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Objective: In this study, we investigated the effects of Rubus coreanus-derived lactic acid
bacteria (LAB) fermented feed (RC-LAB fermented feed) and three types of LAB (Lactobacillus
plantarum, Lactobacillus acidophilus, Bifidobacterium animalis) on the expression of trans-
cription factors and cytokines in Thl, Th2, Th17, and Treg cells in the intestinal lymph
nodes and spleens of rats. In addition, the effect on intestinal microbiota composition and
body weight was investigated.

Methods: Five-week-old male rats were assigned to five treatments and eight replicates.
The expression of transcription factors and cytokines of Th1, Th2, Th17, and Treg cells
in the intestinal lymph nodes and spleens was analyzed using real-time reverse trans-
criptase polymerase chain reaction assays. Intestinal tract microbiota compositions
were analyzed by next-generation sequencing and quantitative polymerase chain reaction
assays.

Results: RC-LAB fermented feed and three types of LAB increased the expression of trans-
cription factors and cytokines in Thl, Treg cells and Galectin-9, but decreased in Th2 and
Th17 cells. In addition, the intestinal microbiota composition changed, the body weight
and Firmicutes to Bacteroidetes (F/B) ratio decreased, and the relative abundance of LAB
increased.

Conclusion: LAB fermented feed and three types of LAB showed an immune modulation
effect by inducing T cell polarization and increased LAB in the intestinal microbiota.

Keywords: Body Weight; Intestinal Microbiota; Lactic Acid Bacteria; Rubus coreanus;
T Cell Polarization

INTRODUCTION

The gut microbiota phylogenic diversity of animals has 375 phylotypes for pigs, 300 to
1,000 bacteriological specifications for cow rumen, approximately 915 operational taxo-
nomic units for chickens, and 2,000 to 3,000 operational taxonomic units for sheep [1].
The dominant bacteria phyla of mammals are Firmicutes and Bacteroidetes, which account
for 90% of the total bacteria. There are more than 274 genera in the phylum Firmicutes,
including Bacillus, Lactobacillus, Mycoplasma, and Clostridium. There are about 20 genera
of phylum Bacteroidetes, of which the absolute genus in the gastrointestinal tract is Bacte-
roides [2]. Gut microbiota plays an essential role in the absorption, storage, and expenditure
of the energy obtained from dietary intake.

Lactic acid bacteria (LAB) as probiotics are non-spore-forming, Gram-positive rods or

Copyright © 2023 by Animal Bioscience
This is an open-access article distributed under the terms of the Creative Commons Attribution

156

License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

www.animbiosci.org


http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.5713/ab.22.0301

Yu et al (2023) Anim Biosci 36:156-166

cocci that are resistant to low pH. They are classified as Phylum
Firmicutes, Class Bacilli, and Order Lactobacillales accord-
ing to cellular morphology and glucose fermentation mode.
Their genera include Lactobacillus, Streptococcus, Leuconos-
toc, Carnobacterium, Lactococcus, Aerococcus, Enterococcus,
Pediococcus, Oenococcus, Weissella, Alloiococcus, Tetrageno-
coccus, Dolosigranulum, and Vagococcus [3].

The most commonly used bacteria genera in probiotics
formulations include Lactobacillus, Enterococcus, Streptococ-
cus, Bacillus, and Bifidobacterium, as well as some fungal
strains of Saccharomyces genus such as Saccharomyces bou-
lardii (S. boulardii) [4]. Probiotics regulate innate and adaptive
immunity, promoting the immune system’s development
and maturation, and enhancing the viability of macrophages
and natural killer cells [5]. Dietary fiber and short-chain fatty
acids (SCFAs) support the activity of T helper cells, T cyto-
toxic cells, Tregs, and B cells. The main function of SCFA is
to increase protein acetylation and cellular metabolism in T
and B cells. This affects the naive T-cell differentiation to Th1l
cells, Th17 cells, and Tregs [6]. Th1-mediated responses by
probiotics upregulate downstream signaling molecules T-box
expressed in T cells (T-bet), signal transducer and activator
of transcription-1 (STAT-1), and STAT-4, as well as interleu-
kin-2 (IL-2) and interferon-gamma (IFN-y). Conversely, the
downregulations of GATA binding protein 3 (GATA-3), C-
maf, IL-4, IL-5, and IL-17 inhibit the Th2 and Th17 responses
and regulate the immune response [7].

Rubus coreanus Miquel (R. coreanus) fruit contains fla-
vonoids, anthocyanins, tannins, quercetins, minerals, and
vitamins. It is also rich in phenolic compounds such as el-
lagic acid (EA), gallic acid, cinnamic acid, protocatechuic
acid, sanguiin H-4, sanguiin H-6, 23-hydroxytormentic
acid, and niga-ichgoside F [8]. Our group has investigated
the effect of R. coreanus byproducts on intestinal microor-
ganisms and the immune system to confirm their efficacy
as animal feed additives [9]. In this study, the effects of R.
coreanus byproducts fermented with R. coreanus-derived
LAB (L. plantarum GBL 16 and 17) and three types of LAB
(L. plantarum, L. acidophilus, B. animalis) on the body weight,
immunomodulation, and intestinal microbiome composi-
tion of rats were investigated.

MATERIALS AND METHODS

All experimental protocols involving animals in the present
study were approved by the Institutional Animal Care and
Use Committee (IACUC) of Gyeongnam National University
of Science and Technology (No. 2017-7).

Animals and diets
R. coreanus byproducts were prepared according to the
method of Yu et al [9], and L. plantarum GBL16 (Accession
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No. KCCM11621p) and 17 (Accession No. KCCM11622p)
separated from R. coreanus were cultivated two or more times
in de Man, Rogosa and Sharpe (MRS) medium (Difco, De-
troit, MI, USA) [10]. Twenty percent of LAB (L. plantarum
GBL 16 and 17, 10’ CFU/g) culture MRS broth was added to
feed consisting of R. coreanus byproducts, molasses, wheat
gluten, corn, and soybean meal, and then incubated at 25°C+
3°C for 4 to 5 days, dried to have less than 12% moisture
content, ground up and used as R. coreanus-derived LAB
fermented feed (RC-LAB fermented feed).

