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Purpose. The aim of this work was to analyze the complete genome of probiotic bacteria Lactobacillus plantarum 8 RA 3,
Lactobacillus fermentum 90 TC-4, Lactobacillus fermentum 39, Bifidobacterium bifidum 791, Bifidobacterium bifidum 1, and
Bifidobacterium longum 379 and to test their activity against influenza A and SARS-CoV-2 viruses. Methods. To confirm the
taxonomic affiliation of the bacterial strains, MALDI TOF mass spectrometry and biochemical test systems were used. Whole
genome sequencing was performed on the Illumina Inc. MiSeq platform. To determine the antiviral activity, A/Lipetsk/1V/2018
(HIN1 pdm09) (EPI_ISL_332798) and A/common gull/Saratov/1676/2018 (H5N6) (EPI_ISL_336925) influenza viruses and
SARS-CoV-2 virus strain Australia/VIC01/2020 (GenBank: MT007544.1) were used. Results. All studied probiotic bacteria are
nonpathogenic for humans and do not contain the determinants of transmission-type antibiotic resistance and integrated
plasmids. Resistance to antibiotics of different classes is explained by the presence of molecular efflux pumps of the MatE and
MFS families. Cultures of L. fermentum 90 TC 4, L. plantarum 8 RA 3, and B. bifidum 791 showed a pronounced activity
against influenza A viruses in MDCK cells. Activity against the SARS-CoV-2 virus was demonstrated only by the L. fermentum
90 TC 4 strain in VERO cells. Conclusions. The studied probiotic bacteria are safe, have antiviral activity, and are of great
importance for the prevention of diseases caused by respiratory viruses that can also infect the human intestine.

1. Introduction

Probiotic bacteria have a number of unique properties and
provide invaluable benefits to human health [1-3]. Lacto-
and bifidobacteria in the body carry out important functions.
They participate in metabolism, produce biologically active
compounds (vitamins, neuropeptides, bacteriocins, etc.),
play a role in immunogenesis, and provide colonization resis-
tance, and in addition, they exhibit antiviral activity against
some viral pathogens in vitro and in vivo [4-7]. The main

mechanisms of the inhibitory action of probiotic bacteria
on viruses are a general immunostimulating effect of probi-
otic strains, physical adsorption of viral particles on the sur-
face of bacteria where exopolysaccharides play an important
role, specific interaction of probiotic bacteria with viral parti-
cles, and production of active metabolites [7, 8].

It is known that human respiratory viruses replicate
mainly in the respiratory tract, and therefore, it is believed
that probiotics cannot influence the dynamics of the disease.
However, it has been described that during an influenza
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pandemic and sometimes during seasonal epidemics, gastro-
intestinal diseases caused by the influenza virus are observed,
especially in children. In addition, when humans are infected
with highly pathogenic avian influenza viruses [9] or the
novel SARS-CoV-2 coronavirus [10], the pathogen also
infects the intestines of the host. In this regard, the relevance
of studying the antiviral activity of probiotic strains of lacto-
and bifidobacteria against respiratory viruses is beyond
doubt.

The studied bacteria of the genera Lactobacillus and Bifi-
dobacterium are used in Russia as probiotic producer strains.
Their biological properties were investigated earlier using
traditional microbiological and molecular genetic methods;
however, whole genome sequencing of all strains has not
been performed [11]. Analysis of the genomic sequences of
the strains can confirm the safety of L. plantarum 8 RA 3,
L. fermentum 90 TC 4, L. fermentum 39, B. bifidum 1, B. bifi-
dum 791, and B. longum 379 bacteria for use as producers of
probiotics and will also help to identify the determinants of
antiviral activity.

The aim of this study was to analyze the genome-wide
sequences of L. plantarum 8 RA 3, L. fermentum 90 TC 4,
L. fermentum 39, B. bifidum 1, B. bifidum 791, and B. longum
379 probiotic bacteria and to study their antiviral activity
against the A(HIN1 pdm09) influenza virus, the highly path-
ogenic influenza A(H5NG6) virus, and the SARS-CoV-2 virus
that caused the COVID-19 pandemic.

2. Materials and Methods

2.1. Objectives. We studied bacteria used in Russia for the
production of medicinal probiotics: Lactobacillus plantarum
8 RA 3 (State Collection of Pathogenic Microorganisms and
Cell Cultures SCPM-Obolensk No. 900811), Lactobacillus
fermentum 90 TC-4 (SCPM-Obolensk No. 900812), Lactoba-
cillus fermentum 39 (SCPM-Obolensk # 790039), Bifidobac-
terium bifidum 791 (Bioresource Center Russian National
Collection of Industrial Microorganisms (BRCVKPM) # B-
3300), Bifidobacterium bifidum 1 (SCPM-Obolensk #
900791), and Bifidobacterium (BRV 37 2000).

