
102 | ACTA NATURAE | VOL. 16 № 3 (62) 2024

RESEARCH ARTICLES

ABSTRACT Fermented dairy products are produced using starter cultures. They ferment milk to create prod-
ucts with a certain texture, aroma, and taste. However, the lactic acid bacteria used in this production are 
prone to bacteriophage infection. We examined the genomes of two newly discovered bacteriophage species 
that were isolated from cheese whey during the cheesemaking process. We have determined the species and 
the lytic spectrum of these bacteriophages. Phages vL_20A and vL_296 were isolated using lactococcal indi-
cator cultures. They have unique lytic spectra: of the 21 possible identified host bacteria, only four are shared 
amongst them. The vL_20A and vL_296 genomes comprise linear double-stranded DNA lengths with 21,909 
and 22,667 nucleotide pairs, respectively. Lactococcus phage bIL67 (ANI 93.3 and 92.6, respectively) is the clos-
est to the phages vL_20A and vL_296. The analysis of the CRISPR spacers in the genomes of starter cultures 
did not reveal any phage-specific vL_20A or vL_296 among them. This study highlights the biodiversity of 
L. lactis phages, their widespread presence in dairy products, and their virulence. However, the virulence of 
phages is balanced by the presence of a significant number of bacterial strains with different sensitivities to 
phages in the starter cultures due to the bacterial immune system.
KEYWORDS bacteriophage, CRISPR-Cas, cheese making, starter cultures, One Health.
ABBREVIATIONS R-M – restriction-modification system; Abi – phage infection abortion system.
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INTRODUCTION
The production of fermented dairy products such as 
cheeses and yogurts is based on the use of starter 
cultures. They ferment milk, creating a product with 
a certain texture, aroma, and taste [1]. However, the 
lactic acid bacteria used in production are susceptible 
to bacteriophage infection [2]. Dairy factories repre-
sent a specific, isolated ecological niche for the bacte-
riophages of lactic acid bacteria, because lactobacilli 
are naturally present in raw milk and artificially in-
troduced into pasteurized milk via bacterial starter 
cultures [3].

High levels of lactic acid fermentation prevent the 
development of extraneous and pathogenic microor-
ganisms in milk, which are inactivated during pas-
teurization or trapped in milk after pasteurization, 
and also determine the population characteristics of 
the microbiome of dairy products by increasing acid-

ity and specific antagonism against non-lactic acid 
bacteria. Phage infection can adversely affect the 
fermentation and growth of bacterial cultures [1]. If 
phages attack the starter culture, the fermentation 
process may slow down or even stop altogether. As a 
result, there is a risk of developing pathogenic micro-
flora and the emergence of deviations in taste, aroma, 
and texture [4].

The composition of starter cultures for many 
fermented dairy products and cheeses includes 
Lactococci (Lactococcus lactis sps., L. cremoris). 
Therefore, bacteriophages lysing Lactococci are wide-
ly used in the dairy industry. Cheesemaking is the 
most vulnerable from the point of view of phage at-
tacks. This is due to the fact that the mildest milk 
pasteurization mode is used in cheese production 
(temperature 72–76°C with exposure of 20–25 s), and 
part of the bacteriophage population of raw milk is 
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not destroyed. In addition, the serum formed during 
production almost always contains significant amounts 
of virions and is a significant source of bacteriophage 
spread in dairy factories, which are found in various 
objects, including production leaven, equipment, sani-
tary clothing, and exposed body parts of workers [5]. 
After the report on lactococcal bacteriophages in the 
1930s [6] and the following numerous studies of this 
phenomenon, phagolysis is now considered a constant 
nuisance that is difficult to eliminate in the dairy in-
dustry.

Phage-resistant strains of lactic acid bacteria are 
selected to protect lactic acid bacteria from bacterio-
phages, and batches of starter cultures are system-
atically rotated [7], which points to the pressing need 
to study the phage resistance and the phagotype of 
lactococcal collection cultures. The effectiveness in 
selecting phage-resistant lactococcal cultures largely 
depends on the composition of the set of phages used 
and the spectrum of their lytic action. This indicates 
that systematic research into the phage background 
of dairy factories is needed. The phage–host interac-
tions in cheese production are also a subject of inter-
est from the perspective of the One Health paradigm, 
which implies a comprehensive, unified approach 
aimed at sustainable balance and optimization of hu-
man, animal, and their shared environmental health, 
including the ecosystem of dairy factories.

