovska et al., 2025). Far less attention has 
been given to disruptions of the soil biocompo-
nents that result from the direct impact of ex-
plosions and to the secondary eff ects of altered 
physical and chemical properties of soil.

Researchers at the D.K. Zabolotny Institute of 
Microbiology and Virology of the National Acad-
emy of Sciences of Ukraine have demonstrated 
through years of study that the microbiocenosis 
of soil is a critical functional component respon-
sible for the formation and maintenance of soil 
fertility (Iutynska et al., 2022). Microorganisms 
play a crucial role in plant nutrition and develop-
ment, signifi cantly enhancing productivity and 
resilience to environmental stressors (Dimova et 
al., 2020). Microbial abundance, along with spe-
cies and functional diversity, serves as a sensitive 
indicator of key soil properties under various en-
vironmental stressors (Yamborko et al., 2019; Di-

mova et al., 2020). Agronomically benefi cial mi-
croorganisms, active in the soil and phytosphere, 
contribute to biological nitrogen fi xation, mo-
bilize poorly soluble soil phosphates into plant-
available forms, synthesize bioactive compounds 
that promote plant growth, and protect crops 
from harmful organisms. Th ese functions im-
prove plant development conditions, resulting in 
higher yields and improved crop quality. Preserv-
ing microbial diversity is essential for maintain-
ing ecological balance within agroecosystems.

From the outset of military operations, recog-
nizing the urgency of post-war soil restoration — 
particularly of microbial communities — Dr. L.O. 
Biliavska, head of the Department of General and 
Soil Microbiology, and Dr. S.O. Skrotskyi, head of 
the Laboratory of Microbial Synthesis Biotechnol-
ogy, developed a hypothesis about the integrated 
use of microbial bioformulations to remediate 
war-aff ected soils. Following the liberation of Ky-
iv and Chernihiv regions, they promptly initiated 
fi eld implementation to confi rm this hypothesis. 
Th e research was subsequently expanded to in-
clude test sites in other regions. Th is study opens a 
series of works dedicated to the restoration of soils 
damaged by various war-related impacts and the 
evaluation of applied remediation strategies. Th is 
research aimed to assess the microbial disruption 
level in soils impacted by military actions — spe-
cifi cally shell explosions — and to develop a bio-
technology for their accelerated restoration using 
microbial bioformulations.

Materials and Methods. Th e study was con-
ducted under laboratory, vegetation, and fi eld 
conditions using soil collected near Bakhmut 
city (Donetsk region, Ukraine), where artillery 

remediating soils contaminated by explosive residues. Conclusions. Shell explosions signifi cantly suppressed soil micro-
biota, with nitrogen-fi xing, phosphate-mobilizing, cellulose-degrading microorganisms and streptomycetes being the most 
aff ected — making them suitable indicators for microbiomonitoring. Ecological analysis revealed inhibited nitrogen and 
carbon cycling and reduced humus formation. Prokaryotic shift s showed increased dominance of resistant Bacilli. A com-
bined bioremediation approach using microbial bioformulations and phytoremediation restored benefi cial microbiota 
within 60 days, rebalanced microbial communities, and improved soil biochemical functions and diversity.
Keywords: soil microbiota, military impact, suppression, recovery, bioformulations, microbial biotechnology, hexa-
hydro-1,3,5-trinitro-1,3,5-triazine.
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shell explosions had formed a crater. Control soil 
samples were taken 50 meters from the impact 
site, where the soil was not aff ected by shell ex-
plosion. Contaminated soil samples were taken 
in May 2023. 

To develop methodological approaches to the 
accelerated restoration of soil bioactivity follow-
ing military-induced disturbances, model ex-
periments were conducted, including vegetation 
and fi eld studies. Сultivation of phytoremediant 
plants under vegetation conditions was carried 
out over 60 days, from June 2023 to August 2023.

Soil treatment involved microbial bioformula-
tions developed at the D.K.  Zabolotny Institute 
of Microbiology and Virology, NAS of Ukraine: 
Ultrachyst® (based on Dietzia maris IMV B-7350, 
Rhodococcus erythropolis IMV B-7351, Bacillus 
subtilis IMV B-7349, and Pseudomonas aureo-
faciens IMV B-7558, developed with Microbial 
Biotechnologies Ltd.), Sporazyn® (Bacillus sub-
tilis IMV B-7349 and Pseudomonas aureofa-
ciens IMV B-7558; developed with Microbial 
Biotechnologies Ltd.), Averkom® (metabolites of 
Streptomyces avermitilis IMV Ac-5015), and Phy-
tovit (metabolites of Streptomyces netropsis IMV 
Ac-5025). Additionally, BioStymix Standard® 
(developed in «Innovation Company Bioinvest-
Agro») was applied, containing humic acid salts, 
free amino acids, an organo-mineral complex, 
and other biologically active compounds (https://
bioinvest.com.ua). In vegetation experiments, 
soil was treated with Ultrachyst® combined with 

the culture liquid of Streptomyces violaceus IMV 
Ac-5027, which was prepared as described earlier 
(Loboda et al., 2021) at a concentration of 140 μL 
per 1 L of water, applying 10 mL of working solu-
tion per soil sample. Th e use of S. violaceus IMV 
Ac-5027 culture liquid in vegetation experiments 
and in fi eld conditions is explained by its prop-
erties as an active stress protector, which is nec-
essary for growing phytoremediant plants in ex-
tremely adverse conditions. S. violaceus IMV Ac-
5027 was isolated by scientists at the D.K. Zabo-
lotny Institute of Microbiology and Virology of 
the National Academy of Sciences of Ukraine and 
registered in the depository of non-pathogenic 
microorganisms at the Institute. Th e strain is also 
registered in the Ukrainian Collection of Micro-
organisms (UCM) as S. violaceus UCM Ac-2191. 
Th e assembled genome sequence was submitted 
to NCBI GenBank as GCA_053707185.1. In the 
experiment, culture liquid was applied due to the 
strain’s pronounced phytoprotective properties 
(Loboda et al., 2026). 

Creeping or white clover (Trifolium repens, 
cultivar Rivendell) was used as a phytoremedia-
tor, with or without biotreatment. Seeds were in-
oculated with a microbial bioformulation based 
on nodule bacteria — Rhizobium leguminosarum 
bv. trifolii 320b, and additionally treated with a 
1.5 mL working solution containing 100  μL of 
Sporazyn®, 10  μL of Averkom® and Phytovit® 
(1:1), and 50 μL of BioStymix Standard®. Th e ex-
perimental design is presented in Table 1.

Table 1. Design of the experiment

Sampling 
location

Оption 
number Biotreatment scheme

Crater-aff ected 
contaminated 
soil, Bakhmut 
city, Ukraine

1 Soil contaminated by a shell explosion (without biotreatment)
2 Soil treatment with Ultrachyst® + S.violaceus IMV Ac-5027
3 Phytoremediation with white clover 
4 White clover with inoculation (R.  leguminosarum bv. trifolii + Sporazyn®, Averkom®, 

Phytivit®, BioStymix Standard®)
5 Soil treatment with Ultrachyst® + S. violaceus IMV Ac-5027 + white clover
6 Soil treatment with Ultrachyst® + S. violaceus ІМV Аc-5027 + white clover with inocula-

tion (R. leguminosarum bv. trifolii + Sporazyn®, Averkom®, Phytivit®, BioStymix Standard®)
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Th roughout the experiment, soil moisture 
was maintained at 70% of fi eld capacity through 
regular irrigation. Light and temperature condi-
tions remained natural from June to August. Soil 
samples for microbiological analysis were col-
lected on the 60th day of plant growth. 

Th e fi eld-based methodology for testing micro-
bial biotechnology aimed at accelerated soil res-
toration was implemented during remediation 
of blast-aff ected sites on two separate land plots 
located within the premises of LLC «RENO» 
(Hostomel city, Kyiv region). Each crater was 
divided into three sections: two treatment plots 
and one control. Th e experimental design was as 
follows: 1  — control (damaged peat soil); 2  — 
Ultrachyst®, 3 — Ultrachyst® + Streptomyces vio-
laceus IMV Ac-5027. All microbial strains used 
in the study underwent preliminary activation, 
which shortened their transition to the active 
phase upon introduction into contaminated soil. 
Th e preparations were applied to the soil at the 
end of September 2023, and samples were taken 
to determine the remediation rate in April 2024.

Microbiological analysis of militarily impacted 
and control soils was conducted to determine 
the abundance of microorganisms belonging 
to the main ecological-functional groups and 
ecological indices of microbial communities, as 
previously described (Biliavska et al., 2024). Mi-
crobial abundance was expressed in colony-form-
ing units per 1 g of absolutely dry soil (CFU/g 
ADS). Ecological indices were calculated as the 
ratio of microbial abundance on soil or starch-
ammonium agar  to that on  meat-peptone agar. 
Metagenomic analysis of soil samples was per-
formed using high-throughput sequencing on an 
Illumina MiSeq platform (Illumina, USA) at Ex-
plogen LLC (Lviv, Ukraine) (Kachor et al., 2024). 
Sample preparation, 16S rRNA amplicon library 
construction, and sequencing were carried out 
by the manufacturer’s protocol. Taxa comprising 
≥10% of the microbiome were classifi ed as domi-
nant, while those representing 1—10% were con-
sidered subdominant. Microbial biodiversity was 

assessed using key ecological indices: Chao1 (es-
timated species richness), Shannon (species di-
versity index), Simpson (dominance index), and 
PD whole tree (phylogenetic diversity index).

Th e content of the explosive compound hexa-
hydro-1,3,5-trinitro-1,3,5-triazine in soil was 
determined through optimized analytical pro-
cedures based on the guidelines of SW-846-8330 
and ISO 119-16-3_2021, with evaluation of the ex-
traction effi  ciency of nitro-containing substances. 
Quantitative analysis of explosive residues was 
performed using colorimetric methods and liquid 
chromatography coupled with mass spectrometry 
(LC-MS). Formula for determining hexahydro-
1,3,5-trinitro-1,3,5-triazine degradation (%):

D (%) = 
С0 – Сt

С0
 × 100%

Where D (%) is the degree of degradation of 
hexahydro-1,3,5-trinitro-1,3,5-triazine; C0  — 
initial concentration of hexahydro-1,3,5-tri nit-
ro-1,3,5-triazine (before the experiment or treat-
ment); Ct — concentration of hexahydro-1,3,5-
tri nit ro-1,3,5-triazine aft er a certain exposure 
ti me or treatment.

Statistical analysis of the experimental data 
was performed using the analysis of variance 
(ANOVA) based on Student’s t-test with a 95% 
confi dence interval, employing the soft ware 
packages Statistica 6.0 and Microsoft  Offi  ce Ex-
cel 2010 (Nastenko et al., 2017).

Results. Microbial communities in soils af-
fected by military activity. Microbiota analysis in 
soil samples collected from sites exposed to in-
tensive shelling in Bakhmut city revealed signifi -
cant shift s in the quantity of microorganisms be-
longing to specifi c ecological-functional groups 
compared to the control sample (soil located 50 
m from the crater) (Table 2).

A pronounced decline was observed in the 
quantity of oligonitrotrophic and nitrogen-fi xing 
microorganisms, decreasing from 419.3 ± 18.9 
mln CFU/g to 129.9 ± 4.2 mln CFU/g, indicating 
a 3.2-fold inhibition. Oligonitrotrophs, includ-
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ing free-living nitrogen fi xers, play a crucial role 
in maintaining the soil nitrogen balance and are 
capable of proliferating under conditions with 
only trace amounts of bound nitrogen. Free-liv-
ing nitrogen-fi xing microorganisms facilitate the 
conversion of atmospheric nitrogen into plant-
available forms, contributing signifi cantly to soil 
fertility. Moreover, many nitrogen-fi xing taxa 
are known to produce bioactive compounds that 
stimulate plant growth. Th erefore, such substan-
tial suppression of this microbial group is con-
sidered highly detrimental.

In crater soil, the quantity of phosphate-mo-
bilizing microorganisms decreased nearly 6-fold. 
Th ese microorganisms enhance plant nutrition 
by decomposing poorly available organophos-
phates via phosphatase activity and converting 
them into accessible forms of phosphorus, there-
by reducing the need for mineral phosphate fer-
tilizers. Additionally, an 85% reduction in amy-
lolytic microorganisms was recorded, along with 
a marked decline in cellulolytic microorganisms: 
bacteria 2.8-fold, streptomycetes 2.9-fold, and 
micromycetes 17-fold. Cellulolytic microorgan-
isms are actively involved in the mineralization of 
plant residues, leading to the formation of humic 
substances essential for restoring soil fertility.

In contrast, several microbial groups in the 
impacted soil appeared resistant to explosive 
disturbance. Notably, the quantity of ammoni-
fying microorganisms increased by 75% com-
pared to control samples. Similarly, oligotrophic 
microorganisms showed a 35% increase relative 
to the control. A particularly pronounced rise 
was observed in micromycetes, whose number 
increased 2.4-fold, reaching 405.6 ths CFU/g. 
Th is shift  likely refl ects a microbial community 
imbalance, characterized by a decline in bacte-
rial populations and a corresponding increase 
in fungal biomass. Given that microscopic fungi 
typically comprise around 5% of the total soil 
microbiota, the amount of melanin released into 
the soil via fungal mycelium may become sub-
stantial. Th is supports the hypothesis that fungal 

melanogenesis could serve as a key contributor 
to humus formation. However, in the presence 
of plant disease symptoms, further taxonomic 
analysis of fungal communities is warranted, as 
phytopathogenic species may be among them.

To assess the direction of ecological-bio-
chemical processes in the soil and the micro-
biota activity involved in fertility formation, 
ecological coeffi  cients were calculated (Table 
3). Th e pedotrophic index decreased 1.7-fold 

Table 2. Quantity of microorganisms 
from ecological-functional groups in soil damaged 
by shell explosions before biotreatment

Ecological-functional groups 
of microorganisms

Microbial amount, 
CFU/g of absolutely dry soil*

Control: 
soil outside 
the crater

Crater soil 
aft er shell 
explosion

Ammonifying, mln 105.4±5.1 184.1±5.3
Pedotrophic, mln 89.3±3.7 90.7±4.4
Oligonitrotrophic and nit-
rogen-fi xing microorgan-
isms, mln

419.3±18.9 129.9±4.2

Amylolytic, mln 79.5±2.4 42.9±1.6
Oligotrophic, mln 47.4±2.1 64.4±3.2
Phosphate-mobilizing, mln 19.5±0.9 3.4±0.1
Micromycetes, ths 168.7±7.5 405.6±18.4
Cellulolytic bacteria, ths 502.5±24.5 177.2±8.1
Cellulolytic streptomycetes, 
ths

38.7±1.5 13.6±0.6

Cellulolytic micromycetes, 
ths

174.0±8.5 10.2±0.2

* Within each row, the means ±SD, n = 3 . 

Table 3. Ecological indices of microbial communities 
in soil samples before biotreatment

Sample
Pedo-

trophic 
index

Oligo-
trophic 
index

Mineralization / 
Immobilization 

index

Control: soil outside 
the crater 0.85 0.45 0.75

Crater soil aft er shell 
explosion 0.49 0.35 0.23
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in the crater soil, indicating reduced intensity 
of organic matter transformation, particularly 
humic compound turnover.

Th e oligotrophic index, which refl ects the ac-
tivity of the oligotrophic components of soil mi-
crobiocenosis, also showed a modest decline to 
about 22%. Th is reduction may be attributed to 
the relatively higher resilience of oligotrophic mi-
croorganisms to explosive disturbance. However, 
since an elevated oligotrophic index can indirectly 
indicate a depletion of available nutrients in soil, it 
can be inferred that the impacted soil still retained 
its natural functional capacity, and no substantial 
loss of organic matter had yet occurred.

Th e mineralization/immobilization index 
in the control soil was close to 1, indicating a 
balanced dynamics between the synthesis and 
degradation of organic matter. In contrast, the 
post-explosion soil sample exhibited a markedly 
lower value (0.23), suggesting a predominance of 
immobilization processes within the microbial 
community.

Th e eff ect of microbial and phyto-bacterial com-
positions on the biological activity of soil damaged 
by shell explosions in model vegetation experi-
ments. To scientifi cally substantiate a technology 
for accelerated restoration of biological activ-
ity in soils aff ected by military actions, a model 
vegetation experiment was conducted (Fig. 1; 
experimental variants are presented in Table 1).

Analysis of the soil microbiota, following com-
bined treatment with bioformulations and sub-
sequent phytoremediation, revealed a signifi cant 
increase in the quantity of agronomically benefi -
cial ecological-functional microbial groups com-
pared to the contaminated soil that served as the 
control in this experiment (Table 4).

An increase of nearly 20% in the quantity of 
oligonitrotrophic and nitrogen-fi xing microor-
ganisms was observed in the treatment variant in-
volving the application of the Ultrachyst® + S. vio-
laceus IMV Ac-5027 complex without clover (pos-
itive control). Th e most pronounced increase — 
1.7-fold — was recorded in the group combining 
Ultrachyst® + S.  violaceus IMV Ac-5027 with 
white clover and additional bioformulations (in-
cluding R. leguminosarum bv. trifolii 320b, Spora-
zyn®, Averkorm®, Phytovit®, and BioStymix Stan-
dard®). Th is enhancement in the population of 
nitrogen-fi xing microorganisms indicates a bene-
fi cial eff ect of the developed biotechnology on the 
soil nitrogen balance and overall soil recovery. A 
substantial increase in the quantity of phosphate-
mobilizing microorganisms was observed across 
all treatment groups involving bioformulations, 
ranging from 2.2- to 5.2-fold compared to the 
contaminated untreated soil. Th e only exception 
was the group with Ultrachyst® + S. violaceus IMV 
Ac-5027 combined with white clover but without 
biotreatment, where no change in phosphate-mo-

Fig. 1. Model vegetation experiment with white clover (cv. Rivendell) under bioreme-
diation treatment (60th day of plant vegetation)
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bilizing populations was detected. Th is suggests 
that eff ective soil recovery requires the applica-
tion of bioformulations that enhance plant resis-
tance to adverse environmental conditions.

An increase in amylolytic microorganisms 
was also recorded in all groups involving phy-
to-bacterial compositions, ranging from 1.5- to 
2.3-fold. Th is trend is considered benefi cial, as 
amylolytic microorganisms contribute to the 
formation of the aliphatic fraction of pre-humic 
and humic molecules. Th eir hydrolytic break-
down of plant-derived carbohydrates and soil 
organic matter enhances soil fertility through 
biochemical pathways of carbon transformation 
(Raza et al., 2023; Daunoras et al., 2024).

In the impacted soil, the quantity of ammoni-
fying microorganisms increased 2.5- to 3.3-fold. 
Th e highest increase was recorded in the group 
without treatment but with white clover, whose 
seeds were pre-inoculated with R.  legumino-
sarum bv. trifolii 320b, Sporazyn®, Averkorm®, 
Phytovit®, and BioStymix Standard®. Th e prolif-
eration of this microbial group refl ects the acti-
vation of nitrogen turnover processes, which are 
closely linked to soil fertility restoration.

A 60-day phytobacterial remediation experi-
ment revealed an increase in the abundance of 

pedotrophic microorganisms in the damaged 
soil. Pedotrophs represent the most prevalent 
microbial group involved in the transformation 
of the water-soluble fraction of soil nutrients, 
including mineral and organic compounds of 
nitrogen, phosphorus, potassium, micronutri-
ents, and non-specifi c organic matter. A 20% in-
crease in pedotrophic populations was recorded 
in the variant treated with Ultrachyst® + S. vio-
laceus IMV Ac-5027 without clover (positive 
control), while a 71% increase was observed in 
the variant without biotreatment but with phy-
toremediation.

Assessment of oligotrophic microorganisms 
revealed somewhat contradictory results. An in-
crease of 37.6% was observed only in the vari-
ant where white clover seeds were inoculated 
before sowing (Table 4). In the other groups 
involving direct soil treatment, oligotrophs ac-
count decreased 3.5-fold. Oligotrophic bacteria 
are adapted to ecological niches characterized by 
low substrate concentrations and minimal ener-
gy fl ux. Th ey exhibit slow growth, low metabolic 
rates, and generally low population densities. 
Th eir decline may be attributed to the rapid pro-
liferation of fast-growing microbial groups such 
as pedotrophs and ammonifying.

Table 4. Ecological-functional microbial groups’ quantity in post-explosion soil aft er bioremediation treatments

Ecological-functional groups 
of microorganisms, CFU/g

Microbial quantity, CFU/g of absolutely dry soil 
across bioformulation treatment groups*

2 3 4 5 6

Ammonifying, mln 465.3 ± 23.5 527.4 ± 26.4 600.2 ± 30.0 511.8 ± 26.0 486.1 ± 24.5
Pedotrophic, mln 109.6 ± 5.5 155.1 ± 7.9 90.0 ± 4.5 100.5 ± 5.2 63.6 ± 3.4
Oligonitrotrophic and nitrogen-fi xing, mln 155.5 ± 6.8 122.7 ± 0.6 120.9 ± 1.2 122.9 ± 1.2 223.4 ± 8.2
Amylolytic, mln 91.5 ± 4.7 64.4 ± 3.5 58.6 ± 3.0 47.9 ± 2.5 96.7 ± 4.4
Oligotrophic, mln 38.6 ± 2.0 60.1 ± 3.0 88.6 ± 4.5 18.1 ± 0.9 19.1 ± 0.5
Phosphate-mobilizing, mln 11.7 ± 0.6 7.3 ± 0.4 13.2 ± 0.2 3.8 ± 0.2 17.8 ± 0.4
Micromycetes, ths 188.7 ± 4.5 224.3 ± 11.5 230.7 ± 11.5 101.3 ± 5.1 40.9 ± 2.0
Cellulolytic streptomycetes, ths 43.4 ± 2.2 0.00 20.5 ± 0.5 21.8 ± 1.2 24.6 ± 0.8
Cellulolytic bacteria and micromycetes, ths 72.9 ± 3.8 96.3 ± 4.8 78.9 ± 4.0 74.1 ± 3.8 39.1 ± 2.0

*Treatment groups are described in Table 1; within each row, the means ± SD, n = 3 
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Phytobacterial remediation also led to a re-
duction of micromycetes across experimental 
variants. A 1.8-fold decrease was recorded in the 
group without soil treatment but with inoculat-
ed clover sowing. In the variant combining soil 
treatment, clover sowing, and seed inoculation, 
micromycetes decreased nearly tenfold com-
pared to the contaminated control.

Quantifi cation of cellulolytic microbiota al-
lowed for the evaluation of mixotrophic micro-
organisms that actively utilize a broad spectrum 
of organic and mineral substrates and participate 
in the decomposition of plant residues and the 
formation of humic substances. Following com-
bined bioformulation and phytobacterial treat-
ment, a signifi cant reduction (2.0- to 4.8-fold) in 
cellulolytic bacteria and micromycetes was ob-
served. However, this decline occurred alongside 
an increase in other benefi cial microbial groups. 
Overall, this trend may be favorable, as micromy-
cetes, particularly cellulolytic ones, oft en include 
a high proportion of phytopathogens in contami-
nated soils. Th erefore, assessing plant pathoge-
nicity requires a taxonomic analysis of fungal 
communities at the genus or even species level, as 
these fungi may be either benefi cial or harmful, 
acting as plant disease agents. It was shown that 
all ecological indices  — pedotrophic, oligotro-
phic, and mineralization/immobilization — were 
low (Table 5). Specifi cally, the mineralization/
immobilization index across all soil treatment 

variants ranged from 0.10 to 0.23, indicating a 
predominance of immobilization processes. Th is 
suggests active microbial binding of nitrogen 
from plant residues or soil’s humus reserves.

Microbiome biodiversity in soils damaged by 
explosions during military operations under mi-
crobial and phyto-bacterial treatments. Metage-
nomic analysis revealed that the dominant phyla 
across all soil samples included Actinobacteriota, 
Firmicutes, Proteobacteria, Chlorofl exi, Acido-
bacteriota, Gemmatimonadota, Bacteroidota, 
Myxococcota, Verrucomicrobiota, and archaeal 
representatives of Crenarchaeota (Fig. 2). In un-
contaminated soil, Actinobacteriota were abso-
lute dominants, comprising 56.6% of the com-
munity. In contrast, the explosion-aff ected soil 
showed a marked increase in the dominance of 
Firmicutes (up to 31.9%) compared to the con-
trol, where their representation was only 2.7%. 
Th is shift  is likely due to the high stress tolerance 
of bacilli within this phylum and the activation 
of pollutant-degrading taxa.

Th e most eff ective mitigation of explosion-
induced damage to the agro-phytocoenosis and 
enhancement of soil prokaryotic biodiversity 
was observed under combined bioformulation 
and phytoremediation treatment, where white 
clover seeds were inoculated with R.  legumino-
sarum bv. trifolii 320b (Fig. 2).

Class-level analysis of the soil microbiome re-
vealed 34 bacterial taxa, among which 10 classes 
were dominant: Gemmatimonadetes, Vicinami-
bacteria, Nitrososphaeria, Chlorofl exia, Gam-
maproteobacteria, Acidimicrobiia, Alphaproteo-
bacteria, Actinobacteria, Th ermoleophilia, and 
Bacilli. Th e most abundantly represented classes 
were Actinobacteria, Alphaproteobacteria, Th er-
moleophilia, and Bacilli (Fig. 3).

Quantitative shift s in dominant taxa of the 
prokaryotic microbiome were observed under 
combined soil and phytoremediator seed treat-
ment with microbial formulations. Compared 
to the untreated contaminated soil, the relative 
abundance of the pollution-tolerant class Bacilli 

Table 5. Ecological indices 
aft er bioremediation treatments

Sample* Pedotrophic 
index

Oligotrophic 
index

Mineralization/ 
Immobilization 

index

2 0.24 0.08 0.20
3 0.29 0.11 0.12
4 0.15 0.15 0.10
5 0.20 0.04 0.09
6 0.13 0.04 0.20

* Treatment groups are described in Table 1.
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Fig. 2. Prokaryotic microbiome phylotype diversity in explosion-aff ected soil under diff erent remediation strategies: 
B1 — contaminated soil; B2 — bioremediation using a microbial formulation complex; B3 — bioremediation + phy-
toremediation using a microbial formulation complex; BC — uncontaminated soil (control)

Fig. 3. Abundance of dominant microbial classes in explosion-aff ected soil under diff erent biotechnological reme-
diation strategies: B1 — contaminated soil; B2 — bioremediation using a microbial formulation complex; B3 — bio-
remediation + phytoremediation using a microbial formulation complex; BC — uncontaminated soil (control)
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decreased progressively with declining soil tox-
icity during remediation. In contrast, the pollu-
tion-sensitive classes Actinobacteria and Alphap-
roteobacteria increased 1.4-fold and 1.8-fold, re-
spectively. Notably, the latter includes members 
of the genus Rhizobium, which are recognized as 
microbial indicators of soil toxicity. In the phy-
toremediation variant, a higher representation of 
nitrogen-fi xing symbiotic and associative bacte-
ria was detected, particularly from the families 
Rhizobiaceae, Azospirillaceae, and Beijerinkiace-
ae. Sequence analysis identifi ed taxa belonging 
to the genera Bradyrhizobium, Neorhizobium, 
Mesorhizobium, Ensifer, and Microvirga (fam-
ily Methylobacteriaceae), which are considered 
emerging symbiotrophic species.

Th e increase in soil microbiome biodiversity 
in explosion-aff ected soils treated with microbial 
formulations and phytoremediator seed inocula-
tion was further supported by elevated values of 
species richness indices, including Shannon di-
versity, total species count (Chao 1), and phylo-
genetic diversity (PD whole tree) (Table 6).

Th us, the developed environmentally sound 
biotechnology — combining microbial formula-
tions with phytoremediation plants  — contrib-
utes to the restoration of soil microbiota biodi-
versity in explosion-aff ected soils and enhances 
their ecological stability.

Validation of the microbial biotechnology fi eld 
for accelerated soil recovery at the LLC «RENO» 
site. Microbial community shift s were assessed 

Table 6. Prokaryotic soil microbiome biodiversity indices aff ected 
by military-related explosions under diff erent biotechnological remediation strategies

Index
Explosion-

aff ected 
crater soil

Bioremediation 
with microbial 

formulation complex

Bioremediation + 
+ phytoremediation 

with microbial 
formulation complex

Uncontaminated 
control soil 

(outside crater)

Shannon diversity index 8.06 7.99 8.51 8.68
Chao1 species richness index 2587.0 2654.1 2902.8 2644.7
Phylogenetic diversity index 
(PD whole tree)

203.05 190.49 199.09 174.05

Simpson dominance index 0.99 0.98 0.99 0.99

Table 7. Th e quantity of ecological-functional microbial groups 
aft er the application of remediation biotechnology
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million CFU/g of absolutely dry soil* thousand CFU/g 
of absolutely dry soil*

Control (damaged peat soil) 63.0 ± 2.6 20.4 ± 1.5 4.0 ± 0.7 2.7 ± 0.5 6.5 ± 0.8 4.1 ± 0.7 20.4 ± 1.5 2.6 ± 0.5
Ultrachyst® 18.6 ± 1.4 27.6 ± 1.8 8.52 ± 0.9 2.8 ± 0.5 11.5 ± 1.1 8.8 ± 0.9 16.8 ± 1.4 3.0 ± 0.5
Ultrachyst® + S. violaceus 
ІМV Аc-5027

18.6 ± 1.4 18.6 ± 1.4 7.1 ± 0.9 5.4 ± 0.8 5.4 ± 0.8 7.6 ± 0.9 37.8 ± 2.0 4.3 ± 0.6

*Within each row, the means ±SD, n = 3
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in soils damaged by shell explosions (Iskander 
missile) and contaminated with explosive resi-
dues, following the application of proposed re-
mediation biotechnology (Table 7).

Field application of the developed biotech-
nology based on the introduction of a microbial 
complex comprising Ultrachyst® + S.  violaceus 
IMV Ac-5027 resulted in a signifi cant enhance-
ment of soil microbial activity and restoration 
of agronomically benefi cial microbial groups. 
Under combined treatment of the crater soil 
with Ultrachyst® + S.  violaceus IMV Ac-5027 
in peat-based substrates, the number of amylo-
lytic, oligotrophic, phosphate-mobilizing, and 
cellulolytic microorganisms increased by 1.7—
2.0 times compared to the untreated contami-
nated control. Biotreatment with Ultrachyst® 
alone led to increases in pedotrophic (1.4-fold), 
amylolytic (2.2-fold), nitrogen-fi xing (1.8-fold), 
and oligotrophic (2.1-fold) microbial groups 
relative to the control. Calculation of ecologi-
cal—trophic indices revealed a 3- to 5-fold in-
crease in the pedotrophic index and a 6.3- to 
7.7-fold increase in the mineralization/immo-
bilization index compared to the control (Table 
8). Th ese shift s suggest enhanced transformation 
activity of soil organic matter and the recovery 
of nitrogen cycling processes, particularly the 
intensifi cation of mineralization. Th e oligotro-
phic index remained unchanged throughout the 
experiment, which may be attributed to the rela-
tive resilience of oligotrophic microorganisms to 
adverse environmental conditions.

Successful pilot-scale trials of the studied bio-
formulations demonstrated high effi  cacy in re-
mediating soil contaminated with explosives fol-
lowing the impact of an Iskander missile on the 
premises of LLC «RENO» (Hostomel city). 

According to current Ukrainian legislation, 
namely the Resolution of the Cabinet of Min-
isters of Ukraine dated December 15, 2021, No. 
1325 «On Approval of Standards for Maximum 
Permissible Concentrations of Hazardous Sub-
stances in Soils, as Well as a List of Such Sub-

stances», no maximum permissible concen-
tration (MPC) in soil has been established for 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX, 
hexogen).

Th erefore, our task was to determine the fi nal 
concentration of hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) and the level of its destruction in 
in situ fi eld experiments (Table 9). Th e results 
clearly demonstrate that the application of Ultra-
chyst® signifi cantly reduced the concentration of 
RDX in damaged peat soil, achieving a degrada-
tion effi  ciency of 73%. Moreover, the combined 
treatment with Ultrachyst® and microbial strain 
Streptomyces violaceus IMV Ac-5027 resulted in 
the most pronounced eff ect, lowering RDX lev-
els to 5.5 ng/g and corresponding to a 90% deg-

Table 8. Ecological indices 
of microbial communities in contaminated soil 
and during its fi eld-based remediation

Treatment group/ 
Index

Pedo-
trophic 
index

Oligo-
trophic 
index

Mineralization / 
Immobilization 

index

Control (damaged 
peat soil)

0.32 1.08 0.06

Ultrachyst® 1.48 1.03 0.46
Ultrachyst® + 
S. violaceus ІМV 
Аc-5027

1.0 1.08 0.38

Table 9. RDX concentration 
in soil samples collected from craters 
in Hostomel city before and aft er treatment 
using the bioremediation technology*

Treatment group RDX concentra-
tion, ng/g

Degra da-
tion, %

Control (damaged peat soil) 57.5 —
Ultrachyst® 15.5 73
Ultrachyst® + S. violaceus 
ІМV Аc-5027

5.5 90

*According to data obtained by the Laboratory of Con-
densed Heterocyclic Systems at the Institute of Organic 
Chemistry of the National Academy of Sciences of 
Ukraine.
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radation rate. Th is indicates a synergistic inter-
action between Ultrachyst® and microbial strain 
Streptomyces violaceus IMV Ac-5027 in the re-
mediation strategy, highlighting the potential of 
integrated approaches to eff ective detoxifi cation 
of explosive contaminants in soil systems.

Th e implementation results confi rm the prac-
tical applicability of the developed measures for 
accelerated restoration of soil biological activ-
ity. Th e proposed biotechnology can serve as a 
foundation for a comprehensive strategy aimed 
at rapid recovery of soils damaged by explosive 
ordnance. Th is approach is technically simple 
to execute and does not require specialized 
equipment.

Discussion. Th e recovery of natural soils 
damaged by military activity proceeds extremely 
slowly, as evidenced by European experience fol-
lowing World Wars I and II. Th e need for bio-
remediation of Ukraine’s fertile soils is of criti-
cal importance both for food production and 
environmental protection. Th e use of microor-
ganisms to detoxify soils from various types of 
contaminants is a well-established and environ-
mentally safe approach (Dimova et al., 2020; Tu-
fail et al., 2022; Levchuk et al., 2022; Sarker et 
al., 2023). Successful application of bacteria and 
micromycetes for the degradation of explosive 
compounds has been documented (Geris et al., 
2024). Among prokaryotic microorganisms, 
non-spore-forming bacteria capable of degrad-
ing 2,4,6-trinitrotoluene (TNT) — utilizing it as 
the sole source of carbon and nitrogen — have 
been isolated (Kvesitadze & Khatisashvili, 2023). 
It has been shown that indigenous soil microbio-
ta can degrade up to 30% of TNT under optimal 
moisture and temperature conditions, while the 
introduction of specialized microbial degraders 
further increased the degradation rate by an ad-
ditional 25—30% (Tauqeer et al., 2021). Howev-
er, the cited studies did not address the microbial 
inoculation impact on the native soil microbiota, 
nor did they incorporate the phytoremediation 
potential of plants. 

Several remediation strategies for military-
disturbed soils have been proposed in Ukraine. 
National Botanical Garden named aft er M.M. 
Grishko of the NAS of Ukraine has developed 
a three-stage approach to the restoration of 
degraded and disturbed soils. One of the pro-
posed approaches assesses the potential fertil-
ity of soils based on the abundance of melanin-
containing micromycetes, laccase (p-diphenol 
oxidase) activity, and the content of labile and 
stable humus fractions. Th e second stage in-
volves the application of silicon-containing 
minerals combined with secondary organic 
matter to optimize the agrophysical, agrochem-
ical, and biological properties of the soil. Th e 
third stage includes phytomelioration using 
plant species capable of barrier-free accumu-
lation of pollutants of various origins (https://
www.nas.gov.ua/news/vseukranska-botanich-
na-kvalifi kaciyna-narada-vidnovlennya-roslin-
nosti-pislya-viyni-nadi-ta-riziki).

In our view, the fi rst stage  — focused solely 
on the account of melanin-containing micro-
mycetes  — overlooks other components of the 
soil microbial community, particularly bacterial 
consortia and non-melanin-producing fungi. 
Th is signifi cantly narrows the informational 
scope regarding the condition of soil microbiota 
and limits the identifi cation of the most sensitive 
microbial indicators. Moreover, our fi ndings in-
dicate that the dominant fungal genera in today’s 
Ukrainian soils are Penicillium and Aspergillus, 
while melanin-containing fungi are rare and oc-
cur in low abundance (Rozhkova et al., 2024). 
Th e second stage, involving the addition of 
silicon-based mixtures, primarily enhances ag-
rophysical and agrochemical parameters, while 
biological characteristics are aff ected only indi-
rectly. However, for accelerated detoxifi cation, 
contaminated soils require an increase in the 
populations of bacteria capable of pollutant deg-
radation. Th is component is explicitly integrated 
into our proposed soil restoration technology. 
At the third stage, the approach of the National 



ISSN 1028-0987. Microbiological Journal. 2026. (3) 15

Microbial Biotechnology for Accelerated Remediation of War-Aff ected Soils. Part 1: Soil Recovery

Botanical Garden named aft er M.M. Grishko of 
the NAS of Ukraine includes phytomelioration. 
However, it does not account for potential risks 
associated with plant cultivation, such as the 
phytopathological background and strategies 
for mitigating diseases of various etiologies. In 
contrast, our technology incorporates bioprepa-
rations with protective activity against bacterial 
and fungal pathogens as well as insect pests. 

