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Abstract: improving bacteriophage cultivation methods, optimizing nutrient media composition,
and implementing modern production technologies will significantly increase the yield and quality
of phage preparations. Enhancing production efficiency is a crucial step toward expanding the
potential of modern phage therapy, raising the ability to combat antibiotic-resistant microorganisms,
and stimulating the development of innovative biotechnological solutions. One of the key factors
in improving the efficiency of phage production is the selection of optimal cultivation parameters.
Changes in the chemical composition of the medium can either slow down or accelerate the growth
rate of the bacterial culture, thereby indirectly affecting phage replication.

To determine the impact of nutrient media type on bacteriophage reproduction, five different
bacteriological media and nine bacteriophages active against nine species of clinically significant
microorganisms were used. The effect of media composition was assessed based on the number and
size of plaque formations. Optimal replication of all nine bacteriophages was observed on Nutrient
Agar No 1, which contained peptic digest of animal tissue, meat extract, and yeast extract. Additionally,
good phage reproduction was noted on Mueller-Hinton Agar and Nutrient Medium. The least suitable
medium for phage cultivation was Tryptic Soy Agar, where bacteriophage replication was the lowest.
Improving cultivation methods and optimizing the composition of nutrient media for bacteriophage
reproduction are crucial steps toward enhancing the efficiency of their production and application in
phage therapy.

Keywords: Bacteriophages; Reproduction; Phage Therapy; Biotechnology; Microbiology; phage-
bacterial infection, nutrient agar, plaques.

Introduction researchers' attention due to their unique ability

Bacteriophages (phages) are viruses that to specifically infect bacteria. In the context
infectbacteria. They play ahugeroleinregulating  of the global crisis caused by antimicrobial
bacterial populations and facilitating horizontal = resistance (AMR), interest in bacteriophages as
gene transfer [1]. Since their discovery in the an alternative or complement to antibiotics has
early 20th century, bacteriophages have attracted  significantly increased.
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Beyond medical applications, bacteriophages
are actively studied in biotechnology, the food
industry, and environmental sciences. They are
used for pathogen biocontrol in food products,
wastewatertreatment,nanomaterial development,
and more [2, 3]. Of particular interest is the use
of bacteriophages in genetic engineering and
synthetic biology to develop new therapeutic
strategies and diagnostic platforms [4]. Despite
numerous prospects, the clinical implementation
of bacteriophages faces challenges such as
production difficulties, regulatory barriers,
and the need for standardization. While
phage isolation in laboratory settings can
be considered a routine process, scaling up
these processes remains complex. Industrial
enterprises producing phage-based preparations
are primarily interested in reliable cultivation
and production methods that enable large-scale
manufacturing. The complexity of this task is
mainly due to the biological nature of the systems
and the diverse interactions between phages
and bacteria [5]. At the same time, innovative
approaches to optimizing phage cultivation
and application processes open new horizons
for their integration into modern medicine and
industry. The reproduction of bacteriophages
is closely linked to the physiological state
of their bacterial host cells, which is largely
determined by the cultivation medium. When
grown on solid nutrient media, phages form
distinct negative colonies or plaques. Plaque
analysis remains an essential tool for studying
various bacteriophages. Felix d'Hérelle, one of
the founders of phage research, conducted the
first plaque analysis as early as 1917 [6]. Over
time, the plaque assay technique was improved
by adding a layer of molten agar containing
a mixture of phages and bacteria onto a pre-
prepared layer of solidified agar medium. The
molten agar solidified, immobilizing the phage
particles within the semi-solid agar substrate.
The molten agar solidified, embedding the
phage particles in the semi-solid agar substrate.
During incubation, the bacteria grew, forming a
continuous bacterial layer, while the embedded
phage particles destroyed bacteria in their vicinity,
creating a zone of lysis on the bacterial surface
[7, 8]. It is generally believed that each plaque in
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a solid nutrient medium originates from a single
viral particle, although not all viral particles in
the sample are capable of initiating an infection
[9]. Anything that slows down the diffusion of
phages can hinder plaque development and,
consequently, affect their size. During plaque
formation, the primary factors determining their
size are the internal characteristics of phage
diffusion within the medium, the effectiveness of
the porous barriers for phage movement created
by the cross-linked agar molecules, and the time
phages spend infecting or interacting with the
stationary bacteria [10]. However, experimental
evidence has confirmed that temperature, medium
composition, and bacterial feeding regimes have
a greater impact on bacteriophage reproduction
than other factors [11]. Optimization of phage
production parameters (temperature and pH)
allowed for a 70-fold increase in phage titer
compared to the method where the culture was
only shaken in a flask [12].

