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CREATION OF PYOCIN COMPOSITION 
AGAINST LABORATORY AND CLINICAL 
PSEUDOMONAS AERUGINOSA STRAINS
Pseudomonas aeruginosa belongs to the group of ESKAPE pathogens, which most oft en cause nosocomial infections 

and are characterized by a high level of antibiotic resistance. Bacteriocins are considered to be one of the promising sub-

stances that can be used as an additional means of infl uencing P. aeruginosa strains with multiple antibiotic resistance. 

Th e aim of this work was to evaluate the possibility of creating an eff ective composition from the minimum quantity 

of pyocins capable of inhibiting the growth of laboratory and clinical P. aeruginosa strains. Methods. Th e object of the 

study was P. aeruginosa bacteriocins (pyocins) isolated from 10 highly active producers. Analysis of pyocin’s activity and 

subsequent selection of the composition were carried out aft er assessing its infl uence on 51 cultures, which included labo-

ratory strains, isolated from plant cultures, and clinical P. aeruginosa strains. Results. It was established that according 

to activity spectrum of the studied bacteriocins, pyocins 335, 333, 330, 13, and 332 can be referred to the most promising. 

To inhibit the growth of laboratory P. aeruginosa strains, it is suffi  cient to use pyocins 335 and 333 added with a third 

pyocin into the composition — 13 or 332. As for cultures isolated from plants, only pyocins 330 and 332 were charac-

terized by high activity. In contrast, most pyocins infl uenced clinical isolates, which were multidrug-resistant to widely 

used antibiotics. Th e average activity of the selected pyocin composition 332+333+335 against laboratory cultures was 

204.8×103 AU/mL and against clinical strains — 153.6×103 AU/mL. Conclusions. Th us, for the fi rst time, the possibility 

of creating an eff ective composition of three pyocins that is capable of aff ecting both laboratory and clinical P. aeruginosa 

strains has been shown. Th e most optimal combination includes pyocins 332, 333, and 335, which contain S1, S2, S4, S5, 

and S9 bacteriocin subtypes. Th ese substances do not exhibit mutual antagonism, bind to diff erent receptors, and, due to 

DNase, tRNase, and pore-forming activities, inhibit the growth of all 51 cultures studied, represented by laboratory and 

isolated from plant strains, as well as clinical multidrug-resistant P. aeruginosa isolates.

Keywords: pyocins, composition creation, Pseudomonas aeruginosa, antibiotic resistance, clinical multidrug-resistant 

isolates, laboratory strains.
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It is known that Pseudomonas aeruginosa belongs 
to ESKAPE pathogens (Arbune et al., 2021). Mi-
croorganisms of this group most oft en cause 
nosocomial infections and are characterized by 
a high level of antibiotic resistance (Arbune et 
al., 2021). P. aeruginosa strains induce infectious 
diseases that are diffi  cult to treat (Amann et al., 
2019). To overcome the resistance of microor-
ganisms, a search for new drugs is conducted, 
existing medicines are modifi ed, and antibiot-
ics that have not been used for a long time are 
returned to clinical practice (Guliy et al., 2014). 
However, the presence of various resistance 
mechanisms in P. aeruginosa strains to currently 
widely used antibiotics complicates the prospect 
of their use in the future (Elfadadny et al., 2024).

Ones of the promising substances that can 
be used as additional remedies in the struggle 
against resistant P. aeruginosa strains are bacte-
riocins (Ahmed et al., 2023; Balko, 2012). Th ey 
are antimicrobial protein or peptide agents, 
analogs of narrow-spectrum antibiotics, and af-
fect only closely related strains (Lopetuso et al., 
2019). Th ese substances participate in bacterial 
antagonism and are widely distributed in the 
microbial world (Zhao et al., 2021; Versluis et 
al., 2018; Kotsofl iak et al., 2004). Bacteriocins of 
each bacterial species have their specifi c name, 
and appropriate substances of P. aeruginosa are 
indicated as pyocins (Balko et al., 2020).

P. aeruginosa pyocins can be divided into high 
molecular weight analogs of phage-tails with a 
molecular weight (m.w.) near 1—10 МDa (R- 
and F-type pyocins), colicin-like S-type pyocins 
with m.w. from 20 to 100 kDа, and low molecular 
mass microcin-II-like bacteriocins with m.w. up 
to 10 kDa (Charkhian et al., 2024; Cubillo-Ko-
marovova et al., 2024). Under investigation with 
experimental animals, it has been shown that S-
type bacteriocins are safe and eff ective for treat-
ing diseases caused by P. aeruginosa (Soltani et 
al., 2021). Previously, we have selected producers 
of highly active S-type pyocins that inhibited the 
growth of more than 75% of the tested cultures 

(Balko & Avdeeva, 2012). Cultivation conditions 
have been optimized to maximize the activity of 
these substances (Balko et al., 2013b). It should 
be noted that pyocins consist of two subunits — 
the bacteriocin itself, which is responsible for 
antimicrobial activity, and the immunity pro-
tein, which is incorporated into the cell wall of 
bacterium-producer and protects it from lysis by 
its own substances (Atanaskovic et al., 2020). As 
a result, some strains remain resistant to the ac-
tion of certain types of bacteriocins. Th e solution 
to this problem may be the use of not one, even 
highly active pyocin, but a certain composition 
of several bacteriocins to provide an eff ect on a 
wide range of P. aeruginosa strains.