Five-week-old male rats (Sprague-Dawley) were purchased
from Samtako (Osan, Korea), and eight were placed in each
treatment group. Experiments were conducted with six treat-
ment groups which were the basal diet (AIN-76, Feed Lab,
Guri, Korea) feeding group (control group; C); the basal diet
with 1% RC-LAB fermented feed feeding group (T1); the
basal diet with 2% RC-LAB fermented feed feeding group
(T2); the basal diet with 2% L. plantarum feeding group (T3);
the basal diet with 2% L. acidophilus feeding group (T4); and
the basal diet with 2% Bifidobacterium animalis (B. animalis)
feeding group (T5).

The temperature and the relative humidity of the animal
housing were maintained at 22°C+3°C and 55%+5%, re-
spectively, and the light and dark cycles were 12 hours. The
rats were fed the diets mentioned above for eight weeks on
ad libitum feeding after the 7-day acclimatization period
and always had free access to water. Weight and feed intake
were recorded once a week during the experimental period.

DNA extraction and next-generation sequencing

To analyze microbiota composition in the intestinal tract,
fecal samples were collected after all rats were euthanized
with diethyl ether and stored at —80°C for genomic DNA
(gDNA) extraction. DNA was extracted using Fecal DNA
MiniPrep Kits (Zymo Research, Irvine, CA, USA), and the
sequence was analyzed using next-generation sequencing
(NGS; Illumina MiSeq; Chunlab Inc., Seoul, Korea) and
CLcommunity software [11]. We compared through literature
review six types of pathogenic microorganisms (Clostridium,
Bacteroides, Prevotella, Mollicutes, Porphyromonas, and
Campylobacter), six types of obesity microorganisms, six
types of antiobesity microorganisms (Roseburia, Oscillibacter,
Mollicutes, Coprobacillus, Allobaculum, and Faecalibaculum),
six types of LAB (Lactobacillus, Subdoligranulum, Streptococcus,
Bifidobacterium, Enterococcus, and Pediococcus), and 11 types
of butyric acid bacteria (Eisenbergiella, Propionibacterium,
Eubacterium, Pseudoflavonifractor, Ruminococcus, Roseburia,
Butyricicoccus, Coprococcus, Subdoligranulum, Fusobacterium,
and Butyrivibrio) by classifying them into functional micro-
organism.

Quantitative polymerase chain reaction and real-time
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reverse transcriptase polymerase chain reaction
Rotor-Gene SYBR Green PCR Kits and Rotor-Gene Q (Qia-
gen, Hilden, Germany) were used for quantitative polymerase
chain reaction (qQPCR) to analyze changes in major intestinal
microflora. To investigate the effect on T-cell polarization,
transcription factors, cytokine, and expression of Galectin-9
were analyzed. The methods suggested by Yu et al [9] were
used for the separation and analysis of RNA from spleen and
mesenteric lymph nodes (MLNs), all primers, qPCR, and
real-time reverse transcriptase polymerase chain reaction
(RT-PCR) cycling conditions. Glycolytic glyceraldehyde-
3-phosphate dehydrogenase was used for normalization. To
analyze the effect of RC-LAB fermented feed and three types
of LAB on T cell polarization, the expression of transcription
factors (T-bet for Th1, GATA 3 for Th2 cells, RAR-related
orphan receptor gamma T [RORYT] for Th17 cells, and fork-
head box P3 [Foxp3] for Treg cells), cytokines (IFN-y for
Thl cells, IL-4 for Th2 cells, and IL-17 for Th17 cells and IL-
10 for Treg cells), and Galectin-9 were measured.

Statistical analysis

All results were represented by meantstandard deviation,
and SPSS Statistics v20 (IBM, Armonk, New York, USA) was
used to analyze Duncan's multiple range test at p<0.05 level.

RESULTS

Body weight, daily gain, daily feed intake, and feed
efficiency in rats
Body weight, daily gain, daily feed intake and feed efficiency
were analyzed to investigate the effects of RC-LAB ferment-
ed feed and three types of LAB (L. plantarum, L. acidophilus,
B. animalis) on the growth of the rats (Table 1). T1 showed
no difference in average daily gain (ADQG), average feed intake
(ADFI), and feed efficiency (FE) compared to C.

However, T1 showed higher ADG and FE compared to
other LAB treatment groups (T3, T4, T5), including T2 (p<
0.05). T2 showed no difference in ADFI, but had significantly
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lower FE and ADG compared to T1 (p<0.05). In particular,
T2, T4, and T5 had substantially lower ADG than C and T'1
(p<0.05). As a result, T1 maintained a similar ADFI and FE
to G, increasing ADG.

Th1, Th2, Th17, Treg cells, and Galectin-9 activity in
MLN and spleen

RNA expression of MLN Galectin-9 gene, known to induce
the immune response of Treg cells, was increased in T2, T3,
and T4 (LAB groups) compared to C (p<0.05) (Figure 1). The
RNA expression of the Galectin-9 gene in the spleen showed
a tendency to increase in all treatment groups compared to
C.In MLN, the cytokine IFN-y and the transcription factors
of Th1 cells increased in all treatment groups compared to
C (p<0.05), and the cytokine IL-4 and the transcription fac-
tors GATA-3 of Th2 cells decreased in all treatment groups
compared to C (p<0.05). Cytokine IL-17 and the transcription
factors RORy-T in Th17 cells were reduced in all treatment
groups compared to C (p<0.05), and cytokine IL-10 and the
transcription factors Foxp3 in Treg cells were increased in all
processing ports compared to C (p<0.05) (Figure 2). Also, in
the spleen, like with MLN, the cytokines and the transcrip-
tion factors of Th1 and Treg cells increased in all treatment
groups compared to C, and those of Th2 and Th17 cells de-
creased in all treatment groups compared to C (p<0.05)
(Figure 3). Cytokines and the transcription factors of Thl
and Treg cells increased the transcription level, while those
of Th2 and Th17 cells decreased the level. Therefore, it was
found that the LAB treatments regulate immunity in rats.
The expression of MLN Galectin-9 was significantly increased
in all treatment groups compared to C (Figure 1) (p<0.05).
Also, the expression of spleen Galectin-9 showed a tendency
to rise in all treatment groups compared to C.