Th e Ukrainian biotechnology company BTU, 
Institute of Applied Biotechnology, and BTU 
Soil Health Platform have proposed the use of 
the biopreparation Ecostern Detox for the re-
mediation of soils aff ected by military activity. 
Th is formulation contains approximately 22 mi-
crobial strains (Korsun et al., 2024). However, 
a stepwise protocol for its integration into a 
comprehensive remediation strategy has not yet 
been developed.

In contrast, we have designed a technology 
based on original multicomponent bioprepara-
tions aimed at optimizing the biological con-
dition of the soil, along with formulations that 
enhance plant resistance, in particular, an in-
oculant based on clover-specifi c rhizobia. Th is 
combined microbial and phytoremediation ap-
proach yields more eff ective outcomes in the ac-
celerated recovery of soils impacted by military 
operations in Ukraine.

Our research has demonstrated that the res-
toration of agronomically benefi cial microbial 
populations subsequently stimulates detoxifi -
cation processes carried out by indigenous soil 
microbial communities. Th us, the application of 
the developed bioremediation strategy proved 
eff ective in activating and restoring agronomi-
cally benefi cial microbiota in soils damaged by 
explosive events. It facilitated the correction of 
rhizospheric microbial communities to stimu-
late plant development and supported their sta-
ble growth.

Conclusions. A pronounced decline in soil 
microbiota was observed in areas impacted by 
shell explosions during military operations. Th e 
most sensitive microbial groups to this stressor 
included nitrogen-fi xing, phosphate-solubiliz-
ing, cellulose-degrading microorganisms, and 
streptomycetes  — highlighting their potential 
as bioindicators for monitoring disturbed soils. 
Ecological coeffi  cient analysis revealed marked 
inhibition of nitrogen and carbon cycling, as 
well as suppression of humus formation. Shift s 
in the prokaryotic microbiome structure indi-
cated increased dominance of stress-tolerant 
taxa, particularly members of the class Bacilli. 
Bioremediation, implemented a complex mi-
crobial consortium in combination with phy-
toremediation using plants stimulated by mi-
crobial inoculants, facilitated the recovery of 
agronomically benefi cial microbiota within 60 
days. Th is integrated approach restored func-
tional balance among microbial groups, reacti-
vated key ecological and biochemical soil pro-
cesses, and enhanced the genetic diversity of 
the soil microbiome.
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МІКРОБНА БІОТЕХНОЛОГІЯ ПРИСКОРЕНОГО ВІДНОВЛЕННЯ ГРУНТІВ, 
ПОСТРАЖДАЛИХ ВІД ВОЄННИХ ДІЙ.
Частина 1. ВІДНОВЛЕННЯ ҐРУНТІВ ПІСЛЯ ВИБУХІВ СНАРЯДІВ

У регіонах України, що постраждали від активних бойових дій, великі площі орних земель зазнали серйоз-
них пошкоджень і потребують термінового відновлення. Метою цього дослідження було оцінити рівень 
мікробних порушень у ґрунтах, що постраждали від військових дій, зокрема вибухів снарядів, та розробити 
біотехнологію для їх прискореного відновлення за допомогою мікробних біопрепаратів. Методи. Мікро-
біологічні методи охоплювали культивування мікроорганізмів для отримання біопрепаратів та кількісну 
оцінку еколого-трофічних груп шляхом висіву ґрунтової суспензії на селективні агарнізовані середовища. 
Екологічні індекси розраховували як відношення чисельності мікроорганізмів на ґрунтовому або крохмаль-
но-амонійному агарі до чисельності на м’ясо-пептонному агарі. Метагеномний аналіз зразків ґрунту прово-
дили за допомогою високопродуктивного секвенування на платформі Illumina MiSeq. Модельні вегетаційні 
експерименти включали внесення мікробних препаратів у ґрунт та вирощування конюшини білої як виду 
фіторемедіанта. Польові випробування проводили для оцінки ефективності стратегій ремедіації в реальних 
умовах. Вміст вибухової сполуки гексагідро-1,3,5-тринітро-1,3,5-триазину в ґрунті визначали за допомогою 
колориметричних методів та рідинної хроматографії в поєднанні з мас-спектрометрією (LC-MS). Результа-
ти. Вибухи снарядів значно пригнічували мікробну активність ґрунту через механічне руйнування та ток-
сичне забруднення. Найбільше зниження кількості спостерігалося для кількості азотфіксувальних (у 3.2 ра-
за), фосфатмобілізувальних (у 6 разів), целюлолітичних (у 2.8 раза) мікроорганізмів та стрептоміцетів (у 2.9 
раза), які пропонуються як біоіндикатори порушень ґрунту. Для вирішення цієї проблеми була розроблена 
стратегія біоремедіації, що поєднує мікробну детоксикацію ґрунту з фіторемедіацією з використанням ко-
нюшини білої (Trifolium repens), інокульованої мікробними біопрепаратами, для підвищення стійкості до 
стресу. Цей підхід пом’якшував вплив забруднюючих речовин, сприяючи функціональній та таксономічній 
диверсифікації ґрунтових прокаріотів. Зі зниженням токсичності кількість стійких до забруднення мікро-
організмів класу Bacilli зменшувалася, тоді як представництво чутливих таксонів, таких як Actinobacteria та 
Alphaproteobacteria, збільшувалося в 1.4 та 1.8 раза, відповідно. Біотехнологія виявилася дуже ефективною 
у відновленні корисної мікробіоти та балансу ризосферних спільнот і підтримці стабільного росту рослин. 
Польові випробування підтвердили його стійкість до відновлення ґрунтів, забруднених залишками вибу-
хових речовин. Висновки. Вибухи снарядів значно пригнічували ґрунтову мікробіоту, причому найбільше 
постраждали азотфіксувальні, фосфатмобілізувальні, целюлозоруйнівні мікроорганізми та стрептоміцети, 
що робить їх придатними індикаторами для мікробіомоніторингу. Екологічний аналіз виявив пригнічення 
кругообігу нітрогену та карбону та зменшення утворення гумусу. Прокаріотичні зрушення показали по-
силення домінування стійких бацил. Комбінований підхід до біоремедіації з використанням мікробних біо-
препаратів та фіторемедіації відновив корисну мікробіоту протягом 60 днів, сприяв збалансуванню мікро-
бних спільнот та покращив біохімічні функції та різноманітність ґрунту.
Ключові слова: ґрунтова мікробіота, воєнні дії, пригнічення, відновлення, біопрепарати, мікробна біотехно-
логія, гексагідро-1,3,5-тринітро-1,3,5-триазин.
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SCREENING FOR POLYHYDROXYALKANOATE-PRODUCING 
STRAINS AMONG AEROBIC SPORE-FORMING BACTERIA
Th e environmental persistence and toxicity of conventional petroleum-based plastics represent a major global ecologi-
cal challenge. Th eir accumulation in terrestrial and aquatic ecosystems contributes to long-term pollution and threat-
ens biodiversity. Biodegradable biopolymers, particularly polyhydroxyalkanoates (PHA), are considered sustainable 
alternatives due to their biocompatibility and complete biodegradability. Aim. Th is study aimed to identify and charac-
terize polyhydroxyalkanoate-producing strains among aerobic spore-forming bacteria isolated from diverse ecological 
niches in Ukraine, Egypt, Ecuador, Turkey, and India. Methods. A total of 300 bacterial strains were isolated from soil, 
plant surfaces, and aquatic sediments. Screening for polyhydroxyalkanoate production was performed using Nile blue 
staining, light microscopy, fl uorescence microscopy, transmission electron microscopy, Fourier transform infrared spec-
troscopy, and gas chromatography—mass spectrometry. Taxonomic identifi cation was conducted based on whole-cell 
fatty acid composition profi ling and 16S ribosomal ribonucleic acid gene sequence analysis. Results. Fift y-eight strains 
capable of synthesizing PHAs were identifi ed. Th ese isolates were assigned to the Bacillus cereus, Bacillus subtilis, and 
Priestia endophytica clade. Th e strains demonstrated variable levels of polymer accumulation. Microscopic and spec-
troscopic analyses confi rmed intracellular polymer granule formation and characteristic chemical signatures of PHA. 
Conclusions. Th e most productive PHA-synthesizing strains were recovered from biotopes under maximal multi-facto-
rial stress, including the Chornobyl NPP cooling pond sediments and arid soils. Th ese fi ndings designate such environ-
ments as priority targets for future screening eff orts aimed at the prospecting of high-yielding PHA producers.
Keywords: Polyhydroxyalkanoates, Bacillaceae family bacteria, Priestia endophytica, Bacillus toyonensis, Bacillus 
pseudomycoides, Bioplastic.
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Plastic-based products are widely employed in 
nearly all aspects of today’s life owing to their 
versatility, durability, and inexpensive manufac-
turing costs. However, the advantages of using 
conventional plastics are frequently outweighed 
by their detrimental impact, which includes 
terrestrial and aquatic pollution, as well as eco-
logical damage. Th e environmental durability 
of traditional plastics remains one of the most 
pressing concerns, since plastic buildup in the 
environment far outpaces disintegration (Ali et 
al., 2021; Chamas et al., 2020). 

Conventional plastic may contain toxic sub-
stances based on its composition and the addi-
tives used during manufacturing. While low- 
and high-density polyethylene are generally safe 
(Dan wit ta yakul et al., 2016; Guo et al., 2017), 
plasticizers like phthalates are linked to testicular 
and ovarian toxicity and reduce steroidogenesis 
(Meeker et al., 2009). Polypropylene can emit 
carcinogens like formaldehyde and acrolein un-
der heat or UV, shown to worsen acute and car-
diovascular diseases (Lomonaco et al., 2020). 
Polyvinyl chloride fumes worsen asthma (Jaak-
kola & Knight, 2008), and phthalate exposure 
increases allergy risks in children (Bornehag et 
al., 2004). Vinyl chloride exposure is associated 
with liver fi brosis and angiosarcoma (Fedeli et al., 
2019). Polystyrene plastics cause oxidative stress, 
DNA damage, and hemolysis (Sarma et al., 2022), 
impair liver and kidney cell functions (Goodman 
et al., 2022), and disrupt trophoblast cell viability 
and gene expression (Hu et al., 2022).

Bioplastics off er a biodegradable alternative to 
petroleum-based plastics, though their perfor-
mance varies in strength, degradability, and cost. 
Starch-based bioplastics degrade quickly and 
provide good oxygen barriers but are brittle and 
water-sensitive (Kumar & Th akur, 2017). Chito-
san is valued in biomedical and cosmetic fi elds for 
its strength and non-toxicity but is also brittle and 
poorly soluble at neutral pH (Choi et al., 2016; 
Zhang & Wang, 2022). Protein-based bioplastics 
from soy, whey, and wheat form amyloid-struc-

tured fi lms rich in β-sheets suitable for packaging, 
yet cost far more than conventional plastics (Li et 
al., 2023). Polylactic acid (PLA) is widely used in 
healthcare due to its strength and biocompatibility 
but degrades slowly and lacks toughness (Singhvi 
et al., 2019). Poly-γ-glutamic acid (γ-PGA) shows 
promise in regenerative medicine but suff ers from 
high production costs and low yield (Nair et al., 
2021). Th us, the search for a cost-eff ective and 
high-performing bioplastic continues.

Polyhydroxyalkanoates (PHAs) are a promis-
ing biodegradable plastic alternative. Th ese mi-
crobial polymers serve as intracellular carbon 
and energy reserves (Sabapathy et al., 2019) and 
off er physical and chemical properties compa-
rable to conventional plastics such as polypro-
pylene (Sudesh et al., 2000). A key advantage of 
PHAs is their full biodegradability by microbes 
via PHA hydrolases and depolymerases. Th eir 
degradation spans months in anaerobic waste-
water to years in seawater and accelerates under 
UV light (Fernandes et al., 2020). PHAs are also 
biocompatible, as their monomers naturally oc-
cur in human metabolism and blood (Verlinden 
et al., 2007). Th ese qualities support PHAs’ use 
in packaging, agriculture, and medicine.

Among many PHA-producing microbes, aero-
bic spore-forming bacteria, particularly those in 
the Bacillaceae family, stand out for their resil-
ience, stress tolerance, and substrate versatility 
(Patel & Munshi, 2022). Th ese bacteria can uti-
lize diverse carbon sources, including glucose, 
sucrose, starch, and agricultural waste for PHA 
synthesis, making production more economical 
(Kumar et al., 2015; Gowda & Shivakumar, 2014; 
Sabapathy et al., 2019). Additionally, the Bacilla-
ceae members are considered safe for industrial 
use, lacking immunogenic lipopolysaccharides 
(Patel & Munshi, 2022).

Th e search for PHA-producing strains of dif-
ferent genera is a continuing struggle. Current 
research concentrates on the screening for PHA 
producers isolated from soil (Ratnaningrum et 
al., 2019), seawater (Grigary et al., 2024), waste-
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water (Dienye et al., 2023), food (Máčalová et al., 
2023), pharmaceutical industry effl  uent (Saxena 
et al., 2023), sludge, and compost (Alwuhaib et 
al., 2023). However, the studies regarding the 
PHA-synthesizing capacities of aerobic spore-
forming bacteria specifi cally are insuffi  cient. Th e 
present study aimed to screen the PHA-produc-
ing aerobic spore-forming bacteria isolated from 
diff erent ecological niches, identify the obtained 
strains, and characterize the nature of the bio-
plastic produced.

Materials and Methods. Isolation of aerobic 
spore-forming bacteria. Bacterial isolates were 
obtained from the soil collected in Ukraine, 
Egypt, Ecuador, and  Turkey, the plant phyllo-
sphere in India, a biological preparation (this 
specifi c preparation is not disclosed due to con-
fi dentiality), benthic deposits of freshwater bod-
ies, the Black Sea, and the  Chornobyl Nuclear 
Power Plant (NPP) water-cooling pond. Some 
of the strains were obtained from the Ukrainian 
Collection of Microorganisms (UCM). Serial 
dilution and spread plate methods were applied 
for bacteria isolation. Th e diluted samples were 
heated in a water bath at 80 ºC for 10 to 15 min. 
Aft er reaching ambient temperature, 0.1 mL of 
each sample was plated on agarized Luria-Ber-
trani (LB) medium (g/L): peptone — 10.0; yeast 
extract  — 5.0; NaCl  — 5.0; agar-agar  — 14.0; 
pH 7.0±0.2, and cultivated for 48 h at 37 ºC. 
Th e obtained colonies, typical for aerobic spore-
forming microorganisms, were stored using an 
аgarized LB medium at 20 ºC.

Screening for PHA-producing strains by plate 
assay method. To identify PHA-producing iso-
lates, the obtained strains were cultivated for 48 
h at 37 °C on the PHA screening medium con-
taining (g/L): glucose  — 20.0, yeast extract  — 
0.75, peptone — 3.25, NaCl — 2.5, agar-agar — 
14.0, pH—7.4. Following cultivation, colonies 
were stained with 0.05% Nile blue in 98% etha-
nol for 20 min. Excess dye was removed with a 
brief 1—2 min ethanol wash, followed by rinsing 
with water. Under UV light at 365 nm, the colo-

nies displaying bright purple fl uorescence were 
identifi ed as PHA producers.

Nile Blue staining for the detection of lipid 
inclusions. Th e presence of PHA granules in the 
cells was confi rmed via light and fl uorescence 
microscopy with a green light fi lter. Th e strains 
were cultivated on the PHA screening medium 
for 48 h at 37 °C. Th e fi xed samples were stained 
with a 1% aqueous solution of Nile blue for 10 
min at 55 °C. Th en, the samples were washed 
with distilled water and kept for 1 min in an 8% 
aqueous acetic acid solution. PHA granules ap-
peared blue in the light microscope and exhib-
ited yellow fl uorescence under UV light.

Transmission electron microscopy (TEM). 
For TEM analysis, strains were grown on a PHA 
screening medium for 48 h at 37 °C. Bacte-
rial suspensions in physiological solution were 
placed on carbon-reinforced formvar-coated 
copper grids. Aft er 15 min of adhesion, cells we-
re contrasted with 5% aqueous uranyl acetate for 
40 s, rinsed three times with distilled water (5 s 
each), and air-dried for 15 min at room temper-
ature. Imaging was performed on a JEM-1400 
TEM (JEOL Ltd., Japan) at 80 kV. Cell dimen-
sions were measured from micrographs using a 
SimpleMeasure tool, and results were analyzed 
with Statistica 12 (StatSoft , Inc.). 

Confi rmation of PHA synthesis via gas chro-
matography-mass spectrometry. To study the 
polyhydroxyalkanoates produced, strains were 
grown on the same medium used for screening for 
48 h at 37 ºC. Th e total biomass produced during 
cultivation was collected and weighed. To prepare 
samples for gas-chromatography analysis, 1.7 mL 
of methanol was added to 60—100 mg of wet bio-
mass. Th en, 0.2 mL of an internal standard solu-
tion of benzoic acid in propanol (40 g/L), 2 mL of 
chloroform, and 0.3 mL of 98% sulfuric acid were 
added, and the mixture was heated at 100 ºC for 1 
h. Aft er derivatization, the mixture was left  to cool 
to room temperature, and 1 mL of distilled water 
was added to facilitate phase separation. Th e chlo-
roform phase was used for further analysis. 
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Qualitative and quantitative analysis of the 
retained derivatives was performed by gas chro-
matography-mass spectrometry (GC-MS) us-
ing an Agilent 6890N/5973inert chromatograph 
(Agilent Technologies, USA) and HP-5MS cap-
illary column (30m×0.25mm×0.25μm) (J&W 
Scientifi c, USA). Th e initial temperature of the 
column thermostat was kept at 70 oC for 8 min, 
then increased to 150 oC at a rate of 8 o/min, and 
reached 176 oC at a rate of 2 oC/min. Compound 
identifi cation was performed using NIST02 
mass spectra libraries. Th e quantitative analysis 
for the strains grown on the solid medium was 
performed by the formula:

PHA content = 
M1 × P1 × Vst

P2 × M2
  where

PHA content is the amount of PHA produced 
by the strain grown on 1 Petri dish, mg; M1 — 
mass of the biomass collected from 1 Petri dish, 
mg; P1 — corrected area of the 3-hydroxy butyric 
acid peak on the chromatogram; Vst — volume 
of the standard used in the derivatization pro-
cess, mL; P2  — corrected area of the standard 
peak on the chromatogram, and M2 — mass of 
the biomass taken for the analysis, mg.

Th e quantitative analysis for the strains grown 
on the liquid medium was performed according 
to the formula:

PHA content = 
M1 × P1 × Vst

P2 × V2
  where

PHA content is the amount of PHA (g) produced 
per 1 l of culture medium, V1 — 1 l of the culture 
medium, mL; P1 — corrected area of the standard 
peak on the chromatogram; Vst — volume of the 
standard used in the derivatization process, mL; 
P2 — corrected area of the 3-hydroxy butyric acid 
peak on the chromatogram, and V2 — volume of 
culture medium taken for the analysis, mL.

Fourier-transform infrared spectroscopy 
(FTIR). To obtain a purifi ed polyhydroxyalkano-
ate sample, strains were grown on the same me-
dium used for screening for 48 h at 37 ºC. Th en, 

the biomass was treated with sodium hypochlo-
rite at 37 °C for 2—3 h and centrifuged at 7000 
rpm for 15 min. Th e supernatant was discharged, 
and the residue was sequentially washed with 
distilled water (3 times), and methanol (2 times). 
A sample of purifi ed polyhydroxyalkanoate was 
mixed with KBr and dried over silica gel. IR 
spectra of the sample were obtained on a Bruker 
Vertex 70 IR spectrometer, analyzed, and iden-
tifi ed using the ACD/Labs program (Advanced 
Chemistry Development, Inc., Canada).

Th e study of total cellular fatty acid profi les of 
PHA-producing strains. PHA-producing isolates 
were identifi ed based on their total cellular fatty 
acid methyl ester (FAME) profi les. For compari-
son, reference strains from the Ukrainian Col-
lection of Microorganisms were analyzed under 
the same conditions. Strains were cultured on 
tryptone soya agar for 24 h at 37 °C. To prepare 
FAMEs, 60—100 mg of wet biomass was treated 
with 2 mL methanol and 40 μL acetyl chloride, 
followed by incubation at 80 °C for 2 h with mix-
ing aft er 1 h. Aft er cooling, 0.5 mL of heptane was 
added, and samples were centrifuged at 3000 rpm 
for 3 min. Th e upper phase was analyzed by GC-
MS (Agilent 6890N/5973inert, USA) using an 
HP-5MS column (30 m × 0.25 mm × 0.25 μm). 
Separation was performed in a gradient mode 
(150—250 °C at 4 °C/min), with helium as a car-
rier gas (1 mL/min). FAMEs were identifi ed us-
ing the NIST02 library, and their profi les were 
determined as percentage compositions of total 
cellular fatty acids.

Th e FAME profi les of PHA-producing strains 
were fi rst subjected to Principal Component 
Analysis (PCA) in the JupyterLab environment 
to identify patterns and relationships among the 
samples. Th e dataset was cleaned and standard-
ized to ensure that the variables were given equal 
weights during PCA.

Th e percentage contribution of individual 
fatty acids to the total peak area for a sample 
was used for a cluster analysis performed by the 
unweighed pair group method with arithmetic 
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averages (UPGMA). A dendrogram was con-
structed to show the relationships among the 
phenotypic groups. To test the reliability of the 
cluster identifi cations, the FAME profi les were 
also compared to reference profi les of UCM 
strains. Furthermore, several Bacillaceae family 
FAME profi les were included in the analysis fol-
lowing the bibliographical search for better sta-
tistical evaluation and classifi cation of the stud-
ied strains (Chen et al., 2022; Dunlap et al., 2016; 
Guinebretière et al., 2013; Jung et al., 2011; Liu et 
al., 2016; Liu et al., 2017; Ruiz-García et al., 2005; 
Spring et al., 2003; Sumpavapol et al., 2010). 

Morphological and physiological-biochemical 
characterization of the isolated strains. Th e mor-
phological and cultural characteristics of selected 
strains were determined aft er 24 h cultivation at 37 
ºC on LB medium. Th e investigated cultures were 
stained according to Gram and Ozheshko (to de-
tect endospores). Analytical profi le index (API) 50 
CHB and API Staph strips were used to determine 
the physiological and biochemical characteristics 
of the selected PHA producers. Th e strains were 
precultured on LB medium for 24 h at 37 °C. For 

each strain, 1 API 50CHB and 1 API Staph strip 
were inoculated with a bacterial suspension in 
API 50CHB medium and API Staph medium with 
a density equivalent to the 2 McFarland standard. 
By systems’ requirements, the fi rst reading was 
taken at 24 h and the defi nitive reading at 48 h of 
cultivation. Th e obtained results were analyzed us-
ing Bergey’s Manual of Systematic Bacteriology 
(De Vos, 2009) and bibliographic search.

16S rRNA gene sequencing of the selected 
strains. Th e 16S rRNA gene sequencing was 
performed aft er amplifi cation of the 16S rRNA 
gene with 27f and 1492r primers. Th e purifi ed 
polymerase chain reaction (PCR) product was 
sequenced in two directions on a Genetic Ana-
lyzer 3130 using a BigDye Terminator v 3.1 Cycle 
Sequencing Kit. Primary comparative analysis of 
the sequences was performed using the NCBI 
Blast program (http://www.ncbi.nlm.nih.gov/
blast). A dendrogram of phylogenetic relation-
ships was constructed based on the Neighbor-
Joining method and the Kimura two-parameter 
model based on 1000 replicates of bootstrap 
analysis using the MEGA 11 soft ware (Tamura et 

a b

Fig. 1. Th e appearance of colonies obtained from 10-fold dilutions of soil samples 
under visible light (a) and UV light (b)
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al., 2021). Th e sequences of the 16S rRNA gene 
of typical cultures of the Bacillus genus bacteria 
were obtained from the GenBank database and 
the web resource www.straininfo.net. Th e ob-
tained sequences for the selected strains, namely, 
Bacillus sp. CHAES I 2_2 and Bacillus sp. 5w2, 
were deposited in GenBank under accession 
numbers PQ147038 and PQ147039, respectively.

Results. Screening for PHA-producing strains 
among the aerobic spore-forming bacteria. To 
identify PHA-producing strains, we performed a 
thorough screening among 300 strains of aerobic 
spore-forming bacteria obtained from diff erent 
geographical zones and ecological niches. PHA 
producers were isolated by culturing strains on 
the medium for screening. Following treatment 
with Nile blue stain, the colonies exhibiting PHA 
synthesis displayed characteristic purple fl uores-
cence under UV light (Fig. 1).

A total of 300 isolates were examined in this 
study. Among them, 21 strains were obtained 
from soil samples collected in Ukraine, 25 from 
soil samples in Egypt, 11 from soil samples in Ec-
uador, and 23 from soil samples in Turkey. In addi-
tion, 9 strains were isolated from benthic deposits 
of freshwater bodies in Ukraine, 111 from benthic 
sediments of the Chornobyl NPP cooling pond, 
and 87 from benthic deposits of the Black Sea. Th e 
remaining isolates included 11 strains obtained 

from the Ukrainian Collection of Microorgan-
isms, comprising 6 strains from the cotton plant 
phyllosphere and 1 strain identifi ed as a contami-
nant of the biological preparation. Furthermore, 2 
epiphytic strains were collected in India.

Among the 300 strains screened, 58 were iden-
tifi ed as PHA producers. Of them, 1.7% originated 
from Ukrainian soil, 53.4% were isolated from the 
bottom sediments of the Chornobyl NPP cool-
ing pond, 13.8% were obtained from UCM, 1.7% 
were contaminants from a biological preparation, 
10.3% were isolated from Egyptian soils, 5.2% 
from benthic deposits in Ukrainian freshwater 
bodies, 12.1% from Turkish soils, and 1.7% from 
the benthic deposits of the Black Sea (Table 1).

Light and luminescence microscopy was per-
formed to prove the synthesis of intracellular in-
clusions. Th e cells formed granules capable of yel-
low fl uorescence under UV radiation, which con-
fi rmed the presence of lipid inclusions (Fig. 2).

To better analyze the composition of the gran-
ules produced by the selected strains and to 
quantify their synthesis levels, gas chromatogra-
phy-mass spectrometry (GC-MS) was conduct-
ed. Th e analysis indicated that the strains syn-
thesized PHA homopolymers of the 3-hydroxy-
butyric nature (Fig. 3). 

According to mass spectrometry data, the 
mass spectra of the compound with Rt 3.26 cor-

Table 1. Physiographic regions and ecological niches of the PHA-producing isolates (n=58)

No. Physiographic region Ecological niche Number 
of isolates

1 Forest steppe Soil 1
Bottom sediments of freshwater bodies 2

2 Mixed coniferous forest with an increased radiation 
background (Chornobyl NPP zone of alienation)

Bottom sediments of the Chornobyl 
NPP water cooling pond

31

3 Mixed coniferous forest Bottom sediments of freshwater bodies 1
4 Th e northern part of the Black Sea Bottom sediments of marine water 1
5 Deserts and semi-deserts Soil 6
6 Mediterranean subtropical forests Soil 7
7 Other UCM 9

Biopreparation contaminant 1
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Fig. 2. Microscopy of Priestia endophytica UCM B-5715 (a, d), Bacillus sp. 5w2 (b, e), and Bacillus sp. CHAES I 2_2 
(c, f): light microscopy with Nile blue stain to detect lipid inclusions — top row, fl uorescence microscopy with Nile 
blue stain to detect lipid inclusions — bottom row 

Fig. 3. Th e PHA granule content of the selected strains (not all data shown). Rt 3.26 — benzoic acid (standard), Rt 
10.92 — 3-hydroxy butanoic acid



ISSN 1028-0987. Microbiological Journal. 2026. (3) 25

Screening for Polyhydroxyalkanoate-Producing Strains among Aerobic Spore-Forming Bacteria

responded to 3-hydroxy butanoic acid in all the 
studied strains (Fig. 4) (not all data shown).

Biosynthetic levels signifi cantly diverged de-
pending on the strain, culture medium, and cul-
tivation conditions (Table 2). 

Given the polyphyletic nature of aerobic 
spore-forming bacteria, polyphasic taxonomy 
analysis was necessary to identify the PHA-pro-
ducing strains. First, chemotaxonomic charac-
terization of the FAME profi les was performed, 
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Fig. 4. Mass spectrum of 3-hydroxy butanoic acid, methyl ester (derivative of the PHA 
monomer) synthesized by the isolated strains

Table 2. Th e PHA content from isolated strains grown on solid PHA medium

No. Strain WCWa, mg PHA content, mg  PHA, %b

1 Bacillus sp. CHAES I 2_2 137.06±23.05 3.7354±0.3519 2.7254
2 Bacillus sp. 5w2 129.21±13.18 3.1952±0.2259 2.4729
3 Bacillus sp. 2_9 147.38±21.11 3.4725±0.3749 2.3622
4 Bacillus sp. CHAES 5_14 242.12±11.21 5.2254±0.1942 2.1582
5 Bacillus sp. Eg S 3_1 35.01±3.94 0.7411±0.0348 2.1168
6 P. endophytica UCM B-5715 70.03±5.33 1.4398±0.0985 2.0560
7 Bacillus sp. 5_5 99.11±6.02 1.9971±0.1113 2.0150
8 Bacillus sp. 4 CHAES 134.05±12.07 2.6950±0.2605 2.0104
9 Bacillus sp. Tr 2_1 90.01±5.77 1.7723±0.1311 1.9692

10 Bacillus sp. Eg S 2_8 57.48±6.34 1.0952±0.0799 1.9054
11 Bacillus sp. Eg S 2_1 162.13±12.99 3.0086±0.2510 1.8567
12 Bacillus sp. 2_1n 151.04±9.15 2.7920±0.1731 1.8485
13 Bacillus sp. 1_3n 140.15±8.13 2.4185±0.1240 1.7257
14 Bacillus sp. 1_8n 73.19±4.34 1.1932±0.0775 1.6303
15 Bacillus sp. 5w3 119.36±5.58 1.8609±0.0989 1.5591
16 Bacillus sp. 3f12 373.23±15.02 5.7078±0.2971 1.5293
17 Bacillus sp. CHAES I 3_2 150.42±11.18 2.2285±0.1533 1.4815
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No. Strain WCWa, mg PHA content, mg  PHA, %b

18 Bacillus sp. 5_5` 194.27±9.98 2.8473±0.1627 1.4656
19 Bacillus sp. 4w5 139.39±13.01 2.0024±0.1688 1.4366
20 Bacillus sp. Tr 2_3 63.26±4.55 0.8879±0.0643 1.4036
21 Bacillus sp. 2_4 158.43±15.31 2.1109±0.1898 1.3324
22 Bacillus sp. 2_2n 97.37±11.48 1.1641±0.1283 1.1955
23 Bacillus sp. CHAES I 1_6 203.24±22.78 2.1326±0.1930 1.0493
24 Bacillus sp. 5w6 65.07±7.87 0.5728±0.0727 0.8803
25 Bacillus sp. Eg S 2_3 163.23±9.06 1.4292±0.0632 0.8756
26 Bacillus sp. Tr M 2_5 137.37±10.03 1.1943±0.0721 0.8694
27 Bacillus sp. 4w1 263.32±19.97 2.2377±0.1755 0.8498
28 Bacillus sp. Tr 4_5 139.46±14.67 1.1576±0.1269 0.8301
29 Bacillus sp. 5w1 293.19±24.56 2.2459±0.1935 0.7660
30 P. endophytica UCM B-5715 temn 21.14±3.89 0.1533±0.0302 0.7252
31 Bacillus sp. Tr M 2_2 113.33±13.04 0.8242±0.0942 0.7273
32 P. endophytica UCM B-5715 ser 26.49±5.21 0.1655±0.0362 0.6248
33 Bacillus sp. 4n11 21.37±4.44 0.1328±0.0377 0.6214
34 Bacillus sp. CHAES 2_3 38.11±6.23 0.2280±0.0372 0.5983
35 Bacillus sp. 2_6 99.01±8.87 0.4968±0.0468 0.5018
36 Bacillus sp. UCM B-5910 18.15±3.55 0.0463±0.0101 0.2551
37 Bacillus sp. Tr 1_8 24.51±3.32 0.0597±0.0081 0.2436
38 Bacillus sp. CHAES I 2_5 40.31±7.54 0.0984±0.0189 0.2441
39 Bacillus sp. Tr M 2_7 182.01±31.04 0.3396±0.0615 0.1866
40 Bacillus sp. 4w7 108.13±10.40 0.1851±0.0217 0.1712
41 Bacillus sp. O3 1_2 61.22±9.82 0.0721±0.0127 0.1178
42 Bacillus sp. CHAES 4_9 20.43±5.31 0.0206±0.0068 0.1008
43 Bacillus sp. Eg S M 1_1 96.25±11.12 0.0294±0.0037 0.0306
44 Bacillus sp. 1_5n 197.22±23.83 traces traces
45 Bacillus sp. CHAES M 3_4n 129.16±12.04 traces traces
46 Bacillus sp. 4_3n 126.05±14.87 traces traces
47 Bacillus sp.Eg S M 2_4 traces traces traces
48 Bacillus sp. 5_4 89.09±3.67 traces traces
49 Bacillus sp. LC 16 169.13±17.21 traces traces
50 Bacillus sp. O3 11R 109.51±13.33 traces traces
51 Bacillus sp. NRV 1 69.17±4.75 traces traces
52 Bacillus sp. 2_10a 24.27±3.56 traces traces
53 Bacillus sp. UCM B-5149 78.71±5.56 traces traces
54 Bacillus sp. UCM B-5510 111.12±8.32 traces traces
55 Bacillus sp. UCM B-5908 10.61±3.01 traces traces
56 Bacillus sp. BZ3* 23.27±2.89 traces traces
57 P. endophytica UCM B-5715 sv traces traces traces
58 Bacillus sp. CHAES 3_4 37.49±3.51 traces traces

aWCW — wet cell weight, bPHA content over WCW (% of the mean WCW values).

Continuation of table 2
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PCA of PHA-producers FAMEs profiles
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Fig. 5. PCA of the FAME profi les of PHA-producing strains 
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and the obtained profi les were classifi ed by PCA. 
Th e analysis indicated that the PHA-producing 
strains obtained were grouped in three distinc-
tive clusters based on the percentage composi-
tion of their FAMEs (Fig. 5).

Th e largest cluster, highlighted in red in Fig. 5, 
comprised 24 PHA-producing strains. Th ese stra-
ins exhibited similar FAME profi les, with domi-
nating branched-chain fatty acids (83—85%). Th e 
main components were aiC15:0 (42.12 ± 4.99%) 
and iC15:0 (18.84 ± 1.53%). Other signifi cant fat-
ty acids included aiC17:0 (12.2 ± 3.33%), iC17:0 
(1.7 ± 0.47%), C16:0 (7.54 ± 1.97%), iC16:0 
(6.65 ± 1.86%), and iC14:0 (4.88 ± 1.09%). 

Th e second-largest cluster, indicated in green, 
comprised 20 PHA-producing Bacillus strains. Th is 
cluster diff ered signifi cantly from the red cluster in 
the ratio of iso- and anteiso-branched fatty acids. 
Th e content of iC15:0 was 25.05 ± 3.65%, while 
aiC15:0 was only 4.02 ± 0.6%. Similarly, iC17:0 was 
found at 18.02 ± 2.21%, whereas aiC17:0 reached 
only 3.62 ± 0.74%. Th e content of C16:0 was 
12.74 ± 3.1%, iC16:0 amounted to 11.14 ± 1.09%, 
and iC14:0 was present at 3.17 ± 1.76%. 

Th e smallest cluster, marked in blue, included 
14 PHA-producing Bacillus strains. Most strains in 
this group displayed a similar FAME profi le. Pre-
dominant fatty acids were iC15:0 (30.59 ± 4.88%) 
and aiC15:0 (26.12 ± 3.11%). iC17:0 and aiC17:0 
were present at 15.69 ± 4.36% and 14.28 ± 4.11%, 
respectively, while C16:0 constituted 5.36 ± 1.86% 
of total fatty acids. 

A dendrogram was constructed to better visu-
alize the relationships between the PHA-produc-
ing strains and the strains of known phylogenetic 
nature (Fig. 6). Th e FAMEs profi le of Clostridium 
bowmanii DSM 14206 was used as an outgroup 
(Spring et al., 2003). Th e dendrogram showed 
that the strains grouped with diff erent reference 
strains and formed distinctive clades. In the B. 
cereus clade, strains Bacillus sp. 5_5’ and CHAES 
I 2_2 grouped with B. pseudomycoides KCTC 
3862T (Jung et al., 2011), and strains Bacillus sp. 
2_1n, 5w6, CHAES I 3_2, 2_6, 5w1, CHAES I 
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ducers and reference strains



ISSN 1028-0987. Microbiological Journal. 2026. (3) 29

Screening for Polyhydroxyalkanoate-Producing Strains among Aerobic Spore-Forming Bacteria

2_5, 1_8n, 5_5, 4n11, 4w5, 3f12, 4 CHAES, 1_3n, 
5w2, Tr 1_2, 5w3, 2_4, and 2_9 grouped with 
B. cereus UCM B-5659, B. cereus UCM B-5652, 
and B. cereus UCM B-5656 reference strains.