Th erefore, the aim of this work was to evaluate 
the possibility of creating an eff ective composi-
tion from a minimum quantity of pyocins ca-
pable of inhibiting the growth of laboratory and 
clinical Pseudomonas aeruginosa strains.

Materials and Methods. Th e objects of this 
study were pyocins isolated from ten highly ac-
tive P. aeruginosa producer strains — UCM B-6, 
UCM B-7, UCM B-9, UCM B-13, UCM B-330, 
UCM B-332, UCM B-333, UCM B-335, UCM 
B-349, and UCM B-353 from the Ukrainian col-
lection of microorganisms (UCM, Zabolotny 
Institute of Microbiology and Virology, National 
Academy of Sciences of Ukraine) (Pidgorskyi et 
al., 2007).

Isolation of bacteriocins (pyocins). To obtain 
P. aeruginosa pyocins, nalidixic acid was added to 
a suspension of strain-producers in the logarith-
mic growth phase (fi nal concentration 100 μg/
mL). Aft er further incubation for 3 h, the induc-
tion was stopped by the addition of chloroform. 
Th e pyocins were purifi ed from bacterial detritus 
by low-speed centrifugation at 4000 g for 30 min 
and subsequently by centrifugation in Amicon 
Ultra-15 Centrifugal Filter Units (100 KDa). Th e 
obtained supernatants were aseptically removed 
and stored in closed containers at 4—6 °C. Chlo-
roform was used as a preserving agent (Balko et 
al., 2019). Th e pyocins were marked according 
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to the numbers of their producer strains. For 
example, bacteriocins from P. aeruginosa UCM 
B-333 were designated as pyocin 333, from P. ae-
ruginosa UCM B-335 — as pyocin 335, etc.

Compositions 332+333, 332+335, 333+335, 
and 332+333+335 were obtained by mixing 
equal volumes of pyocins 332, 333, and 335.

Antimicrobial activity of pyocins was tested 
by the «two-layer agar» method (Balko et al., 
2013b). As indicator cultures, there were used 
forty laboratory P.aeruginosa strains UCM 
B-1 — UCM B-3, UCM B-5 — UCM В-10, UCM 
B-12 — UCM B-16, UCM B-329 — UCM B-349, 
UCM B-351 — UCM B-353, UCM B-900, UCM 
B-907, two strains isolated from plants: P. aeru-
ginosa UCM В-1107 and UCM В-1108, and nine 
clinical isolates P. aeruginosa. Laboratory strains 
were obtained from UCM. Most of these strains 
were isolated from soil and activated the sludge, 
strains UCM В-1107 and UCM В-1108 — from 
a rot-aff ected onion bulb (Allium cepa) (Pidgor-
skyi et al., 2007). Clinical isolates were isolated 
from diff erent biotopes of patients (wounds, 
blood, ear, bronchi, abscess) and obtained from 
the Department of Microbiology and Parasitol-
ogy with the Basics of Immunology of the Bo-
gomolets National Medical University. Th e be-
longing of these strains to certain species was es-
tablished based on phenotypic properties using 
a computer program for identifi cation of Pseu-
domonas genus bacteria (Kotsofl iak et al., 2003).

Th e activity of P. aeruginosa bacteriocins 
against the used indicator cultures was assessed 
by the transparency of the formed lysis zones in 
the area of bacteriocin application (Balko et al., 
2024). If the zone of lysis was completely trans-
parent, pyocin activity was interpreted as 1, in the 
case of non-absolute transparency — 0.75. Both 
of these indices were evaluated as high pyocin 
activities. If partial transparency was observed in 
the lysis zone, the activity was designated as 0.5 
and interpreted as medium. In the case of slight 
transparency, the activity was estimated as 0.25 
and was considered low. Th e absence of a growth 

inhibition zone was interpreted as the absence of 
antimicrobial activity, designed as 0.

Quantitative indices of pyocins and their 
composition’ activities were determined by the 
serial two-fold dilutions method. Th e activity 
of the substances was defi ned by the maximum 
dilution capable of causing lysis zone formation. 
Th e obtained results were counted for 1 ml of 
studied lysate and expressed in activity units — 
AU/mL or for convenience in ×103 AU/mL 
(Balko & Avdeeva, 2012).

Th e average activity of single pyocins and 
their compositions against indicator strains was 
determined as the sum of the activity indices 
of bacteriocins used divided by the number of 
studied cultures.

Th e sensitivity of clinical P. aeruginosa 
strains to antibiotics was determined using the 
disk diff usion method, which was performed 
in accordance with the EUCAST requirements 
(EUCAST Disk Diff usion Method, 2024). For 
this purpose, 24 h culture of microorganisms 
was added to a 0.85% NaCl solution, and sus-
pension was prepared by the turbidity standard 
of 0.5 McFarland Units, which corresponds to 
1×108 CFU/mL. Th e obtained suspension was 
laid on the surface of Mueller-Hinton agar, af-
ter which antibiotic disks were imposed. Th e 
plates were cultured at 37 °C for 16—20 h. An-
timicrobial activity was assessed by the appear-
ance of growth inhibition zones around the ap-
plied disks. Th e strain’s belonging to the group 
of susceptible, moderately susceptible, or resis-
tant to certain antibiotic was assessed according 
to breakpoints Eucast ver. 14.0 (Th e European 
Committee on Antimicrobial Susceptibility 
Testing, 2024), CLSI in the M100 33rd ed., or 
FDA STIC website (Clinical and Laboratory 
Standards Institute, 2024; FDA Susceptibility 
Test Interpretive Criteria, 2024).