2.2. Cultivation of Strains. Lyophilized strains of L. plan-
tarum 8 RA 3, L. fermentum 90 TC 4, and L. fermentum 39
were grown according to the method described previously
[12], using liquid and agarized MRS nutrient medium
(Syntex, Russia). Recovery and inoculation of strains of B.
bifidum 1, B. bifidum 791, and B. longum 379 were carried
out according to a similar scheme using the HMM liquid
medium (hydrolyzate-milk medium, Syntex, Russia) and
Bifidobacterium agar medium (HiMedia, India). We used
cell suspensions of the third generation of each culture grown
using the liquid media—MRS for lactic acid bacillus and
HMM for bifidobacteria containing 10® cells/ml. Each sus-
pension was centrifuged for 10 min at 3000 g. To study anti-
viral activity, we used liquid media, supernatant fluid, and
bacteria after centrifugation of 1 ml suspension.

2.3. Identification of Strains. Grown colonies of microorgan-
isms were identified using the Bruker Daltonics Autoflex
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MALDI TOF mass spectrometer (Germany). The sample
preparation was performed by direct application according
to the standard protocol presented in the user manual. The
mass spectra identification, recording, processing, and analy-
sis were carried out using the BioTyper hardware-software
complex.

2.4. Biochemical Property Study. The biochemical properties
of the strains were confirmed using the BioMerieux API 50
CHL and API 20 A (France) test systems.

2.5. Whole Genome Sequencing. To conduct whole genome
sequencing of the strains, genomic DNA was isolated using
the QIAamp DNA Mini Kit QIAGEN commercial kit
(Germany), and fragmentation was performed using the
Applied Biosystems Covaris E210 ultrasonic fragmentation
(USA) according to the manufacturer’s instructions. The
mixture purification and the 200-700 bp fragments selection
were carried out using the Beckman Coulter Agencourt
AMPure beads magnetic particles (USA) and New England
Biolabs NEBNext Sizing Buffer (USA). Libraries were pre-
pared using the Illumina Inc. TrueSeq kit (USA), and the
sequencing was performed on the Illumina Inc. MiSeq plat-
form (USA). The source reads were processed by Trimmo-
matic with standard parameters for Illumina. Then, the
processed reads were used to assemble the de novo genome
using the Spades, MIRA 4.0, and Newbler 2.6 programs.

2.6. Genome Annotation. Genome annotations were per-
formed using the Prokka v. 1.11 utility [13] and the RAST
genomic server (http://rastnmpdr.org). The determinants
of antibiotic resistance and pathogenicity were searched
using software products available on the website of the Cen-
ter for Genomic Epidemiology (http://www.cge.cbs.dtu.dk/):
ResFinder 2.0, PathogenFinder, and PlasmidFinder pro-
grams [14-16].

2.7. The Determination of Probiotic Cytotoxicity for MDCK
and VERO E6 Cells. The toxicity of all cell suspensions and
the supernatant obtained from 1 ml of cell suspension, as well
as microbiological media that were used to grow probiotic
bacteria, were studied using the MTT test. Various bacterial
concentrations were added, as well as the medium in which
the bacteria were grown (supernatant from centrifugation
of 1 ml of cell suspension) into 96-well plates (Greiner Bio-
One) with MDCK cells (dog kidney cells). Cells were cultured
for 72 hours, and cell viability was monitored by the MTT
test (methylthiazolyldiphenyltetrazolium bromide) [17].

2.8. Antiviral Activity against Influenza A Virus Study. For
antiviral activity analysis in vitro, the wells of a 96-well plate
were inoculated with MDCK cell culture in MDCK DMEM
(Gibco) medium supplemented with 5% bovine serum
(Gibco) and antibiotics. The inoculating dose was 2 x 10%
cells per well. After the 90% monolayer formation (20 hours
of incubation at 37°C in an atmosphere of 5% CO,), the cells
were washed with serum-free medium. In a serological 96-
well plate, twofold dilutions of the studied substances were
prepared on a growth culture medium (DMEM Gibco, anti-
biotics, TRSC-trypsin 2 ug/ml, 0.2% of bovine albumin) in a
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volume of 100 yl. 100 ul of the virus at a dose of 100 TCIDy,
was added to each well. The influenza A/Lipetsk/1V/2018
(HIN1 pdm09) (EPI_ISL_332798) and A/common gull/Sar-
atov/1676/2018 (H5N6) (EPI_ISL_336925) virus strains
were used in this work. The suspension was held for 60 min
at a temperature of 37°C and introduced into the culture plate
wells with MDCK cells. The MDCK cells were incubated at
37°C in an atmosphere of 5% CO, for 72h. Then, a neutral
red was added to each well (final concentration -0.34%), cells
were washed after 1.5h, a dye extraction solution was added
(0.1M NH,H,PO, and 96% ethanol in equal volumes), and
the optical density of the released dye was determined on
the BioRad 680 microplate reader at a wavelength of 490
nm using the Zemfira 2.0 software.

