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Abstract

Lactococcus lactis subsp. cremoris is a lactic acid bacterium commonly used in the cheese manufacturing industry. It
is known to produce antibacterial peptides and has recently received attention for its role as a probiotic strain. Here,
we report the isolation of a new strain, Lactococcus lactis subsp. cremoris RPG-HL-0136 (RPG0136) from dried com-
post, which exhibits strong antibacterial activity. When RPG0136 was fed to mice, it increased the intestinal popula-
tion of two beneficial bacteria, Lactobacillus and Bifidobacterium, whereas it decreased the intestinal population of
two harmful bacteria, Bacteroides and Enterobacter. In addition, it increased the concentration of short-chain fatty
acids, including acetic acid, propionic acid, and butyric acid, with a simultaneous decrease in pH, and accelerated the
catabolic degradation of proteins, lipids, and starch. Lastly, RPG0136 increased the plasma IgG and intestinal mucosal
SIgA concentrations and upregulated Reg3r, MUCT, and MUC2 expression to improve the intestinal mucosal immune
function. The results of this study suggest that RPG0136 is a potential probiotic strain that supports the growth of a

beneficial microbiome by promoting the synthesis of organic acids and enhancing intestinal immune function.
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Introduction

The intestine is a major site for the digestion and absorp-
tion of nutrients and is colonized by various microor-
ganisms [1]. Numerous studies have reported that the
intestinal microflora not only regulates the nutrient
metabolites of the host, but also interacts with the host
immune system and influences the progression of dis-
eases [2]. For example, external stimuli, such as excessive
food or drugs, disturb the intestinal environment and
cause an imbalance in the population of intestinal sym-
biotic microorganisms that affect metabolite production
and host immunity, such as Lactobacillus, Enterococcus,
and Streptococcus, and Enterobacteria; this may lead to
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the development of diabetes, fatty liver, obesity, and other
diseases [3-7].

Lactococcus lactis is a gram-positive lactic acid bacte-
rium widely used to coagulate milk in the cheese and but-
ter industry, and its use has been approved owing to its
designation as a generally recognized as safe bacterium.
It is known to produce bacteriocins, such as nisin, which
exert cationic antibacterial peptide activity in metabolic
processes [8, 9]. Nisin contains dehydrated amino acid
residues (serine and threonine) and a thioether amino
acid that forms five lanthionine rings, which are charac-
teristic of lantibiotics [10, 11]. As a food bio-preservative,
nisin acts as a broad-spectrum bacteriocin against most
gram-positive food-borne bacteria [12-14].

We identified a new strain of Lactococcus lactis subsp.
cremoris from dried compost based on its morpho-
logical characteristics and antibacterial activity. The
interaction of the strain with the symbiotic intestinal
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microbiome and its effects on intestinal immunity and
nutrient metabolites in mouse were investigated.

Materials and methods

Isolation of microorganism

Dried compost was collected from EumSeong in Chun-
gBuk, Korea. More than 100 bacterial strains were
screened from the compost based on their morphological
characteristics. Among these, the strain that showed the
strongest antibacterial activity against Micrococcus luteus
ATCC10240 was isolated. After 16S rRNA sequencing, it
was identified as a new strain of Lactococcus lactis subsp.
cremoris, named Lactococcus lactis subsp. cremoris RPG-
HL-0136, and submitted for preservation at the Korean
Culture Center of Microorganisms (KCCM, Seoul,
Korea). Micrococcus luteus ATCC10240 used for screen-
ing was purchased from the Korean Culture Center of
Microorganisms (KCCM). These bacteria were cultured
in NB medium (BD Difco Co., Ltd., MD, USA) at 26 °C for
24 h. The culture medium was centrifuged at 8,000 rpm
(6,910 g) for 10 min at 4 °C, and the supernatant was dis-
carded. The bacteria were then washed twice with saline,
and the OD value of the suspension was adjusted to form
the low-dose group (1x10® CFU/ml) and high-dose
group (1 x 10'° CFU/ml).