In the B. subtilis clade, strains Bacillus sp. 
CHAES I 1_6, Tr M 2_5, Tr 4_5, 4w1, and Tr M 
2_2 grouped with Bacillus licheniformis KCTC 
1918T (Sumpavapol et al., 2010) and Bacillus 
velezensis CR-502T (Ruiz-García et al., 2005) 
reference strains. Bacillus sp. 4w7 and CHAES 
M 3_4 n and 4_3n formed a cluster with B. li-
cheniformis DSM 13T (Liu et al., 2016). Bacillus 
sp. 2_2n and 5_4 clustered with Bacillus subtilis 
UCM 23_2 and Bacillus pumilus UCM B-5609, 
while Bacillus sp. 2_10a formed a subclade with 
B. licheniformis UCM B-5501, B. pumilus UCM 
B-5601, and B. pumilus UCM B-5610. Strains Ba-
cillus sp. Eg S M 1_1, O3 1_2, O3 11R, and UCM 
B-5510 were related to B. licheniformis UCM 
B-5510, and strains Bacillus sp. UCM B-5149, Tr 
M 2_7, and LC 16 were associated with B. sub-
tilis UCM B-5077 and B. subtilis UCM B-5036. 
Strain Bacillus sp. NRV1 was most related to 
strain Bacillus amyloliquefaciens UCM B-5017. 
Strain Bacillus sp. Eg S M 2_4 also belonged to 
the B. subtilis clade but did not closely associate 
with any of the strains. Finally, strain Bacillus sp. 
1_5n was linked to Bacillus siamensis PD-A10T 
(Sumpavapol et al., 2010). 

Last but not least, a separate clade was for-
med, comprising the strain P. endophytica UCM 
B-5715, which is a type strain for its species, and 
PHA-producing strains that were shown to bear 
the same FAME profi le features.

Based on the data depicted in Table 2, strains 
Bacillus sp. CHAES I 2_2 and Bacillus sp. 5w2, 
were considered the most promising PHA pro-
ducers and were subjected to further analysis. 
Strain P. endophytica UCM B-5715 was also 
chosen as a typical strain for its species to better 
analyze the peculiarities of PHA synthesis for the 
type strain. To confi rm their taxonomic status, 
the physiological properties of the strains were 
studied and shown in Table 3.

Based on the data obtained, strain Bacillus sp. 
CHAES I 2_2 was closely related to Bacillus pseu-
domycoides,   strain Bacillus sp. 5w2 belonged to 
the B. cereus group, specifi cally, to Bacillus toyo-
nen sis species (Jiménez et al., 2013), and the phy-
sio logical and biochemical properties of strain 
P.  en do phytica UCM B-5715 were confi rmed to 
be typical for its species (Reva et al., 2002).

Finally, these fi ndings were confi rmed by 16S 
rRNA analysis (Fig. 7).

Based on the 16S rRNA gene analysis, B. toyo-
nensis 5w2 (PQ 147039) is closely related to B. 
toyonensis BCT-7112 (NR 121761.1) and other 
strains of B. toyonensis and Bacillus pacifi cus. 
Another cluster includes B. pseudomycoides 
CHAES I 2_2 (PQ 147038), which is grouped 
closely with B. pseudomycoides NBRC 101232 
(NR 113991.1).

To elucidate the morphological characteristics 
of the selected strains, TEM was performed. Th e 
B. pseudomycoides CHAES I 2_2 strain had a bar-
rel-shaped rod morphology. Th e cells measured 
3.31 ± 0.96 × 1.34 ± 0.30 μm and typically formed 
chains of 5 to 7 cells (Fig. 8, a) with polyhydroxy-
alkanoate granules (Fig. 8, b). Flagella were ab-
sent, indicating that the strain is likely non-mo-
tile, or the conditions required for their develop-
ment were not met. B. toyonensis 5w2 cells were 
elongated rods with rounded ends, measuring 
3.66 ± 0.70 × 1.05 ± 0.14 μm. Th ey also formed 
short chains (Fig. 8, c) and displayed both PHA 
granules and occasional fl agella (Fig. 8, d). Th e 
P.  endophytica UCM B-5715 cells appeared as 
elongated rods (4.01 ± 1.10 × 1.07 ± 0.22 μm) ar-
ranged in chains (Fig. 8, e). Some of the cells had 
fl agella, which were thin and fragile, as they were 
oft en observed detached from the cells (Fig. 8, f). 
Due to high electron density, intracellular gran-
ules were not visible in this strain.

Th e FTIR spectra of PHA recovered from 
strains B. pseudomycoides CHAES I 2_2, B. toy-
onensis 5w2, and P. endophytica UCM B-5715 
exhibited the characteristic PHA signatures and 
are depicted in Fig. 9. Th e transmittance peak 
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Table 3. Physiological and biochemical properties of the selected PHA-producing strains

Colony morphology
Bacillus sp. CHAES I 2_2

Rhizoid-like, white 
colonies, 4—5 mm in 

diameter

Bacillus sp. 5w2
Cream-colored slimy 
colonies, 3—5 mm in 

diameter 

P. endophytica UCM B 5715
Slimy circular colonies, 1—3 mm 
in diameter, pink pigmentation 

with yellow fl uorescence

Cell size, μm 3.31 ± 0.96 × 1.34 ± 0.30 3.66 ± 0.70 × 1.05 ± 0.14 4.01 ± 1.10 × 1.07 ± 0.22 
Motility — — —
Gram staining Gram + Gram + Gram +
Spores + + +
Spore shape oval oval oval
Spore location subterminal subterminal subterminal
Catalase + + +
Aerobic growth + + +
Anaerobic growth + + —
Voges-Proskauer + + —
Reduction of nitrates to nitrites + + —
Alkaline phosphatase reaction — — —
Arginine dihydrolase reaction + + +
Urease reaction — — —

Acid from:
Glycerol — — —
Erythritol — — —
D-Arabinose — — —
L-Arabinose — — —
D-Ribose + + +
D-Xylose — — +
L-Xylose — — —
D-Adonitol + — —
Methyl -ß-D-xylopyranoside — — —

PQ 147039 Bacillus toyonensis 5w2*

NR 024697.1 Bacillus mycoides DSM 11821

NR 125530.1 Bacillus manliponensis BL4-6

PQ 147038 Bacillus pseudomycoides CHAES I 2_2 *

NR 113991.1 Bacillus pseudomycoides NBRC 101232

MH578628.1 Bacillus pseudomycoides SB138

NR 157734.1 Bacillus paramycoides MCCC 1A04098

NR 074540.1 Bacillus cereus ATCC 14579

NR 152692.1 Bacillus wiedmannii FSL W8-0169

NR 157733.1 Bacillus pacificus MCCC 1A06182

NR 121761.1 Bacillus toyonensis BCT-7112

 LC759614.1 Bacillus toyonensis 21TKL1-1 13i

77 

82

90

0.0020

Fig. 7. Dendrogram of genetic similarity between PHA-producing Bacillus sp. CHAES I 2_2 and 
Bacillus sp. 5w2 strains and Bacillaceae family species representatives, built based on 16S rRNA 
gene sequences using the Neighbor-Joining algorithm and the 2-parameter Kimura model
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Colony morphology
Bacillus sp. CHAES I 2_2

Rhizoid-like, white 
colonies, 4—5 mm in 

diameter

Bacillus sp. 5w2
Cream-colored slimy 
colonies, 3—5 mm in 

diameter 

P. endophytica UCM B 5715
Slimy circular colonies, 1—3 mm 
in diameter, pink pigmentation 

with yellow fl uorescence

D-Galactose — — —
D-Glucose + + —
D-Fructose + + —
D-Mannose + — —
L-Sorbose — — —
L-Rhamnose — — —
Dulcitol — — w
Inositol — — —
D-Mannitol — — —
D-Sorbitol — — w
Methyl-α-D-mannopyranoside — — w
Methyl-α-D-glucopyranoside — + —
N-Acetylglucosamine + + —
Amygdalin — w +
Arbutin — + —
Esculin + + +
Salicin + + +
D-Cellobiose — — +
D-Maltose + + w
D-Lactose (bovine origin) — — w
D-Melibiose — — w
D-Saccharose (sucrose) — + —
D-Trehalose + + +
Inulin — — +
D-Melezitose — — +
D-Raffi  nose — — w
Starch (amidon) + + —
Glycogen + + +
Xylitol — — w
Gentiobiose — — —
D-Turanose — + +
D-Lyxose — — —
D-Tagatose — — —
D-Fucose — — —
L-Fucose — — —
D-Arabitol — — —
L-Arabitol — — —
Potassium gluconate — — —
Potassium 2-ketogluconate — — —
Potassium 5-ketogluconate — — —

w — weak reaction.

Continuation of table 3
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Fig. 8. TEM micrographs of rod-shaped cells of Bacillus sp. CHAES I 2_2 (a—b), Bacillus sp. 5w2 (c—d), and 
P. endophytica UCM B-5715 (e—f). Arrows indicate: white — polyhydroxyalkanoate granules, black — fl agella.

Fig. 9. Fourier transform infrared spectrum of the PHA produced by B. pseudomy-
coides CHAES I 2_2 (blue), B. toyonensis 5w2 (red), and Priestia endophytica UCM 
B-5715 (green)
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at 3438.91  cm–¹ was likely associated with the 
O-H stretching vibrations. Th e peak observed 
at 2980.84  cm–¹ and peaks at 2935.52  cm–¹ 
and 2880.55  cm–¹ represented C-H asymmet-
ric stretching and C-H stretching vibrations 
from alkyl groups, respectively. Th e intense ab-
sorption peak at 1725.24  cm–¹ corresponded 
to C=O stretching, characteristic of ester car-
bonyl groups. Th e 1456.19  cm–¹ peak likely 
corresponded to CH2 bending vibrations, and 
the peak at 1381.93 cm–¹ was representative of 
CH3 asymmetric bending. Th e series of peaks 
from 1290.32  cm–¹ to 1102.27  cm–¹ indicated 
C-O-C stretching, typical for ester linkages, and 
the 1060.80  cm–¹ peak corresponded to C-O 
stretching vibrations. Th e peak at 979.79  cm–¹ 
was likely associated with the presence of alkyl 
halides in the extracted polymer. Finally, the 
peaks from 931.57 cm–¹ to 460.00 cm–¹ could be 
ascribed to C-H bending or deformation. Th ese 
prominent absorbance peaks confi rmed that the 
extracted polymer is poly-β-hydroxybutyrate 
(Baikar et al., 2017; Mohammed et al., 2019; Sa-
bapathy et al., 2019).

Discussion. Screening for PHA producers 
worldwide. Our isolates, recovered from diverse 
ecological niches across Ukraine, Egypt, India, 
Ecuador, and Turkey, were identifi ed as mem-
bers of the B. subtilis, B. cereus, and P. endophyt-
ica clades that are described as taxa with well-
established PHA-synthesising capacity (Anjali et 
al., 2013; Halami, 2007; Geethu et al., 2019). Th is 
fi nding is consistent with the screening litera-
ture, which characterizes Bacillus-group organ-
isms as productive PHA accumulators across a 
wide range of environments. Findings from sew-
age effl  uent in Hyderabad (Reddy et al., 2008), 
industrial and municipal waste in India (Phanse 
et al., 2011), ammunition-polluted soil in Kita-
kyushu (Mizuno et al., 2010), and diverse soils in 
Th ailand (Sangkharak & Prasertsan, 2012) and 
Indonesia (Ratnaningrum et al., 2019) report 
multi-genus PHA-producing consortia featur-
ing Bacillus bacteria. More targeted studies have 

further underlined this prominence. For exam-
ple, screening of oil-contaminated soils in India 
identifi ed Priestia megaterium as the most pro-
ductive strain at 3.4 g/L (Mascarenhas & Aruna, 
2017), while soils from Dammam, Saudi Arabia, 
yielded 26 PHA-producing isolates including 
members of Bacillus, Pseudomonas, Staphylococ-
cus, Corynebacterium, and Arthrobacter genera 
(Aljuraifani et al., 2018).

A consistent pattern across this literature, and 
one strongly refl ected in our data, is that the most 
productive strains oft en originate from physically 
or chemically stressed environments. Sources 
such as ammunition-polluted soil (Mizuno et al., 
2010), plastic-waste landfi ll sites (Mohammed et 
al., 2019), sewage and industrial effl  uent (Reddy 
et al., 2008; Phanse et al., 2011), oil-contaminated 
soil (Mascarenhas & Aruna, 2017), and arid in-
dustrial coastlines (Aljuraifani et al., 2018) all 
represent habitats where chronic abiotic stress is 
likely to impose strong selective pressure on the 
intracellular stress-tolerance mechanisms like 
PHA accumulation. In our dataset, 31 of 58 con-
fi rmed producers (53.4%) were isolated from the 
chronically irradiated sediments of the Chornob-
yl NPP cooling pond, with top-performing strains 
such as Bacillus pseudomycoides CHAES I 2_2 and 
Bacillus toyonensis 5w2 accumulating 2.73% and 
2.47% PHA of wet cell weight, respectively. 

Stress ecology and the adaptive signifi cance of 
PHA. Th e multi-stressor character of our most 
productive sampling sites is directly relevant to 
the biology of PHA accumulation, which is now 
understood to be a broadly deployable stress-
tolerance system rather than a simple carbon 
reserve (Koller, 2020). It is worth noting that all 
soil samples collected in this study were dry and 
had a sandy-stony structure, which indicated a 
lack of humus and other nutrients. It is also well-
known that PHA biosynthesis is strongly induced 
under nutrient-limited, carbon-suffi  cient condi-
tions typical of low-humus sandy soils, such as 
those sampled in this work (Możejko-Ciesielska 
& Kiewisz, 2016). Upon nutrient exhaustion, 
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intracellular PHA depolymerases hydrolyse the 
polymer to monomeric units, then convert them 
to acetyl-CoA, supplying acetyl-CoA to the 
TCA cycle and replenishing the cell’s primary 
metabolism. Th is dynamics is termed the PHA 
cycle (Ruiz et al., 2001; Obruca et al., 2020). In 
high-salinity environments, such as the brackish 
Black Sea sediments sampled in our study, PHA 
granules additionally function as hydrophobic 
scaff olds opposing cytoplasmic dehydration un-
der hyperosmotic conditions, while the degra-
dation monomer 3-hydroxybutyrate (3HB) acts 
as a compatible solute and chemical chaperone 
with protective effi  cacy comparable to trehalose 
and hydroxyectoine (Obruca et al., 2018; Obruca 
et al., 2020; Grzesiak et al., 2024).

Th e Chornobyl NPP cooling pond represents 
an extreme case, contaminated by ¹³7Cs, 90Sr, and 
²³9+²40Pu, emitting ionising radiation that gener-
ates reactive oxygen species (ROS) and imposes 
oxidative stress on resident microbiota (Sato et 
al., 2023). Th e PHA cycle is relevant here through 
its regulation of intracellular redox homeostasis. 
PHA biosynthesis consumes reducing equiva-
lents NADH and NADPH preventing their toxic 
accumulation under carbon-surplus, growth-
limited conditions. Meanwhile, PHA degradation 
replenishes these cofactors to supply the reduc-
ing power required by antioxidant enzymes, such 
as superoxide dismutases, catalases, and peroxi-
dases, which neutralise ROS (Tribelli et al., 2019; 
Müller-Santos et al., 2021; Obruca et al., 2020). 
Th ough direct experimental evidence for protec-
tion against ionising radiation specifi cally is still 
emerging, these redox-regulatory mechanisms 
are theoretically and experimentally applicable 
to ionising-radiation-induced oxidative damage 
(Obruca et al., 2020). At sites subject to elevated 
UV irradiance, including the low-latitude soils 
sampled in this study, PHA granules addition-
ally create cytoplasmic refractive heterogeneities 
that passively scatter incident photons, reducing 
the intracellular UV-B dose at the DNA absorp-
tion maximum (~254 nm) (Tribelli et al., 2019). 

Under concurrent thermal stress, phasin proteins 
(PhaP) associated with granule surfaces function 
as molecular chaperones, suppressing protein ag-
gregation and reducing heat-shock gene expres-
sion (Mezzina & Pettinari, 2016).

Bacterial identifi cation and taxonomic con-
text. FAME profi ling assigned all PHA-produc-
ing isolates to the Bacillaceae family, with clus-
tering patterns consistent with the frameworks 
of Kaneda (1977) and Kämpfer (2002) and the 
more recent genomic reclassifi cation of Gupta et 
al. (2020). Isolates of the B. subtilis clade, includ-
ing B. licheniformis, B. velezensis, and B. siamen-
sis, formed a group characterised by high iC15:0 
and aiC15:0 content, while B. cereus-group iso-
lates, including B. mycoides and B. pseudomy-
coides, formed a distinct cluster with elevated 
iC15:0 and low aiC15:0 сontents, in line with 
previously defi ned chemotaxonomic boundaries 
(Kämpfer, 2002; Gupta et al., 2020).

Notably, our FAMEs profi ling demonstrates 
that P. endophytica strains cluster separately from 
both the B. subtilis and B. cereus clades within the 
Bacillaceae family, providing chemotaxonomic 
support for the genomic reclassifi cation of this 
species into the genus Priestia proposed by Gup-
ta et al. (2020). Prior FAMEs-based frameworks 
were established before this reclassifi cation and 
did not include Priestia as a distinct chemotax-
onomic entity (Kaneda, 1977; Kämpfer, 2002). 
Our data suggest that fatty acid composition re-
fl ects the genomic divergence of this lineage and 
that FAMEs profi ling can serve as a rapid, low-
cost corroborating tool for Priestia identifi cation.

Th e taxa recovered in our screening are broadly 
consistent with those reported in previous Bacil-
laceae-focused PHA studies, yet extend them in 
meaningful ways. Th e most frequently isolated 
PHA-producing Bacillaceae family bacteria in the 
literature include P. megaterium (Mohanrasu et 
al., 2020; Obruca et al., 2011), B. cereus (Halami, 
2007; Mohandas et al., 2018), B.  subtilis (Anjali 
et al., 2013), B. thuringiensis (Cueva-Almendras 
et al., 2022; Gowda & Shivakumar, 2014; Kumar 
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et al., 2015), and B. mycoides (Abdelmalek et al., 
2022; Borah et al., 2002). Our collection repro-
duces this data but additionally includes less com-
monly reported producers such as B. pseudomy-
coides and B. toyonensis. Th e recovery of these 
less-documented species across geographically 
and ecologically diverse sampling sites suggests 
that PHA biosynthetic capacity may be more 
broadly distributed within the Bacillaceae fam-
ily than the literature currently refl ects, and that 
sampling bias toward cultivated soils and waste-
water, being the dominant sources in prior stud-
ies, may have contributed to the underrepresenta-
tion of these lineages.

Conclusions. Th is study screened 300 aerobic 
spore-forming bacterial strains from Ukraine, 
Egypt, Ecuador, Turkey, and India for polyhy-
droxyalkanoate production, identifying 58 pro-
ducers confi rmed by staining, microscopy, FTIR, 
and GC—MS. Polyphasic taxonomy placed them 
within the Bacillus cereus, Bacillus subtilis, and 
Priestia endophytica clades, with top producers 
B. pseudomycoides CHAES I 2_2 and B. toyonen-
sis 5w2. A strong link between ecological origin 
and productivity was observed: 53.4% of pro-
ducers, including the highest-yield strains, origi-
nated from the chronically irradiated Chornobyl 
NPP sediments. Other effi  cient isolates came 
from UV-irradiated, saline, or arid environ-
ments. Consistent with global data, stressed en-

vironments are key reservoirs of high-yield PHA 
producers and should guide future bioprospect-
ing strategies.
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СКРИНІНГ ШТАМІВ-БІОСИНТЕТИКІВ ПОЛІГІДРОКСИАЛКАНОАТІВ 
СЕРЕД АЕРОБНИХ СПОРОУТВОРЮЮЧИХ БАКТЕРІЙ

Забруднення довкілля та токсичність традиційних нафтових пластмас є однією з ключових глобальних еко-
логічних проблем. Накопичення їх у наземних і водних екосистемах спричиняє довготривале забруднення 
та загрожує біорізноманіттю. Біорозкладні біополімери, зокрема полігідроксіалканоати розглядаються 
як стійка альтернатива завдяки їхній біосумісності та повній біодеградації. Мета. Ідентифікувати та 
охарактеризувати штами-продуценти полігідроксіалканоатів серед аеробних спороутворюючих бактерій, 
ізольованих з різних екологічних ніш України, Єгипту, Еквадору, Туреччини та Індії. Методи. Досліджено 
300 бактеріальних штамів, виділених із ґрунту, поверхонь рослин та донних відкладень водойм. Скринінг 
здатності до синтезу полігідроксіалканоатів проводили за допомогою забарвлення нільським блакитним, 
світлової та флуоресцентної мікроскопії, трансмісійної електронної мікроскопії, інфрачервоної спектроскопії 
з перетворенням Фур’є та газової хромато-мас-спектрометрії. Таксономічну ідентифікацію здійснювали на 
основі аналізу складу клітинних жирних кислот та секвенування гена 16S рибосомальної рибонуклеїнової 
кислоти. Результати. Виявлено 58 штамів, здатних синтезувати полігідроксіалканоати. Ці ізоляти були 
віднесені до кластерів Bacillus cereus, Bacillus subtilis та Priestia endophytica. Штами демонстрували варіабель-
ний рівень накопичення полімеру залежно від умов культивування. Мікроскопічні та спектроскопічні до-
слідження підтвердили наявність внутрішньоклітинних полімерних гранул і характерних хімічних сигнатур 
полігідроксіалканоатів. Висновки. Найбільш продуктивні штами-продуценти ПГА виділено з біотопів, що 
зазнавали багатофакторного стресу, включаючи донні відклади водойми-охолоджувача Чорнобильської 
АЕС та аридні ґрунти. Ці результати визначають такі середовища як пріоритетні цілі для майбутніх дослі-
джень, спрямованих на пошук високопродуктивних продуцентів ПГА.
Ключові слова: полігідроксіалканоати, бактерії родини Bacillaceae, Priestia endophytica, Bacillus toyonensis, 
Bacillus pseudomycoides, біопластик.
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SCREENING OF ELASTASE, FIBRINOGENASE 
AND COLLAGENASE AMONG BACILLUS STRAINS 
ISOLATED FROM PINE SEEDS
Th e dominant position on the market of industrial enzymes (over 60%) is occupied by proteases, two-thirds of which 
are of microbial origin. Of particular value are stable proteases with specifi city for elastin, fi brinogen, and collagen. Th e 
search for new producers among diff erent econiches is an urgent task for obtaining enzymes with unique properties. En-
dophytic bacteria, in particular, representatives of the genus Bacillus, which colonize the internal tissues of plants, are a 
promising but little-studied source of bioactive compounds. Since data on the proteolytic potential of endophytes of Scots 
pine seeds (Pinus sylvestris L.) in the available literature are fragmentary, the aim of the work was to screen bacterial 
isolates from this econiche for the presence of enzymes with elastase, fi brinogenase, and collagenase activity. Methods. 
Th e objects of the study were 13 cultures isolated from Scots pine seeds. Th e bacteria were grown in submerged cultiva-
tion at 28 °C, with a stirring speed of the nutrient medium of 230 rpm for 3 days. Methods for determining proteolytic 
(elastolytic, fi brinogenolytic, and collagenolytic) activity in the supernatant of the culture liquid were used. Results. Th e 
study of the ability of the supernatants of the studied cultures to hydrolyze various proteolytic substrates showed that 
the strains Bacillus sp. E12 and E5 were promising for further research. In their complex enzyme preparations, elastase 
activity was manifested in the same pH range from 6 to 12, with a pH optimum of 11 and 8 and temperatures from 4 
to 70 °C for Bacillus sp. E12 and E5, respectively. However, the thermooptima of elastase activity in the preparations of 
both strains were slightly diff erent and were 4 and 50 °C for Bacillus sp. E12 and E5, respectively. As for fi brinogenolytic 
activity, the enzyme preparations of Bacillus sp. E12 and E5 diff ered signifi cantly in activity (6.8 and 1.05 U/mL)and 
were characterized by almost the same pH optimum (10 and 9), but diff ered sharply in thermooptima (38 and 60 °C). 
Conclusions. For the fi rst time, eff ective producers of proteases with elastase and fi brinogenolytic activity have been 
identifi ed from bacteria isolated from Scots pine seeds. Th e results obtained expand understanding of the biological 
activity of endophytic bacteria, inhabitants of Scots pine.
Keywords: Bacillus, endophytic bacteria, Scots pine, proteases, elastase activity, fi brinogenase activity, collagenase activity.
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Today, more than 60% of the industrial enzyme 
market is made up of proteases (Hashmi et al., 
2022). Th eir sources can be animals, plants, and 
microorganisms. Compared with proteases of an-
imal or plant origin, proteases obtained by micro-
bial fermentation are characterized by a number 
of advantages, namely high production capacity, 
low production cost, as well as the possibility of 
using genetic manipulations to improve their ac-
tivity. Th erefore, in the global industrial enzyme 
market, about two-thirds of commercial proteases 
are of microbial origin (Song et al., 2023). One of 
the most sought-aft er enzymes in industry, medi-
cine, and biotechnology are proteases with speci-
fi city for elastin, fi brinogen, fi brin, and collagen 
(Nguyen et al., 2025). Th is is due to their high 
stability, the ability to function in a wide range of 
pH and temperatures, as well as the prospects for 
obtaining new therapeutic drugs based on them.

Despite the signifi cant diversity of protease pro-
ducers known today, the search for new strains of 
diff erent origins remains relevant, because new 
isolates may have unique properties, namely tol-
erance to extreme conditions, enhanced enzyme 
secretion, increased activity, and specifi city for 
certain protein substrates. Th at is why the ini-
tial screening of natural isolates is a key stage in 
the creation of biocatalysts with increased func-
tional characteristics, as well as the development 
of biotechnological processes based on them. In 
this case, the econiche from which microorgan-
isms are isolated is of great importance, because 
producers obtained from extreme econiches, in 
particular under conditions of increased salinity 
and reduced temperatures and lighting, will dif-
fer in their physicochemical and catalytic proper-
ties from microorganisms isolated from econiches 
with normal conditions of existence. Today, many 
eff ective enzyme producers isolated from soil, 
marine environments, and plants are known. But 
there is a group of microorganisms, in particular 
endophytic bacteria, which can be found not on 
the surface of plants, but in tissues, in particular 
seeds, fruit shells, roots, stems, etc. Such plant bac-

teria live asymptomatically in plant tissues and do 
not cause any negative impact on them. Th e close 
and harmless relationship among the endophyte, 
its host plant, and complex substrates can provide 
a unique habitat, which forces endophytes to pro-
duce a variety of bioactive compounds, including 
various enzymes. However, as for proteolytic en-
zymes, the available literature contains only frag-
mentary data on their presence in Scots pine seeds. 
Th erefore, the aim of this work was to screen mi-
croorganisms for the presence of enzymes with 
elastase, fi brinogenase, and collagenase activity 
among representatives of the genus Bacillus, in-
habitants of such an econiche as Scots pine.

Materials and Methods. Th e objects of the re-
search were Bacillus sp. E1, strains E2, E3, E5, E6, 
E7, E8, E9, E10, E11, E12, E15, and E18, isolated 
from seeds of Scots pine (Pinus sylvestris L.). Th e 
seeds were collected by us in 2023—2024 at the 
Boyar Forest Research Station of the National 
University of Biology and Chemistry. To isolate 
endophytic bacteria, the method of surface ster-
ilization of Scots pine seeds was used (sequen-
tially: 5 min 70% ethanol solution, 20 min 16.5% 
hydrogen peroxide, burning in 96% ethanol) 
with subsequent sterility control. Epiphytic bac-
teria were isolated by washing the seeds. Th e iso-
lated strains were identifi ed based on the study 
of morphological-cultural and physiological-
biochemical properties. Identifi cation of strains 
E7, E8, E9, E10, E11, E12, E15, and E18 was also 
carried out by the matrix-activated laser desorp-
tion/ionization (MALDI-TOF mass spectrome-
try) method, the results of which were published 
in previous works (Shopinskyi et al., 2025 a; 
Shopinskyi et al., 2025 b).

For submerged fermentation, strains were cul-
tivated in Erlenmeyer fl asks containing 100 mL 
of medium of the following compositions (g/L): 
KH2PO4  — 1.0; MgSO4 × 7Н2О  — 0.75; Zn-
SO4 × Н2О — 0.25; (NH4)2SO4— 0.5; maltose — 
1.0; gelatin  — 10.0; yeast autolysate  — 0.15; 
рН 7.0. Cultures were grown at 28 °C, with a ro-
tation speed of 230 rpm for 3 days. At the end 
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of fermentation, the biomass was determined in 
the culture liquid supernatant.

Elastase activity was determined colorimetri-
cally by the intensity of the color of the solution 
upon enzymatic hydrolysis of elastin stained 
with Congo red (Gudzenko et al., 2025). An ac-
tivity unit was taken as the amount of enzyme 
that catalyzes the hydrolysis of 1 mg of the sub-
strate for 1 min under standard conditions. 

Fibrinogenolytic activity was determined by 
the recommended methods with fi brinogen as 
substrate (Varbanets & Matseliukh, 2014).

Collagenase activity was determined by the 
content of free amino acids in the reaction 
mixture containing ninhydrin (Moore & Stein, 
1948). Th  e unit of activity was the number of 
micromoles of released amino acids according 
to the standard curve constructed for leucine. 

To study the eff ect of cultivation temperature 
on enzyme activity, producers were grown at 
temperatures of 18, 28, 37, and 42 °C.

Partially purifi ed enzyme preparations were 
obtained by precipitation with ammonium sul-
fate. Dry salt (NH4)2SO4 was added to the super-
natant of the culture liquid to a fi nal concentra-
tion of 90%. Th e mixture was kept for 6 h at 4 °C 
and centrifuged at 5000 g for 45 min. Th e precip-
itate was collected and dissolved in a threefold 
volume of 3 M ammonium sulfate. 

Th e study of the eff ect of temperature and pH 
on enzyme activity was carried out in the tem-
perature range from 4 to 80 °C and pH from 3.0 
to 12.0, the latter was created with 0.05 M uni-
versal phosphate buff er.

All experiments were performed in 5 rep-
etitions. Student’s t-test was used for statistical 
analysis. Data are presented as mean ± standard 
deviation e (M ± m) and are considered signif-
icant at p < 0.05. Th e results, presented in the 
form of graphs, were processed using Microsoft  
Excel 2007.

Results. Th e study of elastase activity showed 
(Fig. 1) that on the second day of cultivation, in 
the culture liquid supernatant (CLS), 9 of 13 Ba-

cillus sp. strains studied were detected. Th e high-
est elastase activity was demonstrated by CLS of 
strains E12 (30.7 U/mL), E5 (25.0 U/mL), and 
E1 (19.53 U/mL). Moderately high values were 
observed in CLS of strains E10 (14.9 U/mL), E8 
(12.31 U/mL), and E7 (9.7 U/mL). Low activity 
was detected in CLS of strains E9 (7.9 U/mL), 
E 15 (5.07 U/mL) ,and E 18 (5.2 U/mL), while 
in CLS of strains E2, E3, E6, and E 11, it was not 
identifi ed at all.

Th e ability to hydrolyze fi brinogen was detect-
ed in CLS of 10 out of 13 strains studied (Fig. 2).

Th e results obtained indicate signifi cant vari-
ability among the studied strains. Th us, the high-
est levels of fi brinogenolytic activity were found 
in CLS of strains E5 (6.8 U/mL), E18 (5.2 U/mL), 
and E15 (4.7 U/mL). Low levels of activity were 
observed in CLS of strains E12 (1.05 U/mL), E9 
(0.9 U/mL), E1 (0.8 U/mL), E10 (0.75 U/mL), E7 
(0.54 U/mL), E6 (0.5 U/mL), and E8 (0.44 U/mL). 
In CLS of strains E2, E3, and E11, fi brinogeno-
lytic activity was not detected at all. In general, 
the screening results indicate that strains E18, 
E5, and E15 are the most promising producers of 
enzymes with specifi city for fi brinogen, but their 
activity was lower than the activity of enzymes 
isolated from producers of other econiches. As 
for collagenase activity (Fig. 3), the highest one 
was observed in CLS of Bacillus sp. E9 (0.72 U/
mL). Signifi cantly lower values were observed in 
CLS of strains E5 (0.28 U/mL) and E18 (0.26 U/
mL). Th e group of strains with moderate activity 
includes strains Bacillus sp E15 (0.24 U/mL), E11 
(0.22 U/mL), E10 (0.2 U/mL), E7 (0.17 U/mL), E6 
(0.16 U/mL), E8 (0.15 U/mL), E12 (0.15 U/mL), 
and E1 (0.13 U/mL). Th e ability to hydrolyze col-
lagen was not detected in CLS of Bacillus sp. E2 
and E3. Th e results obtained indicate that since 
the studied strains of Bacillus sp. showed very low 
collagenase activity, compared to known produc-
ers, they are not promising for further studies of 
collagenase activity.

Among the three studied activities, the high-
est in relation to elastin was found in CLS of 
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two strains, namely Bacillus sp. E12 and E5. 
Th erefore, further studies were aimed at study-
ing their elastase activity, namely the dynamics 
of elastase synthesis and the infl uence of culti-
vation temperature on their activity. Th e study 
of the dynamics of elastase synthesis by Bacil-
lus sp E5 and E12 cultures (Fig. 4) showed that 
the maximum activity was observed starting 

from 48 hours of cultivation and remained the 
same until 72 hours, aft er which it gradually 
decreased. Th erefore, the maximum elastase ac-
tivity of both studied strains was from 48 to 72 
hours of cultivation.

Th e study of the infl uence of cultivation tem-
perature on the elastase activity of the studied 
strains Bacillus sp. E5 and E12 (Fig. 5) shows 
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Fig. 2. Fibrinogenolytic activity of CLS Bacillus sp. 
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that the optimum temperature for the maximum 
elastase activity of both strains was 28 °C and was 
25.0 and 30.7 U/mL, respectively. Both lower and 
higher values of the cultivation temperatures of 
the strains caused a decrease in elastase activity. 
Th us, at a temperature of 18 °C, the activity of 
the CLS of Bacillus sp. E5 was 18 U/mL, while for 
strain E12, it was only 5 U/mL. An increase in 
the cultivation temperature of the producer also 

contributed to a signifi cant decrease in activity. 
Th us, at 37 °C, it decreased for both strains by 
1.7 times compared to the optimal one and was 
15 and 18 U/mL for strains E5 and E12, respec-
tively,. Further increase in the cultivation tem-
perature to 42 °C also contributed to a decrease 
in the elastase activity of the CLS of the Bacillus 
sp. E5 strain by 3 times (8 U/mL) and for the E12 
strain by 2.5 times (12 U/mL).
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For further studies of the enzymatic activity 
of two active strains of Baci llus sp. E12 and E5, 
partially purifi ed preparations were obtained 
from the supernatants of their culture liquids 
by precipitation with ammonium sulfate. Th e 
study of such optimal conditions of the action 
of the preparations as pH- and thermooptimum 
showed (Fig. 6 A, B) that in complex enzyme 
preparations of Bacillus sp. E5 and Bacillus sp. 
E12, elastase activity is manifested in the same 
pH range from 6 to 12, with pH-optimum of 8 
and 11, respectively. Th at is, the elastase activ-
ity of both strains was maximum in the alkaline 
zone of pH values.

Elastase activity in preparations of both Ba-
cillus sp. strains E5 and E12 was detected in the 
same temperature range from 4 to 70 °C. How-
ever, their thermooptima of elastase activity dif-
fered and were 50 °C and 4 °C, respectively. In 
addition to elastase activity, fi brinogenolytic ac-
tivity was also detected in CLS of both strains. 
Although it was somewhat lower compared to 
the previously studied Bacillus strains isolated 
from diff erent econiches, we investigated it in 
complex enzyme preparations, in particular, its 
dependence on pH and temperature. It is shown 
(Fig. 7A) that fi brinogenolytic activity in prepa-
rations of both strains was manifested in the pH 
range from 6 to 12, with optimal pH values at 9 
and 10, for Bacillus sp. E5 and E12, respectively,

As for the temperature range of the fi brino-
genolytic activity of these two active prepara-
tions (Fig. 7B), it also diff ered little and was 
from 4 to 68 °C. However, signifi cant deviations 
were found in the values of optimal tempera-
tures for the manifestation of maximum activ-
ity: 38 °C for the enzyme preparation Bacillus 
sp. E12 and 60 °C for Bacillus sp. E5. Th us, 
the analysis of the obtained data shows that 
the highest elastase activity was demonstrated 
by 2 strains of 13 studied cultures: Bacillus sp. 
E12 and Bacillus sp. E5. Th e complex enzyme 
preparations diff ered little in activity (30.7 and 
25.0  U/mL), pH optimum (11.0 and 8.0), and 

thermooptimum (4 and 50 °C) for Bacillus sp. 
E12 and E5, respectively.

Discussion. To comprehensively assess the 
proteolytic potential of 13 strains of Bacillus sp. 
isolated from Scots pine seeds, a comparative 
study of their ability to hydrolyze elastin, fi brin-
ogen, and collagen was conducted. It is known 
(Lokya et al., 2020; Kim et al., 2019) that prote-
ases in seeds play an extremely important role. 
Th eir ability to break down protein substrates 
helps the seed obtain nutrients and provides a 
symbiotic relationship with the plant, promoting 
seed germination, protection against pathogens, 
and stimulation of seedling growth. Representa-
tives of various bacterial genera, including Ba-
cillus, have been identifi ed as part of endophytic 
bacteria isolated from Scots pine seeds (Maslen-
nikova et al., 2023). Since it is known (Shakilani-
shi et al., 2024; Khan et al., 2022; Rosazza et al., 
2023) that representatives of this genus are eff ec-
tive producers of proteases, we carried out stud-
ies to identify among them active producers of 
enzymes with specifi city for elastin, fi brinogen, 
and collagen, which have wide practical use in 
various industries and in medicine.