2.9. Antiviral Activity against SARS-CoV-2 Study. The antivi-
ral activity was investigated against the SARS-CoV-2 virus of
Australia/VIC01/2020 strain  (GenBank: MT007544.1),
kindly provided by the Western Pacific Office of the World
Health Organization. A culture of Vero E6 cells (grass mon-
key kidney cells) was added to the wells of a 96-well plate in
Needle MEM medium (Gibco) supplemented with 5%
bovine serum (Gibco) and antibiotics. The inoculating dose
is 1.5 x 10* cells per well. After the 90-100% monolayer for-
mation (48 hours of incubation at 37°C in an atmosphere of
5% CO,), the cells were washed with serum-free medium.
The supernatant suspension or probiotic bacteria were
diluted from 1:2 to 1:128 and introduced into the culture
plate wells with Vero E6 cells. Cells were incubated for 2h
at 37°C and 5% CO,, after which 100 ul of the virus was
added at a dose of 0.1 TCID50/cell and incubated for 3 days
at 37°C and 5% CO,. The results were determined using the
MTT test, as described above, and the results were processed
using the SOFTmaxPro 4.0 program (USA). The x2 test was
used to determine the statistical significance of differences in
cell viability. The calculation was carried out using the statis-
tical software package Statistica 6.0. A p value < 0.05 was con-
sidered significant.

3. Results

At the first stage of the work, phenotypic characteristics of
strains were studied by studying their biochemical properties
and protein mass spectra in order to select cultures intended
for further studies of their entire genome. Then, whole
genome sequencing of strains was performed, and the
obtained nucleotide readings (reads) were used to assemble
de novo genomes using modern bioinformatic programs.
Genomes collected in the contigs format are registered in
the GenBank/EMBL/DDBJ international database. The main
genome characteristics of the studied strains are presented in
Table 1.

3.1. Analysis of the Determinants of Pathogenicity and
Antibiotic Resistance. According to the results, all investi-
gated strains are not pathogenic for humans, and determi-
nants of antibiotic resistance and integrated plasmids were
not found in their genomes. Molecular efflux pumps of the
MatE and MEFS families were found in all Lactobacillus,

which cause bacterial resistance to gentamicin, cefotaxime,
tetracycline, ciprofloxacin, furazolidone, vancomycin, and
sulfonamides (Table 1).

All Bifidobacterium have molecular efflux pumps of the
MatE family, which cause the resistance of microorganisms
to ampicillin, tetracycline, erythromycin, gentamicin, cefe-
pime, cefotaxime, ciprofloxacin, furazolidone, polymyxin,
and sulfamanidamicin. In addition, the cytoplasmic protein
tetW was found in B. longum 379, which protects the ribo-
some from the effects of tetracycline (Table 1). No genes
responsible for the synthesis of bacteriocins were identified.

3.2. Analysis of the Determinants of Sugar Metabolism. Geno-
mic determinants of sugar metabolism were analyzed using
the RAST server (http://www.nmpdr.org/). It was found that
the subsystem of sugar metabolism in L. plantarum 8 RA 3
consists of 426 determinants. Due to the fact that this micro-
organism has a facultatively heteroenzymatic type of metab-
olism, its genome contains determinants of two pathways of
sugar metabolism, fructose bisphosphate, and pentose phos-
phate, which allow the fermentation of sugars with the for-
mation of acetic and lactic acids, formate, and ethanol.
Determinants of the metabolism of monosaccharides were
found in the genome: mannose, ribose, rhamnose, sorbose,
arabinose, etc., di- and oligosaccharides, fructooligosaccha-
rides and raffinose, amino sugars-chitin, N-acetylglucosa-
mine, and glycogen (Table 1).

In the L. fermentum 90 TC 4 strain, this subsystem is rep-
resented by 113 determinants. The strain belongs to obligate
heteroenzymatic group C lactobacilli; therefore, its genome
lacks the main enzymes of the fructose bisphosphate path-
way, aldolase, and triose phosphate-isomerase. However,
the determinants of the pentose phosphate pathway are pre-
sented, which is the main variant of carbohydrate metabo-
lism and allows fermentation of the sugar with the
formation of lactic acid. The strain is distinguished by the
“poor” spectrum of utilized sugars; it is unable to ferment
mannose, ribose, and arabinose, which is due to the absence
of individual genes (RbsD permease, phosphotransferase sys-
tem (PTS ScrA), or whole operons (arabinose operon))
(Table 1).