Changes in gut microbiota composition by next-
generation sequencing

The effect of RC-LAB fermented feed and three types of
LAB feeding on the gut microbiota composition in rats was

Table 1. Body weight, daily gain, daily feed intake, and feed efficiency in rats by the treatment group

Items c T1 T2 T3 T4 T5

Initial body weight (g) 189.75+2.01° 189.65+2.01° 189.92+3.47° 187.27+3.26° 189.52+3.97° 189.82+2.60°
Finished body weight (q) 425.75+0.77° 429.40+0.60° 409.88+0.44®  414.68+0.29° 410.83+0.44° 408.33+0.71°
Average daily gain (q) 4.92+0.03" 4.99+0.05° 4.58+0.07° 474+0.07* 4.61+0.09° 4.55+0.07°
Average daily feed intake () ~ 22.20+0.41™ 21.28+0.29%® 21.17+0.29° 21.65+0.38% 22.64+0.14° 21.84+0.28"
Feed efficiency 0.22+0.004% 0.23+0.004° 0.22+0.006%* 0.22+0.006 0.20+0.003° 0.21+0.005%

RC-LAB, Rubus coreanus-derived lactic acid bacteria; SD, standard deviation; FBD, finished body weight; ADG, average daily gain; ADFI, average daily feed

intake.
Data represent means + standard deviation of 8 replicates.

¢, control; T1, 1% RC-LAB fermented feed; T2, 2% RC-LAB fermented feed; T3, 2% L. plantarum; T4, 2% L. acidophilus; T5, 2% B. animalis.
FBD and ADG increased when RC-LAB fermented feed (T1) was fed as compared to LAB treatment group. FBD and ADG were the lowest in 2% B. animalis

(T5) among the three LAB treatment groups.
“¢ Means are significantly different within the same row (p<0.05).

158 www.animbiosci.org



Yu et al (2023) Anim Biosci 36:156-166

123
1.05
c
= g be
=% 085 be
q
£9
E_E. ab ab
c ;.E 0.65
<3 a
0.45 —i
c T1 T2 T3 T4 TS

Galectin-9 ratio

/1137

1.80
1.60
g
3
S 140
=
k=
=
- ' ' I
c T1 yv) Y& T4 5

Figure 1. Galectin-9 expression in mesenteric lymph nodes (MLN, left) and spleen (right) by RT-PCR analysis. Data represent means+standard de-
viations of 8 replicates. RC-LAB, Rubus coreanus-derived lactic acid bacteria; C, control; T1, 1% RC-LAB fermented feed; T2, 2% RC-LAB fermented
feed; T3, 2% L. plantarum; T4, 2% L. acidophilus; T5, 2% B. animalis. *° Means are significantly different within the same row (p<0.05).

investigated (Table 2, Figure 4). At the phylum level, Firmicutes
and Bacteroidetes account for more than 90% of the gut
microbiota composition in the control and the LAB treat-
ment groups, indicating that they are the dominant bacteria
among the intestinal microorganisms. The F/B ratio was
the lowest in T2 and T5, which showed lower ADG com-
pared to the control (p<0.05). The phylum Firmicutes showed
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all treatment groups compared to C (Table 2). Class Clos-
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significantly lower in T2 and T5, showing the lowest ADG
compared to the basic diet of the control group (p<0.05).
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Figure 2. Th1, Th2, Th17, and Treg cells transcription factors and cytokines expression in MLN by real-time reverse transcriptase polymerase
chain reaction analysis. T-bet, IFN-y (Th1, A), GATA-3, IL-4 (Th2, B), RORYT, IL-17 (Th17, C), and Foxp3, IL-10 (Treg, D). Data represent means:-
standard deviations of 8 replicates. RC-LAB, Rubus coreanus-derived lactic acid bacteria; T-bet, T-box expressed in T cells; GATA 3, GATA binding
protein 3; RORyT, RAR-related orphan receptor gamma T; Foxp3, forkhead box P3; IFN-y, interferon-gammea; IL-4, interleukin-4; C, control; T1, 1%
RC-LAB fermented feed; T2, 2% RC-LAB fermented feed; T3, 2% L. plantarum; T4, 2% L. acidophilus; T5, 2% B. animalis. *° Means are significantly

different within the same row (p<0.05).
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Figure 3. Th1, Th2, Th17, and Treg cells transcription factors and cytokines expression in spleen by real-time reverse transcriptase polymerase
chain reaction analysis. Data represent meanststandard deviations of 8 replicates. RC-LAB, Rubus coreanus-derived lactic acid bacteria; T-bet,
T-box expressed in T cells; IFN-y, interferon-gamma; GATA 3, GATA binding protein 3; IL-4, interleukin-4; RORyT, RAR-related orphan receptor gam-
ma T, Foxp3, forkhead box P3; C, control; T1, 1% RC-LAB fermented feed; T2, 2% RC-LAB fermented feed; T3, 2% L. plantarum; T4, 2% L. acidophi-
lus; T5, 2% B. animalis. T-bet, IFN-y (Th1, A), GATA-3, IL-4 (Th2, B), RORYT, IL-17 (Th17, C) and Foxp3, IL-10 (Treg, D). *° Means are significantly dif-
ferent within the same row (p<0.05).

Table 2. Influence of RC-LAB fermented feed and 3 types of LAB on the relative abundance of dominant of phyla, classes and familia in the diges-
tive tract of rats by next-generations sequencing

Treatments”
I 2 c T T2 T3 T4 T5
tems
n=8 n=8 n=8 n=8 n=8 n=8
mean% mean% mean% mean% mean% mean%
Firmicutes 77.04+2.31° 75.13+2.36° 72.70+1.13° 75.89+2.15° 75.77+1.13° 66.56+0.75°
Clostridia 66.16+2.51° 61.04+1.56* 57.68+1.58% 60.58+1.26™ 60.67+2.28" 52.47+2.39°
Eisenbergiella 6.15+0.60° 10.79+0.76" 9.20£0.61° 11.62+0.73° 11.17+0.76 9.38+0.68"
Romboutsia 3.85+0.66° 2.98+0.43" 1.21+0.20° 3.37+0.51™ 3.60+0.38° 2.12+0.24%®
Eubacterium_g17 2.01+0.25° 3.85+0.42" 3.81+0.35" 4.06+0.69" 4.85+0.66" 3.31+0.37*
Bacilli 17.50+1.40° 11.48+1.28° 8.42+0.83%* 11.62+1.19° 11.75+0.93° 6.57+0.86°
Lactobacillus 10.71+0.58° 11.19+0.64° 8.22+0.74° 11.46+0.70° 11.57+0.69° 6.25+0.47°
Bacteroidetes 19.27+1.43° 22.04+0.99° 24.94+0.80° 22.24+1.14° 21.46+1.13° 29.47+1.43°
Bacteroidia 13.45+1.61° 20.54+0.52° 23.77+0.83° 21.91+1.60° 19.79+1.90° 28.84+1.16°
Prevotella 5.55+0.67° 0.46+0.73™ 11.42+0.77° 8.61+0.79" 8.20+0.75° 7.47+0.84®
Alistipes 1.89+0.40° 2.60+0.25° 2.82+0.46° 3.46+0.44° 3.32+0.35° 3.15+0.38°
S24-7_f_uc 1.63+0.25° 1.58+0.30° 2.05+0.19° 2114018 2.19+0.32° 1.97+0.27°

Data represent means + standard deviations of 8 replicates.