Since in the available literature we did not fi nd 
data on the presence of elastase, fi brinogenase, 
and collagenase producers in Scots pine seeds, 
the solution of this issue became the purpose of 
this research. Analysis of the results obtained 
for screening among 13 Bacillus sp. strains iso-
lated from Scots pine seeds shows that only two 
strains, namely Bacillus sp. E12 and E5, were 
eff ective producers of proteases with elastase 
activity, which was 30.7 U/mL and 25.0 U/mL, 
respectively. It was established that the greatest 
synthesis of the enzyme by both studied strains 
was observed in the period from 24 to 72 hours 
of cultivation, aft er which the synthesis of prote-
ases gradually decreases. Similar results were ob-
tained by the researchers (Hashmi et al., 2022), 
who showed that B. amyloliquefaciens KSM12 is 
able to produce protease with maximum activity 
aft er 72 h, and B. subtilis S1 aft er 48 h (Hashmi 
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et al., 2022). As for the optimal cultivation tem-
peratures, our data do not agree with the results 
obtained by the above-mentioned authors. 

Th us, for the optimal synthesis of elastase by 
both strains of Bacillus sp. E12 and E5, the culti-
vation temperature is 28 °C, while for B. subtilis 
S1 and B. amyloliquefaciens KSM12, the optimal 
temperature is 37 °C. Th e optimal fermentation 
conditions for B. amyloliquefaciens KSM12 are 
24-hour incubation and a temperature of 37 °C. 
Th ese results are also confi rmed by other data in 
the literature (Feng et al., 2025), which indicate 
that the synthesis of extracellular proteases oc-
curs in the late logarithmic and early stationary 
phases of growth, when they are necessary for 
the breakdown of complex nutrients, since the 
primary sources of carbon and nitrogen are de-
pleted in the culture media. However, other re-
searchers (Hashmi et al., 2022) believe that the 
decrease in the activity of B. subtilis S1 and B. 
amyloliquefaciens KSM12 proteases aft er 48 and 
72 h of cultivation, respectively, may be due to 
the accumulation of toxic substances produced 
by the bacteria in the culture medium.

Bacillus sp. E12 was characterized by high 
elastase and low fi brinogenolytic activity. Ba-
cillus sp. E5 was characterized by slightly lower 
elastase activity, but the highest fi brinogenolytic 
activity among the 13 studied strains. To obtain 
partially purifi ed enzyme preparations, the su-
pernatants of the culture liquid of both strains 
were precipitated with ammonium sulfate. As a 
result, the elastase activity did not increase, but 
the fi brinogenolytic activity increased almost 
by 5 times. Analysis of the results indicates that 
both strains Bacillus sp. E12 and Bacillus sp. E5 
may be promising for further studies as produc-
ers of proteases with elastase activity. Although 
Bacillus sp. E5 does not exhibit very high fi brino-
genolytic activity, it is also of interest for further 
studies due to the rather unique econiche from 
which both strains were isolated. 

Th e presence of Bacillus sp. isolates with pro-
tease activity toward elastin and fi brinogen in-

dicates a possible ecological role in symbiotic 
relationships with the host plant, in particular 
Scots pine. 

Further, more extensive studies on the prop-
erties of Bacillus sp. E12 and E5 enzymes, their 
catalytic activity, and the functional groups of 
the active site may bring us closer to answering 
the question of why bacteria isolated from Scots 
pine need proteases with elastase and fi brino-
genolytic activity and why one of them (Bacil-
lus sp. E12) has a thermooptimum of action of 
4 °C only.

Th e indicated termooptimum of enzymatic 
activity at 4 °C is atypical for most representa-
tives of the genus Bacillus, which belong main-
ly to mesophilic microorganisms. At the same 
time, our results may indicate the presence of 
cold-active (psychrophilic or psychrotolerant) 
enzymes in the studied strain. It is known that 
microorganisms adapted to low-temperature 
conditions are able to synthesize enzymes that 
retain high catalytic activity at temperatures 
close to 0 °C, which is their key physiological 
and biochemical feature (Hamid et al., 2022). 
In particular, Bacillus strains isolated from cold 
ecosystems (glacial soils, marine and deep-sea 
environments) have been described that pro-
duce cold-active proteases and other hydrolytic 
enzymes (Joshi & Satyanarayana, 2013). For 
example, Bacillus pumilus isolated from glacial 
soils has been shown to grow in the range of 
4—30 °C and to synthesize a cold-active prote-
ase with high activity at low temperatures (Fa-
rooq et al., 2021). Th is supports the possibility 
of the existence of members of the genus Ba-
cillus whose enzyme systems are functionally 
adapted to low-temperature conditions..

Our fi ndings not only indicate the presence 
of cold-active enzymes in the studied strain but 
also indicate their possible ecological signifi -
cance. It is known that plant seeds are a specifi c 
microecological niche that is characterized by 
limited availability of nutrients, low humid-
ity, and signifi cant temperature fl uctuations, in 
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particular during storage or stay in the soil in a 
cold season. Under such conditions, the ability 
of microorganisms to synthesize enzymes active 
at low temperatures is an important adaptive ad-
vantage. Cold-active proteases can destroy seed 
storage proteins even at low temperatures, which 
contributes to the use of organic substrates in 
situations where the metabolic activity of most 
competitive microorganisms is limited. In addi-
tion, such enzymatic activity can play a role in 
the processes of biodegradation of damaged or 
dead seed tissues, participating in the mineral-
ization of organic matter and maintaining the 
stability of microbial communities. In terms of 
an ecological perspective, the presence of cold-
active enzymes in seed-associated bacteria may 
be related to their ability to colonize seeds at 
early stages of germination, when the environ-
mental temperature is still low. Th is may provide 
them with competitive advantages in shaping 
the seedling microbiome and infl uencing sub-
sequent plant development. At the same time, 
such microorganisms may participate in regula-

tion of the physiological state of seeds, in par-
ticular through modifi cation of protein compo-
nents of the seed coats or endosperm. Th us, the 
temperature optimum at 4 °C, identifi ed in this 
work, is probably due to the peculiarities of the 
structural arrangement of the enzyme, which 
provide increased fl exibility of the active center 
and eff ective catalysis at low temperatures. 
Th e results obtained suggest that the studied 
strain is a producer of cold-active enzymes 
adapted to the conditions of the seed niche. It 
should be emphasized that such properties are 
uncharacteristic of classical representatives of the 
genus Bacillus, and therefore the obtained data 
have signs of scientifi c novelty. In our opinion, 
such a low temperature optimum of enzymatic 
activity has been shown for the fi rst time for 
this object of study, which expands the idea of 
the adaptive potential of bacilli and opens up 
prospects for their biotechnological application 
in processes occurring at low temperatures.
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СКРИНІНГ ЕЛАСТАЗ, ФІБРИНОГЕНАЗ ТА КОЛАГЕНАЗ 
СЕРЕД ШТАМІВ BACILLUS, ВИДІЛЕНИХ ІЗ НАСІННЯ СОСНИ

Домінуюче положення на ринку промислових ферментів  (понад 60%) посідають протеази, серед яких дві 
третини мають мікробне походження. Особливу цінність становлять стабільні протеази зі специфічністю 
до еластину, фібриногену та колагену. Пошук нових продуцентів серед різних еконіш є актуальним завдан-
ням для отримання ферментів з унікальними властивостями. Ендофітні бактерії, зокрема представники ро-
ду Bacillus, що колонізують внутрішні тканини рослин, є перспективним, проте малодослідженим джерелом 
біоактивних сполук. Оскільки дані щодо протеолітичного потенціалу ендофітів насіння сосни звичайної 
(Pinus sylvestris L.) у доступній літературі є фрагментарними, метою роботи було провести скринінг бак-
теріальних ізолятів із цієї еконіші на наявність ферментів з еластазною, фібриногеназною та колагеназною 
активністю. Методи. Об’єктами дослідження були 13 культур, ізольованих із насіння сосни звичайної. Бак-
терії вирощували в умовах глибинного культивування при 28 °С, зі швидкістю перемішування живильного 
середовища 230 об/хв протягом 3 діб. Використовували методи визначення протеолітичної (еластолітичної, 
фібриногенолітичної та колагенолітичної) активності в супернатанті культуральної рідини. Результати. 
Дослідження здатності супернатантів досліджуваних культур гідролізувати різні протеолітичні субстрати 
показало, що перспективними для подальших досліджень виявилися штами Bacillus sp. Е12 і Е5. В їхніх 
комплексних ензимних препаратах еластазна активність проявлялася в однаковому діапазоні рН від 6 до 
12, з рН-оптимумом 11 та 8, відповідно для Bacillus sp. Е12 і Е5 та температур від 4 до 70 °С. Однак термооп-
тимуми еластазної активності в препаратах обох штамів відрізнялися і складали 4 та 50 °С, відповідно для 
Bacillus sp. Е12 та Е5. Що стосується фібриногенолітичної активності, то ензимні препарати Bacillus sp. Е12 та 
Е5 значно відрізнялися активністю (1.05 та 6.8 од/мл), характеризувалися майже однаковим рН-оптимумом 
(10 та 9), але різко відрізнялися термооптимумом (38 та 60 °С). Висновки. Вперше з бактерій, виділених з 
насіння сосни звичайної, виявлено ефективні продуценти протеаз з еластазною та фібриногенолітичною 
активністю. Отримані результати розширюють уявлення про біологічну активність ендофітних бактерій, 
мешканців сосни звичайної. 
Ключові слова: Bacillus, ендофітні бактерії, сосна звичайна, протеази, еластазна активність, фібриноге-
назна активність, колагеназна активність.
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DEVELOPMENT OF A SELECTIVE-DIFFERENTIAL 
NUTRIENT MEDIUM FOR THE ISOLATION 
OF BORDETELLA BRONCHISEPTICA
Th e diagnosis of infectious diseases is crucial for monitoring animal welfare and ensuring sustainable epizootic health 
in diff erent regions. Th is study aimed to experimentally validate the development of a selective-diff erential nutrient 
medium for isolating Bordetella bronchiseptica and to assess its eff ectiveness. Methods. Th e Bordetella bronchiseptica 
ATCC 4617 strain was used in the study. Th e temperature, pH, nutrient base, selective components, and diff erential 
markers were optimized stepwise. Th e test was performed on 69 clinical samples (47 PCR-positive and 22 PCR-nega-
tive). We conducted a comparison of isolation frequencies using Fisher’s exact test and McNemar’s test. Results. Th e 
optimal cultivation parameters for Bordetella bronchiseptica were determined to be 36.0 ± 0.5 °C and pH 7.1 ± 0.1. 
A nutrient medium was developed based on the results of the stepwise optimization of the nutrient base and selec-
tive and diff erential components (g/L of distilled water): enzymatic peptone — 20.0 ; yeast extract — 5.0 ; casein — 
5.0; urea — 5.0 ; 2,3,5-triphenyltetrazolium chloride (TTC) — 0.01 ; cephalexin — 0.003; bromothymol blue — 0.02; 
agar — 15.0. Th e developed medium provided an isolation frequency of 72.3%, exceeding Regan-Lowe (61.7%) and 
charcoal-blood agar (CBA) (51.1%). A statistically signifi cant advantage over CBA was found (p < 0.05). Conclusions. 
Th e proposed medium increases the eff ectiveness of culture-based diagnostics and enables the initial phenotypic evalu-
ation of isolates during primary cultivation.
Keywords: Bordetella bronchiseptica, selective medium, diff erential medium, bacteriological diagnosis.
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Diseases of various genesis cause signifi cant eco-
nomic losses to the livestock industry and pet 
owners worldwide (Fong, 2017; Rahman et al., 
2020; Paliy et al., 2023).

Bordetella bronchiseptica bacteria are an im-
portant etiological agent of respiratory diseases 
in animals. Th ey cause infectious tracheobron-
chitis in dogs and atrophic rhinitis in pigs. Th ey 
are also a component of polyetiological respi-
ratory complexes (Zhang et al., 2021; Ma et al., 
2022; Kennedy et al., 2024). Th e pathogen is de-
tected in 25—65% of animals with clinical signs 
of respiratory syndrome, depending on the spe-
cies, epizootic situation, and diagnostic method 
(Yi et al., 2024). Th is microorganism can persist 
for long periods in animal populations and can 
form asymptomatic carriers, complicating the 
control of the infectious diseases it causes (Gujju 
et al., 2021; Baddhai & Das, 2023).

Despite the introduction of molecular meth-
ods, particularly PCR, bacteriological culture 
isolation is still necessary for laboratory confi r-
mation of the disease (Kaul et al., 2025; Wong et 
al., 2026). Isolating a viable pathogen enables one 
to test its sensitivity to antibacterial drugs and 
evaluate the phenotypic properties of isolates (de 
Jong et al., 2023). However, the sensitivity of the 
culture method is oft en 30—60% at most, due to 
the infl uence of concomitant microfl ora, previ-
ous antibiotic therapy, and the peculiarities of 
the material transportation (Ma et al., 2021).

Due to the biological characteristics of B. 
bronchiseptica, such as stable urease activity 
and the ability to vary phenotypic properties, 
enhancing culture media is crucial for improv-
ing the eff ectiveness of bacteriological diagnosis 
(Pérez-Ortega et al., 2023).

Standard nutrient media used for primary 
isolation of Bordetella include Bordet-Gengou, 
Regan-Lowe, and charcoal-blood agar (Zhang 
et al., 2021). Th ese media provide selectivity, but 
they do not enable simultaneous assessment of 
key phenotypic characteristics of isolates. Prima-
ry biochemical identifi cation requires additional 

tests, prolonging the duration of laboratory di-
agnosis.

Th us, it is important to create a selective-dif-
ferential nutrient medium that eff ectively iso-
lates B. bronchiseptica and allows for primary 
phenotypic assessment during cultivation.

In modern microbiology, the optimization 
of nutrient media increasingly relies on ratio-
nal modeling of composition and the use of al-
gorithmic approaches and machine learning to 
select optimal concentrations of nutrients and 
selective components (Vondrová et al., 2026). 
Th ese strategies increase the effi  ciency of isolat-
ing fastidious microorganisms, reduce the infl u-
ence of accompanying microfl ora, and shorten 
the time required for laboratory diagnostics.

When organizing and carrying out measures 
to prevent and combat infectious diseases, it is 
crucial to test microorganisms’ resistance to 
antibacterial agents (Kadlec & Schwarz, 2018; 
Paliy, 2018).

Th is study aimed to develop a selective-diff er-
ential nutrient medium for isolating B. bronchi-
septica by optimizing physicochemical param-
eters, nutrient base composition, and selective 
and diff erential components.

Materials and Methods. Th e B. bronchisepti-
ca ATCC 4617 reference strain (American Type 
Culture Collection, USA) was used in the study. 
All experiments were conducted in three inde-
pendent series using freshly prepared media.

Th e microorganisms were incubated at tem-
peratures ranging from 25 to 40 °C in 1.0 °C in-
crements and at pH values ranging from 6.0 to 
8.0 in 0.1 increments. We evaluated the time of 
visible growth, average colony diameter, inten-
sity of indicator staining, and severity of urease 
and proteolytic reactions.

To optimize the nutrient base, the eff ects of 
diff erent concentrations of enzymatic peptone 
(10—50 g/L) and yeast extract (1 —10 g/L) were 
studied. Growth intensity, the typical morphol-
ogy of the colonies, the clarity of the diff eren-
tial reactions, and the transparency of the me-
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dium background were considered. Th e optimal 
concentrations were determined by balancing 
growth with the expression of indicator traits.

Th e following antibacterial agents were stud-
ied as selective components at concentrations of 
0.001—0.01 g/L: cefalexin, ampicillin, nalidixic 
acid, vancomycin, polymyxin B, amphotericin 
B, and nystatin. Evaluation criteria included 
suppression of concomitant microfl ora, preser-
vation of B. bronchiseptica growth, colony mor-
phology, and the absence of growth retardation 
for more than 24 hours. Representatives of typi-
cal respiratory microfl ora (E. coli, Proteus spp., 
Staphylococcus spp., and Enterococcus spp.) were 
used to test selectivity.

We studied diff erential and indicator compo-
nents, such as urea, at concentrations ranging 
from 1.0 to 20.0 g/L. We assessed the intensity 
of the reaction on a four-point scale. We stud-
ied 2,3,5-triphenyl tetrazolium chloride (TTC) 
at concentrations ranging from 0.005 to 0.05 g/L 
and assessed colony contrast. We used protein 
substrates (casein, azocasein, and gelatin) to de-
termine proteolytic activity and assess hydrolysis 
zones aft er 24 to 48 hours.

Bromothymol blue (0.02 g/L) was included as 
a pH indicator to detect urease-mediated alkali-
zation. Color change was evaluated aft er 18, 24, 
and 48 h of incubation.

Aft er optimization, the medium was tested on 
69 clinical samples, 47 of which were PCR-posi-
tive and 22 — PCR-negative. Th e study material 
was obtained from dogs with clinical signs of re-
spiratory disease. Th e samples consisted of nasal 
swabs and tracheal secretions collected under 
sterile conditions before antibiotic treatment. 
Samples were transported to the laboratory 
under refrigerated conditions and processed 
within 24 hours.

A parallel bacteriological study was conduct-
ed using the developed medium, the Regan-
Lowe medium, and charcoal-blood agar with 
cephalexin. Polymerase chain reaction (PCR) 
was used as the reference method.

Phage titer amplifi cation assay (PTAA) was 
performed to assess the increase in bacterio-
phage titer following incubation with the test 
samples. Th e assay was conducted according to 
standard protocols with quantitative evaluation 
of phage proliferation.

Th e study was conducted in accordance with 
ISO/IEC 17025 (2017) requirements for quality 
assurance in laboratory testing (International 
Organization for Standardization, 2017).

We performed frequency comparisons using 
Fisher’s exact test and McNemar’s test. Odds 
ratios (OR) and their 95% confi dence intervals 
were calculated. We assessed diagnostic effi  cacy 
by determining sensitivity, specifi city, and pre-
dictive values, Youden’s index, and the area un-
der the ROC curve (AUC). Confi dence intervals 
for proportions were calculated using Wilson’s 
method. Th e level of statistical signifi cance was 
set at p < 0.05. Data processing was performed 
using IBM SPSS Statistics v.26.0, R v.4.3.1, and 
MedCalc v.20.2.

Results. At the preliminary stage, we estab-
lished that B. bronchiseptica growth intensity 
depends on the cultivation temperature regime 
(Table 1).

At 25—30 °C, growth was slow: the fi rst 
colonies appeared aft er 48—72 hours, their 
average diameter was 0.5—0.8 mm, and the 
intensity of redox staining was low.

In the range of 34—37 °C, typical colonies 
formed aft er 24—36 hours. Th e most intense 

Table 1. Eff ect of incubation temperature 
on the growth of B. bronchiseptica

Tempera-
ture, °C

Time until 
visible growth, h

Colony 
diameter, mm

Redox indicator 
intensity

25 72 0.5 ± 0.1 Weak
30 48—72 0.8 ± 0.1 Weak
34 36 1.2 ± 0.2 Moderate
36 24—36 1.8 ± 0.2 Intense
38 36—48 1.0 ± 0.2 Reduced
40 > 48 < 1.0 Weak
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growth and maximum average colony diameter 
(1.8±0.2 mm) were observed at 36.0 ± 0.5 °C.

An increase in temperature to 38—40 °C was 
accompanied by a decrease in colony size and in 
the intensity of the indicator coloration.

At pH < 6.5, growth inhibition and a weak 
urease reaction were observed (Table 2).

Stable culture growth was observed in the 
pH range of 6.7—7.5. Maximum growth in-
tensity, pronounced urease reaction, and high 
contrast of the indicator color were established 
at pH 7.1 ± 0.1.

An increase in peptone concentration from 10 
to 20 g/L and yeast extract from 1 to 5 g/L was 
accompanied by an increase in growth intensity 
and average colony diameter (Table 3).

Optimal results were obtained at a peptone 
concentration of 20 g/L and a yeast extract con-
centration of 5 g/L: typical, rounded colonies 
with a diameter of 1.5—2.0 mm formed aft er 
24—48 hours.

A further increase in the concentration of nu-
trients did not improve growth and was accom-
panied by the appearance of background turbid-
ity in the medium.

Th ese fi ndings indicate that the selected 
concentrations of peptone and yeast extract 
provide an optimal balance between intensive 
bacterial growth and preservation of typical 
colony morphology, which was critical for the 
formation of the nutrient base of the developed 
medium.

Concentrations of selective additives < 0.002 g/L 
did not ensure complete suppression of the ac-
companying microfl ora (Table 4).

Th e optimal concentration of cephalexin was 
determined to be 0.003 g/L. Th is concentration 
completely inhibited the growth of Escherichia 
coli, Proteus spp., Staphylococcus spp., and En-
terococcus spp. while maintaining the growth of 
B. bronchiseptica.

An increase in concentration above 0.006—
0.008 g/L led to a decrease in colony size and 
prolongation of the latent growth phase.

Table 2. Eff ect of medium pH on the growth 
and urease activity of B. bronchiseptica

Medium 
pH

Growth 
intensity 

Urease 
activity

Indicator 
color contrast 

6.3 Weak Weak Low
6.7 Moderate Moderate Moderate
7.1 Intense Intense High
7.5 Moderate Intense Reduced
7.8 Weak Moderate Low

Table 3. Eff ect of nutrient base concentration 
on colony morphology of B. bronchiseptica

Peptone, 
g/L

Yeast 
extract, g/L

Colony 
diameter, mm

Growth
characteristics

10 1 0.8 ± 0.2 Weak
15 3 1.2 ± 0.2 Moderate
20 5 1.8 ± 0.3 Optimal
25 7 1.9 ± 0.3 Background 

turbidity

Table 4. Selective activity of cephalexin 
against accompanying microfl ora

Cephalexin 
concentration,

g/L
Growth 

of B. bronchiseptica
Growth of 

accompanying 
microfl ora

0.001 Preserved Present
0.002 Preserved Partially inhibited
0.003 Preserved Absent
0.006 Reduced Absent
0.008 Inhibited Absent

Table 5. Diff erential and indicator properties 
of the optimized medium

Component Concent ra-
tion, g/L

Diagnostic 
eff ect

Time until 
manifes ta tion, h

Urea 5.0 Positive 
urease 

reaction

18—24

TTC (2,3,5-tri-
phenyl tetra zo-
lium chloride)

0.01 Redox co-
lo ration of 
colonies

~24

Casein 5.0 Zones of 
pro teolysis

24—48
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Urea at a concentration of 5.0 g/L produced 
a distinct urease reaction within 18—24 hours 
(Table 5). We detected urease-mediated alkaliza-
tion by observing a color change in bromothy-
mol blue, which turned from green to blue. Th e 
extent of alkalization depended on the colony 
density, resulting in a localized or diff use color 
change of the medium.

Lower concentrations slowed down the reac-
tion, while concentrations above 10.0 g/L inhib-
ited culture growth. Th e addition of 2,3,5-triphe-
nyl tetrazolium chloride at a concentration of 
0.01 g/L provided contrasting staining of colo-
nies and visualization of metabolic activity.

Casein at a concentration of 5 g/L ensured 
the formation of proteolysis zones aft er 24—48 
hours of incubation. 

Th ese results demonstrate that the selected 
diff erential components enable clear detection 
of key metabolic activities of B. bronchiseptica, 
including urease, redox, and proteolytic activity, 
which supports their use for preliminary 
phenotypic characterization during primary 
cultivation.

Aft er incubation and evaluation of redox ac-
tivity, plates were fl ooded with 5 mL of 5.0% HCl 
for 1—2 min to precipitate non-hydrolyzed ca-
sein. Th e acid was decanted, plates were rinsed 
with distilled water, and zones of proteolysis 
were recorded. 

Based on the results of the step-by-step opti-
mization of the physicochemical parameters, the 
nutrient base, and the selective and diff erential 
components, the fi nal composition of the me-
dium was as follows (g/L of distilled water):

■ enzymatic peptone — 20.0 
■ yeast extract — 5.0 
■ casein — 5.0 
■ urea — 5.0 
■ 2,3,5-triphenyl tetrazolium chloride (TTC) — 

0.01 
■ cephalexin — 0.003 
■ bromothymol blue — 0.02 
■ agar — 15.0.

Th e basal medium (peptone, yeast extract, ca-
sein, agar, bromothymol blue) was sterilized at 
121 °C for 15 min. Aft er cooling to 50—55 °C, 
sterile membrane-fi ltered (0.22 μm) solutions of 
urea, 2,3,5-triphenyltetrazolium chloride (TTC), 
and cephalexin were aseptically added. Th e fi nal 
pH was adjusted to 7.1 ± 0.1.

A total of 69 clinical samples were included 
in the study during testing, of which 47 were 
PCR-positive, and 22 were PCR-negative. All 22 
of the PCR-negative samples were negative in 
culture testing (false positive [FP] = 0). A com-
parative assessment was performed using PCR, 
a phage titer amplifi cation assay (PTAA), and 
culture methods.

Using the developed selective-diff erential me-
dium, Bordetella bronchiseptica was isolated in 
34 of the 47 PCR-positive samples (72.3%; 95% 
confi dence interval [CI] 58.0—83.2%). Isola-
tion was obtained on Regan—Lowe medium in 
29 cases (61.7%; 95% CI 47.0—74.6%) and on 
charcoal-blood agar in 24 cases (51.1%; 95% CI 
36.8—65.4%) (Table 6, Fig. 1).

To assess the strength of the association be-
tween the medium type and the probability of 
pathogen isolation, the odds ratio (OR) was cal-

Table 6. Comparative evaluation 
of laboratory confi rmation methods 
for bordetellosis and isolation effi  ciency of 
B. bronchiseptica (n = 47 PCR-positive samples)

Method / Medium
Number 

of positive 
samples

Fre-
quency, 

%

p-value 
(Fisher’s exact 

test vs. developed 
medium)

PCR 47 100.0 —
Phage titer amplifi -
cation assay (PTAA)

41 87.2 —

Developed selective-
diff erential medium

34 72.3 —

Regan—Lowe (Hi-
Media)

29 61.7 0.44

Charcoal-blood agar 
with cephalexin

24 51.1 0.038*

* p < 0.05
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culated. Compared to the Regan-Lowe medium, 
the OR was 1.62 (95% CI 0.68—3.87). Com-
pared to blood-coal agar, the OR was 2.51 (95% 
CI 1.06—5.90) (Fig. 2)

A comparative analysis revealed that the de-
veloped medium outperformed charcoal-blood 
agar by a statistically signifi cant margin (Fisher’s 
exact test: p = 0.038; McNemar’s test: p = 0.002). 
However, the diff erence between the developed 
medium and the Regan—Lowe medium was not 
statistically signifi cant (Fisher’s exact test: p = 
0.44; McNemar’s test: p = 0.47).

Table 7 presents the diagnostic eff ectiveness of 
using nutrient media.

Th e sensitivity of the developed medium was 
72.3%. Th e sensitivity of Regan-Lowe medium 
was 61.7%, and the sensitivity of charcoal-blood 
agar was 51.1%. Th e specifi city of all media was 
100% (FP = 0).

Th e Youden index was 0.723 for the developed 
medium, 0.617 for Regan-Lowe, and 0.511 for 
charcoal-blood agar.

Th e area under the ROC curve (AUC) was 
0.86 for the developed medium, 0.81 for the 
Regan-Lowe medium, and 0.76 for the charcoal-
blood agar medium (Fig. 3).

According to the results of the exact McNe-
mar’s test (Table 8), the diff erence between the 
developed medium and Regan-Lowe medium 
was not statistically signifi cant (p = 0.063). Com-
parison with charcoal -blood agar showed a sta-
tistically signifi cant diff erence (p = 0.002).
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Fig. 1. Isolation frequency of B. bronchiseptica depend-
ing on the type of culture medium (95% CI)

Fig. 2. Forest plot showing odds ratios with 95% confi -
dence intervals for isolation of B. bronchiseptica

Table 7. Diagnostic performance of culture media (n = 69: 47 PCR-positive and 22 PCR-negative samples)

Parameter Developed medium Regan—Lowe Charcoal-blood agar

TP / FN / TN / FP 34 / 13 / 22 / 0 29 / 18 / 22 / 0 24 / 23 / 22 / 0
Sensitivity, % (95% CI) 72.3 (58.0—83.2) 61.7 (47.0—74.6) 51.1 (36.8—65.4)
Specifi city, % (95% CI) 100 (84.6—100) 100 (84.6—100) 100 (84.6—100)

PPV, % 100 100 100
NPV, % 62.9 55.0 48.9

Youden index (J) 0.723 0.617 0.511
AUC 0.86 0.81 0.76
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Discussion. Due to the widespread distri-
bution of disease pathogens, specialists must 
be able to diagnose and control epizootics in a 
timely and eff ective manner (Paliy et al., 2018; 
Zavgorodnii et al., 2021).

Isolating and identifying the pathogen is es-
sential in this context. Th e cultivation of Bor-
detella species is typically performed using 
Bordet-Gengou or Regan-Lowe media, which 
are considered the standard methods for the 
primary isolation of the pathogen (Zhang et al., 
2021). Clinical and experimental studies have 
highlighted similar limitations of traditional 
Bordetella isolation techniques, noting that the 
variability in results oft en depends on the cul-
tivation method and the type of sample used 
(Cole et al., 2024; Abbasi Bahonar et al., 2025). 
According to the literature, the sensitivity of the 
culture method in studying respiratory samples 
from animals is typically 30—60% (Yi et al., 2024; 
Ma et al., 2021). Th is is consistent with our data 
(51.1% and 61.7%). Furthermore, studies have 
demonstrated that the adaptive mechanisms of 
B. bronchiseptica encompass protein phosphory-
lation, alterations in the expression of virulence 
factors, and structural modifi cations to signal-
ing systems. Th ese mechanisms may infl uence 
the cultural characteristics of isolates (Dupré et 
al., 2021; Luu et al., 2021; Jang et al., 2024). Th e 
potential for microorganisms to form biofi lms 
must also be considered (Kolchyk et al., 2022; 
Mugni et al., 2025). It has been suggested that 
transitioning to a biofi lm lifestyle enables persis-
tent colonization of the mammalian respiratory 
tract (Cattelan et al., 2016).

Case studies of human infections, particularly 
in immunocompromised individuals, emphasize 
the zoonotic potential of B. bronchiseptica and 
the importance of precise laboratory diagnosis 
(Szymczak et al., 2020; Banerjee et al., 2026).

Th e developed selective-diff erential medium 
increased isolation frequency by 72.3%, indicat-
ing the eff ectiveness of combining an optimized 
nutrient base with rationally selected selective-

diff erential components. Th e increase in effi  cien-
cy was therefore above 10% compared to tradi-
tional media, and this can signifi cantly aff ect the 
laboratory confi rmation of infection in routine 
diagnostics. Th is statistically signifi cant advan-
tage over charcoal-blood agar confi rms the feasi-
bility of a comprehensive approach to designing 
nutrient media (Yi et al., 2024).

Th e resulting increase in isolation frequency 
demonstrates the eff ectiveness of individual in-
gredients and the importance of their balanced 
combination. Growth characteristics of mem-
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Fig. 3. Receiver operating characteristic curves de mon-
strating the diagnostic performance of the evaluated 
culture media

Table 8. Pairwise 
comparison of diagnostic performance 
(McNemar Exact Test, n = 47 PCR-positive)

Comparison ΔSensitivity, 
% ΔAUC p (McNemar)

Developed vs 
Regan—Lowe +10.6 +0.05 0.063

Developed vs Char-
coal-blood agar +21.2 +0.10 0.002*

* p < 0.05 
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bers of the genus Bordetella vary with the com-
position of the nutrient base, the concentration 
of nitrogen sources, and the presence of growth 
factors (Zhang et al., 2021; Baddhai & Das, 2023). 
Additionally, variability in lipid structure and 
modifi cation of cell wall components can infl u-
ence the host’s immune response and the clinical 
progression of the infection (Gestal et al., 2022; 
Kameyama et al., 2022). Even minor changes in 
the component relationship can aff ect the rate of 
colony formation and morphological features.

A key biological feature of B. bronchiseptica is 
its ability to form biofi lms and adapt metaboli-
cally to the respiratory tract environment, po-
tentially reducing the eff ectiveness of traditional 
cultivation methods (Ma et al., 2021; Yi et al., 
2024). Furthermore, changes in lipopolysac-
charide structure and lipid A modifi cation have 
been shown to infl uence the pathogen’s persis-
tence and its interaction with the host’s immune 
system (Perez-Ortega et al., 2021; Lee & Joo, 
2023). Integrating diff erential markers into the 
medium enables the visualization of metabolic 
activity, even during slow cell growth.

In the context of integrated laboratory diag-
nostics, the cultural method retains its signifi -
cance; in fact, it plays an additional role in con-
fi rming and phenotypically characterizing the 
pathogen. However, recent studies show that 
combining PCR with bacteriological isolation 
provides the most complete characterization of 
the infectious process, particularly in cases of 
co-infection and subclinical courses (Kaul et al., 
2025; Wong et al., 2026). Improved cultivation 
effi  ciency closes the gap between the analytical 
sensitivity of molecular methods and the practi-
cal value of obtaining a live culture.

One possible way to improve effi  ciency is to 
combine a urease indicator, tetrazolium redox 
marker, and protein substrate. B. bronchiseptica 
is characterized by stable urease activity, which 
is used as a species marker (Zhang et al., 2021; 
Baddhai & Das, 2023). Including 2,3,5-triphe-
nyl tetrazolium chloride enables the metabolic 

activity of cells to be visualized by reducing tet-
razolium to formazan (Chen et al., 2020; John-
son et al., 2021). Th is is particularly important 
when working with clinical material, as some of 
the population may be under stress (Gujju et al., 
2021). Adding protein substrates enables the si-
multaneous evaluation of the proteolytic activity 
associated with the virulence of Bordetella prop-
erties (Ma et al., 2021; Zhang et al., 2021).

Th e practical value of the developed medium 
lies in its suitability for routine use in veteri-
nary laboratories, without complex or expen-
sive equipment. Th is is particularly important 
for regional laboratories and epizootic moni-
toring systems.

Th e technological simplicity of preparing the 
proposed medium is noteworthy. Th e compo-
nents used are readily available and do not re-
quire specialized equipment for preparation, 
ensuring reproducibility in laboratories with 
varying levels of equipment. Unlike some com-
mercial selective systems, adapting the proposed 
composition to local conditions does not signifi -
cantly increase the cost of research, which is an 
important factor for veterinary practice.

Despite the widespread adoption of molecu-
lar methods, the isolation of cultures remains 
necessary for assessing the antibiotic sensitivity 
and biological properties of isolates (de Jong et 
al., 2023; Yi et al., 2024). Th e growing preva-
lence of multidrug-resistant B. bronchiseptica 
strains in veterinary practice underscores the 
importance of obtaining a viable culture of the 
pathogen (Rodríguez & Berliner, 2023). Th e re-
sults of global genomic analysis confi rm an in-
crease in the frequency of isolates with acquired 
resistance genes, demonstrating the spread of 
resistance determinants among diff erent Bor-
detella species (Wang et al., 2020; Tang et al., 
2026). Although PCR is characterized by high 
analytical sensitivity, it does not allow for the 
assessment of bacterial viability and phenotypic 
characteristics (Kaul et al., 2025; Wong et al., 
2026). MALDI-TOF is also widely used in mod-
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ern diagnostics, but it requires a pure culture to 
be obtained beforehand. In this context, improv-
ing selective media aligns with current trends in 
microbiological diagnostics involving the ratio-
nal modelling of composition and experimental 
validation using clinical samples (Vondrová et 
al., 2026). Alongside classical PCR approaches, 
alternative detection and identifi cation methods 
are being actively developed to complement cul-
tural diagnostics (Petrović Fabijan et al., 2021; 
Zarbock et al., 2025).

Th e results obtained are consistent with the 
current trend of transitioning from classical se-
lective media to functionally oriented composi-
tions that combine isolation and primary diff er-
entiation. Several studies emphasize that, while 
traditional media provide satisfactory selectivity, 
they are not optimized for the rapid phenotypic 
evaluation of isolates, thereby prolonging the lab-
oratory diagnostic cycle (Vondrová et al., 2026). 
Th e proposed approach reduces the need for ad-
ditional tests at the primary cultivation stage.

From an epizootic perspective, an increase 
in the frequency of B. bronchiseptica isolation is 
important for monitoring the circulation of the 
pathogen in pig and dog populations. However, 
the presence of asymptomatic carriage and co-in-
fections in respiratory complexes can hinder the 
timely detection of infection (Zhang et al., 2021; 
Yi et al., 2024). Detecting asymptomatic carriage 
and isolated cases of subclinical forms in diff er-
ent animal species confi rms the complexity of 
epizootic control (Woods et al., 2020; Munn et al., 
2025). Under such conditions, even a 10—15% 
increase in the sensitivity of the culture method 
can be of signifi cant practical importance for ear-
ly diagnosis and preventive measures.

From a methodological point of view, the de-
velopment of a selective-diff erential medium 
highlights the importance of taking a system-
atic approach to optimizing the physicochemi-
cal parameters of cultivation. Th e step-by-step 
selection of the concentrations of the nutrient, 
selective, and indicator components enabled a 

balance to be achieved between suppressing the 
accompanying microfl ora and preserving the 
growth potential of B. bronchiseptica. Th is ap-
proach aligns with the current principles of the 
rational design of culture systems, a fi eld that is 
gaining traction in medical and veterinary mi-
crobiology (Vondrová et al., 2026).