Animals

Six-week-old BALB/c mice housed in a specific patho-
gen-free-grade facility were obtained from Orient Bio
Inc. Korea. The adaptation period lasted for 2 weeks
before the experiment. The mice were randomly catego-
rized into three groups: control, low-dose, and high-dose
(10 mice in each group). The bacterial suspension was
freshly prepared each day for low-dose and high-dose
group according to the method mentioned above and
orally administered to the mice at 1 ml/day for 30 days.
After 30 days, the intestinal tissue, blood samples, and
feces samples were collected for analysis. The excreted
feces from these mice were collected four times per day
for 30 days. The feces sample was prepared by remov-
ing foreign substances, and their weights were recorded
before analysis. All animal experiments were approved
by the Institutional Animal Care and Use Committee of
Korea University (KUIACUC-2021-0002), and all ani-
mals were cared for properly according to the guidelines.

Culture of intestinal bacteria

After the mice were sacrificed, the microbes were iso-
lated from the non-excreted feces and cultured on selec-
tive media using the plate count method. Lactobacillus
was cultured in Lactobacillus Selection medium (BD
Difco Co., Ltd.) [15, 16], and Bifidobacterium was cul-
tured on Bifidobacterium selective agar medium (BD
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Difco Co., Ltd.) [15]. Bacteroides were cultured in Gifu
Anaerobic Medium (KisanBio Co., Ltd., Seoul, Korea)
[17], and Enterobacter were cultured in Eosin Methyl-
ene Blue Agar Medium (KisanBio Co., Ltd.,) [18, 19]. The
bacteria were cultured at 37 °C for 48 h under anaerobic
conditions, and the number of colony-forming units was
counted using the plate counting method.

Measurement of pH and acetic acid, propionic acid,

and butyric acid concentrations

Fresh feces (2 g) was dissolved in 20 ml of distilled water,
and the pH was measured using a pH meter (STARTER
3100, OHAUS, Parsippany, NJ, USA). Additionally, fresh
feces (0.5 g) was dissolved in 1 ml of distilled water and
incubated for 3 h. After centrifugation at 12,000 rpm
(15,547 g) for 10 min at 4 °C, the supernatant was col-
lected and filtered using a 0.22 pm membrane filter. The
concentrations of acetic acid, propionic acid, and butyric
acid were measured using high-performance liquid chro-
matography (HPLC, Waters e2695 HPLC, photodiode
array detector, Milford, MA, USA). An Inno column (C18
4.6 mm ID x 250 mm L; Young]in Biochrom Co., Ltd.
Korea) was used for the analysis. For the mobile phase,
20 mM NaH,PO, (pH 2.7) was used.

Measurement of H,S and NH; concentrations

An Alka-Seltzer tablet was placed in 100 ml of the fecal
suspension and allowed to stand for 2 min. Then, the
H,S concentration was measured using an H,S detection
kit (Model HS-C, HACH, Ames, IA, USA). Ammonia
salicylate was added to 5 ml of the fecal suspension and
allowed to react for 3 min. Ammonia cyanurate was then
added and allowed to react for 15 min. After the color
of the suspension changed to green, the NH, concentra-
tion was measured using a color comparator box (Model
NI-SA, HACH).

Rate of metabolic degradation of nutrients

The fecal suspension (1%) and starch (5%) were added to
MRS medium (BD Difco Co., Ltd.), followed by anaero-
bic culture at 37 °C for 24 h. Next, 1 ml of the culture
medium containing fecal bacteria was mixed with 1 ml of
ethanol and 5 ml of 1 M NaOH and incubated for 24 h.
After this, the medium was boiled for 10 min and mixed
with 43 ml of distilled water and 1 ml of a mixed solution
(1 M acetic acid, 0.2 g iodine, 2 g potassium iodide, and
250 ml of water). After incubation at 30 °C for 20 min,
the OD value was measured at 620 nm using a spectro-
photometer for estimating starch degradation. Next,
the 1% fecal suspension and 2% soybean oil were added
to the MRS medium (BD Difco Co., Ltd.), followed by
anaerobic culture at 37 °C for 24 h. After dichlorometh-
ane was added to dissolve the insoluble oil components,
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the OD value was measured at 420 nm using a spectro-
photometer to estimate lipid degradation. The 1% fecal
suspension and 1% ovalbumin were added to the MRS
medium (BD Difco Co., Ltd.) and cultured anaerobically
at 37 °C for 24 h. The ovalbumin concentration was then
measured using a microplate reader to estimate protein
degradation.