RC-LAB, Rubus coreanus-derived lactic acid bacteria.

¢, control; T1, 1% RC-LAB fermented feed; T2, 2% RC-LAB fermented feed; T3, 2% L. plantarum; T4, 2% L. acidophilus; T5, 2% B. animalis.

? Statistical tests of over-or under-representation of bacterial lineages among at each sample were made at the phylum, class and family levels using
Duncan's multiple range test.

““ Means are significantly different within the same row (p<0.05).
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Figure 4. Influence of RC-LAB fermented feed and 3 types of LAB on
the relative abundance of phyla Firmicutes and Bacteroidetes in the
digestive tract of rats by next generation sequencing (lllumina MiS-
eq; Chunlab Inc., Seoul, Korea). RC-LAB, Rubus coreanus-derived lac-
tic acid bacteria. Data represent meanststandard deviations of 8
replicates. C, control; T1, 1% RC-LAB fermented feed; T2, 2% RC-LAB
fermented feed; T3, 2% L. plantarum; T4, 2% L. acidophilus; T5, 2% B.
animalis. *° Means are significantly different within the same row
(p<0.05).

increased in all treatment groups compared to C, and fam-
ily Eubacterium_g17 increased in T1, T2, T3, and T4 (p<
0.05). Class Bacilli of phylum Firmicutes decreased in all
treatment groups compared to C (p<0.05), and family Lac-
tobacillus of class Bacilli was the lowest in T2 and T5 showing
a low ADG (p<0.05). Class Bacteroidia of phylum Bacte-
roides increased in all treatment groups compared to C (p<
0.05), and family Prevotella of class Bacteroidia increased in
T1, T2, T3, and T4 compared to C (p<0.05). Lastly, Alistipes
and S24-7_f uc showed an increasing tendency in all treat-
ment groups compared to C.

Changes in pathogen, obesity, antiobesity, lactic acid,
and butyric acid bacteria in the gut microbiota
composition by next-generation sequencing

Pathogens and obesity microorganisms decreased in T3, T4,
and T5 compared to C (p<0.05), while antiobesity microor-
ganisms increased in T3, T4, and T5 (p<0.05). In addition,
LAB increased in T1, T3, T4, and T5 compared to C (p<0.05),
and butyric acid bacteria also increased in all treatment groups
compared to C (p<0.05) (Figure 5).

/1137

Changes in major intestinal microflora by qPCR
analysis

The qPCR was performed using 12 types of major intestinal
microflora after the completion of feeding trials to analyze
the effect of RC-LAB fermented feed and three types of LAB
feeding on the major intestinal microflora (Table 3). In the
treatment groups, potential colonizers Bacteroides spp., which
make up a significant fraction of the gut bacteriome [12],
showed an increasing tendency compared to C in the gPCR
as well as in the results of the NGS as shown in Table 2. In
particular, there was a significant increase in T5, which lost
the most weight (p<0.05).

There was no difference between the control group and
treatment groups for Roseburia spp., Faecalibacterium praus-
nitzii, Ruminococcus spp. in SCFAs-producing bacteria, and
Weissella koreensis in LAB. Bifidobacterium spp., Methanogens,
Oscillospira spp., Leuconostoc citreum, and Weissella cibaria
increased significantly in the treatment groups (p<0.05), and
Bifidobacterium spp. increased in T5 the most (p<0.05). In
addition, Leuconostoc mesenteroides significantly increased
in T3, T4, and T5 compared to C (p<0.05). Lactobacillus
sakei increased in the Lactobacillus groups (T1, T2, T3, and
T4) except for the Bifidobacterium lactis group (T5) com-
pared to C (p<0.05), especially in T3 and T4 (p<0.05).

DISCUSSION

Among the major active compounds of R. coreanus, the EA
having antiobesity and antioxidant properties is metabolized
and absorbed into urolithins (3,4-benzocoumarin derivatives)
by microbial fermentation. In high-fat diet (HFD)-induced
obese C57BL/6 mice, R. coreanus-derived EA is effective in
inhibiting body weight gain and improving lipid profile [13].
In the results of this study, there was no difference in ADFI
between T1 and T2, but the reason that FE and ADG were
lower in T2 is presumed to be the antiobesity effect of EA
(Table 1).

Hric et al [14] investigated the effect of consuming LAB-
rich (such as Lactococcus, Streptococcus, Lactobacillus, and
Enterococcus) Bryndza cheese on middle-aged women's in-
testinal microorganisms and on short weight loss programs
(4 weeks). It was reported that the relative abundance of LAB
(Lactobacillales, Streptococcaceae, Lactococcus, and Strepto-
coccus) significantly increased in the intestines of women who
ingested Bryndza cheese, and short-chain fat acid producers
also significantly increased, improving body composition
(body weight, height, body fat percentage, amount of fat
mass and muscle mass).

Takahashi et al [15] evaluated the effect of Bifidobacterium
animalis ssp. lactis GCL2505 (B. lactis GCL2505) on abdominal
visceral fat storage for overweight and mildly obese Japanese
adults. Subcutaneous abdominal fat areas significantly de-
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Figure 5. Comparison of the relative abundance in 6 types of pathogen bacteria, 6 types of obesity bacteria, 6 types of antiobesity bacteria, 6 types
of lactic acid bacteria and 11 types of butyric acid bacteria in the gut microbiota composition by next generation sequencing (lllumina MiSeg; Chunlab
Inc., Seoul, Korea). C, control; T1, 1% RC-LAB fermented feed; T2, 2% RC-LAB fermented feed; T3, 2% L. plantarum; T4, 2% L. acidophilus; T5, 2% B. ani-
malis. (A) 6 types of pathogen bacteria (Clostridium, Bacteroides, Prevotella, Mollicutes, Porphyromonas, Campylobacter); and (B) 6 types of obesity
bacteria (Roseburia, Oscillibacter, Mollicutes, Coprobacillus, Allobaculum, Faecalibaculum); and (C) 6 types of antiobesity bacteria (Prevotella, Alistipes,
Bacteroides, Prevotellaceae, Bacteroides, Parabacteroides); and (D) 6 types of lactic acid bacteria (Lactobacillus, Subdoligranulum, Streptococcus, Bi-
fidobacterium, Enterococcus, Pediococcus); and (E) 11 types of butyric acid bacteria (Eisenbergiella, Propionibacterium, Eubacterium, Pseudoflavoni-
fractor, Ruminococcus, Roseburia, Butyricicoccus, Coprococcus, Subdoligranulum, Fusobacterium, Butyrivibrio). RC-LAB, Rubus coreanus-derived lactic
acid bacteria. Data represent meanszstandard deviations of 8 replicates. “ Means are significantly different within the same row (p<0.05).