All experiments were carried out at least in 
two-three technical repeats; the results obtained 
were processed using standard soft ware Micro-
soft  Offi  ce Excel 2007. 
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Results. Ten highly active pyocins were ob-
tained from Pseudomonas aeruginosa strains. 
Th ese bacteriocins were characterized by high, 
medium, and low activity against 40 laboratory 
P. aeruginosa strains (Table 1). It should be noted 
that pyocin 333 showed high activity against the 
largest number of cultures tested — 30 strains. 
However, pyocins 330 and 332 were character-
ized by the highest average activity (aff ected 10 
strains), and pyocins 335 and 330 — by the high-
est low activity (infl uenced 3 cultures). It should 
be noted that for the selection of a composition 
capable of aff ecting all strains of P. aeruginosa, 
not only the activity in the action on sensitive 
cultures is important but also the ability to in-
hibit the growth of a larger number of strains. 
Th erefore, the prospects of pyocins for inclusion 
in a composition were assessed by their total ac-
tivity  — the number of strains aff ected by the 
studied pyocin with any activity. According to 
this criterion, pyocins 335, 333, 330, 13, and 332 
were considered the most promising.

It can be noted that laboratory strains were 
characterized by diff erent sensitivity to the pyo-
cins used (Table 2). Th us, all ten pyocins showed 
exceptionally high activity against eleven strains 
of P. aeruginosa, for example, UCM B-2, UCM 
B-3, UCM B-5, etc. In contrast, P. aeruginosa 
UCM B-336 was aff ected only by pyocins 335, 
353, and 330 with medium activity. Only pyocins 
353, 349, and 332 with medium activity, and pyo-
cin 333 with low activity infl uenced P. aeruginosa 

UCM B-900. When analyzing the possibil-
ity of using selected promising pyocins, the fol-
lowing regularities were discovered. Pyocin 335 
inhibited the growth of most of the tested cul-
tures, except P.aeruginosa UCM B-335, B-337, 
and B-900, whereas pyocin 333 did not aff ect 
P.aeruginosa UCM B-333, B-335, B-336, B-338, 
and B-343 at all. Th is indicates that the applica-
tion of only these two pyocins will not be eff ec-
tive enough since both of them do not inhibit the 
growth of P. aeruginosa UCM B-335. Pyocin 330 
did aff ect the mentioned culture either. Th ere-
fore, widening the total spectrum of activity is 
possible by including a third pyocin into the 
composition — 13 or 332. Both of them were ac-
tive against P. aeruginosa UCM B-335, and at the 
same time, pyocin 332 was characterized by high 
activity and pyocin 13 — by medium activity.

Subsequently, the action of ten highly active 
pyocins was tested against strains P.aeruginosa 
UCM B-1107 and B-1108, which were isolated 
from plants (Table 3A). It can be noted that pyo-
cins 335 and 333 selected at the previous stage 
did not aff ect these strains. In contrast, pyocins 
330 and 332 were characterized by high activity. 
Another bacteriocin, namely pyocin 13, which 
was also considered a potential component for 
the composition, inhibited the growth of only 
P.aeruginosa UCM B-1108 and showed low ac-
tivity. Th e above indicates that pyocins 335, 333, 
and 332 should be included in the composition of 
bacteriocins with the minimum set of active sub-
stances and the widest possible spectrum of activ-
ity against laboratory strains of various origins.

Table 1. Division of pyocins by activity against 
40 laboratory Pseudomonas aeruginosa strains

Pyocin

Sensitivity 
of Pseudomonas aeruginosa strains to pyocins 

High Medium Low Total

335 28 6 3 37
333 30 4 1 35
330 22 10 3 35

13 28 6 0 34
332 23 10 1 34

9 25 7 0 32
7 29 2 0 31

353 24 6 0 30
6 28 1 0 29

349 24 5 0 29

Here and in Tables 2, 3: High activity — the number of 
strains, applying on which pyocin formed a lysis zone 
with transparency 1 or 0.75; medium activity  — 0.5, 
and low activity — 0.25. Total activity — the number of 
strains aff ected by studied pyocin with any activity.
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Th e potential application of the selected compo-
sition was also tested against clinical isolates of P. 
aeruginosa (Table 3B). It was found that all bacte-
riocins were characterized by high activity against 
5 P. aeruginosa cultures, for example, 2220, 2222, 
etc. Concerning strains 216, 3392, and 3458, most 
pyocins were also highly active. Isolate 3523 was 

characterized by the lowest sensitivity; only bac-
teriocins 349, 330, 335, and 332 aff ected it. It can 
be noted that the possibility of using the selected 
composition of pyocins  — 335, 333, and 332  — 
against clinical strains is also quite eff ective, since 
these substances inhibited the growth of all the 
mentioned cultures, including P. aeruginosa 3523.