Th e scientifi c novelty of the study lies in its 
combination of selective and diff erential ap-
proaches within a single B. bronchiseptica culture 
system. Unlike classical media, which primarily 
focus on suppressing accompanying microfl ora, 
the proposed medium enables the simultaneous 
evaluation of isolates’ functional properties at the 
primary growth stage. Th is approach enhances 
the diagnostic capabilities of the bacteriological 
method without extending its duration. 

Th erefore, the study’s results confi rm the fea-
sibility of integrating selective and diff erential 
mechanisms within a single culture system to 
improve the eff ectiveness of the bacteriological 
diagnosis of B. bronchiseptica.

Th ese results are important for diagnosing 
bordetellosis and improving the cultivation of 
other fastidious respiratory pathogens. Th e prin-
ciple of combining selectivity and functional dif-
ferentiation can be applied to the development 
of culture systems for microorganisms exhibit-
ing similar biological properties. Th is comple-
ments the system of biological safety, protection, 
and control of global threats in the context of 
implementing One Health Strategy 2076 (2019) 
(Igreja et al., 2025).

However, the results of the study should be 
interpreted bearing in mind certain limitations. 
Th ese include the relatively small number of 
clinical specimens and the lack of interlabora-
tory validation. Further studies should therefore 
focus on increasing the sample size and assessing 
the medium’s reproducibility in routine labora-
tory practice.

Conclusions. During the study, a selective-
diff erential nutrient medium for the isolation 
of Bordetella bronchiseptica was developed and 
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substantiated through the stepwise optimization 
of the physicochemical parameters, nutrient 
base, and selective and diff erential components.

Optimal cultivation conditions were estab-
lished (36.0 ± 0.5 °C; pH 7.1 ± 0.1), and the con-
centrations of the key ingredients were deter-
mined (20 g/L peptone, 5 g/L yeast extract, and 
0.003 g/L cephalexin), ensuring the intensive 
growth of the pathogen and the eff ective suppres-
sion of the accompanying microfl ora. Inclusion 
of urea, 2,3,5-triphenyl tetrazolium chloride, and 
protein substrates enabled initial assessment of 
urease, redox, and proteolytic activity in the iso-
lates, eliminating the need for additional tests.

Clinical testing demonstrated an increase in 
isolation frequency to 72.3%, providing a statis-
tically signifi cant advantage over charcoal-blood 
agar. Th ese results suggest the potential for using 
the developed medium in the practical diagnosis 
of Bordetella infections.

Further research. Further research will focus 
on multicenter validation of the developed selec-
tive-diff erential nutrient medium, as well as on as-
sessment of its reproducibility, stability, and diag-
nostic eff ectiveness in routine laboratory practice.
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Development of a Selective-Diff erential Nutrient Medium for the Isolation of Bordetella bronchiseptica
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РОЗРОБКА СЕЛЕКТИВНО-ДИФЕРЕНЦІЙНОГО ПОЖИВНОГО 
СЕРЕДОВИЩА ДЛЯ ВИДІЛЕННЯ BORDETELLA BRONCHISEPTICA
Діагностика інфекційних захворювань займає провідне місце у контролі благополуччя тваринництва та під-
тримання стійкого епізоотичного благополуччя територій. Метою роботи було експериментально обґрун-
тувати розробку селективно-диференційного поживного середовища для виділення Bordetella bronchiseptica 
та оцінити його ефективність. Методи. Застосовували штам Bordetella bronchiseptica ATCC 4617. Проведено 
поетапну оптимізацію температури, рН, поживної основи, селективних компонентів та диференційних мар-
керів. Апробацію здійснено на 69 клінічних зразках (47 ПЛР-позитивних, 22 ПЛР-негативних). Порівняння 
частот ізоляції проводили за допомогою точного критерію Фішера та тесту Мак-Немара. Результати. Вста-
новлено оптимальні параметри культивування (36,0±0,5 °C; pH 7,1±0,1) Bordetella bronchiseptica. За резуль-
татами поетапної оптимізації поживної основи, селективних та диференційних компонентів розроблено 
поживне середовище (на 1 л дистильованої води): ферментативний пептон — 20,0 г; екстракт дріжджів — 
5,0 г; казеїн — 5,0 г; сечовина — 5,0 г; 2,3,5-трифенілтетразолій хлорид — 0,01 г; цефалексин — 0,003 г; бром-
тимоловий синій — 0,02 г; агар — 15,0 г. Розроблене середовище забезпечило частоту виділення 72,3%, що 
перевищувало показники Regan-Lowe (61,7%) та КВА (51,1%). Виявлено статистично значущу перевагу над 
КВА (p < 0,05). Висновки. Запропоноване середовище підвищує ефективність культуральної діагностики та 
дозволяє проводити первинну фенотипову оцінку ізолятів на етапі первинного культивування.
Ключові слова: Bordetella bronchiseptica, селективне середовище, диференційне середовище, бактеріологічна 
діагностика.
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MICROBIOLOGICAL ETIOLOGY 
OF ACUTE TONSILLITIS AND CLINICAL VALIDATION 
OF THE CENTOR SCORE FOR GROUP 
A STREPTOCOCCUS DETECTION IN PRIMARY CARE
Acute tonsillitis is one of the most common reasons why adults visit a primary care physician. Distinguishing between 
viral and bacterial causes remains a clinical challenge, resulting in the overprescription of antibiotics for viral infections 
or the delayed treatment of streptococcal tonsillitis. Using a combination of clinical scales (such as the Centor score) 
and microbiological methods can improve diagnostic accuracy in adults. Objective. Th e study aimed to characterize 
the microbial etiology of acute tonsillitis through standardized bacteriological analysis while clinically validating the 
Centor score for Group A Streptococcus detection in primary health care. Methods. A prospective cohort study was 
conducted involving 77 patients aged 18—45 years who had been clinically diagnosed with acute tonsillitis. Tonsillar 
samples were analysed using bacteriological culturing on selective media (blood agar and mannitol salt agar), 
phenotypic identifi cation (Gram staining, the catalase test, and the hemolysis assay) and a quantitative assessment 
of microbiom (using dominance and frequency indices). Clinical assessment was performed using the Centor scale, 
followed by ROC analysis of its diagnostic accuracy. Results. Group A beta-haemolytic streptococcus represented 
11.62 % of the total isolated strains (95 % confi dence interval: 7.67—16.68), which is consistent with global data. 
Staphylococcus aureus was identifi ed in 7.91 % of samples. Th e Centor score demonstrated moderate accuracy (AUC 
= 0.69), with an optimal threshold of ≥4 points (sensitivity: 71.4%; specifi city: 60.0%). Th e detection rate of Group A 
beta-haemolytic streptococcus was 12.8% in patients with 2—3 Centor points and 9.67% in patients with 4 or more 
points. Conclusions. Combining the Centor score with microbiological confi rmation for patients with a score of 3—4 
can reduce the overprescription of antibiotics. To increase diagnostic accuracy, it is recommended to use rapid tests for 
Group A β-hemolytic streptococcus antigens.
Keywords: tonsillitis, bacteria, Centor scale, bacteriological examination, Group A beta-hemolytic streptococcus.
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Tonsillitis is a prevalent condition, representing 
approximately 1.3% of all primary care consul-
tations (Anderson et al., 2023). Acute primary 
tonsillitis (pharyngotonsillitis) is an infectious-
infl ammatory disease characterized by localized 
involvement of the lymphadenoid pharyngeal 
ring, most frequently aff ecting the palatine ton-
sils, and is typically accompanied by regional 
lymphadenopathy. Th e pathogenesis involves a 
breakdown in local immune defenses, permitting 
colonization and proliferation of pathogenic and 
opportunistic microorganisms, which trigger 
mucosal infl ammation (Roggen et al., 2013). As 
the fi rst immunological barrier against inhaled 
or ingested pathogens, the tonsils respond to mi-
crobial invasion with reactive hyperplasia and 
infl ammatory cascades aimed at pathogen clear-
ance (Di Muzio et al., 2020). While most cases 
are viral in origin, bacterial agents, particularly 
Streptococcus pyogenes, require accurate identi-
fi cation to guide antibiotic therapy and mitigate 
antimicrobial overuse. Current diagnostic chal-
lenges emphasize the need for evidence-based 
approaches to distinguish viral from bacterial 
etiologies, thereby optimizing treatment deci-
sions (Gunnarsson et al., 2023).

Tonsillitis is most frequently caused by low-
virulence respiratory viruses, including rhinovi-
rus, respiratory syncytial virus, adenovirus, and 
Epstein-Barr virus, which typically results in self-
limiting infections with few complications (An-
derson et al., 2023). Less commonly, systemic viral 
infections (cytomegalovirus, hepatitis A, rubella, 
and HIV) may present with tonsillar involvement 
and carry higher risks of systemic complications.

Among bacterial pathogens, β-hemolytic Strep-
tococcus pyogenes (GAS) remains the predomi-
nant etiological agent, responsible for 5—15% 
of adult cases and 15—30% of cases in children 
aged 5—15 years (de Gier et al., 2023; Butler et al., 
2024). Notably, GAS is rare in children under two 
years of age, where viral etiology predominates. 
Secondary bacterial agents include Staphylococcus 
aureus, Streptococcus pneumoniae, and Haemoph-

ilus infl uenzae, though their clinical signifi cance 
varies by population (Di Pietro et al., 2024). 

Streptococcus pyogenes (GAS) is a Gram-po-
siti ve, facultatively anaerobic pathogen that 
elaborates multiple virulence factors, including 
streptolysins O/S, streptokinase, DNase, and hyal-
uronidase. Th ese exotoxins mediate host cell dam-
age and dysregulate immune responses by induc-
ing excessive cytokine production (e.g., TNF-α/β, 
IL-1, IL-6), thereby impairing phagocytic clear-
ance at the infection sites.  Coinfection with 
S. aureus is observed in 36—51% of tonsillitis cas-
es, with colonization rates varying by host immu-
nity and local microbial ecology (UCP Ton sil li tis, 
2021). While its pathogenic role requires diff eren-
tiation between active infection and asymptomatic 
carriage, methicillin-resistant strains (MRSA) may 
complicate treatment. Th e Centor and McIsaac 
scales, though widely used for GAS risk stratifi ca-
tion, demonstrate critical limitations: with false- 
negative rates at thresholds of 3—4 points, where 
20—30% of GAS cases may be missed (Willis et 
al., 2020); and false-positive results due to low-
specifi city criteria (e.g., tonsillar exudate, fever) 
which lead to unnecessary antibiotic prescriptions 
in 40—60% of viral cases (Spinks et al., 2021). 
Current guidelines emphasize supplemental test-
ing (rapid antigen detection or culture) for scores 
≥3 to optimize diagnostic accuracy and antibiotic 
stewardship (Fine et al., 2012).

However, antibiotic therapy is justifi ed to pre-
vent complications of Streptococcus pyogenes 
infection, including acute rheumatic fever. Ad-
ditionally, antibiotics reduce disease duration, al-
leviate acute symptoms, and prevent suppurative 
complications (Woldan-Gradalska et al., 2024). 
  In most cases, general practitioners are the fi rst to 
examine patients with acute sore throat or pha-
ryngotonsillitis. A lack of understanding of mod-
ern etiopathogenesis concepts leads to inappro-
priate treatment approaches for this condition. 
Notably, the unjustifi ed use of antibiotics in acute 
tonsillitis-oft en based solely on symptom fre-
quency or patient visits-signifi cantly contributes 
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to bacterial resistance (Romanyuk et al., 2022). 
Th erefore, microbiological diagnostics to identify 
the causative pathogen are crucial for managing 
acute streptococcal pharyngitis. Th is study ana-
lyzes the detection rate of bacterial acute tonsilli-
tis through microbiological testing and evaluates 
the effi  cacy of the Centor scale in determining 
the bacterial etiology of sore throat infections. 
Th e aim of this study was to characterize the mi-
crobial etiology of acute tonsillitis through stan-
dardized bacteriological analysis while clinically 
validating the Centor score for Group A Strepto-
coccus detection in primary health care.

Materials and Methods. A prospective cohort 
study was conducted among 77 patients with 
clinically diagnosed acute tonsillitis presenting 
for primary care. Biological specimens were col-
lected using sterile viscose swabs with plastic ap-
plicators, sequentially sampling both right and 
left  tonsillar crypts. Collection was performed 
under fasting conditions or 3—4 hours post-
prandially. Samples were immediately placed in 
sterile containers with Amies transport medium 
(JS Medical Materials, China) and maintained at 
+18—22 °C during transport. All specimens were 
delivered to the certifi ed Research Laboratory 
of Microbiology and Parasitology at I. Ya. Hor-
bachevsky Ternopil National Medical University 
within 2 hours of collection for microbiological 
analysis. Th e material was cultured on nutrient 
media produced by «Sanimed» (Ukraine): blood 
agar with 5% for the isolation of streptococci, 
staphylococci, and corynebacteria; mannitol-salt 
agar as selective medium for staphylococci; Endo 
agar for detection of Gram-negative bacilli of the 
Enterobacteriaceae family; Sabouraud medium 
for isolation of yeast-like fungi of the Candida 
genus. Microorganism identifi cation was per-
formed using a complex of phenotypic meth-
ods, including Gram staining, biochemical tests 
(catalase, oxidase), CAMP test, hemolysis pattern 
analysis, coagulase activity, and susceptibility to 
novobiocin, bacitracin, and optochin. Cultures 
were incubated under aerobic conditions at 37 °C 

for 24—48 hours. Identifi cation was carried out 
according to classical bacteriological protocols 
described in the Bergey’s Manual of Systematic 
Bacteriology (2012), national guidelines and 
teaching manuals in microbiological diagnostics 
(Minukhin et al., 2014a, 2014b; Klymnyuk et al., 
2018), and the regulatory document of the Min-
istry of Health of Ukraine No. 628 (2010), which 
defi nes phenotypic characteristics of condition-
ally pathogenic bacteria. Clinical diagnosis and 
patient stratifi cation were performed according 
to the requirements of the Unifi ed Clinical Pro-
tocol for Primary, Secondary (Specialized) and 
Tertiary (Highly Specialized) Medical Care for 
Tonsillitis (UСP Tonsillitis, 2021). Th e Centor 
score was employed to diff erentiate between viral 
and bacterial etiologies of acute tonsillitis, assign-
ing 1 point for each of four clinical criteria (fever, 
tonsillar exudate, tender cervical lymphadenopa-
thy, and absence of cough), with the cumulative 
score indicating the likelihood of streptococcal 
infection. Microbiological quantifi cation was 
performed through colony-forming unit (CFU) 
counts, while microbial dominance was assessed 
using the dominance index (C%), calculated as: , 
where n represents the number of samples posi-
tive for a specifi c microorganism, and N is the 
total number of samples analyzed. Dominance 
categories were defi ned as follows: >50% (domi-
nant species), 20—50% (frequent species), 1 —
19% (rare species), and <1% (unusual species) 
(Kravets et al., 2024). Th e occurrence index (P) 
was calculated as the ratio of strains from a spe-
cifi c species to the total isolated microbial strains, 
expressed by the formula: where A represents 
the number of strains of the target species, and 
B denotes the total number of microbial strains 
isolated. To assess the diagnostic performance of 
Centor criteria for Group A streptococcal (GAS) 
pharyngotonsillitis in primary care, binary lo-
gistic regression was employed. In this model, a 
positive outcome (1) corresponded to GAS-posi-
tive throat cultures, while a negative outcome (0) 
indicated the absence of GAS growth. True posi-
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tives and negatives were defi ned as correct identi-
fi cation of GAS presence or absence, respectively, 
in patients with acute tonsillitis. Th e prognostic 
ability of the Centor criteria was assessed by ana-
lyzing ROC (Receiver Operating Characteris-
tic) curves, calculating the area under the curve 
(AUC) with a 95% confi dence interval (Wald 
method), and determining the optimal cut-off  
point. Th e sensitivity (Se) and specifi city (Sp) of 
the model were also calculated, as was the Youden 
index. An AUC value of 0.5 indicates a lack of 
discriminatory ability, while values between 0.7 
and 0.8 are considered acceptable, between 0.8 
and 0.9 are considered high, and above 0.9 are 
excellent. Th e data were collected and analyzed 
in Excel 2016, and the results were presented as 
arithmetic means with standard error (M ± m), 
percentages, proportions, and 95% confi dence 
intervals. Th e normality of the distribution was 
checked using the Shapiro-Wilk test. Th e sta-
tistical hypothesis was rejected at a signifi cance 
level of p < 0.05. Th is study was conducted in ac-
cordance with the principles of the Declaration 
of Helsinki, the Council of Europe Convention 
on Human Rights and Biomedicine, Order No. 
690 of the Ministry of Health of Ukraine dated 
23/09/2009, and the protocols of the University 
Bioethics Committee. All patients provided in-
formed consent to participate in the study.

Results. Th e study cohort comprised 77 pa-
tients (35 males [45.5%] and 42 females [54.5%]) 
aged 18—28 years (mean age: 22.53 ± 2.53 years). 
Th e Centor scale was used to make а diagnosis, 
and the patients were divided into three groups by 
the number of points they received during the ex-
amination. Th us, the proportion of patients whose 
score did not exceed one was (9.09 %; 7 patients 
[95% CI: 4.47—17.59%]); the second group in-
cluded patients who received two to three points 
(50.64  %; 39 patients [95% CI: 39.72—61.52%]), 
and the maximum four (and more) points were 
received by 40.25 %; 31 patients [95% CI: 30.02—
51.42%] according to the assessment of diagnostic 
features for the diagnosis of acute tonsillitis (Fig. 1).

According to the Centor score criteria, pa-
tients older than 15 years with a score of 0-1 do 
not require bacteriological throat culture test-
ing. In this study, cultures were performed for 
70 of the 77 examined patients. According to 
the results of bacteriological examination of the 
pharyngeal microbiota, the following micro-
organisms were identifi ed: GAS, α-hemolytic 
streptococci (AHS), nonhemolytic streptococci 
(NHS), Rothia spp., Neisseria spp., Haemophilus 
spp., coagulase-positive (CoPS) and coagulase-
negative staphylococcus (CoNS), Moraxella spp., 
Corynebacterium spp., Klebsiella spp., Enterococ-
cus spp., and fungi of the genus Candida. Th e 
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Fig. 1. Distribution of patients into groups according to the cumulative of Centor score
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microorganisms identifi ed included representa-
tives of the exogenous and resident microbiota. 
Th e oropharyngeal commensal fl ora included 
AHS, Rothia spp., Neisseria spp., and CoNS. 
Bacteriological examination of the samples re-
vealed the presence of both Gram-positive and 
Gram-negative bacteria. Among the Gram-pos-
itive bacteria, which represented 44.4  % of the 
total microbiota, representatives of the following 
genera were found: Streptococcus, Rothia, Staph-
ylococcus, Corynebacterium. Gram-negative bac-
teria accounted for 55.6  % of the biodiversity 
obtained, in particular Neisseria, Haemophilus, 
Klebsiella, Moraxella, and Escherichia. Based 
on the calculation of the dominance index, 
α-hemolytic streptococci are considered con-
stant with a stability index greater than 50.01 % 
and an occurrence index of 0.293 (Table 1). 

According to these results, 44.4% of the total 
microbiota were Gram-positive bacteria, includ-
ing GAS (Streptococcus pyogenes), non-haemo-
lytic streptococci (NHS), S. aureus, and Cory-
nebacterium spp. Th e prevalence index (P) was 
0.106—0.116 for common species (20—50%) and 
0.027—0.055 for rare species (Rothia spp., coag-

ulase-negative staphylococci). Among Gram-
negative bacteria (55.6%), Neisseria spp. were 
dominant (20—50%), while Moraxella spp., Hae-
mophilus spp., Escherichia spp., and Klebsiella spp. 
were less prevalent (1.01—19.01%, P  =  0.009—
0.018). Th e dominance index confi rmed that Ro-
thia spp. (17.14%) and Moraxella spp. (12.85%) 
were typical representatives of normocenosis, 
whereas enterobacteria (e.g. K. pneumoniae, 
P  =  0.018) and Candida spp. fungi (P  =0.004) 
were rare. Quantitative analysis detected high 
diagnostic titers of GAS at concentrations of 
108—109 CFU/mL in 11.4% of cases (8/70), with 
a higher of high-titer strains at medium Cen-
tor scores (2—3: 12.8%, 5/39) than at high ones 
(4: 9.67%, 3/31). Other potential pathogens, such 
as S. aureus (10²—105 CFU/mL) and opportunis-
tic pathogens (K. pneumoniae ≤10²  CFU/mL), 
were present at lower concentrations. Represen-
tatives of the normocenosis AHS and Corynebac-
terium spp. were detected at high titres (108 —109 
and 10¹—106 CFU/mL, respectively), confi rming 
their physiological role in the biotope. 

ROC analysis (Fig. 2) was also used to evalu-
ate the predictive ability and results of the Cen-

Table 1. Microbial isolates from the tonsil surface of patients with acute tonsillitis

Microorganisms Number 
of isolates, N

Relative 
abundance, % CI (CL—95%) С, % Pі Range, 

CFU/mL

 β-hemolytic Streptococcus group A(GAS) 25 11.62 7.67—16.68 35.71 0.116 106 —109

 α-hemolytic streptococcus (AHS) 63 29.31 23.31—35.88 90 0.293 108—109

 γ-hemolytic streptococcus (NGS) 18 8.37 0.05— 0.12 25.71 0.083 104—106

 Staphylococcus aureus 17 7.91 4.67— 12.36 24.28 0.079 102—105

 coagulase-negative staphylococcus (CoNS) 6 2.79 1.03— 5.97 8.57 0.027 101—106

 Corynebacterium spp. 23 10.69 6.90—15.62 32.85 0.106 102—104

Rothia spp. 12 5.59 2.92— 9.55 17.14 0.055 101—104

  Escherichia coli 4 1.87 0.51— 4.69 5.71 0.018 101—104

Neisseria spp. 30 13.95 9.62— 19.32 42.85 0.139 102—106

 Haemophilus spp. 5 2.32 0.76— 5.34 7.14 0.023 103—106

Moraxella spp. 9 4.19 1.93— 7.80 12.85 0.041 103 —105

 Klebsiella pneumoniae 2 0.93 0.11— 3.32 2.85 0.009 ≤ 102

 Candida spp. 1 0.46 0.01— 2.56 1.42 0.004 ≤ 102

Tota l 215 100 70
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tor scale for detection of GAS in patients with 
acute tonsillitis. It was found that the AUC for 
this indicator was 0.69 with a 95 % confi dence 
interval of 0.40—0.87 (p<0.05), which indicates 
a moderate accuracy in the diagnosis of GAS in 
patients with acute tonsillitis using the results of 
the Centor score. 

Th e sensitivity of the test was 71.4 %, and the 
specifi city was 60.0  %. Th e Youden index was 
0.314. Th e associated cut-off  point for the detec-
tion of GAS in patients with acute tonsillitis was 
4, which means that patients with a Centor score 
of 4 or more can be considered with high prob-
ability to have streptococcal tonsillitis.

D iscussion. Th e study provided a better un-
derstanding of the eff ectiveness of combining the 
Centor score with a bacteriological method in di-
agnosing acute tonsillitis in young, working-age 
patients. Th e data obtained indicate a complex 
relationship between clinical manifestations and 
microbiological fi ndings, which requires detailed 
analysis. Microbiological studies have demonstrat-
ed that Group A β-hemolytic streptococcus (GAS) 
was present in 11.62 % of the total microbial iso-
lates of acute tonsillitis. Th is fi gure aligns with data 
from the global literature, which reports a GAS de-
tection rate ranging from 7 % to 30 % (Gunnars-
son et al., 2023). Th e results are particularly similar 
to those of K. Suzuki et al., who found a frequency 
of 12 %. In studies conducted in Denmark, GAS 
was detected in 20 % of cases of complicated ton-
sillitis in adult patients (Klug, 2017). Th e signifi -
cant variability in the frequency of GAS detection 
among regions may be due to a number of fac-
tors. Geographical diff erences relating to climatic 
conditions, the epidemiological situation, and the 
cultural characteristics of the population play an 
important role in the pathogen’s prevalence (Su-
zuki et al., 2020). Methodological aspects, such as 
the technique used to collect clinical specimens (in 
particular, the depth of swabbing), can also signifi -
cantly aff ect the fi nal results of studies (Anderson 
et al., 2023; Shevchyk et al., 2021). Additionally, the 
selection criteria for patients in the study are cru-

cial; in some studies, the predominance of severe 
disease may lead to overestimation of GAS detec-
tion rates (Wessels, 2022). Notably, the increased 
frequency of GAS detection (20  %) reported in 
Danish studies is exclusively related to compli-
cated cases of tonsillitis, particularly the develop-
ment of a paratonsillar abscess (Anderson et al., 
2023). Th is emphasises the importance of taking 
a diff erentiated approach to interpreting micro-
biological test results, bearing in mind the clini-
cal picture and the presence of complications. Th e 
data obtained confi rm that S. pyogenes remains the 
main bacterial pathogen of acute tonsillitis, and its 
detection rate in uncomplicated cases is consistent 
with global expectations.

Th e microbiological study revealed the pres-
ence of S. aureus in 7.91% of the total isolated 
strains of analyzed tonsillitis cases, which re-
quires a thorough analysis of its etiological role, 
taking into account the possibility of both true in-
fection and transient carriage. Similar to fi ndings 
in recurrent pediatric tonsillitis, S. aureus may 
contribute to persistent infections through bio-
fi lm formation or antibiotic resistance (Kravets et 
al., 2020).  In contrast to CoNS (2.79 %), which 
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are part of the normal oropharyngeal microfl ora, 
S. aureus is classifi ed as a microorganism with 
high pathogenic potential. Its detection always 
requires a comprehensive clinical and laboratory 
assessment, including analysis of quantitative in-
dicators, clinical symptoms and the results of ad-
ditional studies, including infl ammatory markers 
(Klagisa et al., 2022). Patients with type 2 diabe-
tes mellitus (T2DM) are at higher risk of severe 
upper respiratory infections due to immune dys-
regulation. For instance, T2DM increases the risk 
of peritonsillar abscess (Wu et al., 2021) and fur-
ther compromises antibacterial defenses, though 
direct studies on tonsillitis are limited (Zemlyak 
et al., 2023). Particular attention should be paid 
to the diff erential diagnosis between active infec-
tion and carriage, as unjustifi ed prescription of 
antibiotic therapy in the absence of clinical indi-
cations can contribute to the development of an-
tibiotic resistance, disruption of normal micro-
biom, and lead to negative pharmacoeconomic 
consequences. Consideration of these factors is 
particularly important in the context of modern 
principles of rational antimicrobial therapy and 
antimicrobial stewardship approaches. A de-
tailed analysis of the oropharyngeal microbiota 
revealed a signifi cant proportion of commensal 
microorganisms, including species of Coryne-
bacterium, Rothia and Neisseria, confi rming the 
complexity of the microbial community of this 
anatomical region. Th ese data demonstrate the 
dynamic interaction among diff erent bacterial 
species, which plays a crucial role in maintain-
ing local immune homeostasis. Recent studies 
suggest that certain members of the normal mi-
crobiota have a protective function, as they can 
modulate the microbial environment and inhibit 
the overgrowth of pathogenic strains (Bezega et 
al., 2024; Anderson et al., 2023). Th is knowledge 
creates a theoretical basis for developing innova-
tive prevention and treatment strategies, particu-
larly through the use of targeted probiotic drugs 
or microbial-directed therapeutic approaches. 
Further study of the mechanisms of interbacte-

rial interaction and their impact on the patho-
genesis of oropharyngeal diseases is of particular 
importance, as this could lead to personalised ap-
proaches in clinical practice. 

Th e results of the study confi rm that the Cen-
tor score demonstrates moderate diagnostic ac-
curacy in detecting GAS-associated tonsillitis 
(AUC  = 0.69; 95  % CI: 0.40—0.87), which is 
consistent with international data. An optimal 
threshold of ≥4 points provides a sensitivity of 
71.4 % and a specifi city of 60.0 % (Youden in-
dex— 0.314), indicating signifi cant limitations 
when using the scale as a standalone diagnos-
tic tool (McIsaac et al., 2020). In practice, this 
means that around 30 % of patients with GAS 
tonsillitis could be missed, while up to 40 % of 
patients with a viral infection could be given 
unnecessary antibiotics. 

Th ese limitations arise from a combination of 
factors, including colonisation of the orophar-
ynx by GAS (5—20 % in adults), signifi cant clini-
cal overlap between viral and bacterial infections 
(40—60 % similarity in symptoms) and subjec-
tivity when assessing individual clinical signs. 
Th e observed regional diff erences in specifi city 
(60 % in the study versus 65—70 % in Northern 
European countries) may refl ect epidemiologi-
cal features and diff erences in clinical practice. 
Current clinical guidelines (Gunnarsson et al., 
2023a; Muthanna et al., 2022) recommend an 
integrated approach involving initial screening 
with the Centor score, followed by confi rmation 
using rapid GAS antigen tests for patients with a 
score of ≥3. In settings with limited resources, a 
threshold of ≥4 remains an acceptable criterion 
for empirical therapy, albeit with an expected 
overprescription of 25—40  % that necessitates 
strict monitoring via antimicrobial steward-
ship programmes (Wessels, 2022). In light of 
the global problem of antibiotic resistance, the 
results emphasize the critical need to adhere to 
the principles of rational antibiotic therapy. Par-
ticular attention should be paid to clinical situ-
ations where positive bacteriological test results 
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(particularly the detection of S. aureus or GAS) 
do not present with the appropriate clinical 
manifestations. According to current research, 
the unjustifi ed prescription of antibiotics in such 
cases can lead to the selection of resistant micro-
organisms, disruption of the oropharyngeal mi-
crobiome, and adverse drug reactions, as well as 
the irrational use of healthcare resources (Gun-
narsson et al., 2022b; Cheung et al., 2017).

Conclusions. Th e study found that GAS is the 
main bacterial cause of acute tonsillitis. Th is was 
confi rmed in 11.62 % of the total microbial iso-
lates (95 % confi dence interval: 7.67—16.68 %). 
Th is detection rate is consistent with global data 
(7—30  %), confi rming its clinical signifi cance. 
Other potential pathogens identifi ed included 
S. aureus (7.91 %), while representatives of the 
Enterobacteriaceae family (e.g. K. pneumoniae 
and E. coli) were identifi ed less frequently. Fur-
ther study is required to determine their role in 
the etiology of the disease.

Th e microbiological analysis showed that 
α-he mo lytic streptococci dominated the tonsil 
mic robiom (90 % of cases, 108—109 CFU/mL), 
which corresponds to the oropharyngeal nor-
mobiota. Gram-negative bacteria (e.g., Neis-

seria and Haemophilus spp.) were detected less 
frequently, but demonstrated the ability to form 
associations with opportunistic pathogens. An 
assessment of the Centor scale’s diagnostic ac-
curacy using ROC analysis revealed its moder-
ate eff ectiveness in detecting GAS (AUC = 0.69; 
95 % CI: 0.40—0.87). Th e optimal threshold of 
≥4 points was characterized by a sensitivity of 
71.4% and a specifi city of 60.0 %. Th is indicates 
the need for additional diagnostic methods, such 
as rapid antigen tests, to reduce the inappropri-
ate prescribing of antibiotics. To improve diag-
nostic accuracy and optimize antibiotic therapy, 
it is recommended that the Centor score be com-
bined with microbiological methods, particular-
ly for patients with a score of 2—4.
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ЗБУДНИКИ ГОСТРОГО ТОНЗИЛІТУ: 
МІКРОБІОЛОГІЧНИЙ АНАЛІЗ ТА ОЦІНКА ЕФЕКТИВНОСТІ 
ШКАЛИ CENTOR ДЛЯ ДІАГНОСТИКИ СТРЕПТОКОКА ГРУПИ А 
НА ПЕРВИННОМУ РІВНІ МЕДИЧНОЇ ДОПОМОГИ

Гострий тонзиліт залишається однією з найпоширеніших причин звернення за первинною медичною допо-
могою. Нераціональне призначення антибіотиків при вірусних інфекціях сприяє розвитку резистентності, 
тоді як запізніла діагностика стрептококового тонзиліту збільшує ризик ускладнень. Поєднання клініч-
них шкал (наприклад, шкала Centor) з мікробіологічними методами може підвищити точність діагности-
ки, але їхня ефективність потребує уточнення для різних клінічних груп. Мета. Визначити мікробіологіч-
ний спектр збудників гострого тонзиліту та оцінити діагностичну точність шкали Centor для виявлення 
β-гемолітичного стрептокока групи A у дорослій популяції. Методи. Проведено проспективне когортне до-
слідження з участю 77 пацієнтів віком 18—45 років із клінічним діагнозом гострого тонзиліту. Зразки з миг-
даликів аналізували за допомогою бактеріологічного посіву на селективних середовищах (кров’яний агар, 
манітол-сольовий агар), фенотипової ідентифікації (забарвлення за Грамом, тест на визначення каталази, 
аналіз типів гемолізу та інші) та кількісної оцінки мікробіоценозу (індекси домінування та частоти). Клініч-
ну оцінку проводили за шкалою Centor з подальшим ROC-аналізом її діагностичної точності. Результати. 
β-гемолітичного стрептокока групи А виявлено в 11.62 % випадків (95 % ДІ: 7.67—16.68), що узгоджується 
зі світовими даними. Staphylococcus aureus ідентифіковано в 7.91 % зразків. Шкала Centor продемонструвала 
помірну точність (AUC = 0.69) з оптимальним порогом ≥4 балів (чутливість 71.4 %, специфічність 60.0 %).
Частота виявлення β-гемолітичного стрептокока групи А в пацієнтів з 2—3 балами Centor становила 12.8 %, 
з 4 балами — 9.67 %. Висновки. Поєднання шкали Centor з мікробіологічним підтвердженням для пацієнтів 
із 3—4 балами дозволяє зменшити надмірне призначення антибіотиків. Для підвищення точності діагности-
ки рекомендовано використовувати швидкі тести на антигени β-гемолітичного стрептокока групи А.
Ключові слова: тонзиліт, бактерії, шкала Centor, бактеріологічне дослідження, бета-гемолітичний стреп-
токок групи А. 
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DYNAMICS OF SPREAD AND OPTIMIZATION 
OF DIAGNOSIS OF CUCUMBER MOSAIC VIRUS 
IN CUCURBITACEAE AGROECOSYSTEMS IN UKRAINE
Cucumber mosaic virus (CMV) is one of the most widespread and economically signifi cant phytopathogens in the world, 
characterized by a wide range of damage to both vegetable and other taxonomic groups of plants. Th is research highlights 
the epidemiological characteristics of CMV in Ukraine and analyzes its pathogenic impact on domestic agrocenoses. 
Th e Aim. To determine the characteristics of the spread and improve methods for diagnosing cucumber mosaic virus in 
vegetable crops in Ukraine. Methods. Th e methods used in the study included visual diagnostics, indirect and sandwich 
modifi cations of immunoenzymatic analysis, electron microscopy, and statistical data processing. Results. Visual moni-
toring revealed a number of symptoms of viral etiology on aff ected plants, including necrosis, chlorosis, and yellow-green 
and dark green interveinal mosaic. Ring-shaped spots and deformations were observed on the fruits. To establish the 
morphological properties of the pathogen, a study was conducted using electron microscopy. As a result, spherical virions 
with an average diameter of 29 nm were identifi ed, which corresponds to the characteristics of CMV described in the 
literature. Five years of monitoring of Ukrainian agrocenoses confi rmed the active circulation of CMV in vegetable crops, 
manifested by high titers of the pathogen in infected plants and caused by the characteristics of its transmission. Purifi ed 
viruses were used to obtain polyclonal antiviral sera against CMV. Th e working dilution for the isolate from the Kyiv 
region at a titer of 1:512000 was 1:4000, and for the isolate from the Odesa region at a titer of 1:256000 — 1:8000. Con-
clusions. Many years of research have confi rmed the active circulation of CMV in vegetable crops in Ukraine. Typical 
symptoms of infection and morphological parameters of viral particles have been established. Th e polyclonal antiserums 
obtained are an eff ective diagnostic tool and can be used to monitor and control the spread of the pathogen.
Keywords: plant viruses, CMV, Cucurbitaceae, viral antigens, biological safety.
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Plant viruses play an important role in the 
functioning of agricultural ecosystems, aff ect-
ing their productivity and stability. Th ey reduce 
crop yields and impair the quality of agricul-
tural products, resulting in signifi cant econom-
ic losses for farmers. In addition, phytoviruses 
alter the structure of agrocenoses through in-
teractions with other pathogens, insect vectors, 
and various plant species (Sanchez-Tovar et al., 
2025; Desbiez et al., 2020). Th is creates new 
challenges for ensuring ecological balance in 
agricultural systems. In Ukraine, viral diseases 
are a serious problem for farmers, especially 
those who grow vegetable crops (Tsvigun et al., 
2024a). One of the most dangerous pathogens is 
the Cucumovirus CMV (cucumber mosaic virus 
(CMV), Bromoviridae, which can cause massive 
damage, known as epiphytotics, aff ecting up to 
50% of plants (Tsvigun et al., 2024a; Shevchenko 
et al., 2022).