162 www.animbiosci.org



Yu et al (2023) Anim Biosci 36:156-166

Table 3. Comparison of short-chain fatty acids-producing bacteria and LAB containing gut-dominant microorganisms by quantitative polymerase

chain reaction

/1137

Soeci Treatments”
pectes c T1 T2 T3 T4 T5

Bacteroides spp. 4.99+0.22° 6.42+0.56° 5.31+0.20° 6.33+0.70° 6.26+0.13° 8.72+0.64"
Roseburia spp. 5.10+0.51° 6.59+0.62° 6.05+0.41° 6.98+0.36° 6.48+0.35° 6.73+0.25°
Faecalibacterium prausnitzii 2.88+0.32° 2.95+0.12° 3.00+0.34° 3.62+0.19° 3.20+0.30° 3.23+0.15°
Ruminococcus spp. 3.16+0.19° 3.38+0.06° 3.55+0.21° 3.64+0.16° 3.75+0.23° 3.97+0.19°
Bifidobacterium spp. 2.54+0.14° 6.72+0.10° 5.17+0.15" 6.02+0.40° 6.38+0.27° 8.73+0.18"
Methanogens 1.44+0.05° 2.41+0.10™ 1.99+0.06° 2.47+0.10° 2.2140.23" 2.35+0.16™
Oscillospira spp. 1.49+0.17° 2.09+0.06° 2.07£0.11° 2.49+0.12° 2.48+0.14° 2.40£0.17°
Leuconostoc mesenteroides 2.51+0.29° 3.01£0.12® 2.92+0.20® 3.19+0.14° 3.36+0.13 3.47+0.24°
Leuconostoc citreum 2.63+0.13° 3.20+0.14° 3.09+0.13" 3.15+0.10° 3.34+0.15 3.11+0.09°
Weissella cibaria 2.22+0.25° 6.57+0.14° 6.58+0.15" 6.28+0.16° 6.55+0.26" 6.52+0.12°
Weissella koreensis 1.76+0.18° 1.93+0.05° 1.96+0.09° 1.96+0.03° 2.10+0.07° 1.99+0.08°
Lactobacillus sakei 3.33+0.14° 4.52+0.20" 4.23+0.06" 516+0.17° 5.12+0.20° 427+0.14®

Data represent means + standard deviations of 8 replicates.
LAB, lactic acid bacteria.

¢, control: T1, 1% RC-LAB fermented feed: T2, 2% RC-LAB fermented feed; T3, 2% L. plantarum; T4, 2% L. acidophilus; T5, 2% B. animalis.

“¢ Means are significantly different within the same row (p<0.05).

creased in the Bifidobacterium animalis ssp. lactis group, but
the total number of fecal bifidobacteria increased dramati-
cally. They said that Bifidobacterium animalis ssp. lactis could
act as a specific functional food to achieve the visceral fat reduc-
tion of overweight or mildly obese indications. Bifidobacterium
animalis ssp. increases the gut SCFA levels of mice and shows
anti-metabolic syndrome effects through the SCFA receptor
G protein-coupled receptor 43 (GPR43).

Sousa et al [16] reported that the direct administration of
Lactobacillus supernatant into the rat central nervous system
resulted in a decrease in body weight and an increase of the
leptin expression in a specific area of the brain and retroper-
itoneal adipose tissue.

Cheng and Liu [17] stated that feeding a HFD to mice in-
creased the proportion of Proteobacteria and the ratio of
Firmicutes/Bacteroidetes of the microbiota. However, HFD
with a high-dose Lactobacillus rhamnosus GG (LGG) re-
stored exogenous leptin responsiveness, increased the ratio
of villus height to crypt depth, and reduced the proportion
of the Proteobacteria in the fecal microbiota.

Supplementing Lactobacillus rhamnosus fermented milk
to old mice has been shown to alleviate the immunosenes-
cence-associated Th1/Th2 imbalance and improve antioxidant
capacity [18]. Oral administration of L. paracasei KBL 382
decreased the production of Th1, Th2, and Th17 type cyto-
kines in skin issues and increased the production of the
anti-inflammatory cytokine IL-10 [19]. It also increased
the proportion of CD4" CD25" Foxp3" regulatory T cells in
MLNs. Furthermore, it dramatically changed the gut mi-
crobiota composition of atopic dermatitis (AD) mice and
alleviated AD-like symptoms by controlling the immune
response.

Bifidobacteria is one of the probiotics used to treat intesti-
nal diseases. B. infantis increases the level of Thl cytokines
in mice and decreases the level of Th2 cytokines resulting in
having the therapy effects of allergic asthma. In addition, Bi-
fidobacterium pseudocatenulatum CECT 7765 restores the
balance between regulatory T cells (Tregs) and B lymphocytes,
and reduces the adaptive (IL-17A) and innate tumor necro-
sis factor-a (TNF-a) immunity and the pro-inflammatory
cytokines of endotoxemia resulting in the reduction of obe-
sity-associated systemic inflammation [20]. Bifidobacterial
administration restores HFD-induced alternations in the
microbiota. In other words, it reduces body weight gain and
the abundance of Firmicutes and LPS-producing Proteo-
bacteria. Immune cellular mechanisms identified that the
administration of a specific Bifidobacterium strain weakened
the inflammatory cascade associated with diet-induced
obesity, which is relevant to regulating the gut microbiota
structure. Bifidobacteria settle in the human gastrointesti-
nal tract immediately after birth when interaction with the
host begins [21]. The health benefits of Bifidobacteria vary
from strain to strain and may be due to polysaccharide
production. Probiotics intake can prevent obesity, irritable
bowel syndrome, eczema or atopic dermatitis, and asthma.
Bifidobacteria and lactobacilli can be used as a prophylactic
treatment for enteric pathogens, antibiotic-associated diar-
rhea, lactose intolerance, ulcerative colitis, irritable bowel
syndrome, colorectal cancer, cholesterol reduction, and for
controlling obesity and metabolic disorders.