The aim of this study was to investigate the
impact of different commercial nutrient media on
the reproduction of bacteriophages with different
morphologies, which are active against clinically
significant microorganisms.

Materials and methods

Bacterial cultures: The study used nine
reference strains of microorganisms obtained
from the collections of ATCC and DSMZ:
Enterococcus faecalis DSM 2570, Escherichia
coli DSM 1103, Proteus mirabilis DSM 6674,
Pseudomonas  aeruginosa  DSM 50071,
Staphylococcus aureus DSM 346, Enterobacter
cloacae DSM 6234, Enterococcus faecium DSM
2146, Acinetobacter baumannii DSM 30007,
Klebsiella pneumoniae ATCC 700603.

Bacteriophages:  Bacteriophages  were
isolated from wastewater by preliminary
enrichment with appropriate host bacteria. Phage
purification was carried out by three successive
transfers from a single plaque. Specific activity
was tested using the Gratia method and spot
test. Phage morphology was studied using
transmission electron microscopy (TEM).

Nutrient Media: To investigate the effect of
differentbacteriological mediaonthe morphology
and number of phage plaques, an analysis was
conducted using various types of commercial
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media, specifically: Nutrient Agar No 1 (peptone
enzymatic — 10.0 g/lI; microbiological agar —
10.0 g/1; sodium chloride—5.0 g/l; yeast extract —
3.0 g/l), Nutrient Medium (peptone enzymatic,
dry for bacteriological purposes — 9.0 g/l;
enzymatic hydrolysate of casein, low degree
of hydrolysis — 8.0 g/l; yeast extract — 3.0 g/l;
sodium chloride — 5.0 g/l; sodium phosphate —
2.5 g/l; microbiological agar — 13.0 g/l), Tryptic
Soy Agar (pancreatic hydrolysate of casein —
15.0 g/l; papainhydrolysate of soybeans—5.0 g/l;
sodium chloride — 5.0 g/lI; agar-agar — 15.0 g/l),
Mueller-Hinton Agar (meat hydrolysate
300.0 g/1; casein hydrolysate — 17.5 g/l; starch —
1.5 g/l; agar-agar — 17.0 g/l), Nutrient Agar No 2
(peptic digest of animal tissue — 5.0 g/l; meat
extract — 1.5 g/l; yeast extract — 1.5 g/l; sodium
chloride — 5.0 g/l; agar-agar — 15.0 g/1).

Experiments were conducted in triplicate,
and statistical analysis was performed using the
(mean value (£SD).

Results

All bacteriophages used in the study were
isolated from the municipal wastewater in Kyiv.
Morphological analysis of the isolated phages
using TEM revealed that they belong to different
morphological groups. Accordingly, the study
involved bacteriophages representing three main
morphotypes: Siphoviridae (phages Enb2f, Enfs
14f, Enfm 1f, K1178f, Pr48f, P1Sf), Podoviridae
(phages Ac28f, St12f), and Myoviridae (phage
E44f) — Fig. 1.

To determine the specific activity of the phages
and the characteristics of the plaques formed by
the isolated bacteriophages on different types of

A
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bacteriological media, the plaque assay method
was used. In this process, 1 ml of overnight
bacterial culture (depending on the species) was
added to the corresponding nutrient medium,
along with 100 pl of bacteriophage suspension,
ensuring that between 30 and 300 plaque-forming
units (PFUs) were formed on the surface and
within the Agar. Since Tryptic Soy Agar (TSA)
is most commonly used for isolating, describing,
and cultivating bacteriophages, it was chosen as
the control medium.