Bacteriophages are the most common viruses found 
on Earth. Most free-living bacteria are infected by 
phages. This is evidenced by the presence of pro-
phages in most bacterial genomes [8, 9]. Bacteria have 
developed many mechanisms for anti-bacteriophage 
defense, which can be referred to as the “prokary-
otic immune system” [10]. These mechanisms can be 
further separated into the innate and adaptive “pro-
karyotic immune systems” [11]. Classic examples of 
innate immunity include the restriction modification 
(R-M) [12] and phage infection abortion (Abi) systems 
[13]. However, many additional innate immune mecha-
nisms have recently been discovered, highlighting the 
strong selective pressure exerted by phages on micro-
bial communities [14,15].

The CRISPR-Cas system is the only “adaptive” 
prokaryotic immune system there is. It allows bacte-
ria to incorporate short DNA sequences from phag-
es into a special CRISPR cassette. Upon meeting a 
phage, transcribed spacers bind to the DNA of the 
phage and direct its degradation using Cas proteins 
[16].

In this study, we examined the genomes of two 
new bacteriophage species isolated during cheese pro-
duction. We determined the species and the lytic spec-
tra of the phages and analyzed their possible viru-

lence mechanisms and sensitivity to the CRISPR-Cas 
system in the main starter cultures.

EXPERIMENTAL

Phage isolation and purification
Bacterial strains from the Collection of lactic acid bac-
teria for cheesemaking and phages were used in this 
study (All-Russia Research Institute of the Cheese 
and Butter Industries, V.M. Gorbatov Research Center 
for Food Systems, Russian Academy of Sciences).

Bacteriophages were isolated from cheese whey 
samples. The bacteriophage vL_20A was isolat-
ed from whey obtained during the manufacturing 
of semi-hard cheese at the Pereslavl Cheese Factory 
(Yaroslavl Region, Russia) on January 6, 1985, and 
spread on a sensitive culture of L. lactis subsp. lactis 
393-8. The bacteriophage vL_296 was isolated from 
whey obtained during the manufacturing of semi-
hard cheese at the Yugovsky Dairy Products Plant 
(Perm Krai, Russia) on July 6, 2022, and spread on a 
sensitive culture of L. lactis subsp. lactis 345-8.

The sensitive culture was grown on a M17 medium 
containing lactose (HiMedia, India). Serum samples 
were filtered through a sterile filter with a pore size 
of 0.45 µm.

The surface seeding method was used to isolate 
the bacteriophages: 0.1 mL of the L. lactis subsp. 
lactis culture was applied on Petri dishes contain-
ing the dried solid medium M17 (1.5% agar) in the 
phase of logarithmic growth, rubbed in with a glass 
spatula, and left for 10–15 min to absorb moisture 
into the agar. A drop of filtered serum was then ap-
plied on the Petri dish, covered with a lid, and left to 
rest for 10–15 min at room temperature. Next, the 
Petri dishes were flipped over and thermostated for 
16–18 h at a temperature of 30 ± 1°C. In the presence 
of lysis zones at the site where serum was applied, 
a piece of agar from the lysis zone was placed in a 
test tube containing 3 mL of the M17 medium, thor-
oughly shaken, and kept for 24 h at 4 ± 2°C to ensure 
a more complete release of phage particles from the 
agar. Next, a drop of the medium from the test tube 
was applied on a fresh lawn of the culture and ther-
mostated for 16–18 h. To obtain a pure bacteriophage, 
isolated mixtures of bacteriophages were titrated us-
ing a two-layer agar method: 0.1 mL of the culture 
and 0.1 mL of 10-fold dilutions of the phage mixture 
were introduced into test tubes containing 3 cm3 of 
semi-liquid M17 agar (0.6% agar); the suspension was 
poured into a dish containing a dense medium and 
incubated for 18–24 h at 30 ± 1°C. Pieces of agar 
from individual negative colonies (plaques) were used 
to accumulate phages in a liquid medium contain-
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ing a sensitive culture. The cultured bacteriophages 
were filtered through a sterile filter with a pore size 
of 0.22 µm and stored at 4 ± 2°C.