Table 2. Sensitivity of laboratory Pseudomonas aeruginosa strains to pyocins

St
r. Pyocin activity

St
r. Pyocin activity

High Medium Low High Medium Low

В-1 333, 332, 6, 349 335, 330, 9,7, 353 — В-335 332 13, 9, 349 —
В-2 All — — В-336 — 335, 330, 353 —
В-3 All — — В-337 330, 13 333, 9, 353, 6 —
В-5 All — — В-338 13 335, 332, 9, 349 —
В-6 335,333, 7 — — В-339 333, 13, 7, 6, 349 335, 330, 9, 353 —
В-7 333, 332, 349 — 335, 

330
В-340 335, 333, 330, 13, 9, 7, 

353, 6, 349
— —

В-8 All — — В-341 All — —
В-9 335, 7, 349 333, 13 330, 

332
В-342 All — —

В-10 335,333, 13, 332, 9,7, 
353, 6,349

330 — В-343 349 335, 330, 13, 
332, 9, 7

—

В-12 All — — В-344 All — —
В-13 335, 333 332, 349 330 В-345 333, 330, 13, 9, 7, 353, 6 335, 332 —
В-14 335,333, 330, 13, 332, 

9,7, 353, 6
— — В-346 All — —

В-15 335, 333, 13, 332, 9,7, 
353, 6

330 — В-347 335, 13, 332, 7, 6, 349 333, 330, 9, 353 —

В-16 335,333, 330, 13, 9,7, 
353, 6,349

332 — В-348 All — —

В-329 335, 330, 9, 7, 353, 6, 
349

333, 13, 332 — В-349 335, 333, 330, 13, 332, 9, 
7, 353, 6

— —

В-330 333 13, 332, 349 335 В-351 335, 333, 330, 13, 332, 9, 
7, 353, 6

— —

В-331 All — — В-352 335, 333, 330, 13, 332, 9, 
7, 353, 6

— —

В-332 335, 333, 330, 13, 9, 7, 
353, 6, 349

— — В-353 335, 333, 13, 9, 7, 6 330, 332 —

В-333 349 330, 13, 332 335 В-900 — 332, 353, 349 333
В-334 335, 333, 13, 332, 9, 7, 

353, 6, 349 
330 — В-907 335, 333, 330, 13, 332, 9, 

7, 353, 6
— —

Here and in Table 3: Pyocins are ranged in order of activity decrease established by the transparency of formed lysis 
zone; All — sensitivity to all ten studied pyocins — 335, 333, 330, 13, 332, 9, 7, 353, 349; «-» — the absence of active 
pyocins with corresponding activity; Str. — strains.
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It is known that in most cases, clinical strains 
are characterized by resistance to antibiotics (Ak-
ereuke et al., 2023). Testing the sensitivity of nine 
clinical P. aeruginosa strains, we also revealed their 
signifi cant antibiotic resistance (Table 4). It can 
be noted that only ofl oxacin and lomefl oxacin re-
tained activity against the indicated strains, while 
the sensitivity to other drugs in diff erent isolates 
varied signifi cantly. All cultures were resistant to 
piperacillin, cefepime, and amikacin, and about 
half of them — to ciprofl oxacin and tobramycin. 
Th ese antibiotics belong to diff erent groups  — 
penicillins, cephalosporins, aminoglycosides, 
and quinolones. Taking into account resistance 
to drugs of three or more groups, the above iso-
lates should be considered as multidrug-resistant 
strains (Magiorakos et al., 2012). Th us, the studied 
pyocins and their compositions are capable of in-
hibiting the growth of not only laboratory but also 
clinical, multidrug-resistant P. aeruginosa strains.

To more thoroughly assess the eff ect of the se-
lected substances on P.aeruginosa cultures, their 
activity was determined in absolute indices. It 
was found that the eff ect of pyocins on laboratory 
strains P. aeruginosa UCM B-3 and B-10 ranged 
from 204.8 to 819.2×103 AU/mL (Table 5A). Th e 
activity of these substances against clinical iso-

lates was somewhat lower. Th us, the average ac-
tivities of pyocins 332, 333, and 335 against P. ae-
ruginosa UCM B-3 and B-10 were 614.4, 409.6, 
and 307.2×103 AU/mL, while against clinical 
strains — 230.4, 225.6, and 30.4×103 AU/mL, re-
spectively. Th e sensitivity of P. aeruginosa 3523 
was atypical and was not taken into account. Th e 
eff ect of various combinations of selected bac-
teriocins on microorganisms was subsequently 
tested. Two- and three-component mixtures of 
pyocins aff ected laboratory strains with activ-
ity from 204.8 to 409.6×103 AU/mL, while these 
mixtures infl uenced clinical isolates with activ-
ity from 51.2 to 409.6×103 AU/mL (Table 5B). 
Th e average activities of pyocin compositions 
332+333, 332+335, 333+335, and 332+333+335 
against laboratory cultures were 307.2, 204.8, 
204.8, and 204.8×103 AU/mL, and against clini-
cal cultures  — 256, 76.8, 76.8, and 153.6×103 
AU/mL, respectively. Th e above indicates the 
possibility of using a selected pyocins composi-
tion to inhibit the growth of P. aeruginosa strains 
of various origins, although the eff ectiveness of 
their action on multidrug-antibiotic-resistant 
strains is somewhat lower.