The results of the experimental studies
showed that the phage plaques formed on various
types of bacteriological media had distinct
morphologies, ranging from very small to large
plaques. These findings demonstrate significant
variability in the reproductive activity of the
bacteriophages depending on the type of nutrient
medium used.

The maximum number of plaques formed
by the Enb2f bacteriophage on various
bacteriological media reached 70 PFUs per
plate. No plaque formation was observed on
TSA, whereas on Mueller Hinton Agar (MHA),
100 pl of the phage suspension resulted in an
average of 25 PFUs per plate, with an average
plaque size of 1.8954+0.08 mm. On Nutrient Agar
No.2, the number of plaques was 68 PFUs/ml,
with an average plaque size of 2.175+0.47 mm,
while on Nutrient Agar No.l, this value was
46 PFUs per plate, with an average plaque size
of 1.885+£0.27 mm. No plaque formation was
observed on the Nutrient Medium.

The analysis of the effectiveness of the
Enfs14f bacteriophage on various media showed

Fig. 1. Morphological features of the bacteriophages used in the study:
A — Bacteriophage Enfm 1f active against E.faecium,; B — Bacteriophage Ac28f active against A.baumannii,
C — Bacteriophage Enb2f active against E.cloacae.
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a significant increase in the number of plaques
compared to TSA. Specifically, on Mueller
Hinton Agar, the number of plaques was higher
by 199% (P-value < 0.05), with an average
plaque size of 1.025+£0.07 mm compared to
0.92+0.07 mm (P-value < 0.05). On Nutrient
Agar No.l, there was a 133% increase in the
number of plaques (P-value > 0.05), and the
average plaque size was 1.025+£0.07 mm and
1.045+0.05 mm, respectively (P-value < 0.05).
The use of Nutrient Medium resulted in a 182%
increase in the number of plaques compared to
TSA (P-value < 0.05), with an average plaque
size of 1.025+0.16 mm and 1.31+0.07 mm,
respectively (P-value < 0.05). On Nutrient Agar
No.2, there was a 216% increase in the number
of phage plaques (P-value < 0.05), and the
average size was 1.025+0.07 mm compared to
0.93+0.07 mm (P-value < 0.05).

The Enfmlf bacteriophages demonstrated a
significant increase in plaque number on different
media compared to TSA. On Mueller Hinton agar,
there was a 173% increase (P-value < 0.05), and
the average plaque size on TSA and MHA was
1.25+#0.1 mm and 1.605+0.14 mm, respectively
(P-value < 0.05). On Nutrient Agar No.l, the
number of plaques increased by 160% (P-value
<0.05), and the plaque size was 1.254+0.1 mm on
TSA and 2.055+0.11 mm on Nutrient Agar No.1
(P-value <0.05). On Nutrient Medium, there was
a 138% increase (P-value > 0.05), with plaque

sizes of 1.25+0.1 mm and 1.96+0.2 mm on TSA
and Nutrient Medium, respectively (P-value
< 0.05). Finally, on Nutrient Agar No.2, the
number of plaques increased by 177% (P-value
< 0.05), and the plaque size on TSA and Nutrient
Agar No.2 was 1.25+0.1 mm and 2.07+£0.19 mm,
respectively (P-value < 0.05) (Fig 2).

K1178f phages showed similar trends, with
increased plaque numbers on various media.
On Mueller Hinton agar, the number of plaques
increased by 168% (P-value < 0.05), and the
average plaque size was 0.94+£0.05 mm on
TSA and 1.605+0.14 mm on MHA (P-value
< 0.05). On Nutrient Agar No.1, the number of
plaques increased by 218% (P-value < 0.05),
with plaque sizes of 0.94+0.05 mm on TSA
and 1.56+0.05 mm on Nutrient Agar No.l
(P-value < 0.05). On Nutrient Medium, the
number of plaques increased by 274% (P-value
< 0.05), with plaque sizes of 0.94+0.05 mm and
1.8£0.06 mm, respectively (P-value < 0.05).
Finally, on Nutrient Agar No.2, the number of
plaques increased by 266% (P-value < 0.05), and
the average plaque size was 0.94+0.05 mm on
TSA and 1.88540.13 mm on Nutrient Agar No.2
(P-value < 0.05) (Fig 2).