Measurement of mouse plasma IgG and intestinal mucosal
secretory IgA (SIgA) concentrations

Intestinal tissue and feces were collected from the mice,
and blood was collected from the inferior vena cava. The
blood was then centrifuged at 5000 rpm for 5 min at 4 °C
to collect the plasma. The plasma IgG concentration was
measured using a mouse IgG ELISA kit (R&D Systems,
Minneapolis, MN, USA). To measure the SIgA concen-
tration, 5 ml of PBS buffer was used to wash the intes-
tinal tissue at room temperature and then centrifuged at
13,000 rpm at 4 °C for 10 min. The supernatant was col-
lected to measure the SIgA concentration using a mouse
SIgA ELISA kit (QuickDetect, BioVision Inc., CA, USA).
A microplate reader (iMark; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) was used for both measurements.

Analysis of mRNA expression using qRT-PCR

The mRNA expression levels of TNF-a, IL-1f3, IL-6,
IL-12, Reg3r, MUCI1, and MUC2 genes in the intestinal
tissues were measured. After mRNA was extracted from
the intestinal tissues using a universal RNA extraction
kit (Bioneer Co., Ltd., Daejeon, Korea) and an automated
nucleic acid extractor (ExiPrep 16 plus, Bioneer Co.,
Ltd.), the mRNA expression levels were analyzed using
qRT-PCR (Exicycler TM 96 V4 Real-Time qPCR, Bioneer
Co., Ltd.). The primer sequences for the genes are shown
in Table 1.

Statistical analysis
Statistical analysis was performed using Student’s ¢-test
and one-way analysis of variance, and the program used
was Prism. Differences were considered statistically sig-
nificant at p <0.05.

Results

Isolation and characterization of Lactococcus lactis subsp.
cremoris RPG-HL-0136

More than 100 strains were isolated from the dried com-
post based on morphological characteristics. The new
strain, isolated using the well diffusion method, showed
strongest antibacterial activity against Micrococcus luteus
ATCC10240. Based on the 16S rRNA sequencing and
phylogenetic diagram, this strain was identified as Lacto-
coccus lactis subsp. (Fig. 1). This strain was named Lac-
tococcus lactis subsp. cremoris RPG-HL-0136 (RPG0136)
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Table 1 Primers used for quantitative real-time polymerase
chain reaction

Sequence (5'-3')

TNF-a CCTGTAGCCCACGTCGTAG
GGGAGTAGACAAGGTACAACCC
IL-6 TACCACTTCACAAGTCGGAGGC
CTGCAAGTGCATCATCGTTGTTC
IL-18 TGGACCTTCCAGGATGAGGACA
GTTCATCTCGGAGCCTGTAGTG
IL-12 ACGAGAGTTGCCTGGCTACTAG
CCTCATAGATGCTACCAAGGCAC
Reg3r CCGTGCCTATGGCTCCTATTG
GCACAGACACAAGATGTCCTG
MUCT GATGTTCTGTCTCCCTCCTCTG
CACTCATGGGGTGGTAGGTATC
MUC2 CCGTCCTCATACCACATC
CCTGAAGTCATCGCTCTC

and preserved by the Korean Culture Center of Micro-
organisms (KCCM, Seoul, Korea). The optimum growth
conditions for RPG0136 were observed at 26 °C and pH
7.4.