Galectins are the soluble form of lectins and show specific
binding activity for beta-galactoside sugars. Galectin-1, -2,
-3, -4, -9 are typically expressed in the gastrointestinal tract,
and are involved in the regulation of intestinal homeostasis
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and immunity. In particular, galectin-9 directly binds to CD44
(single-pass transmembrane glycoprotein) to promote Foxp3
expression of Tregs, which inhibits exclusive Th2 responses
[22].

YK4 (probiotic mixture consisting of Lactobacillus aci-
dophilus CBT LA1, L. plantarum CBT LP3, Bifidobacterium
breve CBT BR3, and B. lactis CBT BL3) inhibits the expression
of skin thymic stromal lymphopoietin and serum immu-
noglobulin E induced by the excessive Th 2 cell-mediated
responses of mice, thus mitigating AD [23]. YK4 also in-
hibits the Th2 cell population by inducing proportions of
Thl cells in the spleen and proportions of Treg cells in Peyer’s
patches and MLNs. CD103+ dendritic cells (DCs) treated
with YK4 induce differentiation of naive T cells toward Th1
and Tregs to inhibit the Th2 response and increased galectin-9
expression in the gut.

A specific oligosaccharide mixture can control the immune
response by improving the galectin-9 levels. Galectin-9 in-
duces the polarization of Th1 and Treg cells in the presence
of bacterial-derived CpG DNA or synthetic toll-like receptor
9 (TLR9) ligand CpG-oligonucleotide (ODN). Immunos-
timulatory properties are associated with high GC content
(unmethylated CpG motifs) preserved in the bacterial ge-
nome, where CpG motif activates TLR9 and induces Th1-
type immune responses. CpG motifs are more present in
prokaryotes (95% of CpG motifs are unmethylated) than in
eukaryotes (10 to 30% of CpG motifs are unmethylated). Bi-
fidobacteria has an average GC content of 60.1% whereas the
average GC content of Lactobacillus is 46.61%, so Bifidobacteria
has a 14.49% higher GC content than Lactobacillus [24].

Species in the phyla Bacteroidetes and Firmicutes account
for more than 90% of the gastrointestinal microbiota. Changes
in the proportion of these two bacterial groups were found
to have contrasting health effects, including obesity and in-
flammatory diseases. Obese mice have an increased relative
abundance of phylum Firmicutes and a decreasing relative
abundance of phylum Bacteroidetes, which is reversed when
diet-induced weight loss occurs. As the Firmicutes to Bacte-
roidetes (F/B) ratio increases, the ability to ferment dietary
polysaccharides into SCFA increases. According to the liter-
ature review, it is unclear whether the F/B ratio and SCFAs
can be considered biomarkers for obesity. The F/B ratio and
SCFAs are interrelated, as most butyrate producers are in-
cluded in the phylum Firmicutes [25]. However, many more
species cannot produce SCFA in Firmicutes.

Clostridium, a genus of phyla Firmicutes, is one of the
largest prokaryotic genera, including the heterogeneous
group of rod-shaped, anaerobic and spore-forming bacteria.
The importance of this genus is reflected by more than 42,000
entries in the PubMed database and by approximately 1,700
genome sequences regarding this group deposited in the
GenBank database. This group includes important human
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and animal pathogens such as C. botulinum, C. tetani, and C.
difficile, and industrially relevant microorganisms such as C.
acetobutylicum. Commensal Clostridia has the bile acid-in-
ducible (bai) operon, which allows for the conversion of
cholate (CA) to deoxycholate (DCA) and the gut microbiota-
derived secondary bile acids DCA provides colonization
resistance to Clostridioides difficile [26].

The genus Eubacterium is a core human gut microbiome
and plays an important role in supporting energy homeostasis,
colonial motility, immunomodulation, and the suppression
of gut inflammation. Many species of the genus Eubacterium
are considered promising targets of microbial therapeutics.
Specific strains, especially butyrate-producing microbes that
belong to genera Eubacterium, Roseburia, and Faecalibacte-
rium, ultimately benefit animal health in the same way as
strains in Lactobacillus and Bifidobacterium [27].

Genus Lactobacillus are rod-shaped, gram-positive, non-
spore-forming, facultative anaerobic bacteria in the phylum
Firmicutes. Lactobacillus is the largest genus in the LAB group
that makes carbohydrates into lactic acid [28].

Phylum Bacteroidetes are rod-shaped gram-negative bac-
teria rich in animal guts and skins as well as the environment,
and can make up more than 60% of microbial communities.
Members of the phylum Bacteroidetes can convert intracta-
ble carbon sources into biomass and short chain fatty acids
[29].

The genera Prevotella is one of the most dominant genera
in the large intestine of pigs. Prevotella-driven enterotype
shows positive associations with economically important
traits in food animal production, including feed intake, feed
efficiency, weight gain, and incidence of diarrhea, and plays
an important role in helping Prevotella mediate growth per-
formance and disease resilience [30]. Alistipes are anaerobic,
gram-negative bacteria found in the healthy human gastro-
intestinal (GI) tract microbiota. Alistipes finegoldii can assemble
membrane lipids using medium- and long-chain fatty acid
nutrients available in the gut environment [31].

Genera S24-7_F _uc, Lactobacillus, Ruminococcus, Olsenella,
Enterohabdus, Sphingobacterium, Pseudomonas, Alistipes,
Ochrobactrum, Bradyr-hizobium, Mucispiruillum, Acetatifactor,
and Bacillus show positive relationships with the markers for
brain and gastrointestinal health, whereas Clostridium, Adler-
creutzia, Turicibacter, Enterococcus, Caproiciproducens, and
Desulfovibrio show high negative relationships with chronic
stress markers such as serum corticosterone concentration,
anxiety-like behaviors, proapoptotic molecules, and inflam-
matory mediators [32]. These results indicate that the intestinal
microbiota composition is significantly affected by external
chromatic stress and is related to brain function and behav-
ioral properties. Mechanisms in which probiotics protect
hosts from infections include epithelial barrier enhancement,
pathogen adhesion suppression, antibacterial substance syn-
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thesis, toxins or toxin receptor modification, and non-specific
and specific immune response stimuli for pathogens [33].