Discussion. It is known that P. aeruginosa is 
characterized by the multiplicity of bacteriocin 

Table 3. Pyocin sensitivity of isolated from plants and clinical Pseudomonas aeruginosa strains 

Strains
 Activity of pyocins

High Medium Low

А. Isolated from plants В-1107 330, 332 9 353
В-1108 330, 332 9 13, 353, 349

B. Clinical 2220 All — —
2222 All — —
3523 — 330, 349 335, 332
216 335, 333, 330, 332, 7, 353, 6 13, 9 —

1683 All — —
1806 All — —
2914 All — —
3392 335, 333, 330,13, 332, 9, 7, 353, 6 349 —
3458 335, 333, 330, 13, 332, 9, 7, 353, 6 — —
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Table 4. Sensitivity of clinical Pseudomonas aeruginosa strains to antibiotics

Antibiotics
Clinical Pseudomonas aeruginosa strains

2220 2222 3523 216 1683 1806 2914 3392 3458

PIP* R R R R R R R R R
TZP* I I I I I I I I I
ТCC* I I I I I I I I I
FEP* R R R R R R R R R
CZA* R S S S S S R S S
ІPМ* R I I I I I I R I
МEM* R S I R I I I R S
ATM* I I I R I I I I R
CIP* I I I I R R R I R
LVX* R I I I I I R R I
OFX** S S S S S S S S S
LOM** S S S S S S S S S
АMK* R R R R R R R R R
ТОB* R S S R R I S R S
GEN*** S S S S R R I S S

S — sensitive, I — intermediate, R — resistant. Penicillins: PIP —piperacillin 30 μg, TZP — piperacillin-tazobactam 
30—6 μg, ТCC — ticarcillin-clavulanate 75—10 μg. Сephalosporins: FEP — cefepime 30 μg, CZA — ceft azidime-
avibactam 10—4 μg. Carbapenems: ІPМ — imipenem 10 μg, МEM — meropenem 10 μg, ATM — aztreonam 30 μg. 
Quinolones: CIP — ciprofl oxacin 5 μg, LVX — levofl oxacin 5 μg, OFX — ofl oxacin 5 μg, LOM — lomefl oxacin 10 μg. 
Аminoglycosides: АMK — amikacin 30 μg, ТОB — tobramycin 10 μg, GEN — gentamicin 10 μg. *Eucast ver. 14.0; 
**CLSI in the M100 — 33rd ed., ***FDA STIC website. 

Table 5. Activity indices of single pyocins (A) and their composition (B) 
against clinical and laboratory Pseudomonas aeruginosa strains

А

Activity of piocins,
×103 AU/mL 

B

Activity of pyocin compositions, 
×103 AU/mL

332 333 335 332+333 332+335 333+335 332+333+335

Laboratory 
strains

В-3 819.2 409.6 204.8 Laboratory 
strains

В-3 409.6 204.8 204.8 204.8
В-10 409.6 409.6 409.6 В-10 204.8 204.8 204.8 204.8

Clinical 
strains

2220 102.4 102.4 25.6 Clinical 
strains

2914 409.6 102.4 51.2 204.8
2222 102.4 51.2 25.6 3392 102.4 51.2 102.4 102.4
3523 3,2 — 6,4
216 204.8 409.6 25.6

1683 102.4 409.6 25.6
1806 102.4 204.8 12.8
2914 819.2 409.6 51.2
3392 204.8 204.8 51.2
3458 204.8 12.8 25.6
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production (Balko et al., 2020). Th is means that 
each strain can simultaneously synthesize more 
than one subtype of bacteriocins. We previously 
have shown that P. aeruginosa UCM B-332 syn-
thesizes pyocins of the S2 and S5 subtypes, UCM 
B-335 — S4 and S5 subtypes, and UCM B-333 — 
S1, S5, and S9 subtypes (Balko et al., 2024), 
and also produce microcin-II-like bacteriocins 
(Balko, 2019). It can be noted that all pyocin 
stocks with a broad spectrum of action selected 
for the composition contained at least two bacte-
riocins, one of which belonged to the S5 subtype. 
It was established that the ability of a producing 
strain to secrete S5 subtype pyocin indicates high 
activity of its bacteriocins (Balko et al., 2024). Ac-
cording to the results of this study, the presence 
of S5 subtype pyocin may additionally indicate a 
wide spectrum of action of synthesized bacterio-
cins. Th is conclusion is consistent with the results 
obtained by other authors (Elfarash et al., 2014).

It should be noted that pyocins 332, 333, and 
335 diff ered from each other in the second sub-
type of bacteriocins in their compositions. Th us, 
pyocin 332 contained S2 subtype bacteriocin, 
pyocin 333 — S1 and S9 subtypes, and pyocins 
335 — S4 subtype (Balko et al., 2024). It is known 
that among the colicin-like bacteriocins of P. aeru-
ginosa, the S2 subtype pyocin is characterized by 
the highest activity (Elfarash et al., 2012; Ohkawa 
et al., 1973). By our results, the average activity 
was also higher in pyocin 332, which contained 
the S2 subtype bacteriocin. Th e lowest activity 
was peculiar to S4 subtype pyocins, characterized 
by tRNase properties (Parret & De Mot, 2000). 
Th is feature may be connected with the need of 
these substances to penetrate the cytoplasm and 
subsequently destroy tRNA, the absence of which 
is not so critical for bacterial cell survival as DNA 
destruction or the formation of pores in the cell 
wall caused by the action of other bacteriocins 
subtypes (Elfarash et al., 2012). In these studies, 
pyocin 335, which contained S4 subtype bacte-
riocin, was also characterized by lower average 
activity compared to pyocins 332 and 333.