Effect of RPGO136 on the intestinal microbiome

The maintenance of intestinal health depends on the
composition of beneficial and harmful intestinal microbi-
ome. To determine the effects of RPG0136 on the popula-
tion of beneficial and harmful microorganisms, RPG0136
or no bacteria were orally administered to mice, and
the number of colonies formed by intestinal Lactobacil-
lus, Bifidobacterium, Bacteroides, and Enterobacter were
counted by culture on selective media using the plate
counting method (Fig. 2). The counts of Lactobacillus
and Bifidobacterium increased and the counts of Bacte-
roides and Enterobacter decreased after the administra-
tion of RPG0136 at both low (1 x 10> CFU/ml) and high
(1 x 10*® CFU/ml) concentrations. The findings indicated
that the RPGO0136 strain effectively increased the popula-
tion of beneficial gut bacteria and decreased the popula-
tion of harmful gut bacteria.

Changes in short-chain fatty acid (SCFA) concentrations
and pH induced by RPG0136

SCFAs, primarily produced during intestinal bacterial
metabolism, play a crucial role in the maintenance of
intestinal health as well as overall heath by inducing an
acidic environment. After RPG0136 administration, the
concentrations of acetic acid, propionic acid, and butyric
acid and the pH were measured in the mouse fecal sam-
ples (Fig. 3). The concentrations of the three SCFAs
increased in the mice fed RPGO0136. In particular, the
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Fig. 1 Identification of RPG0136. A Phylogenetic diagram showing the relationship between close strains identified through 16S rRNA sequencing.
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Fig. 2 Effect of RPGO136 treatment on intestinal bacteria. The counts of Lactobacillus, Bifidobacterium, Bacteroides, and Enterobacter in the mouse
intestine after the oral administration of RPG0136 (low-dose: 1 x 10° colony-forming units (CFU)/ml; high-dose: 1 x 10'° CFU/ml) were determined.
Data are presented as the average value of the results of four independent experiments with standard deviations, *p <0.05

concentration of acetic acid increased more drastically
depending on the RPGO0136 concentration. Moreover,
the administration of RPG0136 was associated with a
decrease in pH. These findings indicated that RPG0136
increased the production of the three SCFAs (as metabo-
lites of the microbiome) and decreased the pH.

Reduction of NH; and H,S production by RPG0136

The intestinal microbiome catabolizes dietary proteins
and produces small toxic molecules, such as H,S and
NH;. The H,S and NH; concentrations were measured in

the fecal samples of mice fed RPG0136 (Fig. 4). Compared
to that in control mice, the H,S and NH; concentrations
decreased in mice fed RPG0136 at low concentrations
as well as in mice fed RPG0136 at high concentrations.
Therefore, the reduction in the population of harmful
bacteria may be associated with decreased H,S and NH,4
production.

Rate of metabolic degradation of nutrients
RPGO0136 enhanced the production of SCFAs as metab-
olites produced by the intestinal microbiome. We also
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evaluated the metabolic degradation rate of other nutri-
ents, including starch, lipids, and proteins, produced by
the fecal microbiome (Fig. 5). Interestingly, compared to
that in the control group, the metabolic degradation of all
three nutrients increased in a dose-dependent manner

genital intestinal mucosal immunity) were analyzed to
assess immune response regulation (Fig. 7). The mRNA
expression of TNF-a, IL-6, IL-1f3, and IL-12 did not
change, but the mRNA expression of Reg3r, MUC1, and
MUC2 increased with RPG0136 administration. There-
fore, RPG0136 enhanced the intestinal mucosal immune
function by increasing the plasma IgG and intestinal
mucosal SIgA concentrations.