The sugar metabolism subsystem of L. fermentum 39
strain consists of 118 determinants. This strain also belongs
to the group of heterofermentative lactobacilli of group C.
Aldolase and triose phosphate-isomerase are absent in the
genome, but the determinants of the pentose phosphate
pathway are presented, which allows the fermentation of
sugars to form lactic, acetic acids, and CO,. In the genome,
the operons of metabolism and transport of mono- and
disaccharides, riboflavin, and glycerol, which are absent in
L. fermentum 90 TC 4, are determined (Table 1).

It has been established that the fructose-6-phosphate
phosphoketolase pathway is the main pathway of carbohy-
drate metabolism in all studied Bifidobacterium. The prod-
ucts are lactic acid, acetic acid, and ethanol. The subsystems
of sugar metabolism in B. longum 379, B. bifidum 1, and B.
bifidum 791 consist of 199, 175, and 207 determinants,
respectively. The genome of B. longum 379 contains determi-
nants responsible for the utilization of monosaccharides
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TaBLE 1: The main genome characteristics of the studied probiotic bacteria.

Main characteristics of

Determinants of

Determinants of

Determinants of sugar

Determinants of

Bacteria the genome bacterloc.m antibiotic resistance metabolism exop olysaccl"larlde
synthesis synthesis
426 determinants
Fructose bisphosphate pathway
Pentose phosphate pathway
Utilization of
fructooligosaccharides and
raffinose: Msm KLD40778.1,
GenBank number KLD40925.1, PTS Ki?éiii%é’lméif?’m'l’ Eps operon
LBDF00000000 KLD40929.1, Efflux pumps KLD43120.1 ’ DexB EpsB KLD41507.1
Genome type draft KLD40930.1, pump - EpsC KLD40740.1
. MatE KLD43365.1, Aga KLD42863.1,
L plantarum 8 RA 3 Number of contigs 18 KLD40931.1, KLD43042.1 Man KLD43356.1 u BG EpsD KLD40739.1
P Genome size 3,330,093bp  KLD40932.1, MFS ’ KLD41117‘1 EpsE KLD41508.1
Average coverage 250.0 KLD40933.1 e L EpsF KLD41509.1
. . KLD43077.1 Utilization of amino sugars: ;
GC composition 44.4% Contig 4 NagA KLD43035.1, NagB Contig 15
CDS quantity 2982 LBDF01000008.1 KLD43152.1, PTS NagT LBDF01000011.1
KLD42190.1, NagR
KLD40894.1, Cbp KLD42577.1
ChiA KLD43348.1
Glycogen metabolism: GAT
KLD43421.1, GS KLD43423.1,
GP KLD43424.1
113 determinants
GenBank number Pentose phosphate
LBDH00000000 Efflux pumps Pathway utilization of Eps operon
Genome type draft M;tE P disaccharides: GalK EpsB KLD49590.1
L. fermentum 90 Number of contigs 93 KLD54124.1 KLD53103.1, FruK EpsC KLD49588.1
TC-4 Genome size 1,822,484 bp MES ’ KLD55067.1, a-Gal EpsD KLD49589.1
Average coverage 250.0 KLD53990.1 KLD53100.1, 3-Gal WP_ Contig 15
GC composition 51.9% ’ 046949162.1, mapA LBDHO01000061.1
CDS 1620 quantity P_046948545.1, B-glucosidase
KLD43584.1
118 determinants
Pentose phosphate metabolic
pathway
Utilization of arabinose: AraR
GenBank number KLD56054.1, AraK Eps operon
LBDG00000000 KLD56053.1, AraA Ps op
EpsB KLD51897.1
Genome type draft KLD56052.1, AraD
. Efflux pump EpsC KLD51899.1
Number of contigs 55 KLD56052.1, AraT
L. fermentum 39 . MatE EpsD KLD51898.1
Genome size 1,829,655 bp KLD56053.1
KLD56150.1 e EpsE KLD51903.1
Average coverage 250.0 Glycerol utilization: GlpT Contig 20
111 0,
GC composition 51.6% KLD54015.1, GIpF LBDG01000035.1

CDS quantity 1683

KLD56071.1, GlpK
KLD55877.1, GPD
KLD55407.1
Riboflavin metabolism: RybD
KLD54636.1, RSA KLD54605.1
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TaBLE 1: Continued.