According to the known physicochemical 
properties of S2 subtype bacteriocin, they are 
unstable in the external environment and aft er 
the isolation of these particles, and all manipula-
tions are recommended to be carried out with the 
maintenance of the temperature regime within 
0—4 °C (Ohkawa et al., 1973). In this study, we 
isolated all pyocins, including those containing 
S2 subtype bacteriocins, under the same tem-
perature conditions. At the same time, the high 
activity of these substances remained. Th is pecu-
liarity can be explained by the stabilizing eff ect 
of microcin-II-like bacteriocins. Th e production 
of these substances is a characteristic feature of P. 
aeruginosa strains (Ghequire & De Mot, 2014). 
We previously showed that the separation of a 
mixture of microcin-II-like bacteriocins and sub-
type S1 pyocin into individual substances leads 
to a rapid loss of activity of the latter. Instead, the 
use of unfractionated initial lysate ensured the 
stability of bacteriocins and minimal loss of their 
activity (Balko, 2021). Th e above indicates that to 
maintain a high antimicrobial activity of pyocins, 
it is advisable to include them in the composition 
in an unpurifi ed form.

In this study, it was found that the use of one 
bacteriocin was characterized by higher activity 
indicators than two ones. For example, the activity 
of pyocin 333 against P. aeruginosa UCM B-3 was 
409.6×103 AU/mL, and pyocin 335 — 204.8×103 
AU/mL. Th e mixture 333+335 contained half the 
volume of either mentioned pyocin, therefore its 
activity should amount 307.2×103 AU/mL but it 
was 204.8×103 AU/mL. It should be noted that 
the components of pyocin 333 are bacteriocins 
of the S1 and S5 subtypes, and pyocin 335 is 
composed of the S4 and S5 subtypes. In previ-
ous studies, pyocins of the above subtypes were 
detected in P. aeruginosa UCM B-342 (S1+ S3+ 
S4+ S5), which is classifi ed as a producer of high-
ly active bacteriocins, and in P. aeruginosa UCM 
B-344 (S1+ S3+ S4+ S5) and B-345 (S1+ S4+ 
S5) — producers of moderately active bacterio-
cins (Balko et al., 2024). Th erefore, the reason for 
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the observed diff erence is not related to antago-
nism between diff erent subtypes of pyocins in the 
mixture. It is also known that S5 subtype pyocins 
inhibit bacterial growth through pore-forming 
activity aft er binding to the FptA receptor (Ghe-
quire & De Mot, 2014), pyocins of the S2 and S4 
subtypes — due to their DNase and tRNase prop-
erties, respectively, aft er binding to the FpvAI re-
ceptor (Denayer et al., 2007). S1 subtype pyocins 
are characterized by DNase activity, however, the 
receptor to which they bind remains unknown 
but it is not related to the FpvA-type receptor 
(Ghequire & De Mot, 2014). Th us, S1, S4, and S5 
subtypes bacteriocins are characterized by dif-
ferent mechanisms of action and aff ect sensitive 
cells aft er the attachment to diff erent receptors. 
Th e above, as well as the multiplicity of bacterio-
cin production in P. aeruginosa, refute the possi-
bility of mutual antagonism when pyocins of dif-
ferent subtypes are used simultaneously. It can be 
assumed that in the case of mixing several pyo-
cins in a composition, bacteriocins of the same 
subtype, which bind to similar receptors, will be 
simultaneously detected. As a result, the number 
of active particles per cell will decrease. For ly-
sis of a single bacterial cell, about 200 particles 
of S-type pyocins are required, while with fewer 
particles, the cell can remain viable (Balko, 2012). 
Since the bacteriocins mixture was obtained by 
combining equal volumes of three pyocins, the 
mixture contains other quantities of certain bac-
teriocin subtype particles than the same volume 
of the initial lysate. Th is may be the reason for the 
diff erences found between the activities of initial 
pyocins and their mixtures. 

Nevertheless, it is known that aft er the synthe-
sis of the bacteriocin, the immunity protein builds 
into the cell wall of the producer strain and protects 
it from the damaging eff ects of its own bacteriocin 
(Atanaskovic et al., 2020). As a result, if bacteria 
have genes for a certain subtype of pyocins, these 
cultures will be resistant to the action of this sub-
type of bacteriocins synthesized by other strains. 
Th erefore, despite the higher activity of individual 

pyocins compared to their mixture, the use of the 
composition can be considered more promising. 
Th us, our composition of pyocins 332+333+335 
contains particles of fi ve diff erent subtypes — S1, 
S2, S4, S5, and S9, which signifi cantly reduces the 
probability that sensitive cultures would have a 
similar set of immune proteins that would pro-
vide resistance to this mixture. Also, the presence 
of diff erent action mechanisms — DNase, tRNase, 
and pore-forming activities — will allow pyocin 
compositions to provide a complex antimicrobial 
eff ect on bacteria.