As we have shown earlier, there is a signifi cant 
number of viral infections in Ukrainian crop 
production, especially in vegetable agrocenoses, 
where their spread has increased by 25—27% 
compared to previous years. According to our 
research, serological analysis showed that 59% of 
samples of the Cucurbitaceae family and 54% of 
the Solanaceae family were aff ected by viral in-
fections common in Ukraine. It was also found 
that a signifi cant portion of commercial seed 
material on the Ukrainian market already con-
tains viral antigens (Tsvigun et al., 2024a).

Th e study of phytoviruses, in particular CMV, 
is critical for the development of sustainable ag-
riculture. Research into their spread, interaction 
with plants, and adaptation to new conditions 
allows for the creation of eff ective prevention 
strategies. For example, the development of diag-
nostic test systems and polyclonal antisera con-
tributes to the early detection of viruses and in-
creases the biological safety of agricultural land 
(Scott, 1968). Studying virus reservoirs, such as 
weeds, helps understand the epidemiological 
characteristics of the virus spread (Li, 2020).

As an agrarian country, Ukraine needs com-
prehensive approaches to protect crops from 
viral infections. Th e development of modern 
methods for the diagnosis and control of phy-
toviruses is necessary to preserve crops and 
ensure the stability of the agricultural sector. 
Th e introduction of resistant varieties, the im-
provement of agricultural practices, and rais-
ing farmers’ awareness of preventive measures 
can signifi cantly reduce the negative impact of 
CMV (Tsvigun et al., 2024a; Shevchenko et al., 
2022). Th us, systematic study of phytoviruses 
and the implementation of innovative solutions 
are key to the sustainable development of agri-
culture in Ukraine.

Th e aim of this study was to establish the 
characteristics of the spread of cucumber mosaic 
virus and optimize methods for its diagnosis in 
vegetable crops in Ukraine.

Materials and Methods. Th e study was con-
ducted based on a systematic and comprehen-
sive approach to assessing the condition of vege-
table crops (cucumber, squash, zucchini, melon, 
watermelon) with symptoms of viral damage. 
Laboratory analyses were performed in the Vi-
rus ecology and biosafety laboratory named 
aft er Academician A.L. Boiko, accredited in ac-
cordance with international standard DSTU EN 
ISO/IEC 17025:2019, Department of Agroecol-
ogy and Biosafety, Institute of Agroecology and 
Environmental Management of the National 
Academy of Agrarian Sciences of Ukraine.

Plant samples were collected by visual inspec-
tion in the Zhytomyr, Poltava, Kyiv, Lviv, Vin-
nytsia, Rivne, Cherkasy, Odesa, and Kirovohrad 
regions of Ukraine. A total of 325 samples, rep-
resenting the Cucurbitaceae family, were exam-
ined, with an average of 36 samples in each re-
gion. Leaves and fruits were used for analysis, 
which were homogenized in 0.1 M phosphate-
saline buff er (pH 7.4) in a 1:2 ratio, and then 
purifi ed from plant components by centrifuga-
tion at 5,000 rpm for 20 min at 4 °C on a PC-6 
centrifuge (Tsvihun et al., 2025).
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Detection of viral antigens in selected samples 
from diff erent areas was performed by an en-
zyme-linked immunosorbent assay (ELISA) in 
a sandwich modifi cation using the Loewe (Ger-
many) test systems. Indirect ELISA was used to 
determine the titer of antiviral serum to CMV. 
Optical density was recorded on a Termo Lab-
systems Opsis MR reader (USA) at wavelengths 
of 405 nm. Th e data were processed using de-
scriptive statistics to determine mean values 
and standard deviations, and threshold values of 
optical density were calculated individually for 
each plate according to the recommendations 
(Crowther, 1995; Berniak et al., 2009).

For further research, viruses were purifi ed and 
concentrated using diff erential centrifugation, 
with purity controlled spectrophotometrically by 
the E260/E280 ratio. Th e morphology of virions 
was studied at the D.K. Zabolotny Institute of Mi-
crobiology and Virology using a JEOL JEM-1400 
electron microscope with 2% uranyl acetate as a 
contrast reagent (Richert-Pöggeler et al., 2019).

Results. During the growing seasons of 
2021—2025, we conducted visual monitoring of 
agrocenoses in nine Ukrainian regions. Th is al-
lowed us to select samples of vegetable crops that 
showed symptoms of viral etiology in the Zhyto-
myr, Poltava, Kyiv, Lviv, Vinnytsia, Rivne, Cher-
kasy, Odesa, and Kirovohrad regions. On plants 
of the Cucurbitaceae family, the fi rst signs of 
the disease appeared 30—45 days aft er sowing, 
during the fl owering phase. Initial symptoms 
included the appearance of chlorotic spots and 
tissue lightening along the main veins on young 
leaves. Subsequently, infected plants developed 
systemic yellow or green mosaic patterns, as well 
as leaf and fruit deformations (Fig. 1).

Virus-infected plant fruits show marked de-
pigmentation and mild deformation, oft en ac-
companied by mosaic patterns, chlorosis, yel-
lowing, and tissue necrosis, which are classic 
symptoms of viral plant infections (Mehetre 
 et al., 2019). Infected plants generally show re-
duced seed productivity, with possible deforma-

tion and the formation of fruits with thin peri-
carp (Wang et al., 2022).

Generally, between 2021 and 2025, the inci-
dence of CMV infection in plants ranged from 
19% to 40%. In 2021, CMV was detected in 21% 
of samples collected in the Poltava, Vinnytsia, 
Kyiv, Cherkasy, and Odesa regions. Among the 
aff ected cultures, pumpkins, courgettes, zuc-
chini, and melons were identifi ed. In 2023, CMV 
antigens were detected in 20% of the samples 
studied, collected in Vinnytsia, Poltava, Kyiv, and 
Rivne regions, mainly on courgettes, pumpkins, 
and zucchini. In 2024, CMV was diagnosed in 
agrocenoses in the Zhytomyr, Poltava, Kyiv, Lviv, 
Vinnytsia, Rivne, Cherkasy, Odesa, and Kiro-
vohrad regions. Th e virus was detected in 40% 
of samples, which included representatives of the 
Cucurbitaceae, which was equal to the highest 
damage rate for all studied years.

In 2025, research fi ndings revealed the pres-
ence of cucumber mosaic virus antigens in 31% 
of the samples analyzed. Aff ected plants were 
found in agricultural communities in the Zhyto-
myr, Cherkasy, Vinnytsia, Poltava, and Odesa re-
gions, particularly in cucumber, zucchini, pump-
kin, and courgette crops (Fig. 2).

Based on the data obtained from immuno-
enzymatic analysis, it can be stated that CMV 
is widespread in the agrocenoses of Ukraine, 
which indicates a serious epidemiological situa-
tion. Analysis of CMV circulation in agroecosys-
tems indicates a signifi cant infl uence of natural 
and climatic conditions and plant variety char-
acteristics on the development of viral infection. 
A complex of factors, including the presence of 
insect vectors, weeds as virus reservoirs, genetic 
characteristics of varieties, and specifi c climate 
conditions, determines both the suppression and 
activation of the infectious process. Th ese factors 
infl uence the frequency of plant infection and 
the degree of pathological changes. 

Th e next stage of the study was to isolate CMV 
from infected plants for further characterisation. 
Th e purity of the obtained substances was as-
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sessed by determining the A260/A280 optical 
density ratio, which coincided with the reference 
values for CMV, indicating a high degree of puri-
fi cation from foreign proteins and nucleic acids. 
Th e concentration of the isolated viruses was 4 
mg/ml, which made it possible to obtain a highly 
purifi ed and concentrated substance. For direct 
visualisation and confi rmation of the morpho-
logical features of virions, electron microscopy 
was used with a JEOL JEM-1400 microscope at 
30,000x magnifi cation, using a 2% uranyl acetate 

solution as a negative contrast agent. Spherical 
viral particles with a diameter of about 29—
30 nm were identifi ed in the samples, which cor-
responds to the morphology of CMV virions, 
belonging to the genus Cucumovirus (Fig. 3).

Electron microscopy analysis confi rmed the 
presence of CMV in the plant samples.

Th ese conclusions highlight the critical need 
for a comprehensive approach to protecting 
crops from viral infections, covering the entire 
cycle—from pre-sowing seed testing to continu-
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Fig. 2. Frequency of detection of plants infected with CMV in 2021—2025
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ous monitoring of crop conditions at various 
stages of vegetation. Despite the enormous im-
portance of accurate diagnosis of plant viruses, 
Ukraine currently does not have its own diag-
nostic test systems and is completely dependent 
on imports, which creates signifi cant risks. Th ese 
imported systems oft en do not correspond to the 
spectrum and properties of virus strains charac-
teristic of Ukrainian agroecosystems. However, it 
should be noted that the main viruses that aff ect 
crops in Ukraine are active immunogens and can 
be eff ectively detected using serological methods.

Th e development of proprietary polyclonal 
antiviral sera is economically advantageous, as 
their cost is signifi cantly lower than commercial 
analogs, which increases the profi tability of agri-
cultural production. Studying the antigenic prop-
erties of phytoviruses is critical for developing 
eff ective diagnostic test systems and protective 
measures that enable rapid detection and con-
trol of viral infections (Scott, 1968). Th is research 
helps improve the eff ectiveness of plant virus 
control, reduce economic losses, and improve the 
resistance of crops to viral diseases (Shang et al., 
2024). One-year-old male chinchilla rabbits with 

an average weight of 2—3  kg were used to ob-
tain antiviral serum. Th e immunization process 
was carried out in fi ve stages with an interval of 
14 days for CMV: the fi rst three immunizations 
were performed at weekly intervals, and the next 
two — every other day. A purifi ed virus with a 
concentration of 1 mg/mL was used for immu-
nization. Blood was collected from the marginal 
ear vein one week aft er the last injection. Th e titer 
of the obtained serum was determined by indi-
rect ELISA (Tomlinson et al., 1973).

A ntiserum titers and working dilutions were 
determined by indirect ELISA. Th us, the work-
ing dilution for the fi rst isolate (Kyiv region) at a 
titer of 1:512000 was 1:4000; for the second iso-
late (Odesa region) at a titer of 1:256000, it was 
1:8000 (Fig. 4).

Th e polyclonal rabbit antisera obtained dur-
ing the study did not react with components of 
healthy plant juice, which indicates their high 
specifi city and suitability for testing CMV anti-
gens in plant samples, including seeds, planting 
material, and plants at various stages of vegeta-
tion. Th e use of the developed polyclonal anti-
sera for ELISA allowed for the screening analysis 
of vegetable crops in farms in the Kyiv and Ode-
sa regions, as well as at the Skvyra Experimental 
Station of the IAEM. Th anks to these analyses, it 
was possible to assess the degree of viral damage 
and select CMV-resistant varieties for cultiva-
tion, which led to an increase in their yield by 
15—35%. Th ese results confi rm the possibility of 
creating our own diagnostic test systems based 
on the obtained antisera. A comprehensive anal-
ysis of monitoring data has shown that CMV is 
one of the most common causative agents of vi-
ral infections in vegetable crops in Ukrainian ag-
rocenoses, where it maintains high titers, which 
is directly related to the peculiarities of its cir-
culation and mechanisms of spread. Th us, the 
results obtained confi rm the need to implement 
a comprehensive approach to protecting crops 
from viral infections, including measures rang-
ing from pre-sowing seed testing to continuous 

100 nm

Fig 3. Th e electron microscopic image of CMV
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monitoring of crop conditions throughout the 
growing season.

Discussion. Th e CMV poses a signifi cant 
threat to agriculture due to its high damage po-
tential. It is one of the most widespread viruses in 
the world, aff ecting more than 1,200 plant species, 
including key vegetable crops such as cucum-
bers, tomatoes, peppers, and courgettes. Infected 
plants show stunted growth and deformation of 
leaves and fruits, resulting in yield losses of 50% 
or more (Tsvigun et al., 2024a; Shevchenko et al., 
2021). Th is causes a loss of product quality and 
creates direct economic losses for farmers. In ad-
dition, CMV threatens food security, as reduced 
yields can aff ect food availability (Tsvihun et al., 
2025). Th e problem of combating CMV is com-
plicated by the diffi  culty of diagnosis and the lack 
of eff ective treatment methods. Th e symptoms 
caused by the virus are oft en similar to those of 
other diseases, making timely detection diffi  cult. 
Since there are no chemical treatments for viral 
infections in plants, the main focus is on preven-
tion. Preventive measures include the use of re-
sistant plant varieties and control of virus vectors, 
particularly aphids. Research in this area is aimed 
at developing rapid accurate diagnostic methods 
that allow farmers to respond quickly to threats 
(Roossinck et al., 2015).

At the same time, CMV is distinguished by its 
ability to quickly adapt to new plant species and 
change its properties depending on environmen-
tal conditions. Every year, new host plants for this 
virus are discovered, which makes it diffi  cult to 
predict its spread (Shevchenko et al., 2021). For 
example, in 2021, there appeared the fi rst report 
of garlic (Allium sativum L.) infected with CMV 
in Ukraine (Taher et al., 2021). Reports of new 
hosts for this virus are increasingly common, 
with CMV being detected in wild plants such as 
garlic mustard (Alliaria petiolata). In 2023, Kyry-
chenko and co-authors identifi ed CMV on this 
plant in Ukraine for the fi rst time, demonstrat-
ing its role as a potential reservoir of the virus in 
natural and agroecosystems (Kyrychenko et al., 
2023). Th is virus also oft en occurs in mixed in-
fections when it interacts with other pathogens, 
which exacerbates its harmful eff ects (Tsvigun et 
al., 2024b). Th e course of the disease caused by 
CMV depends on the virus strain, plant species, 
plant age, physiological condition, and presence 
of concomitant infections, as well as climatic 
conditions such as temperature. Plants of the Cu-
curbitaceae, Solanaceae, and legume families are 
particularly susceptible to CMV (Lopez-Martin 
et al., 2024). During mass outbreaks, the virus 
can aff ect 30% to 50% of crops, leading to signifi -
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cant crop losses (Tsvigun et al., 2024a; Shevchen-
ko et al., 2021; Lopez-Martin et al., 2024; Ma et 
al., 2022). It makes CMV a complicated object to 
study and control.

Visual assessment of external symptoms of in-
fection is not a suffi  ciently reliable approach for 
the detection and diagnosis of viral pathogens, 
as symptom expression is predominantly deter-
mined by complex interactions between the vi-
rus and the host, including genetic variability of 
viral strains, which can generate a spectrum of 
eff ects ranging from hypersensitivity to asymp-
tomatic carriage (Rubio et al., 2020). Moreover, 
strains of the same virus can induce diff erent 
symptoms in plants of the same species, and 
environmental factors such as temperature, soil 
type, and climatic conditions, as well as co-infec-
tions with other pathogens, signifi cantly modify 
phenotypic responses, making identifi cation 
more challenging. Genetic diversifi cation of vi-
ruses through mutations and recombinations, 
especially in RNA viruses, also increases symp-
tom variability, as shown in studies of plant virus 
evolution (Mehetre et al., 2019).

Th erefore, viral infection diagnosis requires 
verifi cation using specialized methods, such 
as double antibody sandwich ELISA (DAS-
ELISA), which provides high sensitivity and 
specifi city through the use of polyclonal or 
monoclonal antibodies for the detection of vi-
ral antigens. It should be noted that molecular 
diagnostic methods, such as reverse transcrip-
tion-polymerase chain reaction (RT-PCR), 
quantitative PCR (qPCR), loop isothermal am-
plifi cation (LAMP), and next-generation se-
quencing (NGS), provide exceptional sensitivity 
for detecting low-titre viruses and enable multi-
plex detection and identifi cation of new patho-
gens, which is critical for accurate diagnosis in 
polyinfection settings (Kanapiya et al., 2024). 
However, they are technically complex and fi -
nancially costly, which limits their widespread 
use in routine diagnostics, especially in resource-
constrained settings. In particular, RT-PCR and 

qPCR require highly skilled personnel, special-
ized equipment, and complex sample prepara-
tion protocols, while NGS additionally requires 
signifi cant computing resources for data analy-
sis. LAMP, although less demanding in terms of 
equipment, is still less accessible due to the need 
for specifi c reagents. Th erefore, in this context,
DAS-ELISA remains the optimal choice for 
mass screening due to its relative simplicity, 
cost-eff ectiveness, and high specifi city, making 
it an indispensable tool for the diagnosis of viral 
infections in plants for large-scale studies.

According to the literature, most species of 
vegetable crops of the Cucurbitaceae family cul-
tivated in agriculture are susceptible to CMV. 
CMV antigens were detected in plant samples 
collected in nine regions of Ukraine.

Our previous studies also confi rm the status 
of the cucumber mosaic virus as one of the most 
widespread and economically signifi cant viruses 
aff ecting crops, including Cucurbitaceae in ag-
rocenoses of Ukraine (Tsvigun et al., 2024a). 
Serological analyses conducted in 2022—2023 
showed that 59% of the samples of the Cucur-
bitaceae family tested were aff ected by the main 
common viral diseases in Ukraine. Overall, the 
incidence of damage to vegetable crops by viral 
diseases increased by 25—27% compared to pre-
vious years of the study (Tsvigun et al., 2024a; 
Shevchenko et al., 2021). A comprehensive anal-
ysis of monitoring data has shown that CMV is 
one of the most common causative agents of vi-
ral infections in vegetable crops in Ukrainian ag-
rocenoses, where it maintains high titres, which 
is directly related to the peculiarities of its circu-
lation and mechanisms of spread, in particular 
through aphids, seeds, and mechanical damage. 
Phylogenetic analysis of CMV isolates from Cu-
curbitaceae plants in 2022—2023 confi rmed the 
dominance of strains of subgroups IA and IB, 
with up to 60% of wild Alliaria petiolata plants 
infected in the Kyiv region, highlighting the role 
of weeds as reservoirs for the virus (Taher et al., 
2021; Kyrychenko et al., 2023).
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All this confi rms the importance of creating 
our own diagnostic test systems, in particular, 
based on the antiserums obtained, which is an 
important step for early detection of the virus. 
For example, a combination of serological (ELI-
SA) and molecular (RT-PCR) methods increases 
the accuracy of CMV diagnosis to 95—99%, 
which is critically important for monitoring 
mixed infections that complicate the course of 
the disease and reduce yields by 50—80% in 
regions with high aphid density (Tsvigun et al., 
2024b). A comparison with European countries 
such as France and Spain shows similar trends, 
but with regional diff erences. In France, IA 
strains dominate, infecting up to 40% of squash, 
cucumber, and tomato plants in the Mediterra-
nean region, oft en in mixed infections with wa-
termelon mosaic virus (Desbiez et al., 2020). In 
Spain, the CMV infection rate reaches 35% in 
pepper, squash, and melon crops, which is as-
sociated with climate warming, which promotes 
aphid reproduction and expands the range of 
host plants, including wild plants (Lopez-Mar-
tin et al., 2024). In Ukraine, climate change 
also contributes to the spread of CMV, in par-
ticular due to a 1—2 °C increase in temperature, 
which increases aphid activity and accelerates 
virus transmission by 20—30% in the forest-
steppe and steppe zones. Th e results confi rm 
the need for a comprehensive approach to 
protecting crops from viral infections, including 
measures ranging from pre-sowing seed testing 
to continuous monitoring of crop conditions 
throughout the growing season. Integrated Pest 

Management (IPM), which includes the use of 
refl ective mulch and biological methods for 
aphid control, reduces the incidence of CMV 
by 40—50% in pepper crops, confi rming the 
feasibility of adapting European experience in 
Ukraine. Th e lack of epidemic prediction models 
for Ukraine until 2030, unlike European coun-
tries, highlights the need to develop such systems 
for eff ective risk management. Th us, the adapta-
tion of modern diagnostic and control methods, 
including molecular and serological approaches, 
is key to reducing CMV losses and increasing the 
resilience of agroecosystems in Ukraine.

Conclusions. Based on the studies conducted, 
the active circulation of CMV on vegetable crops 
in Ukraine was confi rmed. Th e use of a compre-
hensive approach, including visual diagnosis, 
electron microscopy, and enzyme-linked im-
munosorbent assay, made it possible to establish 
the characteristic symptoms of infection and the 
morphological properties of virions. Th e devel-
oped polyclonal antisera to CMV have demon-
strated high effi  ciency for diagnosis and can be 
used to create national test systems. Th ese results 
are of considerable practical importance for the 
development of eff ective strategies to control and 
monitor the spread of the pathogen in Ukrainian 
agrocenoses, which is particularly relevant given 
the global challenges associated with climate 
change and the intensifi cation of agriculture. Th e 
integration of European approaches, such as NGS 
and prediction models, together with the devel-
opment of our own diagnostic tools, can signifi -
cantly increase the eff ectiveness of CMV control.
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Dynamics of Spread and Optimization of Diagnosis of Cucumber Mosaic Virus in Cucurbitaceae Agroecosystem
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ДИНАМІКА ПОШИРЕННЯ ТА ОПТИМІЗАЦІЯ ДІАГНОСТИКИ 
ВІРУСУ ОГІРКОВОЇ МОЗАЇКИ В АГРОЦЕНОЗАХ CUCURBITACEAE В УКРАЇНІ

Cucumber mosaic virus (CMV) є одним із найбільш поширених та економічно значущих фітопатогенів у 
світі, що характеризується широким спектром ураження як серед овочевих, так і інших таксономічних груп 
рослин. У даній роботі висвітлено епідеміологічні особливості CMV на території України та проведено ана-
ліз його патогенного впливу на вітчизняні агроценози. Мета. Встановити особливості поширення та удо-
сконалити методи діагностики Cucumber mosaic virus на овочевих культурах в Україні. Методи. У роботі 
використано спектр методів, який включав візуальну діагностику, імунноферментний аналіз непрямий і 
сендвіч модифікації, метод електронної мікроскопії та метод статистичної обробки даних. Результати. Візу-
альний моніторинг виявив низку симптомів вірусної етіології на уражених рослинах, включаючи некрози, 
хлорози, жовто-зелену та темно-зелену прижилкову мозаїку. На плодах спостерігалися кільцеподібні плями 
та деформації. Для встановлення морфологічних властивостей збудника проведено дослідження методом 
електронної мікроскопії. У результаті ідентифіковано сферичні віріони із середнім діаметром 29 нм, що 
відповідає характеристикам вірусу огіркової мозаїки, описаним у літературних джерелах. П’ятирічний мо-
ніторинг агроценозів України підтвердив активну циркуляцію CMV на овочевих культурах, що проявля-
ється високими титрами збудника в інфікованих рослинах і зумовлюється особливостями його передачі. 
Очищені вірусні препарати були використані для отримання поліклональних антивірусних сироваток до 
CMV. Робоче розведення для ізоляту з Київської області при титрі 1:512000 становило 1:4000, а для ізоля-
ту з Одеської області при титрі 1:256000 — 1:8000. Висновки. Проведені багаторічні дослідження підтвер-
дили активну циркуляцію вірусу огіркової мозаїки на овочевих культурах в Україні. Встановлено типові 
симптоми ураження та морфологічні параметри вірусних часток. Отримані поліклональні антисироватки 
є ефективним діагностичним інструментом і можуть використовуватися для моніторингу та контролю по-
ширення збудника.
Ключові слова: віруси рослин, CMV, Cucurbitaceae, вірусні антигени, біологічна безпека.
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PECULIARITIES OF STAPHYLOCOCCI 
AND STREPTOCOCCI COMMUNICATION 
IN BIOFILMS
Aim. To summarize and systematize many years of research on the communication mechanisms (quorum sensing) of 
biofi lm representatives such as staphylococci and streptococci, and to analyze the genetic predictors of virulence prop-
erty changes in these bacteria. Methods. A systematic search and analysis of scientifi c literature were conducted using 
the PubMed, Scopus, and Google Scholar databases. Th e review focuses on the molecular and genetic mechanisms of 
Quorum Sensing systems (Agr, LuxS, Fsr, Rgg) in Gram-positive cocci and their role in biofi lm formation on biotic and 
abiotic surfaces. Results. Th e role of the Agr and LuxS regulatory systems of cocci in the expression of genes responsible 
for the synthesis of virulence factors such as toxins, enzymes, and factors that suppress the host immune response is 
described. It has been confi rmed that the eff ect of Agr on biofi lm-associated infection varies: Agr is necessary for biofi lm 
structuring and the spread of infection, but Agr dysfunction leads to enhanced biofi lm formation, which may be ben-
efi cial for bacteria under chronic conditions. Additionally, the mechanisms of antimicrobial resistance gene expression 
under the regulatory infl uence of QS are revealed. Conclusions. Th e review highlights the possibility of infl uencing the 
development of virulence properties of opportunistic microorganisms and their antimicrobial resistance through innova-
tive non-bactericidal therapeutic strategies. Th is opens a new page in the fi ght against multidrug-resistant pathogens of 
nosocomial infections and the correction of the microbiome in general.
Keywords: quorum sensing, biofi lm, Staphylococcus, Streptococcus, virulence factors, antimicrobial resistance.
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As it has already been proven, in such a complex 
consortium of bacteria as a biofi lm, bacteria in-
teract with each other somehow. In 1994, it was 
proposed to designate such features of intercellu-
lar communication of bacteria by the term quo-
rum sensing (QS) (Fuqua et al., 1994). It defi nes 
the process of bacterial intercellular communica-
tion, using various chemical signals ( autoinduc-
ers), synchronize their collective behaviour in the 
bacterial population, and exercise self-control.

Given the signifi cant diff erence in metabo-
lism and other physiological features of diff erent 
bacterial populations, it would be reasonable to 
assume that the mechanisms that ensure their 
QS in biofi lms are diff erent. In this review, we 
tried to analyze such a situation in diff erent bac-
terial species.

Quorum Sensing in Staphylococci. As 
known, staphylococci are mainly commensals 
of human skin and the mucous membranes of 
the upper respiratory tract, but they can become 
pathogenic by entering the bloodstream or diff er-
ent tissues, especially when the skin is damaged 
or the immune system is weakened. Th e treat-
ment of staphylococcal infections is complicated 
by the increase in the number of antibiotic-re-
sistant strains, for example, MRSA, which cause 
a wide range of diseases in humans, including 
life-threatening conditions, such as pneumonia, 
sepsis, toxic shock syndrome, etc. (Crossley et al., 
2009; Klymnyuk & Romanyuk, 2024).

Among the regulatory mechanisms that en-
sure timely adaptation of staphylococci physi-
ological features to the environment, their QS is 
considered one of the most thoroughly studied 
and, probably, the most important mechanisms 
for controlling disease pathogenesis. It has been 
proven that bacterial QS is a population-density-
dependent and environment-dependent mecha-
nism of gene regulation that occurs through 
intercellular communication (Le & Otto, 2015; 
Waters & Bassler, 2005).

Two main regulatory systems are distin-
guished in staphylococci, namely the Agr sys-

tem and the LuxS system. Agr is considered the 
prototype of the QS regulatory system in gram-
positive bacteria (Bleul et al., 2022; Kleerebezem 
et al., 1997; Le & Otto, 2015; Matsumoto et al., 
2021; Waters & Bassler, 2005), while the role of 
LuxS system in the QS mechanism of staphylo-
cocci has not yet been studied suffi  ciently.

Th e Agr system, which is part of the two-com-
ponent signaling and signal-sensing system of 
S. aureus (Bleul et al., 2022), plays a central role 
in the regulation of bacterial virulence (Matsu-
moto et al., 2021). Th e agr locus is 3.5 kb in size 
and consists of two divergent transcription units, 
such as RNA II and RNA III, whose transcrip-
tion is controlled by promoters P2 and P3, re-
spectively (Le & Otto, 2015). Th e RNAII locus 
contains four genes: agrB, agrD, agrC, and agrA 
(Le & Otto, 2015) (Fig. 1). 

Th e agrD transcript encodes the precursor pep-
tide of the extracellular QS signal Agr, which is 
an autoinducer peptide (AIP) (Le & Otto, 2015). 
It consists of 7—9 amino acids and contains the 
characteristic thiolactone ring between the cen-
trally located cysteine and C-terminus (Le & Otto, 
2015). Th e agrB gene product is a transmembrane 
endopeptidase, which is responsible for thiolac-
tone modifi cation, C-terminal cleavage, and AIP 
export (Le & Otto, 2015; Zhang & Ji, 2004). 

In staphylococci, the C-terminal region be-
longs to the end of specifi c bacterial proteins, 
which oft en play a decisive role in virulence, 
evading the immune response, targeting the cell 
wall, or interacting with enzymes. Key C-termi-
nal functions include complement evasion by 
Efb  (extracellular fi brinogen-binding protein), 
binding host factors, and targeting toxins. Th ese 
C-terminal domains are key to staphylococcus 
survival, allowing it to evade human defence 
mechanisms or interact with host cells, making 
them potential targets for new antibiotics.

In the extracellular environment, AIP is cleaved 
by type I signal peptidase SspB P fi nally (Le & 
Otto, 2015). Th e agrA and agrC genes encode the 
two-component signal transduction system com-
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prising the histidine kinase sensor AgrC, a trans-
membrane protein that is phosphorylated upon 
binding to AIP, and the associated whith them 
response regulator AgrA (Le & Otto, 2015). Aft er 
activation by AgrC-dependent phosphorylation, 
AgrA binds to the P2 promoter region for RNA II 
and the P3 promoter region for RNA III (Koenig 
et al., 2004), as well as to the promoters control-
ling the expression of PSMα and PSMβ peptides 
(Koenig et al., 2004; Queck et al., 2008). 

Th e QS scheme functions as follows (Fig.  1): 
An AIP signal is formed from the precursor 
AgrD through the maturation and export of 
AgrB. At a certain threshold concentration, AIP 
activates the two-component AgrC-AgrA system, 

and phosphorylated AgrA activates transcrip-
tion from the P2 promoter, resulting in negative 
feedback through autoregulation. An important 
feature of Agr is group specifi city, which leads to 
cross-inhibition, i.e. suppression of Agr activity in 
strains belonging to other Agr specifi city groups 
or other species.

Most Agr target genes are regulated via RNA 
III, whose transcription is enhanced by AgrA 
via the P3 promoter. RNA III also contains the 
delta toxin gene. RNA III controls target genes 
by forming base pairs with 5'UTR, in most cases 
inhibiting translation. Th is is used to directly re-
press Agr-inhibited target genes, such as protein 
A, while repression of Rot repressor translation 
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leads to derepression of transcription of many 
classic Agr target toxins, like alpha toxin. AgrA 
also increases the transcription of the psmα and 
psmβ operons encoding PSM (phenol-soluble 
modulin) peptides in an RNAIII-independent 
mode of Agr target gene regulation.

Phenol-soluble modulin (PSM) peptides are 
small, amphipathic, and alpha-helical toxins pro-
duced by staphylococci that are crucial for biofi lm 
maturation and virulence, such as neutrophil ly-
sis. Th ey are typically categorized into alpha-type 
(20—25 amino acids) and beta-type (about 44 
amino acids). Th e Shine-Dalgarno sequence is a 
ribosome-binding site in the matrix RNA of bac-
teria and archaea. Th is sequence, which is usually 
located 8 nucleotides before the AUG start co-
don, is important for the initiation of translation 
because it interacts with the ribosome. It interacts 
with a complementary sequence at the 3’-end of 
16S rRNA (the anti-Shine-Dalgarno sequence), 
allowing the ribosome to bind to mRNA at the 
correct location to initiate translation (Rinaldi et 
al., 2016; Wen et al., 2021).

Although agr is generally conservative in staph-
ylococci, variations in the agrB, agrC, and agrD 
sequences cause synthesis of AIPs with diff erent 
signalling specifi cities, allowing the activation of 
own and causing cross-inhibition of a group of 
foreign Agrs, which may refl ect evolutionary se-
lective pressure. In addition, Agr can also be ac-
tivated by various other regulators, particularly 
SarA, SrrAB, or environmental factors, such as 
glucose concentration or pH (Le & Otto, 2015).

Th e presence of RNAIII-dependent gene regu-
lation is a distinctive feature of staphylococci QS. 
Bacterial RNA III is a large intracellular eff ector 
RNA molecule of S. aureus, which is responsible 
for controlling the targets of the Agr quorum sens-
ing system. It is crucial for controlling virulence 
factors such as toxins by activating them during 
late stages of infection prosesses, and surface pro-
teins by suppressing them during early stages. It is 
also a matrix RNA containing the hld gene for del-
ta toxin (or delta haemolysin) (Le & Otto, 2015).

Th e main mechanism by which RNA III con-
trols target gene expression is through antisense 
binding to 5' untranslated regions (5' UTRs), 
forming double-stranded RNAs. With the ex-
ception of alpha toxin, in the synthesis of which 
RNA III can also act as a post-transcriptional 
activator, RNA III usually blocks translation 
(Boisset et al., 2007; Le & Otto, 2015). Owing to 
this direct mechanism, RNA III suppresses the 
production predominantly surface proteins, like 
protein A and others. In addition, RNA III blocks 
the translation of the toxin repressor Rot, which 
belongs to the family of staphylococcal auxiliary 
transcription regulators (Le & Otto, 2015).

RNA III works by binding to target mRNAs, 
oft en using an antisense mechanism to block 
translation or trigger degradation (via RNase III), 
and can also activate the expression of genes as-
sociated with mechanisms suppressing the host’s 
pentose phosphate pathway to create a more fa-
vourable environment for survival and infection. 
Th is pentose phosphate pathway in S. aureus is 
a crucial metabolic pathway for the production 
of NADPH (protection against stress /redox bal-
ance) and pentose sugars (for nucleotides/cell 
wall), necessary for its survival, growth, biofi lm 
formation, virulence, infl uencing antibiotic re-
sistance and interaction with host immune cells.

Th e staphylococcal protein Rot or toxin repres-
sor, is S. aureus common regulator for controls 
of the expression of numerous virulence factors, 
including toxins, proteases, and adhesion mol-
ecules. It acts as a transcription factor capable of 
activating or repressing gene expression and plays 
a key role in regulating biofi lm formation, oft en 
by repressing proteases that would otherwise in-
hibit biofi lm formation by bacteria. Rot activity 
is infl uenced by other regulatory systems, such 
as the Agr system, which can regulate Rot itself 
and its target genes (Said-Salim et al., 2003). Rot 
binds to the promoter region of many exoproteins 
and toxins, blocking their transcription. Th ese 
mechanisms allow for a rapid increase in the 
levels of enterotoxins, alpha-toxin, leukocidins, 
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and degradative exoenzymes and for a decrease 
in the regulation of surface proteins, depending 
on the bacterial density. Moreover, genome-wide 
gene expression analysis shows that, in addition 
to controlling virulence determinants, Agr also 
controls some metabolic targets that can help 
adapt the physiology of bacteria to the changed 
requirements during infection process (Cheung 
et al., 2011; Le & Otto, 2015).

RNAIII has long been considered the only 
mechanism by which Agr controls target genes, 
but it has recently been discovered that the AgrA 
response regulator not only binds to the P2 and 
P3 promoters but also directly enhances the tran-
scription of phenol-soluble modulins (PSMs) 
psmα and psmβ by binding to the correspond-
ing promoter sequences (Le & Otto, 2015; Queck 
et al., 2008). Th ese PSMs belong to the family of 
staphylococcal peptide toxins, which also in-
cludes delta toxin produced by S. aureus, and act 
as virulence factors (Cheung et al., 2014; Wright 
et al., 2005). PSMs play diff erent roles, including 
inducing cell lysis (e.g., of erythrocytes and leuko-
cytes), stimulating infl ammatory responses, and 
promoting biofi lm formation. Some FRMs also 
promote the colonization and spread of staphylo-
cocci on the surfaces. As the delta toxin gene is 
embedded in RNAIII, it has been suggested that 
the evolution of the RNAIII delta toxin gene is 
linked to an older regulatory network consisting 
of AgrA and, possibly, QS control of psm genes, 
which control virulence determinants via RNAIII 
and Rot (Le & Otto, 2015; Queck et al., 2008).

In several animal models with acute infection 
caused by S. aureus, it has been demonstrated 
that Agr increases the synthesis of virulence fac-
tors that are necessary for disease progression. 
Th ese models included infectious endocarditis, 
skin and soft  tissue infections, septic arthritis, 
osteomyelitis, pneumonia, and others (Cheung 
et al., 2011; Le & Otto, 2015; Waters & Bassler, 
2005; Wright et al., 2005). Conversely, down-
regulation of PSM and microbial surface com-
ponents by Agr was associated with increased 

biofi lm formation and bacterial colonization of 
internal medical devices (Periasamy et al., 2012; 
Wang et al., 2011). Furthermore, Agr dysfunc-
tion correlates with persistent bacteremia caused 
by S. aureus (Le & Otto, 2015).

In general, density-dependent upregulation of 
toxins and degradative exoenzymes, on the one 
hand, and downregulation of surface compo-
nents, on the other hand, are considered to refl ect 
diff erent temporal requirements for specifi c viru-
lence determinants during the course of bacterial 
infection. Th us, at the onset of infection, low cell 
density and, as a result, low Agr expression lead 
to increasing production of surface components 
necessary for initial tissue colonization. Once 
established, the bacteria to a higher cell density, 
requiring additional sources of nutrients and in-
creased resistance to the host’s defences, which is 
achieved through Agr-dependent upregulation of 
degradative exoenzymes and toxins. It has been 
observed that at this time, the synthesis of toxins, 
many of which are pro-infl ammatory, is delayed 
until the bacteria in the biofi lm are able to cope 
with the attacks of the macroorganism’s defences. 
Th is is probably explained by the results confi rm-
ing the role of Agr and Agr-controlled factors 
during bacteraemia caused by S. aureus (Cheung 
et al., 2014; Fowler et al., 2004).