Determinants of

Main characteristics of Determinants of

Determinants of sugar

Determinants of

B i ioci e . : 1 hari
acteria the genome bacterloc.m antibiotic resistance metabolism exopolysaccl aride
synthesis synthesis
199 determinants
Fructose-6-phosphate
h
p o§phoketolase pathway Genes for
Amino sugar metabolism:
rhamnose

NagK KYJ78240.1, NagA
KYJ78237.1, NagB KY]78238.1,
NagT KYJ81992.1, NagR

synthesis, contig 5
LKUQ01000020.1

GenBank number Capsular
LKUQ00000000 Efflux pump KYISZOSO:I polysaccharide
Glycogen metabolism: GAT
Genome type draft MatE KYJ81114.1, GS KY]81082.1 genes: Wzb
Number of contigs 24 KYJ82530.1 o 7 KYJ83195.1, Wzc
B. longum 379 . . GBr KYJ82453.1, GP
Genome size 2,387,620 bp LUTOIUIa3MaTUYECKUI KYJ83223.1
KYJ83271.1, GdBr KYJ82081.1,
Average coverage 150.0 6enok tetW AMse KYJ82084.1, MalE Sortase dependent
GC composition 60.2% KYJ81078.1 KY]78457.1, pili: SrtA
CDS 1903 quantity I ) KYJ83477, AP
Utilization of raffinose and
) . KYJ83476.1
fructooligosaccharides: MsmR Lipoproteins: Let
KYJ82093.1, MsmE poproteins: 1§
KYJ83617.1, LspA
KY]82142.1, MsmF KYJ77995.1
KYJ82092.1, MsmG, ’
KYJ82141.1, SacA KYJ78008.1,
Aga KYJ83465.1
175 determinants
GenBank NDXI00000000 Fructose-6-phosphate Sortase dependent
Genome type draft phosphoketolase pathway pili: SrtA
Number of contigs 13 Efflux pump Amino sugar metabolism: PDH97100.1,
B. bifidum 1 Genome size 2,198,027 bp MatE NagK PDH98478.1, NagA PDH97310.1
Average coverage 385.0 PDH98462.1 PDH97531.1, NagB Lipoproteins: Lgt
GC composition 62.7% PDH98129.1, NagT PDH98440.1,
CDS 1521 quantity PDH97280.1, CbsA LspA PDH98074.1
PDH98222.1, Aga PDH97428.1
207 determinants
Fructose-6-phosphate Genes for the
phosphoketolase pathway synthesis of
GenBank number Amino sugar metabolism: tha n{ nose. contie 3
LKURO00000000 NagK KYJ84330, NagA LKUR01(300023gI
Genome type draft Efflux pumps KYJ85076.1, NagB KYJ85077.1, Sortase depen de.n A
B. bifidum 791 Number of contigs 33 MatE NagT KYJ85215.1, KYJ85216.1, i SIr,tA
: Genome size 2,285,457 bp KYJ84349.1, NagR KYJ85078.1, CbsA KY]Iz34é7O L AP
Average coverage 150.0 KYJ84414.1 KYJ83728.1, Aga KY]84485.1 KYJ8 48‘71’ 1

GC composition 62.4%
CDS 1769 quantity

Glycogen metabolism: GAT
KYJ83153.1, GS KYJ84446.1,
GBr KYJ84933.1, GP
KYJ84691.1, GdBr KYJ85154.1,
AMse KYJ84544.1

Lipoproteins: Lgt
KYJ84380.1, LspA
KY]85145.1

(xylose, ribose, arabinose), disaccharides (sucrose, maltose,
lactose, raffinose, phosphooligosaccharides), amino sugars,
and glycogen. B. bifidum 1 and B. bifidum 791 have a low
ability to metabolize monosaccharides; however, they are
active against di-, oligosaccharides, and amino sugars-chitin,
and N-acetylglucosamine. In addition, B. bifidum 791 is able
to metabolize glycogen (Table 1).

3.3. Determinants of Exopolysaccharide Synthesis. It was
found that the genome of all Lactobacillus contains the Eps
operon responsible for the synthesis of exopolysaccharides,
consisting of the enzymes EpsB (magnesium-dependent pro-
tein tyrosine phosphatase), EpsC (transmembrane tyrosine

kinase), EpsD (tyrosine kinase), EpsE (galactophosphate),
and polysaccharide transferase (Table 1). Analysis of this
cluster suggested that all studied bacteria are capable of pro-
ducing heteropolysaccharides consisting of a repeating unit
of glucose and galactose.