Phage host range
The lytic activity of the phages against 35 strains of 
L. lactis subsp. lactis, 35 strains of L. cremoris, and 
35 strains of L. lactis subsp. lactis biovar. diacetylactis 
was determined by cultivation on a double-layer agar 
in culture plates [17]. The sensitivity of lactococci to 
phages was determined by the presence of a plaque 
at that spot. The results were divided into two catego-
ries: with plaque (+) and without plaque (−).

Transmission electron microscopy
Phage samples were fixed in a 1.5% glutaraldehyde 
solution in 0.1 M Sorenson phosphate buffer (pH 7.2) 
for 20 min at room temperature. Subsequently, 5 µL 
of the fixed sample was transferred to a supporting 
copper mesh (mesh-400) coated with a nitrocellulose 
(parlodium) film and kept for 2 min to deposit dis-
persed particles on the film surface. The contrast in 
a sample was increased by negative contrast [18, 19]. 
To achieve this, a drop (2 µL) of a 2% uranyl acetate 
solution was pipetted onto a drop of a fixed sample 
located on a grid and held for 4 min. After exposure, 
the excess solution was removed from the mesh sur-
face using filter paper and placed in a vacuum cham-
ber for final drying at room temperature.

Electron microscopic studies of bacteriophage mor-
phology were conducted using an EM-410 transmis-
sion electron microscope (Philips, Netherlands) operat-
ed at 40 kV. The images were captured on a Fujicolor 
C-200 film (FUJIFILM Corporation, Japan).

Phage DNA isolation and sequencing
A precipitate of the solution (4% PEG-6000, 1 M NaCl) 
was added to the bacterial lysate samples. Incubation 
was conducted at 4°C for 3 h. After the incubation, 
the tubes were centrifuged (12,000 g) for 15 min at 
4°C. The supernatant was selected, and the precipitate 
was resuspended in 180 µL of PBS. Then, 1.25 µL of 
Proteinase K (20 mg/mL) was added to the samples 
and the mixture was incubated at 56°C for 1.5 h with-
out shaking. DNA was isolated using a QIAamp Viral 
DNA kit (Qiagen, Germany), according to the manu-
facturer’s protocol. The DNA concentrations and qual-
ity were evaluated using Nanodrop and Qubit.

The NEBNext Ultra II DNA Library Prep Kit for 
Illumina (New England BioLabs, USA) was used to 
create DNA libraries according to the manufactur-
er’s protocol. Sequencing of the obtained libraries was 
performed on a NovaSeq 6000 high-performance se-
quencer (Illumina, USA).

Genome analysis
The FastQC 0.12.1 software was used to assess the 
quality of raw reads. They were then preprocessed 
using the fastp 0.23.2 tool. Additionally, taxonom-
ic read classification was performed with the stand-
ard Kraken 2 database. Reads were assembled using 
SPAdes 4.0.0. Host genomes were obtained by apply-
ing the – isolate flag, while the – metaviral flag was 
specified for viral genome assembly. The QUAST 5.2.0 
tool was used to evaluate the genome assembly qual-
ity. 

Viral genomes were validated using CheckV 1.0.1, 
and complete ones were subsequently annotated with 
Pharokka 1.6.1. 

To analyze CRISPR spacers, 562 genomes from the 
starter cultures of the species Lacticaseibacillus casei, 
Lacticaseibacillus paracasei, Lacticaseibacillus rham-
nosus, Lactiplantibacillus plantarum, Lactobacillus 
helveticus, and Propionibacterium freudenreichii from 
the NCBI GenBank database were used [20].

Bacterial genomes were examined for the pres-
ence of immune systems using the MinCED 0.4.2 and 
PADLOC 2.0.0 software tools.

Data accession
The whole-genome sequences of vL-20A and vL_296 
were deposited into GenBank under the accession 
numbers PQ062249 and PQ062250.