Th e expression of virulence determinants 
regulated by Agr is energy-intensive, and there 
are several reports that it correlates with that of 
antibiotic resistance (Le & Otto, 2015). It has 
been shown that subinhibitory concentrations 
of antibiotics increase Agr expression (Joo et al., 
2010; Paulander et al., 2013; Rudkin et al., 2014), 
which is confi rmed by the observed formation 
of Agr-dysfunctional mutants in strains isolated 
from patients with nosocomial infections (Pau-
lander et al., 2013).

Agr can control some virulence determinants 
of bacteria. For example, one of the most well-
known Agr-regulated toxins is alpha toxin (alpha 
haemolysin), which is encoded by the hla locus. 
It binds to the disintegrin and metalloproteinase 
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ADAM10 receptor on the host cell membrane 
(Berube & Bubeck Wardenburg, 2013; Wilke & 
Wardenburg, 2010). ADAM10 is a metallopro-
teinase that plays a crucial role in numerous 
biological processes by ‘shedding’ ectodomains 
from transmembrane proteins. It is known that 
alpha-haemolysin is associated with numerous 
staphylococcal infections in humans. Isogenic 
mutants for this toxin showed less disease sever-
ity compared to the wild-type strain in animal 
models, including pneumonia, skin and soft  tis-
sue infections, and endovascular infection (Le & 
Otto, 2015; Powers et al., 2012).

Two-component leukocidins form another 
family of pore-forming toxins, controlled by 
Agr. Th is group includes Pantone-Valentine leu-
kocidin, γ-haemolysin, LukDE, LukGH (LukAB) 
leukocidins (Alonzo III & Torres, 2014; Alonzo 
III et al., 2012). Staphylococcal LukDE is a pore-
forming toxin synthesized by S. aureus and is 
critical for the onset of disease. LukE-LukD is 
as important as Panton-Valentine leukocidin. It 
can cause dermonecrosis when administered in-
tradermally to rabbits. LukAB is a virulence fac-
tor synthesized by S. aureus. It destroys human 
phagocytes, such as neutrophils, macrophages, 
and dendritic cells. LukED is an essential factor 
controlling the development of disease caused by 
S. aureus (Alonzo III et al., 2012). LukED is the 
reason for phagocytic cell lysis by acting on the 
chemokine receptor CCR5, prenting on lympho-
cytes, macrophages, and dendritic cells (Alonzo 
III et al., 2013). Th is process is a key virulence 
factor of S. aureus, helping it to evade the host 
immune system and cause severe infections, par-
ticularly bloodstream ones (Kolar et al., 2013).

It has been proven that many enzymes se-
creted by bacteria are regulated by Agr. For ex-
ample, some proteases are strongly controlled by 
Agr and they are virulence factors themselves, 
contribute to the destruction of host tissue and 
defence proteins, such as antimicrobial peptides, 
thereby determine the pathogenic properties of 
pathogens (Kolar et al., 2013; Queck et al., 2008).

Among the surface proteins that generally in-
hibit Agr, protein A (Spa) stands out due to its 
multifactorial infl uence on pathogenesis, as well 
as the fact that it appears to be constantly con-
trolled by Agr. Th is protein A has been studied 
in models of infections involving various organ 
systems, such as pneumonia, septic arthritis, and 
infections of the bloodstream (Le & Otto, 2015). 
It has been shown that it plays a role in trigger-
ing the synthesis of proinfl ammatory mediators 
in the lung parenchyma by activating the TNF-α 
receptor (TNFR1) (Becker et al., 2014; Gómez et 
al., 2004; Le & Otto, 2015; Pauli et al., 2014).

We know that biofi lm formation occurs in sev-
eral stages. Bacteria attach to abiotic or protein-
coated host surfaces and aggregate into multi-
cellular structures fi rst. Th en bacteria multiply/
mature and later dispersion/disintegration oc-
curs (Le & Otto, 2015). Initially, it was assumed 
that this situation leads to the dispersion of the 
biofi lm, based on the observation that agr mu-
tants demonstrated a prolonged biofi lm forma-
tion in both S. aureus and S. epidermidis (Vuong 
et al., 2000; Vuong et al., 2003), but recently, the 
detailed mechanisms by which Agr infl uences 
biofi lm development have been elucidated. In 
particular, Agr controls proteases, which in vi-
tro aff ect biofi lm expansion by destroying the 
protein components of its matrix. However, the 
signifi cance of proteases in vivo in the formation 
of staphylococcal biofi lm is still debatable (Le 
& Otto, 2015). Th e only mechanism of biofi lm 
structuring and dispersion, the importance of 
which has been confi rmed in vivo in experiments 
using biological fl uids, is based on the function 
of surface-active FRMs (Dastgheyb et al., 2015; 
Periasamy et al., 2012; Wang et al., 2011). In a 
process that is largely independent of the meth-
od of biofi lm formation and the composition of 
the biofi lm matrix, FRMs structure biofi lms by 
forming channels and causing cells to disperse 
from the biofi lm. Th is process leads to the spread 
of biofi lm-associated infection in vivo and is re-
sponsible for the extensive biofi lm formation ob-
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served under conditions of low Agr activity, for 
example, in synovial fl uid during joint infection 
(Dastgheyb et al., 2015; Le & Otto, 2015).

Th us, the eff ect of Agr on biofi lm-associated 
infection is mixed. Agr is necessary for biofi lm 
structuring and infection spread, but Agr dys-
function leads to increased biofi lm formation, 
which may be benefi cial to bacteria under these 
conditions. Accordingly, strains with a dysfunc-
tional Agr system are oft en isolated from infec-
tious agents that colonize permanent devices. 
Such strains have lost their ability to spread 
within the patient’s body and among other in-
dividuals (Bose et al., 2011; Traber et al., 2008; 
Vuong et al., 2004).

Th e LuxS quorum sensing system was de-
scribed fi rst in the bioluminescent bacterium 
Vibrio fi scheri (Bose et al., 2011). It is a key of QS 
pathway that is implemented by the synthesis of 
the universal autoinducer AI-2, which helps bac-
teria of the genus Vibrio to communicate with 
each other and coordinate their behavior, causing 
bioluminescence, virulence, biofi lm formation, 
and motility. It is now recognized that this regu-
latory eff ect of the LuxS quorum sensing system 
is widely used by various bacteria, and it is as-
sumed that it plays a role in interspecies commu-
nication (Bassler, 2002; Xavier & Bassler, 2003).

Th e LuxS system synthesizes the autoinducer 
AI-2, which is a furanosylborate diester mole-
cule (Le & Otto, 2015). It has been demonstrated 
that certain phenotypic properties of S. aureus, 
including capsule synthesis, biofi lm formation, 
antibiotic susceptibility, and virulence are asso-
ciated with AI-2 regulation (Li et al., 2008; Yu et 
al., 2012; Zhao et al., 2010). Similarly, it has been 
found that in S. epidermidis, the luxS gene infl u-
ences the expression of genes that promote the 
biosynthesis of biofi lm exopolysaccharides (Li et 
al., 2008). In addition, the luxS mutant showed 
increased virulence in a catheter-associated 
infection model in mice (Xu et al., 2006). Th is 
fi nding was later confi rmed in experimental in 
vitro and in vivo in S. aureus, where luxS con-

trolled biofi lm growth via the icaR locus (Yu et 
al., 2012). However, the role of LuxS as a regula-
tory system responsible for quorum sensing in 
staphylococci remains a subject of debate.

Th ere is constant interest in studying the eff ect 
on Agr for the development of anti-staphylococ-
cal drugs (Khan et al., 2015). One such attempt 
uses the cross-inhibitory activity of auto-induced 
peptides (AIP) of the Agr system and involves 
their modifi cation by replacing amino acids, re-
locating amino acid side chains, removing the 
exocyclic tail, and polymerizing AIPs to increase 
their stability and resistance to proteolysis (Khan 
et al., 2015; Le & Otto, 2015). It was noted that 
monoclonal antibodies against specifi c AIP were 
eff ective in suppressing Agr expression in an Agr 
strain with a diff erent Agr specifi city group and 
protected mice from lethal infection with S. au-
reus by this strain (Park et al., 2007). An immu-
nopharmacotherapeutic approach to attenuating 
QS in S. aureus has also been reported. A mono-
clonal antibody AP4-24H11 against autoinducer 
eff ectively inhibited QS in vitro by sequester-
ing AIP-4 produced by S. aureus RN4850. AP4-
24H11 suppressed S. aureus pathogenicity in 
vivo in a mouse with abscess and provided com-
plete protection against the lethal eff ect caused 
by S. aureus. Th ese results lay the foundation 
for further research into the eff ects of immuno-
pharmacotherapy for the treatment of bacterial 
infections in which QS controls the expression 
of virulence factors (Le & Otto, 2015).

Th ere are approaches directed at the ArgA 
regulator using a small molecule of savirin (Sully 
et al., 2014). Sully et al. (2014) showed that viru-
lence activity suppression did not lead to the 
development of resistance, which is a frequently 
claimed but rarely tested predicted advantage of 
anti-virulence drugs (Sully et al., 2014). Th e per-
sistent problem of S. aureus antimicrobial resis-
tance, largely due to its ability to form biofi lms 
using the QS system, requires innovative thera-
peutic strategies that go beyond traditional anti-
biotic therapy. Novel treatment approaches such 
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as phage therapy, monoclonal antibodies, new 
antibiotics, phytochemicals, metal chelators, 
nanoparticles, and CRISPR-based gene editing 
show signifi cant promise by targeting various as-
pects of biofi lm architecture, bacterial commu-
nication, and resistance mechanisms. Together, 
they off er new hope for more eff ective treatment 
of S. aureus infections in both clinical and envi-
ronmental contexts (Ong et al., 2025).

Th e increasing spread of multidrug-resistant 
Staphylococcus aureus has prompted the search 
for new innovative, non-bactericidal therapeutic 
strategies, for example, the identifi cation of two 
new thiazole-indole hybrid compounds, namely 
2-[(6-methoxy-1H27 indol-2-yl)methyl]-5-cya-
no-1,3-thiazol-3-amine (designated as C3) and 
3-ami no-5-cyano-2-(5-28 chloro-1H-indol-2-yl)
thia zole (designated as C4), as potent inhibitors of 
the quorum sensing system of the auxiliary gene 
regulator (agr) of S. aureus (Wang et al., 2025).

Quorum Sensing in Streptococci. Bacteria of 
the genus Streptococcus, like those of the genus 
Staphylococcus, also cause a wide range of infec-
tions in humans (Belman et al., 2024; Brouwer et 
al., 2023; Esposito et al., 2025; Liu & Liu, 2022). 
Virtually, all of them use QS systems to regulate 
their physiological properties, including, fore-
most, the ability to form biofi lms, maintain com-
petence, integrate foreign DNA, become virulent, 
and exhibit acid tolerance. Taking into consid-
eration the diversity of biological properties of 
streptococci, various QS systems have been de-
scribed in them, which use extremely complex 
mechanisms of interbacterial communication. 
Among them, there is the ability to form a spe-
cial signalling peptide, a two-component signal 
transduction system that has a membrane-bound 
histidine kinase sensor and an intracellular re-
sponse regulator (Cvitkovitch et al., 2003).

Group A streptococci express the glucose 
transferase regulatory gene (Rgg), the Sil gene 
(streptococcal invasion locus), lantibiotic sys-
tems, and LuxS/AI-2 (Jimenez & Federle, 2014). 
Th e Sil locus was fi rst described in S. pyogenes 

and S. pneumoniae and is associated with the vir-
ulence of cocci (Mendonca et al., 2017). Strep-
tococcal lantibiotic systems include potent an-
timicrobial peptides called lantibiotics, such as 
mutacins (bacteriocins), which are synthesized 
by various Streptococcus spp., e.g. S. mutans, and 
regulated by complex QS pathways, in particu-
lar MutRS, Phr to eliminate competitors, pro-
mote colonization (such as in dental plaque) and 
cause disease, using specialized modifi cation 
(LanM, LanB/C) and export (LanT) mechanisms 
for peptide maturation and secretion, and some 
strains even incorporate resistance mechanisms 
(Majchrzykiewicz et al., 2010).

Lantibiotics are potent small antimicrobial 
peptides (bacteriocins) that contain unusual lan-
tionine rings. Th ey are used by cocci as antago-
nistic/antibiotic agents to inhibit other bacteria, 
oft en by disrupting cell membranes through 
binding to lipid II or pore formation. Examples 
of such peptides are slymuricins, salivariicin 
from S. salivarius, and macedocin/macedocin 
from S. macedonicus. In the biotope, they can 
be crucial in the colonization process, protect-
ing from competitors (Majchrzykiewicz et al., 
2010; Maricic et al., 2016). Mutacins are a type 
of bacteriocin with a powerful antimicrobial ef-
fect produced by S. mutans (the main reason for 
caries). Th ese microorganisms use them to com-
pete and survive in the complex environment of 
the oral cavity, destroying other related bacteria, 
including real pathogens, in particular, S. aure-
us. Th ese small proteins act as natural antibiot-
ics belonging to the lantibiotics (such as nisin) 
and non-lantibiotics groups. It may be suggested 
that they could be used as potential treatments 
for antibiotic-resistant bacteria in the future, al-
though further research is needed before they 
can be used in humans (Merritt & Qi, 2012).

A family of Rgg proteins has been identi-
fi ed in streptococci. It is a conservative group 
of transcription factors that modify their activ-
ity in response to signal peptides (Anbalagan 
et al., 2011; Chang et al., 2022). In S. pyogenes, 
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Rgg is a key regulatory protein that controls the 
transcription of approximately 600 genes during 
the post-exponential growth phase, including 
virulence-associated genes encoding the extra-
cellular protease SpeB, pullulanase A (acting as 
streptoadhesin), and two extracellular nucle-
ases (SdaB and Spd-3). Streptococcus pullulanase 
(SAP) is a surface-anchored, class 13 glycoside 
hydrolase found in pathogenic streptococci, 
e.g., of S. pyogenes. It acts as a multifunctional 
enzyme, degrading alpha-1,6-glycosidic link-
ages in starch and pullulan, while also acting as 
an adhesin that binds to human host cells. Rgg 
binds to the DNA of the speB (PspeB) promoter 
to activate transcription; however, it is unknown 
whether Rgg binds to the promoters of other 
genes to aff ect expression. It is possible that the 
disruption of other global regulons explains the 
genome-wide expression changes associated 
with the mutant (Anbalagan et al., 2011; Chang 
et al., 2022).

To address this issue, chromatin immuno-
precipitation followed by DNA microarray 
(ChIP-chip) analysis was used to identify Rgg 
binding sites. Rgg bound to the 65 sites on the 
chromosome. Th irty-fi ve of them were located 
within noncoding DNA, and 43% of these were 
adjacent to genes previously identifi ed as Rgg 
regulators. Overall, the results indicate that Rgg 
specifi cally binds to multiple sites on the chro-
mosome, including prophage DNA, to infl uence 
gene expression (Anbalagan et al., 2011). Using 
S. pyogenes, it has been demonstrated that one of 
the QS systems, namely Rgg2/3, can inhibit the 
nuclear factor of macrophages (NF-κB) and the 
synthesis of pro-infl ammatory cytokines, but the 
mechanisms by which this occurs remain un-
known (Anbalagan et al., 2011; Feldstein et al., 
2025). NF-κB, an enhancer of the kappa-light 
chain of the nuclear factor of activated B cells, 
is a key transcription factor in macrophages that 
acts as a major regulator of infl ammation and 
immunity, controls cytokine genes and chemo-
kines, i.e., cell survival, and determines their 

response to pathogens. Its activation involves 
translocation from the cytoplasm to the nucleus, 
a process that is crucial for balancing macro-
phage functions from antimicrobial defence to 
tumour support (Feldstein et al., 2025; Muss-
bacher et al., 2023).

In S. pneumoniae, the induction of genetic co-
auxiliary competence (and potentially virulence) 
is regulated by the QS system mediated by CSP 
(competence-stimulating peptides) (Belman et 
al., 2024; Campbell et al., 1998; Galante et al., 
2015; Lee & Morrison, 1999). Th e mechanism in-
volves the expression of early gene products en-
coded by two genetic loci, comAB and comCDE. 
Th e genes in the comAB operon encode an ATP-
binding cassette transporter (ComA) and a pro-
tein for ComA (ComB). Th ese secretory proteins 
mediate the processing and export of CSP. Th e 
com CDE loci encode the CSP precursor, a his-
tidine kinase that acts as a CSP receptor and a 
response regulator activating both comAB and 
comCDE operons, respectively. Another two-
component regulatory system, CiaH-CiaR, in-
fl uences the development of competence by 
negatively regulating comCDE expression. Sig-
nals initiate competence through the activity 
of ComX, a global transcription modulator that 
acts as an alternative sigma factor, which is also 
present in S. pyogenes (Opdyke et al., 2003).

In streptococci, the key alternative sigma fac-
tor is SigX (or ComX)  — a crucial regulator of 
competence induction, a state that allows bac-
teria to absorb DNA for genetic transformation. 
SigX directs RNA polymerase to specifi c pro-
moters — consensus sequences (Com n-boxes or 
Cin-boxes) — to activate ‘late’ competence genes, 
but its activity is strictly regulated by proteolysis 
(via ClpC/ClpP/MecA) and replacement by other 
factors, such as ComW, for temporary control, 
ensuring a short duration and clear temporal 
limitation of competence, as well as participat-
ing in the synthesis of biofi lm and bacteriocins 
(Opdyke et al., 2003). Th ere is also a consensus 
sequence — an artifi cial DNA or RNA sequence 
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containing a nucleotide at each position that 
occurs most frequently in several homologous 
sequences. Th e competence-specifi c additional 
operons cilA, cilB, cilC, cilD, cilE, cinA-recA, 
coiA, and cfl , which are involved in DNA uptake 
and recombination, have an unusual consensus 
sequence in the promoter that is absent in the 
comAB and comCDE promoters (De Saizieu et 
al., 2000; Peterson et al., 2000).

Th e review by Galante et al. (2015) focuses on 
the regulation of 

S. pneumoniae biofi lm involving the Com-
ABCDE pathway. Th e authors analyze genotypic 
and phenotypic variations of the ComC signal-
ling molecule and its related receptor ComD, 
fi rst within pneumococcal strains and then 
within the entire Streptococcus genus. Th ey not-
ed the existence of a pathway similar to Com-
ABCDE  — BlpABCSRH, which regulates the 
synthesis of bacteriocin and an immunity pro-
tein that inhibits the growth of competing bac-
teria (Galante et al., 2015).

However, the LuxS gene has been identifi ed in 
streptococci, as well as in staphylococci (Merritt 
et al., 2003; Stroeher et al., 2003; Xu et al., 2006). 
Th e LuxS protein is necessary for the biosynthe-
sis of autoinducer 2 (AI-2), which is involved in 
ensuring QS in many species of cocci, including 
S. pneumoniae. Th e luxS mutation in S. mutans 
caused a defect in biofi lm formation in experi-
mental infections in mice. It was suggested that 
the AI-2 pathway is a very good target for che-
motherapeutic control of bacterial virulence. 
It is important to note the peculiarities of QS 
functioning in S. mutans, the streptococci whose 
lifestyle depends signifi cantly on its existence in 
biofi lm (Cvitkovitch et al., 2003).

S. mutans have evolved to become dependent 
on the biofi lm lifestyle for survival and preserva-
tion in their natural ecosystem — dental plaque 
(Li et al., 2001). Bacteria in dental biofi lms, in-
cluding primarily S. mutans, are oft en exposed 
to various stress factors, such as extreme nutri-
ent defi ciency or excess, varying pH, high os-

molarity, and the use of antimicrobial agents or 
antibiotics by the host (Cvitkovitch et al., 2003). 
Although adaptation to stress and the environ-
ment through genetic transformation is consid-
ered to be very rare, such a rare event can be very 
signifi cant if the transforming DNA with anti-
biotic resistance genes or virulence factors pro-
vides a selective advantage to recipient cells. In 
addition to providing bacteria with a signifi cant 
extracellular gene pool, the biofi lm environment 
signifi cantly benefi ts bacteria because it contains 
mechanisms of intercellular signalling (Cvitkov-
itch et al., 2003).

To facilitate the analysis of genetic transfor-
mation of cells grown in biofi lms, Li et al. (2001) 
used a system for evaluating biofi lm formation 
in a chemostat, which allows observation of the 
physiological activity of a bacterial population 
under controlled growth conditions (Li et al., 
2001). Using this system, the authors concluded 
that growth rate, culture pH, and biofi lm age are 
very important factors. Th ey attempted to iden-
tify genes involved in the development of genetic 
competence in S. mutans and investigated the 
natural genetic transformation of cells grown in 
biofi lm. Th e authors focused on comC and its ac-
tive signal (peptide pheromone) and chemically 
synthesized a corresponding competence-stim-
ulating peptide (CSP) consisting of 21 amino 
acids. Th e addition of CSP to incompetent cells 
increased the transformation frequency. To fur-
ther confi rm the role of these genes in genetic 
competence, the researchers inactivated them 
using insertion-duplication mutagenesis or al-
lelic replacement, followed by analysis of trans-
formation effi  ciency. It was shown that S. mutans 
cells grown in biofi lm transformed at a rate 10—
600 times higher than cells in a planktonic form. 
S. mutans transformed during the formation 
of biofi lms aged 8—16 hours optimally, which 
consisted mainly of microcolonies on solid sur-
faces. Th e authors confi rmed that dead cells in 
biofi lms can be donors of chromosomally en-
coded determinants of resistance to antibiotics 
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such as erythromycin. It was also confi rmed that 
the peptide signal (pheromone) system controls 
genetic competence in S. mutans and that this 
system is functional (Li et al., 2001).

Th e authors showed that inactivation of any of 
the genes encoding components of the QS signal-
ling system leads to the formation of abnormal 
biofi lms. In particular, the comC mutant (unable 
to produce or secrete a signal peptide) formed 
a biofi lm that lacked the architecture of a wild 
type, while comD and comE mutants with defects 
in sensitivity and response to the signal peptide 
generated biofi lms with reduced biomass. It has 
been suggested that the architectural change in 
c omC mutant biofi lms may be related to a defect 
in cell separation due to mutations in this gene, 
leading to the formation of large aggregates or 
‘web-like’ biofi lms that are easily removed from 
surfaces. Th e observation that mutants unable to 
produce or secrete CSP formed biofi lms that dif-
fered from those formed by mutants with comD 
or comE gene defects indicates that S. mutans 
have a few CSP receptors. Although the authors 
clearly demonstrated that the comCDE QS sys-
tem is directly related to the ability of S. mutans 
to form biofi lms, the molecular and biochemi-
cal mechanisms involved in the expression of the 
wild-type biofi lm phenotype remain unexplored 
(Li et al., 2002b).

Taking into consideration that the oral mi-
crobiota is represented not only by S. mutans 
but also by hundreds of diff erent bacterial spe-
cies colonizing the oral mucosa, it has been sug-
gested that they must infl uence each other. Pay-
ing attention to another representative of the 
microbiome  — Aggregatibacter actinomycetem-
comitans, it was noted that it can trigger the ex-
pression of the Streptococcus mutans QS regulon. 
A. actinomycetemcomitans is a Gram-negative, 
facultative anaerobic, non-motile bacterium that 
colonizes the oral cavity and is oft en associated 
with aggressive periodontitis. It is believed to be 
capable of triggering the expression of a regulon, 
a group of genes regulated as a single unit and 

usually controlled by a single regulatory gene 
that expresses a protein acting as a repressor or 
activator of the quorum sensing system. Th is was 
demonstrated in a model of cariogenic S. mutans 
in two-species biofi lms grown on artifi cial sali-
va. Th e XIP QS signal synthesis gene is impor-
tant for this interaction. Sequencing of biofi lm 
transcripts showed that S. mutans upregulates 
the entire QS regulon in the presence of A. ac-
tinomycetemcomitans and downregulates genes 
associated with oxidative stress. A. actinomy-
cetemcomitans, in turn, required the presence of 
S. mutans for growth. Th e genes responsible for 
the fi mbriae and toxins of the pathogen were ex-
pressed the most, and when cultivated together, 
there was an increase in the regulation of anaer-
obic metabolism, chaperones, and iron uptake 
genes (Rued et al., 2021; Szafrański et al., 2017).

SigX-inducing peptide (XIP) is a small sig-
nalling peptide, predominantly from S. mutans, 
which acts as a quorum-sensing pheromone to 
trigger natural competence, allowing bacteria 
to absorb DNA for genetic exchange, and also 
regulates virulence factors such as biofi lm for-
mation and bacteriocin synthesis, acting via the 
ComRS pathway to activate the alternative sigma 
factor SigX (ComX) (Nizet et al., 2000). XIP ac-
tivates the intracellular regulator ComR, which 
then induces the expression of sigX and comS in 
a positive feedback loop, signifi cantly aff ecting 
bacterial behaviour, including competition with 
other microbes, such as another representative 
of the oral microbiome, C. albicans (Wenderska 
et al., 2012).

It has long been known that dental caries is a 
serious disease that poses a signifi cant threat to 
human oral health. Dental plaque biofi lm, con-
sisting of many microorganisms, is the main fac-
tor in caries. S. mutans and C. albicans play an 
important role in this process as common com-
mensals of the oral cavity, and the interaction 
between them can lead to the rapid development 
of caries (Liao & Li, 2025). Inhibition of biofi lm 
formation has been the subject of research on 
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caries prevention and treatment (Lu et al., 2023; 
Li et al., 2002a). In recent years, many studies 
have shown that C. albicans contributes to the 
development of caries by interacting with S. mu-
tans, causing adhesion, assisting in the synthesis 
of exopolysaccharides (EPS), lowering the pH of 
the microenvironment, forming a highly cario-
genic acidic environment, and secreting quorum 
sensing molecules.

It has been shown that the mechanism of com-
munication between microorganisms includes 
the autoinducer peptide system, the autoinduc-
er-2 system, and the acyl-homoserine lactone 
system. Th e implementation of these mecha-
nisms in the QS system contributes to the onset 
of disease by activating the expression of genes 
associated with microbial pathogenicity, stimu-
lating endopolyssachsaride synthesis and biofi lm 
formation. Th e QS CSP-ComDE and ComRS sys-
tems of S. mutans allow bacteria to survive and 
cause disease in extreme environments that are 
unfavourable for survival, while the C. albicans 
QS system is mainly mediated by farnesol, which 
has a negative regulatory eff ect on the transfor-
mation of C. albicans yeast hyphae. Th erefore, 
studying the QS system phenomenon in these 
two microorgsanisms is useful for understand-
ing the mechanism of caries development, and 
the use of QS inhibitors will help in the preven-
tion and treatment of this disease. Th e authors 
propose a new method for in-depth study of the 
biofi lm formation process and the behaviour of 
bacteria in it using microfl uidic and chip-labora-
tory technologies (Li et al., 2002a).

It is known that operons encoding precursors 
of bacteriocin peptides are controlled by cell 
density. For example, the virulence-associated 
blp and com regulons of S. pneumoniae share 
many similar characteristics, including very 
similar signal peptides and peptide secretion 
systems. Moreover, activation of competence 
regulators and responses to these peptides can in 
turn activate pathways that intersect in a com-
mon regulatory gene. One such an example is 

the aforementioned comX, a transcriptional reg-
ulator of so-called ‘late’ competence genes. It has 
been shown that the genome of the S. pyogenes 
SF370 strain contains comX and the complete 
salA1 bacteriocin locus. Perhaps it was these 
streptococci that developed a complex regula-
tory system for the bacteriocin peptide to help 
their population compete for space on mucosal 
surfaces and protect their genome from contam-
ination with foreign DNA by deleting CSP genes. 
Th is process depends on cell density. It has been 
reported that the sensory and immune pathways 
of the pheromone antibiotics SalA1 S. pyogenes 
and SalA of the oral commensal S. salivarius are 
conservative amd, closely related and cross-reac-
tive. Th ese new fi ndings suggest that the deter-
minants of population dynamics on washed mu-
cosal surfaces likely involve subtle combinations 
of complex sensory perception systems that are 
not limited to cell density, bacteriocin produc-
tion, and competence stimulation. It is also pos-
sible that S. pyogenes uses bacteriocin-like hae-
molysin as a quorum-responsive molecule. S. 
pyogenes has haemolysin that is genetically very 
similar to quorum-responsive autoinduction op-
erons found in streptococci (Nizet et al., 2000).

Conclusions. Staphylococci and streptococ-
ci, as they are the most numerous and diverse 
inhabitants of many human biotopes, among 
Gram-positive bacteria, have extremely large-
scale communication systems, which, at the 
genetic level, ensure survival, adaptation to 
changing environmental conditions, and the 
evolution of virulence factors, enabling them to 
function fully in biofi lms, which is a threat to 
the host organism. Th e development of levers 
of infl uence on the genetic mechanisms of QS 
regulation in these microorganisms will allow a 
signifi cant breakthrough in the fi ght against the 
pathologies they cause.
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ОСОБЛИВОСТІ КОМУНІКАЦІЇ СТАФІЛОКОКІВ ТА СТРЕПТОКОКІВ У БІОПЛІВКАХ

Мета. Узагальнити та систематизувати багаторічні дослідження механізмів комунікації (quorum sensing) 
таких представників біоплівки, як стафілококи та стрептококи, а також проаналізувати генетичні предик-
тори змін вірулентних властивостей цих бактерій. Методи. Проведено системний пошук та аналіз наукової 
літератури з використанням баз даних PubMed, Scopus та Google Scholar. Огляд зосереджено на молекуляр-
но-генетичних механізмах систем «відчуття кворуму» (Agr, LuxS, Fsr, Rgg) у грампозитивних коків та їхній 
ролі в утворенні біоплівок на біотичних та абіотичних поверхнях. Результати. Описано роль регулятор-
них систем Agr і LuxS коків в експресії генів, що відповідають за синтез факторів вірулентності, таких як 
токсини, ферменти та фактори, що пригнічують імунну відповідь хазяїна. Підтверджено, що вплив Agr на 
інфекцію, пов’язану з біоплівкою, є різним: Agr необхідний для структурування біоплівки та поширення 
інфекції, але дисфункція Agr призводить до посиленого утворення біоплівки, що може бути вигідним для 
бактерій за хронічних умов. Крім того, розкрито механізми експресії генів антимікробної резистентності, 
що перебувають під регуляторним впливом QS. Висновки. В огляді висвітлено можливість впливу на роз-
виток вірулентних властивостей умовно-патогенних мікроорганізмів та їхню антимікробну резистентність 
за допомогою інноваційних, небактерицидних терапевтичних стратегій. Це відкриває нову сторінку в бо-
ротьбі з полірезистентними збудниками внутрішньолікарняних інфекцій та корекції мікробіому в цілому.
Ключові слова: quorum sensing, біоплівка, Staphylococcus, Streptococcus, фактори вірулентності, антимікробна 
резистентність.



ISSN 1028-0987. Microbiological Journal. 2026. (3) 101

REVIEWS

C i t a t i o n: Starovoitova S.O., Zhylikhovska T.V. Probiotics’ Neurotransmitters in Pain Regulation. Microbiological 
journal. 2026 (3). P. 101—116. https://doi.org/10.15407/microbiolj88.03.101

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

https://doi.org/10.15407/microbiolj88.03.101

S.O. STAROVOITOVA1,2*, T.V. ZHYLIKHOVSKA2

1 National University of Food Technologies,
68 Volodymyrska Str., Kyiv, 01601, Ukraine

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

* Author for correspondence; e-mail: svetik_2014@ukr.net 

PROBIOTICS’ NEUROTRANSMITTERS 
IN PAIN REGULATION
Pain, aff ecting over one-fi ft h of the global population, remains a major medical and social challenge that necessitates 
the development of safe and eff ective strategies for its prevention and management. Recent studies highlight the pivotal 
role of the gut microbiota and probiotics in modulating pain through neurochemical, immune, and metabolic pathways 
along the gut—brain axis. Probiotics can synthesize key neurotransmitters—including γ-aminobutyric acid (GABA), 
serotonin (5-HT), dopamine, glutamate, and acetylcholine—thereby infl uencing neuronal excitability, neuroinfl amma-
tion, and pain perception. GABA-producing lactic acid bacteria, particularly representatives of the genera Lactobacillus, 
Bifi dobacterium, and Levilactobacillus brevis, are successfully employed in the biotechnological production of func-
tional foods such as GABA-enriched yogurt, soy milk, and rice vinegar etc. Th ese strains contribute to analgesic eff ects 
through inhibition of neuronal hyperexcitability, cytokine suppression, and enhancement of endogenous pain inhibi-
tion mechanisms. Similarly, probiotic modulation of serotonergic signaling involves increased tryptophan hydroxylase 
(TPH1) expression, regulation of the serotonin transporter (SERT), and activation of 5-HT receptors, thereby reducing 
visceral hypersensitivity and pain transmission. Probiotic species such as Enterococcus faecium and Lactiplantibacillus 
plantarum infl uence dopaminergic pathways by converting L-DOPA to dopamine, modulating gut—brain signaling and 
neuroinfl ammation relevant to chronic pain and neurodegenerative disorders. Moreover, glutamate metabolism by pro-
biotic strains helps maintain the excitatory/inhibitory neurotransmitter balance via glutamate decarboxylase activity, 
contributing to neuroprotection and attenuation of excitotoxicity. Acetylcholine-producing probiotics activate the cholin-
ergic anti-infl ammatory pathway, reduce systemic infl ammation, and modulate sensory signaling along the enteric and 
central nervous systems. Altogether, these fi ndings demonstrate that neurotransmitter-producing probiotics represent a 
promising frontier for microbiota-based strategies in chronic pain management. By integrating food biotechnology, neu-
robiology, and microbial endocrinology, future probiotic formulations could off er natural, safe, and eff ective therapeutic 
approaches for modulating pain perception through the gut—brain axis.
Keywords: probiotics, postbiotics, gut microbiota, pain, neurotransmitters, serotonin, γ-aminobutyric acid, dopamine, 
glutamate, acetylcholine.
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Pain aff ects more than 20% of the global popu-
lation, posing substantial health burdens (Cao et 
al., 2024). Eff ective pain management remains es-
sential for improving the quality of life in aff ected 
individuals. Human progress has long been inter-
twined with eff orts to comprehend and manage 
pain, as the quest to alleviate suff ering has ac-
companied humankind throughout its evolution 
(Fig. 1) (Cao et al., 2024). Associations between 
the microbiota and pain were recognized long 
ago. However, it was traditionally believed that 
the microbiota infl uenced nociceptors primarily 
by inducing infl ammatory responses or secreting 
specifi c metabolites. A seminal study published 
in 2013 demonstrated that gut microbiota can 
directly activate nociceptor (pain receptor) neu-
rons and elicit pain sensations (Chiu et al, 2013). 
Th is discovery fundamentally altered previous 
conceptions in the fi eld and marked a pivotal 
milestone in microbiota—pain research.

Actually, in 1958, fecal microbiota transplan-
tation (FMT) was fi rst introduced into clinical 
practice, marking the beginning of a new era 
in the study of microbiota functions related to 
pain. Subsequent investigations into the analge-
sic potential of probiotics further advanced this 
research fi eld. Entering the 21st century, stud-
ies on the microbiota—pain axis have rapidly 
progressed, with accumulating evidence dem-
onstrating bidirectional interactions between 
the microbiota and the nervous system in pain 
modulation. Th e integration of modern technol-
ogies  — such as artifi cial intelligence, bioengi-
neering, and multi-omics analyses — has signifi -
cantly accelerated these developments, leading 
to the emergence of novel microbiota-based 
therapeutic strategies for pain management. Th e 
major historical milestones in this research tra-
jectory are summarized below (Fig. 2).

Microbiota, as well as probiotics, infl uence 
neurotransmitter production relevant to pain 
modulation primarily through their eff ects on 
the gut-brain axis, impacting both neuronal and 
immune signaling involved in pain perception. 

Probiotics modulate neurotransmitter produc-
tion central to pain pathways—most notably 
γ-aminobutyric acid (GABA) and serotonin—
while also producing bioactive metabolites (like 
Short-chain fatty acid (SCFAs)) and infl uencing 
the immune and ion channel function. Th is com-
plex, bidirectionally signaling in the gut-brain 
axis underlies their role in pain modulation and 
highlights their therapeutic potential for man-
aging chronic pain conditions (Rajanala et al., 
2021; Zhao et al., 2025; Aghamohammad et al., 
2023; Starovoitova & Spivak, 2025). Th e principal 
mechanisms include the following. 

a) Direct synthesis of neurotransmitters. 
Certain gut bacteria, including such probiot-
ics as Lactobacillus and Bifi dobacterium species, 
can synthesize neurotransmitters such as GABA, 
serotonin, dopamine, and acetylcholine. For ex-
ample, L. rhamnosus modulates GABA levels via 
vagal nerve pathways, infl uencing brain regions 
critical for mood and pain processing (Rajanala 
et al., 2021; Ansari et al., 2023). Increased GABA 
can suppress neuronal excitability and pain sig-
naling in the central nervous system. 

b) Modulation of tryptophan metabolism. 
Probiotics infl uence the metabolism of trypto-
phan—an amino acid precursor for serotonin. By 
enhancing the serotonin production pathway, cer-
tain probiotics increase central serotonin levels, 
which not only improves mood but also modulates 
pain sensitivity, as serotonin is a key neurotrans-
mitter in pain inhibition (Rajanala et al., 2021).

c) Production of microbial metabolites. Pro-
biotics facilitate the production of SCFAs such 
as butyrate, propionate, and acetate during fi ber 
fermentation. Th ese metabolites modulate pain 
through several routes: fi rs route — SCFAs inter-
act with free fatty acid receptors (FFAR2/3) on 
immune and nerve cells, infl uencing cytokine 
release (e.g., interleukin-6 (IL-6), tumor necrosis 
factor-α (TNF-α)), which can reduce infl amma-
tion and alter peripheral pain sensitization; sec-
ond route — butyrate acts as a histone deacety-
lase (HDAC) inhibitor, suppressing TNF-α and 
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thereby attenuating pain in nerve injury models 
(Zhao et al., 2025). 

d) Modulation of pain-related ion channels. 
Probiotic-induced changes in gut microbial me-
tabolites aff ect the activity of transient receptor 
potential (TRP) channels—key players in noci-
ception. SCFAs and tryptophan metabolites (e.g., 
indole derivatives) can activate or sensitize TRP 
channels (such as transient receptor potential 
vanilloid 1 TRPV1 and transient receptor poten-

tial ankyrin 1 TRPA1), altering neuronal excit-
ability and pain transmission (Zhao et al., 2025).

 e) Immune system interaction. Probiotics 
modulate immune responses by shift ing the bal-
ance of pro- and anti-infl ammatory cytokines, 
reducing the peripheral and central infl amma-
tion associated with chronic pain conditions 
(Zhao et al., 2025; Nazemian et al., 2016; Mishra 
et al., 2023). Lowered infl ammation in neural 
tissues correlates with reduced pain signaling. 
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f) Enhanced endogenous pain inhibition. 
Some microbial metabolites, such as secondary 
bile acids produced under probiotic infl uence, 
can activate receptors (e.g., the G protein-coupled 
bile acid receptor (TGR5)) that trigger the release 
of endogenous opioids by immune cells, contrib-
uting to analgesic eff ects (Zhao et al., 2025).