Determinants of exopolysaccharide synthesis were found
in the genome of B. longum strain 379: genes for rhamnose
synthesis and genes responsible for the formation of
sortase-dependent pili and cell wall lipoproteins. In the B.
bifidum 1 strain, genes for the synthesis of exopolysacchar-
ides were not found; however, there are determinants respon-
sible for the formation of sortase-dependent pili and
lipoproteins. The genome of B. bifidum 791 also contains
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HMM medium
MRS medium

L. fermentum 90 TC 4 supernatant _—l
L. fermentum 39 supernatant _—l

L. plantarum 8 RA 3 supernatant _—I

B. bifidum 1 supernatant _—l

B. bifidum 791 supernatant _—l

B. longum 379 supernatant |

L. fermentum 90 TC 4 cells
L. fermentum 39 cells

L. plantarum 8 RA 3 cells
B. bifidum 1 cells

B. bifidum 791 cells

B. longum 379 cells

FI1GURE 1: The number (in %) of viable MDCK cells after culturing for 72 hours with investigated components of probiotic bacteria liquid
cultures. The results are average values + standard deviations from three independent experiments. p < 0.05.

genes for the synthesis of exopolysaccharides, including
genes for the synthesis of rhamnose and genes of sortase-
dependent pili and cell wall lipoproteins.

Thus, it was found that the studied bacteria are non-
pathogenic for humans and do not contain transmissible-
type antibiotic resistance genes and integrated plasmids.
Resistance to antibiotics of various classes is explained by
the presence of molecular efflux pumps of the MatE family
and the protective ribosomal protein TetW. The studied Lac-
tobacillus is capable of synthesizing acetic and lactic acid, for-
mate, ethanol, one of the types of bacteriocins from the
plantaricin group (L. plantarum 8 RA 3), and extracellular
polysaccharides. All Bifidobacterium are able to utilize amino
sugar and glycogen, di- and oligosaccharides, and acetic and
lactic acids. Determinants responsible for the formation of
sortase-dependent pili and cell wall lipoproteins were found
in the genomes of all Bifidobacterium. B. longum 379, in con-
trast to B. bifidum 791 and B. bifidum 1, is able to utilize
monosaccharides (xylose, ribose, arabinose). B. longum 379
and B. bifidum 791 contain determinants of exopolysacchar-
ide synthesis, which are absent in B. bifidum 1.

3.4. The Toxicity Bacteria Suspensions and Culture Fluid. The
toxicity of all bacteria suspensions and the supernatant
obtained from 1 ml of bacteria suspension, as well as micro-
biological media that were used to grow probiotic bacteria,
were studied in the MTT test. The results are presented in
Figure 1.

As can be seen, the L. fermentum 39 and L. plantarum 8
RA 3 cell suspensions, as well as the supernatant obtained
from the L. fermentum 39 cell suspension centrifugation,
were toxic to MDCK cells. The remaining components stud-
ied in this work were nontoxic to mammalian cells.

3.5. The Antiviral Activity against Influenza A Virus Study.
The antiviral activity study results are presented in Figure 2.

As can be seen from the data in Figure 2, the HMM
medium did not have antiviral activity, in contrast to the
MRS medium, which moderately inhibited the influenza
virus reproduction. The supernatant obtained by centrifug-
ing 1 ml of L. fermentum 90 TC 4 culture and the supernatant
of B. bifidum 791 culture showed pronounced activity against
the epidemic influenza A/Lipetsk/1V/2018 virus (HIN1
pdmO09). They were active up until a dilution to 12.5% of
the initial suspension. The cells of these bacterial cultures
suppressed the influenza virus epidemic strain reproduction
before diluting the suspension of bacterial cells to 6.25% of
the initial suspension. The L. plantarum 8 RA 3 bacteria
reduced the virus reproduction by 50% upon cell suspension
dilution to 12.5% of the initial suspension. Supernatants and
B. bifidum 1 and B. longum 379 cells showed a decrease in the
virus cytopathic effect on MDCK cells at the same level as the
medium in which these bacteria were grown.

The supernatants of L. plantarum 8 RA 3 and B. bifi-
dum 791 bacterial cultures showed activity against the
highly pathogenic avian influenza A/chicken/Nghe
An/27VTC/2018 (H5N6) strain until dilution to 12.5% of
the initial concentration. The virus reproduction was
reduced by 50% with L. fermentum 90 TC 4 and L. fermen-
tum 39 cell suspension at a concentration of 3.13% of the
initial suspension and B. bifidum 791 cell suspension at a
concentration of 6.25% of the initial one.