RESULTS

Isolation and the morphological 
characteristics of phages
The phages vL_20A and vL_296 were isolated from 
subcutaneous serum using the indicator cultures 
L. lactis subsp. lactis 393-8 and L. lactis subsp. lactis 
345-8 as host bacteria. Transmission electron micros-
copy (Fig. 1) revealed that phage vL_20A had an ico-
sahedral head with a diameter of 39 ± 3 nm and a tail 
107 ± 6 nm long. In turn, phage vL_296 had an icosa-
hedral head with a diameter of 45 ± 4 nm and a tail 
125 ± 8 nm long. This morphology is similar to that 
of Caudoviricetes. According to the International Code 
of Virus Classification and Nomenclature [21], these 
phages were designated as L. lactis phage vL_20A 
and L. lactis phage vL_296 (Viruses; Duplodnaviria; 
Heunggongvirae; Uroviricota; Caudoviricetes; 
Ceduovirus; Ceduovirus vL_20A and vL_296).

Host range test analysis
Four strains of L. cremoris were lysed by vL_20A; 
eight, by vL_296 (Fig. 2). The lytic activity against 
L. cremoris was 11.8% (4/34) for vL_20A and 22.9% 
(8/35) for vL_296. The lytic activities against L. lactis 
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subsp. lactis were 5.7% (2/35) and 14.3% (5/35), respec-
tively. For L. lactis subsp. lactis biovar. diacetylactis, 
the lytic activities of vL_20A and vL_296 were 5.7% 
(2/35) and 14.3% (4/28), respectively. It can be noted 
that vL_20A and vL_296 have unique host ranges. Of 
the 21 identified host bacteria, only four were common 
between them (L. cremoris T4-39, L. cremoris 591-4-7, 
L. cremoris T5-1, and L. lactis subsp. lactis 85-10).

Genome analysis
The whole-genome sequences of the vL_20A and 
vL_296 genomes were obtained using the Illumina 
NovaSeq 6000 platform. Their genomes consist-
ed of linear double-stranded DNA with a length of 
21,909 bp (GC 35.75%) and 22,667 bp (GC 35.89%), re-
spectively. Forty-seven open reading frames (ORFs) 
were predicted for vL_20A and 43 ORFs, for vL_296; 
of those, 11 ORFs were similar to the genes encoding 
known functional proteins (Fig. 3), while the remain-
ing ORFs encoded putative proteins.

According to functional activity, all the predicted 
proteins were divided into four groups (Fig. 3): DNA 
metabolism proteins (2 ORF each), packing and head 
formation proteins (5 ORF each), lysis proteins (two 
ORFs each), and tail proteins (two ORFs each). The 
remaining ORFs presumably encoded proteins with 
unknown activity. Searching across the VFDB and 
CARD databases revealed no virulence or antibiotic 
resistance genes.

Comparative genome analysis
The main criterion for identifying new virus species 
was the identity of the phage genome with other spe-
cies within the genus by less than 95% [21]. To deter-
mine the genomic similarity of vL_20A and vL_296 
to other phages, we first performed a BLASTn 
search across the NCBI database. The genomes of 
the L. phage genus of viruses were obtained from the 
Nucleotide NCBI database, and the average nucleotide 
identity (ANI) was evaluated.

Figure 4 shows the ANI for the ten most sim-
ilar phages among the 254 analyzed genomes. The 
vL_20A and vL_296 phages were the closest to the 
L. phage bIL67 (ANI 93.3 and 92.6, respectively). Note 
that the ANI between vL_20A and vL_296 is lower 
than that of the L. phage bIL67 and is 92.5 (Fig. 5). It 
can be assumed that vL_20A and vL_296 represent 
separate species not described previously. 

The ANI between these two phages is only 92.5. 
When we compare the vL_20A and vL_296 genomes, 
we find a high number of polymorphisms in the ma-
jor tail protein, which is crucial for the phage to at-
tach to the host cell (Fig. 6). Furthermore, variations 
in the nucleotide sequence of phages may potentially 
impact the efficiency of bacterial cell defense mecha-
nisms designed to break down the viral genome.

CRISPR spacer analysis
Bacteria possess a range of defense mechanisms, in-
cluding the widespread defense system against phag-
es, CRISPR-Cas. CRISPR spacers are involved in 
adaptive immunity, ensuring complementary binding 
of RNA to the nucleic acids of foreign elements and 

Fig. 1. Transmission electron microscopy images of 
Lactococcus lactis phage vL_20A (A) and Lactococcus 
lactis phage vL_296 (B)
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their subsequent destruction by Cas proteins. This 
system is present in most starter cultures (Fig. 7).