The Pr48f phages showed no significant
difference in the number of plaques across TSA,
Mueller Hinton agar, and Nutrient Agar No.1.
The plaque sizes also did not show statistically
significant differences. A slight increase in the

Fig. 2. The effect of different types of bacteriological media on bacteriophage growth:
A —phage Enfm 1f (bacterial culture — E. faecium DSM 2146), B — phage K1178f
(bacterial culture — K. pneumoniae ATCC 700603). A — Nutrient Agar No. 2; B — Nutrient Medium,;
C — Mueller Hinton Agar; D — TSA.
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number of plaques was observed on Nutrient
Medium (P-value > 0.05). However, on Nutrient
Agar No.2, the number of plaques more than
doubled (P-value < 0.05), while the plaque size
remained unchanged.

P1Sfphages demonstrated an 8% reduction in
the number of plaques on MHA compared to TSA
(P-value > 0.05). The plaque size did not show
statistically significant differences between the
two media, with sizes of 1.975+0.14 mm on TSA
and 2.045+£0.16 mm on MHA (P-value > 0.05).
On Nutrient Agar No.1, the number of plaques
increased by 118% compared to TSA (P-value
> 0.05), with plaque sizes remaining similar
at 1.975+0.14 mm on TSA and 2.0+0.34 mm
on Nutrient Agar No.l (P-value > 0.05). On
Nutrient Medium, there was a 123% increase
in the number of plaques (P-value < 0.05), and
the plaque size was 1.975+0.14 mm on TSA and
2.09+0.23 mm on Nutrient Medium (P-value
>0.05). Finally, on Nutrient Agar No.2, the
number of plaques increased by 133% compared
to TSA (P-value < 0.05), and the plaque size
did not change, measuring 1.975+0.14 mm on
TSA and 2.125+0.32 mm on Nutrient Agar No.2
(P-value > 0.05).

For Ac28f phages, the number of plaques
on MHA increased by 141% compared to
TSA (P-value < 0.05), with the plaque size
remaining similar at 2.215+0.5 mm on TSA
and 2.515£0.7mm on MHA (P-value >
0.05). On Nutrient Agar No.l, the number of
plaques increased by 160% compared to TSA
(P-value < 0.05), and the plaque size increased
from 2.21540.5 mm on TSA to 2.6+0.6 mm
on Nutrient Agar No.l (P-value < 0.05). On
Nutrient Medium, the number of plaques
remained unchanged compared to TSA (P-value
> 0.05), while the plaque size increased from
2.21540.5 mm on TSA to 2.86+0.7 mm on
Nutrient Medium (P-value < 0.05). Finally,
on Nutrient Agar No.2, the number of plaques
increased by 295% compared to TSA (P-value
< 0.05), with the plaque size increasing from
2.215+0.5 mm on TSA to 2.63+0.5 mm on
Nutrient Agar No.2 (P-value < 0.05).

For phages St12f, the number of plaques on
TSA, Mueller Hinton agar, Nutrient Agar No 1,
and Nutrient Medium did not differ. On Nutrient

ISSN 2786-6661
eISSN 2786-667X

Agar No 2, the number of plaques increased by
119% (P-value > 0.05), while the size of the
plaques on TSA and other media was as follows:
0.84+0.07 on TSA, 0.935+0.1 on Nutrient Agar
No 1 (P-value < 0.05), 1.13+0.1 on Nutrient
Medium (P-value < 0.05), and 1.09+0.13 on
Nutrient Agar No 2 (P-value < 0.05).