Th e principal probiotic neurotransmitters 
and their mechanisms underlying the modula-
tion of pain perception in the host are summa-
rized below.

γ-Aminobutyric acid
Probiotic GABA modulates pain perception 

in the host, primarily through the gut-brain 
axis, aff ecting neurotransmitter levels, neuro-
infl ammation, and immune responses. Gut mi-
crobiota and GABA-producing probiotics infl u-
ence pain perception by regulating both central 
and peripheral sensitization through metabolite 
production, immune modulation, and neural 
signaling. GABA is a key inhibitory neurotrans-
mitter that reduces neuronal excitability and 
pain signals. GABA aff ects vagal signaling and 
neurotransmission, leading to a reduction in 
anxiety, pain, and neuroinfl ammation (Jiang et 
al., 2025; Zhao et al., 2025; Latif et al., 2023; Cor-
riero et al., 2024).

According to current scientifi c data, the main 
mechanisms of GABA pain modulation include 
the following.

1. Neurotransmitter regulation. GABA modu-
lates the balance of excitatory and inhibitory 
neurotransmitters in the central and peripheral 
nervous systems. It inhibits nociceptive (pain) 
signaling pathways, thereby reducing pain sensi-
tivity (Zhao et al., 2025; Lin et al., 2020).

2. Immune modulation. GABA, like other pro-
biotic metabolites, can suppress pro-infl ammato-
ry cytokines (such as IL-1β and TNF-α) and pro-
mote anti-infl ammatory cytokines, mitigating 
neuroinfl ammation associated with pain condi-
tions (Zhao et al., 2025; Corriero et al., 2024).

3. Epigenetic and receptor-mediated eff ects. SC-
FAs, which are products of probiotic fl ora metab-

olism, interact with GABA signaling to modulate 
pain through histone acetylation and membrane 
receptor pathways, such as GPR109A, thereby 
attenuating neuroinfl ammation and central sen-
sitization (Zhao et al., 2025).

4. Peripheral and central sensitization. GABA 
acts by inhibiting the hyperexcitability of sen-
sory neurons and glial cells involved in pain pro-
cessing, preventing the amplifi cation of pain sig-
nals in neuropathic and chronic pain conditions 
(Zhao et al., 2025; Lin et al., 2020). 

In the biosynthetic process, GABA is generated 
from glutamate through the action of glutamate 
decarboxylase (GAD). GAD (l-glutamate-1-car-
boxylase; EC 4.1.1.15) is a pyridoxal-5’-phos-
phate-dependent enzyme that catalyzes the irre-
versible α-decarboxylation of l-glutamic acid to 
GABA and CO2 (Yogeswara et al, 2020). Several 
gastrointestinal bacteria contain the gene encod-
ing GAD, which is responsible for GABA pro-
duction. Within the human microbiota, Bifi do-
bacterium, Lactobacillus, and Bacteroides are the 
most well-known GABA producers (Otaru et al., 
2021; Braga et al., 2024). GABA can be biosynthe-
sized by various lactic acid bacteria (LAB) strains 
mainly belonging to the genera of Lactobacillus, 
Lactococcus, Pediococcus, Leuconostoc, Enterococ-
cus, Streptococcus, Weissella, Lacticaseibacillus, 
Lactiplantibacillus, and recently reported Levilac-
tobacillus and Secundilactobacillus (Iorizzo et al., 
2024). Moreover, GABA production using mi-
croorganisms is safe and eco-friendly compared 
to chemical methods (Sahab et al., 2020).

GABA biosynthesis is achieved through the 
decarboxylation of glutamate in the cytoplasm, 
a process that consumes intracellular protons. 
Consequently, the GAD system helps maintain 
intracellular pH homeostasis and plays a critical 
role in bacterial acid resistance (Feehily & Karat-
zas, 2013). Th e metabolic pathway of GABA pro-
duction is shown in Figure 3.

Some GABA-producing probiotic strains list-
ed in Table 1 highlight the feasibility of develop-
ing food supplements, probiotics, and postbiot-
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ics with an expanded spectrum of therapeutic 
eff ects, including modulation of pain perception.

Currently, there are already scientifi c develop-
ments for the production of naturally GABA-
enriched yogurt using Levilactobacillus brevis 
CGMCC 1306 (GABA yield of 75.3 mg/100 g) 
(Zhu et al., 2024). Designed rice vinegar with up to 
21.48 g/L of food-grade GABA was obtained when 
the encapsulated GadB (L. plantarum Yll.03) gel-
lan beads were added (Yao et al., 2021). Th e feasi-
bility of obtaining fermented soy milk with a high 
GABA yield was demonstrated using Lactiplan-
tibacillus plantarum Lp3 and Streptococcus ther-
mophilus at a 2:1 ratio, with 0.4% monosodium 
glutamate, a fermentation time of 10 h, and a fer-
mentation temperature of 35 °C. Th e fi nal GABA 
yield reached 0.552 mg/mL (Wang et al., 2024).

Abundant resources of GABA-producing LAB 
hold signifi cant potential for the development of 
naturally fermented functional foods. In LAB, 
GABA synthesis has been linked to acid resis-
tance, and it exerts notable eff ects on cellular 
physiology (Cui et al., 2020).

Serotonin 23
Serotonin (5-hydroxytryptamine, 5-HT) is 

a biogenic amine that functions as a key neu-
rotransmitter and peripheral signaling molecule. 
It is synthesized from the amino acid L-trypto-
phan and is widely distributed in both the central 
(CNS) and peripheral (PNS) nervous systems. 
Beyond its well-established neuromodulatory 
roles, serotonin also acts as a hormone stored in 
platelets, infl uencing vascular tone, hemostasis, 
and gastrointestinal motility. Serotonin modu-
lates pain perception and nociceptive processing 
at multiple levels within the central and periph-
eral nervous systems (Akram et al., 2023).

Th e infl uence of probiotics on 5-HT signaling 
within the gut—brain axis is mediated by a range 
of complex mechanisms that regulate serotonin 
biosynthesis, metabolism, and receptor inter-
actions. Th e main mechanisms through which 
probiotics enhance serotonergic signaling and 
pain modulation include the following:

1. Regulation of serotonin production in the gut
Approximately 90—95% of the body’s se-

rotonin is located in the gastrointestinal tract 
(GIT), where it is primarily produced by entero-
chromaffi  n (EC) cells (Akram et al., 2023; Yag-
houbfar et al., 2020). Probiotics infl uence this 
process through several pathways:

■ Modulation of EC cell activity. Th e gut mi-
crobiota can regulate 5-HT generation by EC 
cells (Engevik et al., 2021a). Indigenous spore-
forming bacteria from the microbiota have been 
shown to promote 5-HT biosynthesis in colonic 
EC cells (Yano et al., 2015).

■ Infl uence through SCFAs. Gut bacteria fer-
ment dietary fi bers to produce SCFAs such as 
butyrate, propionate, and acetate. SCFAs have 
been found to enhance the transcription of 
TPH1 (tryptophan hydroxylase 1), a key enzyme 
responsible for serotonin synthesis in peripheral 
tissues (Chen et al., 2021). Th us, the microbiota, 
acting via SCFAs, signifi cantly aff ects serotonin 
synthesis and homeostasis in the gut.

■ Action of bacterial metabolites. Bifi dobacteri-
um dentium and its metabolite acetate can regu-
late key components of the serotonergic system 
in various host tissues and modulate adult be-
havioral functions. B. dentium metabolites also 
infl uence 5-HT production by enterochromaffi  n 
cells (Engevik et al., 2021a).
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Table 1. GABA-producing probiotic strains

Probiotic strain Growth medium (g/L)
Concentration 
of viable cells 

(CFU/mL)

Probiotic                        
L. brevis MRS broth with glutamic acid (GA) concentration 650 mmol ND*

L. brevis K203 Fermentation medium: modifi ed MRS medium 6 % (w/v) 
L-glutamic acid, 4 % maltose, 2 % yeast extract, 1 % NaCl, 
1 % (w/v) CaCl2, 2 g Tween 80/L, and 0.02 mM pyridoxal 
50-phosphate

ND*

Bacillus subtilis ATCC 6051 Inoculum medium: LB medium
Fermentation medium: potato starch  — 11.481; peptone  — 
60; NaCl — 5; K2HPO4 — 2.5; sodium L-glutamate — 11.825

6.8 × 108

L. brevis NCL912 Fermentation medium: glucose  — 50; soya peptone  — 25; 
MnSO4 · 4H2O — 0.01; Tween 80 — 2 mL/L.

ND*

Lactococcus lactis L-571 Inoculum medium: M17 broth with 10% lactose solution
Fermentation medium: reconstituted commercial semi-
skimmed milk 10% w/v; glutamate — 3; pyridoxal 5'-phos-
phate (PLP) — 100 μM

ND*

Levilactobacillus sp. LB-2 Inoculum medium: MRS liquid medium
Fermentation medium: modifi ed MRS medium: L-mono-
sodium glutamate  — 2.5; sucrose  —32.7; peptone  — 30.7; 
beef extract — 10; yeast extract — 5; K2HPO4 · 3H2O — 2; 
C6H17N3O7  — 2; CH3COON  — 5; tween 80  — 1mL/L; 
MgSO4 · 7H2O — 0.58; MnSO4 · H2O — 0.25 

ND*

Lactiplantibacillus plantarum K16 Fermentation medium: modifi ed MRS medium: glucose  — 
25; monosodium glutamate — 500 mM; yeast extract — 12.
Capable of producing GABA in media based on agri-food 
by-products (e.g., tomato or green pepper)

ND*

Immobilized glutamate decar                        

L. plantarum WCFS1 0.5M monosodium glutamate (MSG) ND*

L. plantarum Yll.03 MSG reaction system ND*

*ND — not defi ned.

■ Regulation of serotonergic genes. Certain pro-
biotic strains and their metabolites are capable of 
regulating key components of the serotonergic sys-
tem. For example, Akkermansia muciniphila and 
Faecalibacterium prausnitzii, with their extracellular 
vesicles, contribute to improving serotonin balance 
in the gut through the regulation of serotonergic 
genes (Yaghoubfar et al., 2020; Yaghoubfar et al., 

2021). Escherichia coli Nissle 1917 modulates sero-
tonin-related genes via extracellular vesicles in the 
interleukin-1β-induced infl ammation model of in-
testinal epithelial cells (Olivo-Martínez et al., 2024).

■ Tryptophan metabolism. Gut bacteria me-
tabolize tryptophan (TRP) into various com-
pounds, some of which may promote serotonin 
production (Yano et al., 2015).
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Concentration 
of GABA 

(g/L)
Cultivation conditions Reference

                       strains
19.96 Temperature 34.09 °C, pH 4.65, and time 96 h Sharafi  et al., 2020
44.4 Initial pH 5.25 and 37oC. Time cultivation 72 h. Conversion rate 

99.7 %, based on the amount (6 %) of L-glutamic acid added
Binh et al., 2014

19.74  Optimal temperature 30 °C and initial pH 8.0. Optimal concen-
tration of sodium L-glutamate 11.825 g/L, added into the medi-
um aft er 48 h. Time of cultivation 120 h.

Wang et al., 2018

1095.63 ± 61.03 mM Fed-batch fermentation. Initial sodium L-glutamate concentra-
tion in the medium 400 mM. pH 5.0 (10 N H2SO4), 100 rpm, 
32 °C, fermentation time 60 h. 280.70 g and 224.56 g of glutamate 
were fed into the bioreactor at 12 h and 24 h, respectively.

Li et al., 2010

1153.1 ± 13.5 mg/L Incubated for 48 h at 37 °C Santos-Espinosa et al., 
2020

49.42 Inoculation amount 3%; 37 °C, pH 4.5, for 24 h. Li et al., 2023

2115.7 mg/L Inoculation amount was 1.2%; 34 °C, pH 5.5, for 96 h. Diez-Gutierrez et al., 
2022

                       boxylase from probiotic strains

41.7 Immobilized enzyme to porous silica beads by covalent coupling. 
Enzymatic conversion of 0.5M MSG in packed-bed reactor under 
pH 5.0 (sodium acetate buff er), 37 °C for 20 min. 

Lee at al., 2015

21.48 Immobilized enzyme in gellan gum beads. pH 4.7 — 30 min at 
37 °C

Yao et al., 2021

2. Modulation of the serotonin transporter 
(SERT)

Probiotics aff ect SERT, a protein responsible 
for the reuptake of serotonin from the extracel-
lular space back into neuronal and enterochro-
maffi  n cells. Alterations in SERT activity or 
expression infl uence serotonin levels in the syn-
aptic cleft  (in the nervous system) or the inter-

stitial space (Cao et al., 2018). In the context of 
pain, this refers to the interaction with aff erent 
sensory neurons:

■ Infl uence on nociceptive refl exes. ECs release 
5-HT in response to mechanical or chemical 
stimuli, initiating peristaltic, secretory, vasodila-
tory, vagal, and nociceptive (pain) refl exes. Th us, 
changes in serotonin levels induced by probiot-
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ics or the microbiota directly aff ect pain percep-
tion (Pretorius & Smith, 2020).

■ Modulation of visceral pain via transient re-
ceptor potential vanilloid 4 (TRPV4). Serotonin 
can modulate visceral pain perception through 
the activation of the TRPV4 receptor. Probiotics, 
by infl uencing serotonin levels, may indirectly af-
fect TRPV4 activation (Lagomarsino et al., 2020).

■ Infl uence on 5-HT receptors. Alterations in 
the microbiota may be associated with abnor-
mal expression of 5-HT receptors. For instance, 
patients with irritable bowel syndrome (IBS) ex-
hibit excessive expression of 5-HT3 receptors in 
colonic tissue, which increases neuronal sensi-
tivity to serotonin and contributes to symptoms 
such as pain and diarrhea. By modulating the 
microbiota balance, probiotics may infl uence 
this receptor expression (Merecz et al., 2023).

■ Upregulation of SERT expression. Multiple 
studies have demonstrated that certain probi-
otic strains are associated with increased SERT 
concentrations in the intestine (Engevik et al., 
2021b). Supernatants of Lactobacillus acidophi-
lus and Bifi dobacterium longum enhance SERT 
expression in intestinal epithelial cells (Cao et al., 
2018). Metabolites of Limosilactobacillus reuteri 
ATCC 6475 upregulate SERT in the intestinal 
epithelium (Engevik et al., 2021b). Th e probiotic 
yeast Saccharomyces boulardii inhibits intestinal 
motility by upregulating intestinal SERT (Gu 
et al., 2022). Strains such as Lacticaseibacillus 
rhamnosus and Limosilactobacillus reuteri are as-
sociated with elevated SERT concentrations (En-
gevik et al., 2021b). 

3. General mechanisms within the gut—
brain axis

Probiotics contribute to serotonergic signaling 
by modulating the gut—brain axis itself through 
the following:

■ Modulation of neurotransmitter receptors. 
Th e probiotic-mediated enhancement of sero-
tonergic signaling involves modulation of neu-
rotransmitter receptors. For example, studies in 
rats have shown that probiotics strengthen the 

crosstalk between serotonergic receptors and the 
gut (Yaghoubfar et al., 2020).

■ Communication via the vagus nerve. Th e gut 
microbiota can aff ect serotonin levels and neu-
rotransmission through the vagus nerve signal-
ing (Akram et al., 2023).

■ Interaction with the immune system. Th e in-
teraction between the gut microbiota and the 
immune system also serves as a mechanism 
through which serotonin neurotransmission is 
infl uenced (Xu & Lu, 2025).

■ Improved brain signaling. Probiotics can mod-
ulate serotonin signaling, leading to the ameliora-
tion of pathophysiological disorders. For example, 
Streptococcus and Lactobacillus strains have been 
shown in rats to alleviate memory defi cits and 
increase serotonin receptor levels (Beilharz et al., 
2018). Lactobacillus plantarum PS128 enhances 
serotonin signaling and improves mental health 
(Chen et al., 2022).

■ IBS and 5-HT signaling. IBS is characterized 
by altered 5-HT signaling. Serotonin plays a key 
role in gastrointestinal pain perception. Disrupt-
ed 5-HT homeostasis in the mucosa contributes 
to the manifestation of IBS symptoms (Pretorius 
& Smith, 2020).

■ Maintenance of homeostasis. Modifying the 
gut microbiota with probiotics can help main-
tain serotonergic system homeostasis, thereby 
preventing pathophysiological disorders (Ferrari 
et al., 2024).

Li et al (2022) genetically engineered probi-
otic E. coli Nissle 1917 (EcN-5-HT) for synthe-
sizing 5-HT in situ. EcN-5-HT improved GI 
motility and ameliorated behavior disorder in a 
loperamide-induced constipation mouse model. 
EcN-5-HT increased the concentration of 5-HT 
in the colon and activated 5-HT receptors, trig-
gering the peristaltic refl ex in the gastrointesti-
nal tract and promoting GI motility.

Th us, probiotics infl uence pain modulation, 
primarily visceral pain, by regulating serotonin 
synthesis through SCFA metabolites and TPH1 
expression in ECs, as well as by modulating 
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SERT and its interactions with receptors (5-
HT3R, TRPV4) on nociceptive neurons inner-
vating the gut.

Dopamine
Dopamine is a key neurotransmitter that ex-

erts essential functions in both the central and 
peripheral nervous systems, regulating cogni-
tion, reward processing, satiety, voluntary motor 
control, pleasure, and motivation. Adequate do-
pamine bioavailability is crucial for maintaining 
normal brain activity and preventing the onset 
of neurological disorders. Increasing evidence 
indicates that the gut microbiota plays a pivotal 
role in sustaining appropriate dopamine levels 
through a complex, bidirectional communica-
tion network  — the microbiota—gut—brain 
axis. Th is interconnection is mediated by sev-
eral pathways, including the vagus nerve, im-
mune system, hypothalamic—pituitary—adre-
nal axis, and a variety of microbial metabolites. 
Moreover, gut microorganisms possess intrinsic 
enzymatic capacities that participate directly in 
dopamine metabolism, contributing to its both 
biosynthesis and degradation of metabolic inter-
mediates (Lyte et al., 2025; Hamamah et al., 2022; 
Sathiyaseelan & Wang, 2023; Kumar et al., 2024). 
Probiotics, particularly certain strains, have the 
ability to infl uence dopamine levels through pre-
cursors and enzymes, which is a key aspect for 
treatment of diseases such as Parkinson’s disease 
(PD), where pain is one of the non-motor symp-
toms (Kroker Kimber & Tremblay, 2025; Patel et 
al., 2025; Sun et al., 2022; Aghamohammad et al., 
2023; Tan et al., 2021).

Key probiotic genera such as Lactobacillus, 
Bifi dobacterium, Enterococcus, and Clostridium 
have been shown to infl uence dopamine metab-
olism and availability both locally in the gut and 
systemically, potentially impacting neurological 
functions and disorders (Hamamah et al., 2022; 
Villageliú & Lyte, 2018). Enterococcus spp. (for in-
stance, E. faecium) can effi  ciently convert the pre-
cursor L-DOPA (L-3,4-dihydroxyphenylalanine) 
into dopamine through the activity of the enzyme 

DOPA decarboxylase (also known as aromatic L-
amino acid decarboxylase) (Lyte et al., 2025). E. 
faecium ML1082 demonstrated a high effi  ciency 
of L-DOPA to dopamine conversion, achieving a 
yield of 96% (Lyte & Villageliu, 2019). L. planta-
rum PS128 has been shown to enhance dopamine 
metabolism and attenuate neuroinfl ammation in 
animal models of Parkinson’s disease, suggesting a 
direct modulatory infl uence on dopaminergic sig-
naling pathways. Clostridium species, through the 
production of SCFAs such as butyrate and their 
diverse enzymatic activities, can elevate the lev-
els of free biologically active dopamine in the gut, 
thereby modulating brain function through the 
gut—brain axis (Hamamah et al., 2022). Various 
Bacillus species and Escherichia spp. are capable of 
producing dopamine and norepinephrine, which 
have been reported to exert antinociceptive eff ects 
on visceral sensitivity (Morreale et al., 2022).

Dopamine-producing probiotics may also 
participate in immune modulation and regula-
tion of intestinal infl ammation, representing a 
microbial endocrinology-based strategy within 
probiotic therapy (Lyte et al., 2025).

Glutamate
Glutamate, a major excitatory neurotransmit-

ter in the central nervous system, can be modu-
lated by the gut microbiota, including certain 
probiotic strains. L-glutamate is a specifi c precur-
sor for amino acids (arginine and proline), bio-
logically active molecules (GABA and biological 
molecules (glutathione, adrenaline, and acetyl-
choline) (Ghazanfari et al., 2023). Probiotics may 
infl uence glutamate-related pathways involved 
in pain perception by producing or converting 
glutamate and its metabolites, such as GABA, or 
by altering the expression of glutamate receptors 
along the gut—brain axis. Th is modulation aff ects 
both peripheral and central pain mechanisms, 
including visceral sensitivity, neuropathic pain 
(Morreale et al., 2022; Zhao et al., 2025; Ali et al., 
2026; Bin-Khattaf et al., 2022) and fi bromyalgia 
(Clos-Garcia et al., 2019). Glutamate is the prin-
cipal excitatory neurotransmitter, whereas GABA 
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serves as the main inhibitory neurotransmitter in 
the CNS. Glutamate acts as an important precur-
sor of GABA, and the metabolism of both neu-
rotransmitters is strongly infl uenced by the gut 
microbiota (Qu et al., 2024). Research indicates 
that gut dysbiosis and probiotic intervention can 
infl uence ionotropic (N-methyl-D-aspartate re-
ceptors (NMDA), α-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid receptors (AMPA)) 
and metabotropic glutamate receptors within 
the gut—brain axis, which play key roles in pain 
processing and stress-related responses (Zhao et 
al., 2025). Probiotics may contribute to maintain-
ing the balance between glutamate and GABA by 
converting glutamate to GABA through GAD ac-
tivity in probiotic bacteria. Th is conversion helps 
reduce excitotoxicity and has been associated 
with neuroprotective and analgesic eff ects (Ali et 
al., 2026; Qu et al., 2024).

Clostridium butyricum MIYAIRI 588, used 
as an adjunctive therapy for treatment-resistant 
major depression, is hypothesized to exert its 
eff ects through a neuroprotective mechanism, 
particularly via anti-glutamatergic excitotoxicity 
(Qu et al., 2024).

Th e mechanisms by which glutamate infl u-
ences pain perception are multifaceted and in-
volve complex interactions among receptors, 
transporters, and neurotransmitters within the 
nervous system. Th e glutamatergic system, com-
prising neurons, receptors, and transporters, 
plays a crucial role in pain processing. In chronic 
pain conditions, such as neuropathic pain, dys-
regulation of glutamate receptor and transporter 
expression occurs (Temmermand et al., 2022; 
Lin et al., 2020).

Current evidence indicates that the primary 
mechanisms of pain modulation involving glu-
tamate as a probiotic-associated neurotransmit-
ter include:

■ Alterations in glutamate receptor expression 
and activity associated with increased pain sen-
sitivity in models of chronic visceral pain (e.g., 
IBS). Blockade of AMPA receptors was shown to 

reduce visceral pain in animal models, suggest-
ing that probiotics capable of modulating this 
pathway may attenuate pain signaling (Morreale 
et al., 2022; Qu et al., 2024);

■ Metabolites produced by the gut microbiota 
infl uence neuroinfl ammation and synaptic plas-
ticity, both of which are critical in the sensitiza-
tion of neuropathic and infl ammatory pain, me-
diated in part through glutamatergic signaling 
(Zhao et al., 2025);

■ Probiotics enhance glutamine and glutathi-
one levels while modulating glutamatergic path-
ways, thereby supporting antioxidant defense 
and maintaining neurochemical balance under 
pain conditions (Bin-Khattaf et al., 2022). Lacto-
bacillus and Bifi dobacterium species are capable 
of producing GABA from glutamate. In particu-
lar, Bifi dobacterium strains have been identifi ed 
as the most effi  cient GABA producers utilizing 
glutamate as a substrate. Th is supports the notion 
that probiotics can metabolize glutamate to syn-
thesize GABA, thereby contributing to the resto-
ration of the excitatory/inhibitory (E/I) balance 
(Duranti et al., 2020; Bin-Khattaf et al., 2022).

Acetylcholine
Th e neurotransmitter acetylcholine (ACh) has 

attracted considerable attention due to its crucial 
role in both the central and peripheral nervous 
systems, particularly in cognitive functions such 
as memory, attention, and learning. In fact, ACh 
is a ubiquitous signaling molecule produced by 
numerous non-neuronal cell types and even by 
some single-celled organisms (Lotfy et al., 2025; 
Cox et al., 2020). ACh can be produced by cer-
tain probiotic strains, such as Lactiplantibacillus 
plantarum AM2 (with an experimental yield of 
495.8 pg/mL). Probiotic-derived ACh partici-
pates in the modulation of the gut—brain axis 
and may contribute to pain regulation. Th e pro-
duction of ACh by this strain can be enhanced 
by optimizing growth medium components, 
supporting its potential application in functional 
symbiotic formulations targeting the gut—brain 
axis (Lotfy et al., 2025).
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Probiotics that produce ACh can potentially 
modulate neurological functions infl uencing 
pain perception through neurotransmitter path-
ways (Morealle et al., 2022; Kumar et al., 2024; 
Guo et al., 2019). Mechanistic insights into the 
role of probiotic-derived acetylcholine in pain 
regulation are as follows.

■ Probiotic-derived ACh can activate the cho-
linergic anti-infl ammatory pathway, thereby 
reducing systemic and local infl ammation that 
contributes to pain hypersensitivity;

■ ACh modulates neurotransmission within 
the enteric nervous system and central pain-
processing regions, infl uencing sensory signal-
ing along the gut—brain axis;

■ Probiotics producing ACh, together with 
other neurotransmitters like GABA and sero-
tonin, may synergistically modulate neuronal 
excitability and pain thresholds (Aghamoham-
mad et al., 2023; Ren et al., 2025; Rajanala et al., 
2021; Fyntanidou et al., 2023).

In conclusion, Table 2 summarizes the main 
neurotransmitters produced by probiotics that 
are implicated in pain modulation and their pro-
posed mechanisms of action.

Conclusions. Pain remains a signifi cant glob-
al health concern, aff ecting over one-fi ft h of the 
world’s population. Th e evolution of pain man-
agement has mirrored advances in our under-
standing of physiological and molecular mech-
anisms underlying  nociception. Over recent 
decades, the discovery of the microbiota—pain 
axis has transformed this fi eld, revealing that gut 
microorganisms not only infl uence infl amma-
tion but can directly modulate neuronal activity 
and pain perception.

Probiotics and commensal bacteria exert their 
analgesic eff ects through multiple interrelated 
pathways, including the synthesis of neurotrans-
mitters such as GABA, serotonin, dopamine, 
and acetylcholine; regulation of tryptophan me-
tabolism; production of bioactive metabolites 
like short-chain fatty acids; modulation of pain-
related ion channels; and immune system regu-
lation. Th ese interactions collectively contribute 
to reduced infl ammation, altered neuronal ex-
citability, and enhanced endogenous pain inhi-
bition. Gut-derived neurotransmitters modulate 
central pain circuits primarily through the gut-
brain axis, a complex bidirectional communica-

Table 2. Th e summary of main probiotics’ neurotransmitters involved in pain sensation

Neuro-
transmitter Receptor Distribution Function References

GABA GABAA, GABAB CNS, PNS Inhibitory Zhao et al., 2025
Glutamate NMDAR*, AMPAR**, 

mGluR***
CNS, PNS Excitatory Cao et al., 2024

5-HT 5-HT1-4, 7 CNS, PNS Dependent on 5-HT receptors Merecz et al., 2023; 
Cao et al., 2024; Li et 
al., 2022

Dopamine D1-D5 receptors**** CNS (striatum, 
cortex, limbic 
system)

Modulatory; can be excitatory or inhib-
itory in pain circuits; regulates motiva-
tional and aff ective dimensions of pain

Bhatia et al., 2023

ACh Nicotinic (nAChR, 
including α7), Mus-
carinic (mAChR)

CNS (brain, spi-
nal cord), PNS

Modulatory; inhibits neuroinfl amma-
tion, modulates pain signals, can be 
both excitatory and inhibitory via dif-
ferent receptors

Zhou et al., 2022; 
Naser & Kuner, 2018; 
Ren et al., 2025

* — N-methyl-D-aspartate receptor (NMDAR); ** — α-amino-3-hydroxy-5- methylisoxazole-4-propionate receptor 
(AMPAR); *** — metabotropic glutamate receptor (mGluR); **** — fi ve main receptors (D1, D2, D3, D4, D5), widely 
expressed in CNS, notably in basal ganglia, limbic, and cortical areas.
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tion system involving neural, immune, and en-
docrine pathways.

Th e integration of advanced technologies, 
such as multi-omics, bioengineering, and arti-
fi cial intelligence, continues to deepen insights 
into microbiota-mediated pain modulation 

and accelerates the development of microbi-
ota-based therapeutic strategies. Altogether, 
growing evidence positions the gut microbiota 
and probiotics as promising targets for novel, 
safe, and eff ective interventions in chronic pain 
management.
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НЕЙРОМЕДІАТОРИ ПРОБІОТИЧНИХ МІКРООРГАНІЗМІВ У РЕГУЛЯЦІЇ БОЛЮ

Біль, що вражає понад п’яту частину населення світу, залишається серйозною медичною та соціальною 
проблемою, що зумовлює необхідність розробки безпечних і ефективних стратегій його профілактики 
та контролю. Сучасні дослідження підкреслюють ключову роль кишкової мікробіоти та пробіотиків у 
модуляції больових відчуттів через нейрохімічні, імунні та метаболічні шляхи взаємодії вздовж осі «кишеч-
ник—мозок». Пробіотичні мікроорганізми здатні синтезувати основні нейромедіатори — γ-аміномасляну 
кислоту (ГАМК), серотонін (5-НТ), дофамін, глутамат і ацетилхолін — тим самим впливаючи на нейронну 
збудливість, нейрозапальні процеси та сприйняття болю. ГАМК-продукуючі молочнокислі бактерії, 
зокрема представники родів Lactobacillus, Bifi dobacterium та Levilactobacillus brevis, успішно застосовуються 
в біотехнологічному виробництві функціональних продуктів харчування  — таких як збагачений 
ГАМК йогурт, соєве молоко та рисовий оцет, тощо. Ці штами сприяють аналгетичному ефекту шля-
хом інгібування нейронної гіперзбудливості, пригнічення цитокінів і посилення ендогенних механізмів 
гальмування болю. Аналогічно, пробіотична модуляція серотонінергічної системи включає підвищення 
експресії триптофангідроксилази (TPH1), регуляцію транспортера серотоніну (SERT) та активацію рецеп-
торів 5-HT, що знижує вісцеральну гіперчутливість і передачу больових імпульсів. Пробіотичні види, такі 
як Enterococcus faecium і Lactiplantibacillus plantarum, впливають на дофамінергічні шляхи, перетворюючи 
L-DOPA на дофамін, що модулює сигнальні процеси по осі кишечник—мозок і нейрозапалення, пов’язані 
з хронічним болем та нейродегенеративними розладами. Крім того, метаболізм глутамату пробіотичними 
штамами сприяє підтриманню балансу між збуджувальними та гальмівними нейромедіаторами через 
активність глутаматдекарбоксилази, забезпечуючи нейропротекцію та зменшення ексайтотоксичності. 
Пробіотики, здатні продукувати ацетилхолін, активують холінергічний протизапальний шлях, знижують 
системне запалення та регулюють сенсорну передачу сигналів у ентеричній та центральній нервових 
системах. Таким чином, пробіотики — продуценти нейромедіаторів — становлять перспективний напрям 
мікробіота-орієнтованих стратегій контролю хронічного болю. Інтеграція досягнень харчової біотехнології, 
нейробіології та мікробної ендокринології відкриває можливості створення нових природних, безпечних і 
ефективних пробіотичних препаратів для регуляції больової чутливості через вісь кишечник—мозок.
Ключові слова: пробіотики, постбіотики, кишкова мікробіота, біль, нейромедіатори, серотонін, γ-амі но-
мас ляна кислота, дофамін, глутамат, ацетилхолін.
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ANNIVERSARIES AND DATES

Th e 80th Anniversary 
of Corresponding Member 
of the National Academy 
of Sciences of Ukraine 
Volodymyr O. IVANYTSIA

Volodymyr Ivanytsia, a renowned scientist in the 
fi elds of microbiology and biotechnology, Cor-
responding Member of the National Academy 
of Sciences of Ukraine, Doctor of Biological Sci-
ences, Professor, laureate of the D.K. Zabolotny 
Prize of the National Academy of Sciences of 
Ukraine, and Honored Worker of Science and 

Technology of Ukraine, was born on June 3, 
1946, in the city of Iziaslav, Khmelnytskyi region.

Th e scientifi c interests of V.O. Ivanytsia fo-
cus on fundamental issues of microbial vari-
ability toward increasing aggressiveness, in-
cluding antibiotic resistance under conditions 
of chronic environmental pollution by chemi-
cal toxicants.

Volodymyr O. Ivanytsia has made a signifi -
cant contribution to the study of microbial bio-
diversity of the Black Sea. Metagenomic studies 
of the microbiome conducted under his leader-
ship have shed light on the previously unknown 
taxonomic composition of Black Sea prokary-
otes and their biotechnological potential. In 
deep anaerobic sediments of the Black Sea, V.O. 
Ivanytsia discovered aerobic bacteria that had 
been naturally preserved and retained viability 
for thousands of years; he demonstrated their 
diversity, identifi ed spectra of antimicrobial 
compounds, and revealed promising producers 
of new antibiotics, antitumor compounds, and 
enzymes useful for medicine, agriculture, and 
the food industry.

Th e results of V.O. Ivanytsia’s research are of 
great importance for environmental biotech-
nology. Under his leadership, microbiological 
methods have been developed for the bioremedi-
ation of soils and marine waters from pollution, 
treatment of wastewater and soils contaminated 
with petroleum hydrocarbons, surfactants, and 
heavy metal ions, as well as biotechnologies for 
the extraction of rare and precious metals from 
technogenic waste.
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At Odesa I.I. Mechnikov National Univer-
sity, V.O. Ivanytsia established a collection of 
marine and environmentally valuable micro-
bial strains, which is a branch of the Ukrainian 
Collection of Microorganisms, and founded the 
scientifi c school “Marine Microbiology and En-
vironmental Biotechnology.”

V.O. Ivanytsia is a talented organizer of science. 
He has supervised more than 50 research projects 
on environmental issues of the Black Sea and the 
Odesa region and worked on state assignments 
and research projects addressing environmental 
problems of Zmiinyi Island under the directive of 
the Cabinet of Ministers of Ukraine.

In addition, he has led international grant 
projects, actively collaborates with scientists 
from many countries, and has organized nu-
merous international congresses, symposiums, 
and scientifi c conferences on microbiology and 
biotechnology. He founded and annually orga-
nizes the “International Summer School on Mo-
lecular Microbiology and Biotechnology” for 
young scientists.

Since 1997, Volodymyr O. Ivanytsia has served 
as Vice-Rector of Research at Odesa I.I. Mech-

nikov National University, Head of the Depart-
ment of Microbiology, Virology and Biotechno-
logy (1983—2015), and Vice President of the Vi-
nogradsky Society of Microbiologists of Ukraine. 
He is the founder and Editor-in-Chief of the 
scientifi c journal “Microbiology and Biotechnol-
ogy”, which is included in the list of professional 
scientifi c publications of Ukraine, registered with 
ISSN, and indexed in Index Copernicus and oth-
er scientometric databases; he is also a member of 
the editorial board of “Mic ro bio lo gical Journal.”

V.O. Ivanytsia is the author of more than 400 
publications, including 7 monographs and over 
50 inventions. Under his supervision, 15 Candi-
dates of Sciences have defended their theses.

On the occasion of his 80th anniversary, we 
sincerely wish Volodymyr Ivanytsia good health, 
inspiration, and new creative achievements!
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