We analyzed the presence of spacers specific to 
the vL_20A and vL_296 phages in the genomes of 
starter cultures. Among the 562 genomes analyzed, it 
was impossible to identify any spacers specific to the 
vL_20A and vL_296 phages. It can be the case that 
the new phage species we have identified had not 
been in contact with the analyzed starter cultures for 
a long time.

DISCUSSION
Phage attacks on the acid-forming microflora of 
cheeses are extremely dangerous from a product 
safety perspective, since there is a threat of more in-
tensive development of residual post-pasteurization 
microflora. To reduce the risk of a release of sub-
standard and dangerous products to consumer health 
due to phage attacks, it is particularly important to 
limit the reproduction of phages through the use of 
multi-strain starter cultures, as well as their system-
atic rotation and the inclusion of phage-resistant cul-
tures in the starter microflora.
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Fig. 5. Schematic diagram of the genome structure of the Lactococcus lactis phage vL_20A and Lactococcus lactis 
phage vL_296 compared to the most similar Lactococcus phage bIL67

Lactococcus phage 20A 
PHAGE_20A:1-21909

Lactococcus phage blL67 
NC_001629.1:1-22195

Lactococcus phage 296 
PHAGE_296:1-22667

head and packaging
tail
lysis
DNA | RNA and nucleotide metabolism
transcription regulation
unknown function

2.5 kb 0 Identity (%) 100

20A major tail protein
296 major tail protein

20A major tail protein
296 major tail protein

20A major tail protein
296 major tail protein

20A major tail protein
296 major tail protein

20A major tail protein
296 major tail protein

50
50

100
100

150
150

200
200

206
206

0 10 20 30 40 50

Fig. 6. Alignment of major tail protein DNA sequences in the vL_20A and vL_296 genomes

L. lactis subsp. lactis 345-8

L. lactis subsp. lactis 393-8

Lactobacillus helveticus (n = 26)

Propionibacterium freudenreichii (n = 26)

Lacticaseibacillus paracasei (n = 92)

Lactiplantibacillus plantarum (n = 299)

Lacticaseibacillus casei (n = 43)

Lacticaseibacillus rhamnosus (n = 76)

Z
o

ry
a

Tho
e

ris

TASo
Fic

She
d

u

R
o

sm
e

rTA

R
-M

 (IV
)

R
-M

 (III)

R
-M

 (II)

R
-M

 (I)

M
o

ko
sh

Lam
assu

K
iw

a

H
achim

an

G
ab

ija

D
N

A
-m

o
d

ificatio
n sy

ste
m

s

C
R

ISPR
-C

as (II)

C
R

ISPR
-C

as (1)

C
B

A
SS

B
R

EX

A
b

i

100

80

60

40

20

0

Fig. 7. The immune system of lactic acid bacteria. The cells indicate the frequency of the occurrence (%) of the immunity 
mechanism in starter cultures. The genus name indicates the number of analyzed genomes



108 | ACTA NATURAE | VOL. 16 № 3 (62) 2024

RESEARCH ARTICLES

In order to be able to select phage-resistant strains 
in starter cultures, the diversity and properties of 
phages capable of infecting starter cultures need to 
be studied. In particular, the phages described in this 
paper were isolated from cheese whey with an inter-
val of 37 years and caused problems with the fermen-
tation of raw materials. This indicates that phages and 
bacterial strains that are sensitive to them continue to 
exist in starter cultures, as shown in previous studies 
[22]. Considering that the ANI similarity level for the 
newly isolated phages was significantly below 95, it is 
fair to assume that we have described two new phage 
species for the first time.

The closest representative of the genus for these 
phages is the species L. phage biL67 [23]. We es-
tablished that the genomes of the new phages 
Lactococcus lactis phage vL_20A and L. lactis phage 
vL_296 are linear double-stranded portions of DNA 
with lengths of 21,909 and 22,667 bp, respectively. In 
the genomes, 47 and 43 ORFs can be distinguished for 
vL_20A and vL_296, of which 11 are similar to the 
genes encoding known functional proteins.