Thus, the Lactobacillus fermentum bacteria of 90 TC 4
strain, Lactobacillus fermentum of 39 strain, and Bifidobacter-
ium bifidum of 791 strain appeared to be the most promising
cultures for further antiviral activity studies. They were further
investigated. The results are presented in Figure 3.
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FIGURE 2: The smallest amount (in % of the initial suspension of bacteria or culture medium) that protects 50% of MDCK cells after infection
with influenza viruses. Red color indicates the A/Lipetsk/1V/2018 (HIN1 pdm09) virus infection; blue color indicates the A/common
gull/Saratov/1676/2018 (H5N6) virus infection. The results are average values + standard deviations from three independent experiments.
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F1GURE 3: The number (in %) of viable MDCK cells after virus infection at a dose of 100 TCID/5, and during incubation with different
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cells. A positive control (uninfected cells were cultured without probiotic bacteria) is 100% viable cells. The results are average values +
standard deviations from three independent experiments. p < 0.05.
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FIGURE 4: The number (in %) of viable VERO E6 cells after virus infection at a dose of 100 TCID/,, and during incubation with different
concentrations of bacteria. Along the abscissa axis is the logarithm of bacteria concentration, and along the ordinate axis is the % of viable
cells. A positive control (uninfected cells were cultured without probiotic bacteria) is 100% viable cells. The results are average values +

standard deviations from three independent experiments. p < 0.05.

As can be seen in Figure 3, all three cultures of probiotic
bacteria showed pronounced antiviral activity against the
highly pathogenic strain of the influenza A/common gull/-
Saratov/1676/2018 (H5N6) virus to a concentration of
107", and the Lactobacillus fermentum of 90 TC 4 strain
and Lactobacillus fermentum of 39 strain bacterial suspen-
sion to a concentration of 10°® completely suppressed the
multiplication of influenza virus in MDCK cells.

3.6. The Antiviral Activity against SARS-CoV-2 Study. The
antiviral activity against SARS-CoV-2 was studied on VERO
E6 cells according to a scheme, described in Materials and
Methods. The results are presented in Figure 4.

As can be seen from the data in Figure 4, only L. fermen-
tum 90 TC 4 cells produced an antiviral effect against the
SARS-CoV-2 virus. Nevertheless, in our opinion, these are
encouraging results that allow us to recommend the probiotic
bacteria for COVID-19 prevention.

4. Discussion

During the influenza pandemic and sometimes during sea-
sonal epidemics, gastrointestinal manifestations of the
disease are observed, especially in children. In addition, it
has been shown that the highly pathogenic avian influenza
virus often infects the intestinal epithelium during human
infection [10].

The situation associated with the incidence of zoonotic
influenza remains tense. More than 860 cases of human
infection with highly pathogenic avian influenza A/H5N1
virus, with an increased incidence of children under 15
years and a mortality rate of over 50%, have been registered
in the world [18]. Since 2013, the carryover of A/H7N9
influenza virus from birds to humans has been confirmed
in more than 1,500 cases, resulting in severe pneumonia

with multiple organ failures and a mortality rate of approx-
imately 40% (data as of January 31, 2021) [19]. If these
viruses begin to be effectively carried over from person to
person, they can cause an influenza pandemic with very
drastic consequences.

In December 2019, an outbreak of disease caused by the
SARS-CoV-2 coronavirus was recorded in Wuhan, China.
In March 11, 2020, the WHO President announced the pan-
demic breakout [20]. As for all respiratory viruses, the site of
SARS-CoV-2 entry is the upper respiratory tract epithelial
cells, but it has been shown that the new coronavirus often
infects the intestinal tract epithelium [11]. The angiotensin
converting enzyme 2 (ACE2), which is a receptor for the
SARS-CoV-2 virus [21], is presented in abundance not only
in the alveolar epithelial cells of the lungs but also in entero-
cytes of the small intestine, in the upper esophagus, liver, and
colon [22]. Moreover, it was indicated that viral RNA excre-
tion in feces was detected longer than in swabs from the
nasopharynx [23].

At the present stage, a new direction in the treatment and
prevention of viral infections is associated with the use of
probiotic bacteria strains of Lactobacillus and Bifidobacter-
ium genera. Research and clinical trials are currently being
conducted in the world that are devoted to them [24]. It
has been shown that probiotic bacteria are capable of produc-
ing an antiviral effect by stimulating the general immune
response. They increase the induction of interleukins and
activation of macrophages, natural killer cells, and T-
helpers and stimulate the production of immunoglobulins,
in particular IgA, type I interferons [25, 26]. Several investi-
gators considered the ability of bacteria to adhere to the virus
particles as a mechanism of probiotic antiviral action. It was
found that individual strains of Lactobacillus are able to
adsorb the virus of vesicular stomatitis particles (Rabdoviri-
dae family), A and B4 Coxsackie virus (Picornaviridae
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family), A71 enterovirus (Picornaviridae family), and human
noroviruses (Caliciviridae family) [25-29]. The mechanism
of bacterial cell and viral particle interaction is interpreted
as physical adsorption by most investigators, which is carried
out due to nonspecific Van der Waals forces and is strain-
specific [28, 29].