Comparing the eff ect of bacteriocins on P. ae-
ruginosa strains of diff erent origins, it was found 
that the average activities of pyocins 332, 333, and 
335 against multidrug-resistant isolates were 2.7, 
1.8, and 10.1 times lower, respectively, compared 
to the eff ect on laboratory cultures. Th ree groups 
of antibiotic resistance mechanisms have been de-
scribed for P. aeruginosa: intrinsic, acquired, and 
adaptive (Fernández-Billón et al., 2023). It can be 
allowed that such intrinsic and acquired mecha-
nisms as a low outer membrane’s permeability 
(Langendonk et al., 2021), presence of chromo-
somally encoded β-lactamases (Kovalchuk et al., 
2019), horizontal gene transfer of aminoglyco-
side-modifying enzymes and plasmid-encoded 
β-lactamases (Tooke et al., 2019; Ramirez & Tol-
masky, 2010), and modifi cation of genes and po-
rin proteins (Hooper & Jacoby, 2016)  — in this 
case, do not cause increased resistance of cultures 
to bacteriocins. An important role in P. aerugi-
nosa defense is played by an adaptive mechanism, 
which is realized through the ability to form bio-
fi lms (Alfarras & Al-Daraghi, 2024; Balko et al., 
2018). We have established that biofi lm formation 
ensures resistance to the action of antimicrobial 
substances as early as 15 min aft er the contact of 
microorganisms with a dense substrate (Balko et 
al., 2017). It has previously been shown that P. ae-
ruginosa strains diff er in the intensity of biofi lm 
formation (Balko et al., 2013a). Strains exposed 
to antimicrobial substances form a more stable 
biofi lm compared to laboratory cultures (Alfarras 
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& Al-Daraghi, 2024; Ahmed & Abdul Muhsin, 
2024). Th erefore, it can be assumed that the vari-
ability of pyocin eff ects on clinical strains, espe-
cially on P. aeruginosa 3523, is associated with the 
peculiarities of their biofi lm formation. Hopefully, 
these regularities will be investigated further. As 
already noted, the highest diff erence between the 
average activities against laboratory and clinical 
strains was observed inpyocin 335, which contains 
bacteriocins with tRNase (S4) and pore-forming 
(S5) properties, signifi cantly lower  — in pyocin 
332, which includes bacteriocins with DNase (S2) 
and pore-forming (S5) activity, and the lowest — 
in pyocin 333, which is a complex of two bacte-
riocins with DNase (S1 and S9) and pore-forming 
(S5) properties. Th e above indicates that the pres-
ence and quantity of particles with DNase activity 
among the active substances may be decisive. It is 
known that one of the important components of 
the biofi lm is eDNA, which determines the sta-
bility of microorganisms in the external environ-
ment (Okshevsky et al., 2015). Th erefore, the par-
ticles with DNase properties present in the pyocin 
mixture c destroy eDNA and improve access of 
bacteriocins of other subtypes to bacterial cells. 
Th is statement may be confi rmed by the reduc-
tion in the diff erence in the eff ects on laboratory 
and clinical strains of a single pyocin, a mixture 
of two pyocins, and a selected composition. Th us, 
the average activity of pyocin 335 (S4+S5) against 
clinical isolates was 10.1 times lower than against 
laboratory cultures. Th e similar activity of the 
pyocin 333+335 mixture (S1+S5+S9 and S4+S5) 
was only 2.7 times lower, and the smallest diff er-
ence in eff ect was noted when using the pyocin 
332+333+335 (S2+S5 and S1+S5+S9, and S4+S5) 
composition and was 1.3 times. Th e above indi-
cates that the use of a mixture of bacteriocins with 
diff erent action mechanisms is more eff ective 
compared to the application of a single pyocin.

Roulová et al. revealed that multidrug-resis-
tant strains of P. aeruginosa are most oft en char-
acterized by resistance to ciprofl oxacin (30.5%), 
gentamicin (28.8%), and meropenem (27.2%), 