Phages E44f showed a significant increase
in the number of plaques on MHA by 190%
compared to TSA (P-value < 0.05), with plaque
sizes on TSA and MHA being 0.92+0.04 and
1.08+0.04, respectively (P-value < 0.05). On
Nutrient Agar No 1, the number of plaques
increased by 272% compared to TSA (P-value
< 0.05), with plaque sizes on TSA and Nutrient
Agar No 1 being 0.92+0.04 and 0.98+0.04,
respectively (P-value < 0.05). On Nutrient
Medium, the number of plaques increased by
180% compared to TSA (P-value < 0.05), and
plaque sizes on TSA and Nutrient Medium were
0.92+0.04 and 1.075+0.4, respectively (P-value
< 0.05). On Nutrient Agar No 2, the number of
plaques increased by 318% compared to TSA
(P-value < 0.05), and the plaque sizes on TSA
and Nutrient Agar No 2 were 0.92+0.04 and
1.085+0.03, respectively (P-value < 0.05).

Discussion

Studying the influence of nutrient media
on bacteriophage reproduction is of great
importance both for fundamental virology
(bacteriophageology) and for the practical use
of bacteriophages in phage therapy of bacterial
infections. The results of such studies allow
for the optimization of conditions for phage
cultivation, which is essential for their industrial
production and laboratory research. In this
study, the impact of different bacterial media
compositions on bacteriophage reproduction
was investigated, which was assessed by the
number of plaques formed on the nutrient
medium and their size. According to the obtained
results, significant variability in the reproductive
activity of phages was observed depending
on the type of medium. The bacteriophages
used in the experiment showed considerable
differences in plaque sizes on different types
of media. Preliminary studies conducted by
various researchers suggest that the plaque size
is directly proportional to the burst size (the
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number of newly produced phages in the cell),
the phage adsorption constant, and their diffusion
in the medium, as well as inversely proportional
to the latent period, with each of these factors
contributing its part [13]. In contrast, it has also
been experimentally confirmed that the rate of
phage production is proportional to the amount
of the protein synthesis machinery per cell at
the moment of infection and is not limited by
the cell size or DNA composition. Larger and
faster-growing cells contain proportionally
more protein synthesis systems, which leads
to increased phage production [14]. Thus, the
presence of necessary components in the nutrient
medium to enhance the growth rate of certain
microorganism species may lead to an increased
phage reproduction, which, in turn, will affect
the size of the phage plaques. In the course of the
experimental study, it was found that for most
phages, an increase in the number of plaques was
observed when using media such as MHA and
Nutrient Agar No. 2, compared to the traditional
TSA. Both types of media contained meat
hydrolysate, which is a good substrate for the
growth of many microorganisms. The increase
in the number of plaques on alternative media
compared to TSA was statistically significant
for most phages. The obtained results align with
other studies where different types of media were
investigated. For example, Muhammad Kamran
Taj et al. demonstrated that nutrient media
containing a high amount of organic substances
better support phage reproduction compared
to poor media [15]. The influence of different
types of nutrient media on phage reproduction
was also demonstrated using bacteriophages
active against Staphylococcus aureus and Vibrio
parahaemolyticus [16].
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It is important to note that the study was
conducted on a limited number of phages and
bacterial strains. This means that the results
may not be universal for all bacteriophages.
Additionally, other potential factors that were
not the focus of this study should be considered.

From the above results, it can be concluded
that the composition of bacteriological media
has a significant impact on the phenomenon of
plaque formation, demonstrating that plaques
formed by a single bacteriophage differ in number
and size across different media. Further research
could include expanding the spectrum of phages
and bacterial hosts, as well as investigating
the impact of different media components on
phage reproduction processes. The choice of
optimal medium is critical for the further use
of bacteriophages in research and practical
applications, such as therapy or biocontrol of
pathogenic microorganisms.
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Baaepis [lousToBchka!, Bagum IlonsitoBebkuii!, Botoqumup lInpo6okos?
I AcucteHT xadenpu MikpoOioiorii Ta mapa3uTonorii 3 ocHoBaMH iMyHotorii HamioHamsHOTO
MeauyHoro yHiBepcurety iMeH1 O.0. boromonsis, 01601, m. Kuis, Ykpaina.