Changes in diversity and richness of microorganisms are
associated with SCFA composition, energy homeostasis, and
inflammation. However, the relationship between gut mi-
crobiota and energy homeostasis is complicated because
variables such as genes, age, and diet affect gut microbiota
(34].

CONCLUSION

Our results demonstrate a role for LABs in regulating the
structure and function of the intestinal microbiota. In addition,
our data reveal new insights into the role of supplementing
feed additives that could lead to therapeutic developments
for intestinal health.

FUNDING

This research was supported by the Economic Cooperation
Industrial Development Project (No. R0005730), Ministry
of Trade, Industry, and Energy, Korea.

REFERENCES

1. Ma Y, Ma S, Chang L, et al. Gut microbiota adaptation to
high altitude in indigenous animals. Biochem Biophys Res
Commun 2019;516:120-6. https://doi.org/10.1016/j.bbrc.
2019.05.085

2. De Clercq NC, Groen AK, Romijn JA, Nieuwdorp M. Gut
microbiota in obesity and undernutrition. Adv Nutr 2016;7:
1080-9. https://doi.org/10.3945/an.116.012914

3. Vinderola G, Ouwehand A, Salminen S, von Wright A. Lactic
acid bacteria: Microbiological and functional aspects. Boca
Raton, FL, USA: CRC Press; 2019.

4. Raheem A, Liang L, Zhang G, Cui S. Modulatory effects of
probiotics during pathogenic infections with emphasis on
immune regulation. Front Immunol 2021;12:616713. https://
doi.org/10.3389/fimmu.2021.616713

5. Zeng W, Shen J, Bo T, et al. Cutting Edge: Probiotics and
fecal microbiota transplantation in immunomodulation. ]
Immunol Res 2019;2019:1603758. https://doi.org/10.1155/
2019/1603758

6. Kim CH. Control of lymphocyte functions by gut microbiota-
derived short-chain fatty acids. Cell Mol Immunol 2021;18:
1161-71. https://doi.org/10.1038/s41423-020-00625-0

7. Kim HW, Hong R, Choi EY, et al. A probiotic mixture regulates
T cell balance and reduces atopic dermatitis symptoms in
mice. Front Microbiol 2018;9:2414. https://doi.org/10.3389/
fmicb.2018.02414

8. Om AS, Song YN, Noh GM, Kim HR, Choe JS. Nutrition
composition and single, 14-day and 13-week repeated oral

/1137

dose toxicity studies of the leaves and stems of Rubus coreanus
Miquel. Molecules 2016;21:65. https://doi.org/10.3390/
molecules21010065
9. Yu DY, Kim SH, Kim JA, et al. Effects of Rubus coreanus

byproducts on intestinal microbiota and the immune modul-
ation. Asian-Australas ] Anim Sci 2018;31:429-38. https://
doi.org/10.5713/ajas.17.0733

10. de Man JC, Rogosa M, Sharpe ME. A medium for the culti-
vation of lactobacilli. ] Appl Bacteriol 1960;23:130-5. https://
doi.org/10.1111/§.1365-2672.1960.tb00188 x

11. Jeon YS, Park SC, Lim ], Chun J, Kim BS. Improved pipeline
for reducing erroneous identification by 16S rRNA sequences
using the Illumina MiSeq platform. ] Microbiol 2015;53:60-
9. https://doi.org/10.1007/s12275-015-4601-y

12. Zafar H, Saier M. Gut Bacteroides species in health and
disease. Gut Microbes 2021;13:1848158. https://doi.org/10.
1080/19490976.2020.1848158

13. Kim KJ, Jeong ES, Lee KH, et al. Unripe Rubus coreanus
miquel extract containing ellagic acid promotes lipolysis
and thermogenesis in vitro and in vivo. Molecules 2020;25:
5954. https://doi.org/10.3390/molecules25245954

14. Hric I, Ugrayova S, Penesova A, et al. The Efficacy of short-
term weight loss programs and consumption of natural pro-
biotic Bryndza cheese on gut microbiota composition in
women. Nutrients 2021;13:1753. https://doi.org/10.3390/
nul3061753

15. Takahashi S, Anzawa D, Takami K, et al. Effect of Bifidobac-
terium animalis ssp. lactis GCL2505 on visceral fat accumulation
in healthy Japanese adults: a randomized controlled trial.
Biosci Microbiota Food Health 2016;35:163-71. https://doi.
org/10.12938/bmfh.2016-002

16. Sousa R, Halper J, Zhang J, et al. Effect of Lactobacillus acido-
philus supernatants on body weight and leptin expression
in rats. BMC Complement Altern Med 2008;8:5. https://doi.
0rg/10.1186/1472-6882-8-5

17. Cheng YC, Liu JR. Effect of Lactobacillus rhamnosus GG
on energy metabolism, leptin resistance, and gut microbiota
in mice with diet-induced obesity. Nutrients 2020;12:2557.
https://doi.org/10.3390/nu12092557

18. Sharma R, Kapila R, Dass G, Kapila S. Improvement in Th1/
Th2 immune homeostasis, antioxidative status and resistance
to pathogenic E. coli on consumption of probiotic Lacto-
bacillus rhamnosus fermented milk in aging mice. AGE
2014;36:9686. https://doi.org/10.1007/s11357-014-9686-4

19. Kim WK, Jang YJ, Han DH, et al. Lactobacillus paracasei
KBL382 administration attenuates atopic dermatitis by modul-
ating immune response and gut microbiota. Gut Microbes
2020;12:1819156. https://doi.org/10.1080/19490976.2020.
1819156