somewhat less oft en to ceft azidime (11.5%), 
amikacin (11.5%), and piperacillin-tazobactam 
(11.5%), and in 8.5% — to aztreonam (Roulová 
et al., 2022). Other researchers indicate that a 
currently high rate of P. aeruginosa resistance to 
ciprofl oxacin, imipenem, and piperacillin-tazo-
bactam remains, although resistance to amikacin, 
imipenem/relebactam, ceft olozane/tazobactam, 
and ceft azidime/avibactam is partially decreased 
(Sastre-Femenia et al., 2023). It should be noted 
that resistance indices vary signifi cantly in diff er-
ent regions according to the frequency and prior-
ity of antibiotics application (Garmasheva et al., 
2018). Analyzing the obtained data, we can note 
that resistance to piperacillin, cefepime, and ami-
kacin was detected in all tested strains, and to cip-
rofl oxacin and tobramycin — in 44% of strains, 
to meropenem and levofl oxacin  — in 33%, and 
to ceft azidime-avibactam, imipenem, aztreonam, 
and gentamicin  — in 22% of cultures. Similar 
results have been reported by De Oliveira et al., 
who indicate that among P. aeruginosa strains, the 
most common is resistance to fi rst- and second-
generation cephalosporins, piperacillin-tazobac-
tam, aminoglycosides, quinolones, carbapenems 
and polymyxins (De Oliveira et al., 2020). It can 
be noted that the clinical isolates we used were 
also characterized by moderate sensitivity to most 
antibiotics (marked in Table 4 as I), which al-
lows the use of these drugs only in the maximum 
permissible concentration. Th e sensitivity of all 
isolates was found exclusively to ofl oxacin and 
lomefl oxacin (marked in Table 4 as S). However, 
these drugs are recommended for use only in the 
CLSI and FDA protocols (Clinical and Laboratory 
Standards Institute, 2024; FDA Susceptibility Test 
Interpretive Criteria, 2024), while the EUCAST, 
whose recommendations apply to medical insti-
tutions in European countries, including Ukraine, 
does not allow prescription of these antibiot-
ics (Th e European Committee on Antimicrobial 
Susceptibility Testing, 2024). Th is indicates the 
limited number of antimicrobial drugs available 
for the treatment of infections caused by P. aeru-
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ginosa. Th erefore, the ability of the pyocin com-
position to suppress not only laboratory but also 
clinical strains can be regarded as a prospect for 
its further application in clinical practice.

Th us, for the fi rst time, the possibility of cre-
ating an eff ective composition of three pyocins 
that is capable of aff ecting both laboratory and 
clinical Pseudomonas aeruginosa strains has been 
shown. Th e most optimal is the combination of 
pyocins 332, 333, and 335, which contains S1, S2, 
S4, S5, and S9 bacteriocin subtypes. Th ese sub-
stances do not exhibit mutual antagonism, bind 

to diff erent receptors, and, due to DNase, tRNase, 
and pore-forming activities, inhibit the growth of 
all 51 cultures studied, represented by laboratory 
and isolated from plants strains, as well as clini-
cal, multidrug-resistant P. aeruginosa isolates. 
Th e data obtained can be used for the further de-
velopment of therapeutic agents for local external 
application in the form of ointment, gel, or spray 
to prevent infectious processes caused by P. aeru-
ginosa on wounds or burn surfaces.
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ПІДБІР КОМПОЗИЦІЇ ПІОЦИНІВ ДЛЯ ПРИГНІЧЕННЯ РОСТУ 
ЛАБОРАТОРНИХ І КЛІНІЧНИХ ШТАМІВ PSEUDOMONAS AERUGINOSA

Pseudomonas aeruginosa відносять до групи ESKAPE патогенів, які найчастіше спричиняють внутрішньо-
лікарняні захворювання і характеризуються високим рівнем стійкості до антибіотиків. Одними із перспек-
тивних речовин, які можуть бути використані як додаткові засоби впливу на штами P. aeruginosa з множин-
ною стійкістю до антибіотиків вважаються бактеріоцини. Метою даної роботи було оцінити можливість 
створення ефективної композиції з мінімальної кількості піоцинів, здатної пригнічувати ріст лабораторних 
і клінічних штамів Pseudomonas aeruginosa. Методи. Об’єктом дослідження були бактеріоцини P. aeruginosa 
(піоцини), отримані з 10 високоактивних продуцентів. Аналіз активності піоцинів та наступний підбір ком-
позиції здійснювали після оцінки їх впливу на 51 культуру, до яких належали лабораторні штами, виділені з 
рослин, і клінічні ізоляти P. aeruginosa. Результати. Встановлено, що за спектром активності досліджуваних 
бактеріоцинів до найбільш перспективних можна віднести піоцини 335, 333, 330, 13 і 332. Для пригнічення 
росту лабораторних штамів P. aeruginosa достатньо використання піоцинів 335 і 333, а також введення в 
композицію третього — 13 або 332. Щодо виділених із рослин культур, високою активністю до них характе-
ризувалися лише піоцини 330 і 332. Натомість на клінічні ізоляти, які виявились множинно-резистентни-
ми до широко застосовуваних антибіотиків, впливала більшість піоцинів. Усереднена активність підібраної 
композиціїї піоцинів 332+333+335 щодо лабораторних культур становила 204.8×103 ОА/мл, а щодо клініч-
них штамів — 153.6×103 ОА/мл. Висновки. Таким чином, уперше показано можливість створення ефектив-
ної композиції з трьох піоцинів, яка здатна впливати як на лабораторні, так і на клінічні штами Pseudomonas 
aeruginosa. Найбільш оптимальним є поєднання піоцинів 332, 333 і 335, які містять бактеріоцини підтипів 
S1, S2, S4, S5 і S9. Дані речовини не проявляють взаємного антагонізму, зв’язуються з різними рецепторами 
і завдяки ДНКазній, тРНКазній і пороутворюючій активностям пригнічують ріст усіх досліджених 51 куль-
тур, представлених лабораторними і виділеними з рослин штамами, а також клінічними, множинно-резис-
тентними ізолятами P. aeruginosa.
Ключові слова: піоцини, створення композиції, Pseudomonas aeruginosa, стійкість до антибіотиків, клінічні 
множинно-резистентні ізоляти, лабораторні штами.