2 Akanemik HAH Ta HAMH VYkpainu, 3aBigyBau kadenpu MikpoOioJorii Ta napa3uTonorii
3 ocHOBamH iMyHoutorii HamionaneHoro menuanoro yHisepcureTy iMeni O.0. boromonbii,
01601, m. Kuis, Ykpaina.
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Anomauin: 800CKOHANEHHA MemoOi8 KYIbmueysanus ¢hacie, onmumizayis CKiady NOMCUBHUX
cepeoosuLyy ma BNPOBAONCEHHS CYYACHUX MEXHON02IU IX 6UPOOHUYMEA 003601AMb 3HAYHO 30LIbUUMU
8uxio ma saxicmv acosux npenapamis. Ilioguwjenns eghekmusHocmi BUPOOHUYMBA € BANCTUBUM
KPOKOM OISl PO3WUPEHHS MONCIUBOCMEU CYYAcHOi acomepanii, 30i1bUWeHH MONICIUBOCMEN
wooo bopomvdU i3 AHMUOIOMUKOPEZUCTNEHMHUMU MIKPOOPLAHIZMAMU | CIMUMYTIO8AHHA PO3GUMKY
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iHHOBayiHuX OiomexHonociyHux piueHb. OOHUM 13 BANCIUBUX eEeMEHMI8 U000 NIOBULEeHHS.
ehexmusnocmi eupobHuymMea Gacie € niodip oNMUMATLHUX NAPAMEMPIE W00 iX KYIbMUYE8AHHS.
3minu 6 XiMiuHOMY CKIAOIi cepedosuuia Moxcyms YHOSIIbHIO8AMU AO0 NPUCKOPHOSAMU WEUOKICb
PO3MHONCEHHS DaKmepianibHOI KYIbmypu, MaKumM YUHOM ONOCepeoKO8aHO 8NAUEAMU HA PEnpOOVKYIIO
pacis.

s suznauenns aniu8y muny nO*CUSHUX cepedosull Ha penpooyKyito bakmepioghazie BUKOpUCMAaHO
5 pisnux 3a cxnaoom 6axmepionociunux cepedosuwy ma 9 pizHux b6axmepioghazcis, Wo aKmueHi y
gioHowenHi 00 9 8U0I8 KIIHIUHO-3HAUUMUX MIKPOOP2aHi3Mie. Bnius ckiady cepedosuuya U3HA4aIu
3a KLIbKICMIO YMEOpeHUX ONAUOK ma iX po3MIpOM.

OnmumanvHa pennikayis ecix 9 baxmepioghazie cnocmepieanacs na cepedosuwyi Nutrient agar Ne 2,
Wo MICMuiL0 nenMuyHULL nepesap MmeapurHoOi MKAHUHU, M 'SCHUL eKCMPAaKm i OpIdHCcOHCOBUL eKCIPAKM.
Kpim mozo, xopowa penpooykyia sukopucmanux  oocnioax bakmepioghazié 6ynia na cepedoguuiax
Mueller Hinton agar ma na Nutrient agar Ne 1. Hatimenw npuoamuum 0ns Kyibmueyeanus ¢hazie
susisuscs Tryptic Soy agar, penpoodykyisa gazie Ha 0aHoOMy muni cepedosuna 0y1a HAtHUACOI.

Boockonanenns memodie KynomugysamHs ma onmumizayis CKiady NONCUBHUX cepedosuly O
KYIbMUBY8AHHS OAKmepioghazis € 8ancausum Kpokom 0Jist NiO8UW eHHsL eqheKMUBHOCMI ixX 6UPOOHUYMBA
ma 3acmocysants y (pacomepanii.

KurouoBi cjoBa: bakrepiodaru, OnsAmIkM, MOXHBHI CEPEIOBUINA, PENPOAYKIlis, (aroBo-
OakTepianbHa TH(EKITis.
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