20. Moya-Pérez A, Neef A, Sanz Y. Bifidobacterium pseudocate-
nulatum CECT 7765 reduces obesity-associated inflammation
by restoring the lymphocyte-macrophage balance and gut

www.animbiosci.org 165


https://doi.org/10.1016/j.bbrc.2019.05.085
https://doi.org/10.1016/j.bbrc.2019.05.085
https://doi.org/10.3945/an.116.012914
https://doi.org/10.3389/fimmu.2021.616713
https://doi.org/10.3389/fimmu.2021.616713
https://doi.org/10.1155/2019/1603758
https://doi.org/10.1155/2019/1603758
https://doi.org/10.1038/s41423-020-00625-0
https://doi.org/10.3389/fmicb.2018.02414
https://doi.org/10.3389/fmicb.2018.02414
https://doi.org/10.3390/molecules21010065
https://doi.org/10.3390/molecules21010065
https://doi.org/10.5713/ajas.17.0733
https://doi.org/10.5713/ajas.17.0733
https://doi.org/10.1111/j.1365-2672.1960.tb00188.x
https://doi.org/10.1111/j.1365-2672.1960.tb00188.x
https://doi.org/10.1007/s12275-015-4601-y
https://doi.org/10.1080/19490976.2020.1848158
https://doi.org/10.1080/19490976.2020.1848158
https://doi.org/10.3390/molecules25245954
https://doi.org/10.3390/nu13061753
https://doi.org/10.3390/nu13061753
https://doi.org/10.12938/bmfh.2016-002
https://doi.org/10.12938/bmfh.2016-002
https://doi.org/10.1186/1472-6882-8-5
https://doi.org/10.1186/1472-6882-8-5
https://doi.org/10.3390/nu12092557
https://doi.org/10.1007/s11357-014-9686-4
https://doi.org/10.1080/19490976.2020.1819156
https://doi.org/10.1080/19490976.2020.1819156

/1137

21.

22.

23.

24.

25.

26.

27.

166

microbiota structure in high-fat diet-fed mice. PLoS One
2015;10:¢0126976. https://doi.org/10.1371/journal.pone.012
6976

Marras L, Caputo M, Bisicchia S, et al. The Role of Bifido-
bacteria in predictive and preventive medicine: A focus on
eczema and hypercholesterolemia. Microorganisms 2021;9:
836. https://doi.org/10.3390/microorganisms9040836
Blidner AG, Mendez-Huergo SP, Cagnoni AJ, Rabinovich
GA. Re-wiring regulatory cell networks in immunity by
galectin—glycan interactions. FEBS Lett 2015;589:3407-18.
https://doi.org/10.1016/j.febslet.2015.08.037

Kim HW, Ju DB, Kye YC, et al. Galectin-9 induced by dietary
probiotic mixture regulates immune balance to reduce atopic
dermatitis symptoms in mice. Front Immunol 2019;10:3063.
https://doi.org/10.3389/fimmu.2019.03063

Klinman DM. Immunotherapeutic uses of CpG oligode-
oxynucleotides. Nat Rev Immunol 2004;4:249-59. https://
doi.org/10.1038/nril1329

Houtman TA, Eckermann HA, Smidt H, de Weerth C. Gut
microbiota and BMI throughout childhood: the role of
firmicutes, bacteroidetes, and short-chain fatty acid producers.
Sci Rep 2022;12:3140. https://doi.org/10.1038/s41598-022-
07176-6

Reed AD, Nethery MA, Stewart A, Barrangou R, Theriot
CM. Strain-dependent inhibition of Clostridioides difficile
by commensal Clostridia carrying the bile acid-inducible
(bai) Operon. J Bacteriol 2020;202:¢00039-20. https://doi.
org/10.1128/JB.00039-20

Marco ML, Sanders ME, Génzle M, et al. The international
scientific association for probiotics and prebiotics (ISAPP)

www.animbiosci.org

28.

29.

30.

31.

32.

33.

34.

Yu et al (2023) Anim Biosci 36:156-166

consensus statement on fermented foods. Nat Rev Gastro-
enterol Hepatol 2021;18:196-208. https://doi.org/10.1038/
s41575-020-00390-5

Dempsey E, Corr SC. Lactobacillus spp. for gastrointestinal
health: Current and future perspectives. Front Immunol 2022;
13:840245. https://doi.org/10.3389/fimmu.2022.840245

de Ledn AV, Jahnes BC, Duan ], Camuy-Vélez LA, Sabree
ZL. Cultivable, host-specific Bacteroidetes symbionts exhibit
diverse polysaccharolytic strategies. Appl Environ Microbiol
2020;86:¢00091-20. https://doi.org/10.1128/ AEM.00091-20
Amat S, Lantz H, Munyaka PM, Benjamin P. Willing BP.
Prevotella in pigs: The positive and negative associations
with production and health. Microorganisms 2020;8:1584.
https://doi.org/10.3390/microorganisms8101584

Radka CD, Frank MW, Rock CO, Yao J. Fatty acid activation
and utilization by Alistipes finegoldii, a representative Bacteroidetes
resident of the human gut microbiome. Mol Microbiol 2020;
113:807-25. https://doi.org/10.1111/mmi.14445

Oh NS, JoungJY, Lee JY, et al. Glycated milk protein fermented
with Lactobacillus rhamnosus ameliorates the cognitive health
of mice under mild-stress condition. Gut Microbes 2020;11:
1643-61. https://doi.org/10.1080/19490976.2020.1756690
Bermudez-Brito M, Plaza-Diaz J, Mufioz-Quezada S, Gomez-
Llorente C, Gil A. Probiotic mechanisms of action. Ann Nutr
Metab 2012;61:160-74. https://doi.org/10.1159/000342079
Khan MJ, Gerasimidis K, Edwards CA, Shaikh MG. Role of
gut microbiota in the aetiology of obesity: Proposed mechanisms
and review of the literature. ] Obes 2016;2016:7353642. https://
doi.org/10.1155/2016/7353642/


https://doi.org/10.1371/journal.pone.0126976
https://doi.org/10.1371/journal.pone.0126976
https://doi.org/10.3390/microorganisms9040836
https://doi.org/10.1016/j.febslet.2015.08.037
https://doi.org/10.3389/fimmu.2019.03063
https://doi.org/10.1038/nri1329
https://doi.org/10.1038/nri1329
https://doi.org/10.1038/s41598-022-07176-6
https://doi.org/10.1038/s41598-022-07176-6
https://doi.org/10.1128/JB.00039-20
https://doi.org/10.1128/JB.00039-20
https://doi.org/10.1038/s41575-020-00390-5
https://doi.org/10.1038/s41575-020-00390-5
https://doi.org/10.3389/fimmu.2022.840245
https://doi.org/10.1128/AEM.00091-20
https://doi.org/10.3390/microorganisms8101584
https://doi.org/10.1111/mmi.14445
https://doi.org/10.1080/19490976.2020.1756690
https://doi.org/10.1159/000342079
https://doi.org/10.1155/2016/7353642/
https://doi.org/10.1155/2016/7353642/