The lytic spectra of the phages are quite nar-
row and virtually do not overlap. Only four common 
strains of the host bacteria could be distinguished: 
L. cremoris T4-39, L. cremoris 591-4-7, L. cremoris 
T5-1, and L. lactis subsp. lactis 85-10. These data dif-
fer from the results obtained by Stuer-Lauridsen et 
al., where most of the studied L. lactis phages were 
able to lyse 10–90% of the strains [24]. This can be 
attributed to the differences in the sources of the 
dairy products from which the phages were isolated 
in these two studies.

The analysis of CRISPR cassettes of starter bac-
teria failed to identify any spacer specific to the 
vL_20A and vL_296 phages. It can be assumed that 
the new phage species we have identified had not 
been in contact with the analyzed starter cultures 
for a long time. Nevertheless, CRISPR/Cas systems 
of types 1 and 2 have been found in the genomes of 

many of them. This suggests that immunity against 
these phages may develop when they are encoun-
tered.

CONCLUSIONS
Today, we need to move towards sustainable, inclu-
sive, and independent agri-food systems. This can be 
achieved by regarding the food system as a continu-
ous and interconnected chain, where risks are moni-
tored and assessed at every stage, from raw materials 
to finished products. In this chain, the phage health of 
the production environment is the main cause of dis-
rupted sustainability in the production of fermented 
dairy products.

Our study highlights the biodiversity of phages 
isolated from cheese whey and confirms their wide-
spread presence in dairy factories and their virulence. 
However, the presence of bacterial strains with vary-
ing degrees of sensitivity to phages in the starter cul-
tures balances this danger through bacterial immu-
nity systems.

The high level of resistance of starter cultures to 
phage infection may prevent the mass reproduction 
of phages in multicomponent starter cultures. This 
explains why phages are found in fermented dairy 
products without acidification problems. However, the 
simultaneous presence of various active phages within 
a single starter culture can sometimes lead to a defec-
tive product. Additional research is needed to better 
understand the ecological role of phages and assess 
their impact on fermentation. The abundance of bac-
teriophages in dairy plants infecting starter cultures 
once again highlights the importance of developing 
strategies to combat phages in the dairy industry. 

This work was supported by the Ministry 
of Science and Higher Education of the Russian 
Federation for large scientific projects in priority 
areas of scientific and technological development 

(Grant No. 075-15-2024-483).

REFERENCES
1. White K., Eraclio G., McDonnell B., Bottacini F., Lugli 
G.A., Ventura M., Volontè F., Dal Bello F., Mahony J., van 
Sinderen D. // Appl. Environ. Microbiol. 2024. V. 90. № 3. 
P. e02152–23.

2. Lahbib-Mansais Y., Mata M., Ritzenthaler P. // Biochimie. 
1988. V. 70. № 3. P. 429–435.

3. Kelleher P., Mahony J., Schweinlin K., Neve H., Franz 
C.M., van Sinderen D. // International Journal of Food 
Microbiology. 2018. V. 272. P. 29–40.

4. White K., Yu J.-H., Eraclio G., Bello F.D., Nauta A., 
Mahony J., van Sinderen D. // MRR. 2022. https://www.

oaepublish.com/articles/mrr.2021.04.
5. Eller M.R., Dias R.S., De Moraes C.A., De Carvalho A.F., 
Oliveira L.L., Silva E. a. M., da Silva C.C., De Paula S.O. // 
Arch Virol. 2012. V. 157. № 12. P. 2265–2272.