Active metabolites produced by probiotic microorgan-
isms, such as lactate, hydrogen peroxide, short-chain fatty
acids, and bacteriocins, have a direct virucidal effect, as they
cause a decrease in the medium pH, a violation of the viral
particle adhesion mechanism due to changes in their receptor
properties [28, 30-32]. All too often, the whole complex of
extracellular substances has an antiviral effect, and it is not
possible to isolate a separate active substance [33]. There is
also evidence that lactic acid bacilli exopolysaccharides,
which are homo- or heteropolysaccharides of various chem-
ical compositions and also having strain specificity, have a
pronounced antiviral effect [34].

All probiotic strains of Lactobacillus genus in this study
have a range of properties that can provide an antiviral
effect—the production of organic acids, ethanol, and exopo-
lysaccharides. The L. plantarum 8 RA 3 strain was considered
promising in this regard, since it is the most metabolically
active, capable of synthesizing plantaricin, and has high
antagonistic activity against pathogenic and opportunistic
pathogenic bacteria. However, this strain did not show high
antiviral activity in the experiment with influenza A viruses,
in contrast to L. fermentum 90 TC 4 and L. fermentum 39
bacteria. In addition, culture fluids (supernatants) containing
only bacterial metabolites of L. fermentum 90 TC 4 and L. fer-
mentum 39 also exhibited antiviral activity, and L. fermentum
90 TC 4 bacteria showed antiviral activity in the experiment
with SARS-CoV-2.

All the studied cultures are capable of producing hetero-
polysaccharides, consisting of galactose and glucose residues;
however, L. plantarum 8 RA 3 polysaccharides differ in spa-
tial conformation and other characteristics from exopolysac-
charides (EPS) of L. fermentum 90 TC 4 and L. fermentum
39. Perhaps, this is one of the factors causing differences in
their antiviral activity, which is consistent with the data of
Kim et al. [34].

As for bacteria of Bifidobacterium genus, the scientific lit-
erature describes the assumptive mechanisms of their antivi-
ral action—a stimulation of the macroorganism immune
response, a production of organic acids, ethanol, exopolysac-
charides, and also cell wall secreted lipoproteins (LpAs),
which are capable of obstructing the interaction of viral par-
ticles with human mucous membrane receptors and thereby
preventing the infection progression [24].

According to present knowledge, the representatives of B.
adolescentis, B. longum, and B. breve species show activity
against viruses, and it has been shown that this is a strain-
specific feature [24, 26, 32]. According to data obtained from
experimental studies conducted in France, Korea, and
Colombia in 2015-2017, the representatives of B. longum spe-
cies showed pronounced antiviral activity against human
entero- and rotavirus [24, 26, 32].

However, in our study, the B. longum 379 strain, despite
being characterized as metabolically active, did not show

activity against influenza A  viruses—the epidemic
A/Lipetsk/1V/2018 (HIN1) influenza virus and the highly
pathogenic avian A/common gull/Saratov 1676/2018
(H5NG6) influenza virus. Within the framework of this study,
the antiviral activity of representatives of B. bifidum species,
B. bifidum 1, and B. bifidum 791 strains was first studied.
These cultures do not utilize the monosaccharides; that is,
they have a less pronounced metabolic potential, and B. bifi-
dum 1 strain is not capable of synthesizing exopolysacchar-
ides, which probably causes absence of its antiviral activity.

Only the B. bifidum 791 strain showed a pronounced
activity against influenza A viruses; moreover, the culture
fluid has also a virucidal effect. This may be due to strain-
specific features—structural features of the cell wall, as well
as the ability to produce secreted (free) lipoproteins to the
culture medium.

Thus, our data showing that probiotic bacteria inhibit the
highly pathogenic respiratory virus reproduction in cell cul-
ture is important for the prevention and treatment of diseases
caused by respiratory viruses that can affect the human intes-
tinal tract. The acute relevance of this topic due to the epide-
miological situation in the world makes it imperative to
continue these studies.

There is a limitation of this study. Testing of antiviral
activity was carried out in vitro in Madin-Darby canine kid-
ney cells (MDCK) and green monkey kidney cells (Vero) due
to their most sensitivity to influenza virus and SARS-CoV-2
virus, respectively [35, 36]. We plan to conduct the study in
animals to confirm our conclusions on the viability to use
probiotics when treating respiratory viral infections. After
that, we plan to lead the clinical trial. Thus, the study by
Wang et al. [37] showed that probiotics are promising for
treating viral pneumonia; their application decreases inflam-
matory reactions, induces both inherent and adaptive
immune responses, and prevents consecutive bacterial infec-
tions. As bacteria demonstrated in this study are already
actively used as probiotics in Russia, we plan to lead the clin-
ical trial in hospitals where probiotics will be included in the
regular treatment of patients infected with respiratory viruses
including SARS-CoV-2.
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