6. Whitehead H.R., Cox G.A. // N. Z. J. Dairy Sci. Technol. 
1935. V. 16. P. 319–320.

7. Mahony J., McDonnell B., Casey E., van Sinderen D. // 
Annu Rev. Food Sci. Technol. 2016. V. 7. P. 267–285.

8. Roux S., Hallam S.J., Woyke T., Sullivan M.B. // eLife. 
2015. V. 4. P. e08490.

9. Touchon M., Bernheim A., Rocha E.P.C. // The ISME 
Journal. 2016. V. 10. № 11. P. 2744–2754.



RESEARCH ARTICLES

VOL. 16 № 3 (62) 2024 | ACTA NATURAE | 109

10. Bernheim A., Sorek R. // Nat. Rev. Microbiol. 2020. 
V. 18. № 2. P. 113–119.

11. Dimitriu T., Szczelkun M.D., Westra E.R. // Current 
Biology. 2020. V. 30. № 19. P. R1189–R1202.

12. Vasu K., Nagaraja V. // Microbiol. Mol. Biol. Rev. 2013. 
V. 77. № 1. P. 53–72.

13. Labrie S.J., Moineau S. // J. Bacteriol. 2007. V. 189. № 4. 
P. 1482–1487.

14. Doron S., Melamed S., Ofir G., Leavitt A., Lopatina A., 
Keren M., Amitai G., Sorek R. // Science. 2018. V. 359. 
№ 6379. P. eaar4120.

15. Kronheim S., Daniel-Ivad M., Duan Z., Hwang S., Wong 
A.I., Mantel I., Nodwell J.R., Maxwell K.L. // Nature. 2018. 
V. 564. № 7735. P. 283–286.

16. Koonin E.V., Makarova K.S. // Phil. Trans. R. Soc. B. 
2019. V. 374. № 1772. P. 20180087.

17. Kutter E. In: Bacteriophages / Eds Clokie M.R.J., Kro-
pinski A.M. Totowa, NJ. Humana Press, 2009. P. 141–149. 

18. Miller S.E. // J. Elec. Microsc. Tech. 1986. V. 4. № 3. 
P. 265–301.

19. Wyffels J.T. // Microsc. Microanal. 2001. V. 7. № 1. P. 66.
20. Sayers E.W., Beck J., Bolton E.E., Bourexis D., Brister 
J.R., Canese K., Comeau D.C., Funk K., Kim S., Klimke 
W., et al. // Nucleic Acids Research. 2021. V. 49. № D1. P. 
D10–D17.

21. Adriaenssens E., Brister J.R. // Viruses. 2017. V. 9. № 4. 
P. 70.

22. Zago M., Scaltriti E., Rossetti L., Guffanti A., Armiento 
A., Fornasari M.E., Grolli S., Carminati D., Brini E., Pavan 
P., et al. // Appl. Environ. Microbiol. 2013. V. 79. № 15. 
P. 4712–4718.

23. Schouler C., Ehrlich S.D., Chopin M.-C. // Microbiology. 
1994. V. 140. № 11. P. 3061–3069.

24. Stuer-Lauridsen B., Janzen T., Schnabl J., Johansen E. 
// Virology. 2003. V. 309. № 1. P. 10–17.


	Evolutionary Perspectives on Human-Artificial Intelligence Convergence
	Insights into the Functioning of the D-amino Acid Transaminase from Haliscomenobacter Hydrossis via a Structural and Spectral Analysis of its Complex with 3-Aminooxypropionic Acid
	Specific Activation of the Expression of Growth Factor Genes in Expi293F Human Cells Using CRISPR/Cas9-SAM Technology Increases Their Proliferation
	The Correlation Patterns of miRNA Expression with Targeted mRNA Transcripts in Glioma Patients with Wild-Type and Mutated Isocitrate Dehydrogenase (IDH) Genotypes
	Reconstruction of the Reaction of Andalusicin Lantibiotic Modification by Lanthionine Synthetase AncKC in a Heterologous Escherichia coli System
	Cannula Implantation Reduces the Severity of the Beta Amyloid Effect on Peroxidized Lipids and Glutathione Levels in the Brain of BALB/c Mice
	5'-Noraristeromycin Repurposing: Well-known S-Adenosyl-L-homocysteine Hydrolase Inhibitor As a Potential Drug Against Leukemia
	Abundance of Tumor-Infiltrating B Cells in Human Epithelial Malignancies
	Synthetic Lesions with a Fluorescein Carbamoyl Group As Analogs of Bulky Lesions Removable by Nucleotide Excision Repair: A Comparative Study on Properties
	Investigating the Structure of the Components of the PolyADP-Ribosylation System in Fusarium Fungi and Evaluating the Expression Dynamics of Its Key Genes
	The Features of Beta-Amyloid Phosphorylation in Alzheimer’s Disease
	Genome Characterization of Two Novel Lactococcus lactis Phages vL_296 and vL_20A