Park et al. Applied Biological Chemistry (2021) 64:93

Page 6 of 9

100

=

\q-; 80 o

©

C

] T I

T 60 = 3

% *

o *

& T

o I T 7

o 40 -

S 1

K T

(] T

= 20 an

0
% (O 6;9 CZ) (O 6;0 Oo (O /%9
/)/; @O’ % /)/} @O’ % /)/}\ ALO’ %
<& O® 0. o O® 6 o, o@ Oé
Q ‘9@ Q ‘Sb (] ‘9@
Starch Lipid Protein

Fig. 5 Rate of metabolic degradation of nutrients by fecal bacteria. Starch, lipid, and protein were incubated with fecal bacteria obtained from
mouse after the oral administration of RPGO136 (low-dose: 1 x 10® colony-forming units (CFU)/ml; high-dose: 1 x 10'° CFU/ml), and the rate of
metabolic degradation of the nutrients was analyzed. Data are presented as the average value of the results of four independent experiments with
standard deviations, *p <0.05

>

40

W
N

30

20

Concentration (ng/ml)
HH

A
—

Concentration (ng/ml)
N

Fig. 6 Plasma IgG and intestinal mucosal SIgA concentrations.

A Plasma IgG and B intestinal mucosal SIgA concentrations were
measured in mouse after the oral administration of RPG0136
(low-dose: 1 x 108 colony-forming units (CFU)/ml; high-dose:

1% 10" CFU/m). Data are presented as the average value of the
results of four independent experiments with standard deviations,

*0<0.05

19G SIgA

Discussion

The probiotic effect of strain RPGO0136 pro-

moted the

dominance of two beneficial bacteria,

Lactobacillus and Bifidobacterium, which increased the
concentration of the SCFAs acetic acid, propionic acid,
and butyric acid, and consequently, decreased the pH.
Even though the effects of RPG0136 on all intestinal
bacteria were not analyzed, and population variations in
other beneficial or harmful bacteria could be considered,
Lactobacillus and Bifidobacterium have been shown to
enhance the production of SCFAs and lower intestinal
pH. Therefore, we surmised that RPG0136 may increase
the intestinal concentration of SCFAs by promoting the
growth of Lactobacillus and Bifidobacterium. SCFAs are
closely related to the intestinal immune system; they
reduce intestinal permeability and perform various physi-
ological functions [20-23]. Moreover, organic acids, such
as acetic acid, propionic acid, and butyric acid, can pro-
mote intestinal peristalsis, reduce the fecal retention time
in the small intestine, and improve the rate of dispersion
of nutrients [24, 25]. SCFAs are a preferred energy source
for intestinal cells and are involved in the regulation of
cell apoptosis and differentiation [26—28]. Additionally,
acetic acid, propionic acid, and butyric acid are known
to inhibit histone deacetylase and activate G protein-
coupled receptors. In the intestine, these SCFAs increase
the thickness of the mucus layer of the epithelial barrier,
regulate cytokine secretion, regulate antibody production
by promoting regulatory T cell proliferation, and affect
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immune function by suppressing NF-«B expression [29,
30].

The beneficial effects of probiotic bacteria on the gut
and immune function have been widely reported. For
example, probiotic bacteria increase the secretion of
SIgA, which prevents the invasion of pathogenic bacteria,
helps maintain normal bacterial growth in the intestine,
and regulates the levels of inflammatory cytokines pro-
duced by immune cells, thereby effectively suppressing
inflammation and reducing spontaneous physiological
hyperimmune or allergic responses [31-33]. In addition,
lactobacilli positively modulate the intestinal microflora
and immune system and can produce metabolites with

anti-inflammatory properties [34]. In particular, Lacto-
coccus lactis, a lactic acid bacterium, is considered as a
delivery medium for anti-inflammatory materials in the
gastrointestinal tract because of its high muco-adhesion
of surface proteins [35].

RPGO0136 also increased the plasma IgG and intestinal
mucosal SIgA concentrations, which indicates that simi-
lar to other probiotics, it may enhance immune function.
Notably, RPG0136 upregulated the expression of genes
encoding Reg3r, MUC1, and MUC2, which play signifi-
cant roles in the regulation of intestinal mucosal immune
function. MUC1 and MUC?2 participate in the production
of mucin, a major component of the intestinal mucosal
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barrier that protects the intestinal barrier at the forefront
of intestinal immunity [36]; MUC]1 is a membrane-bound
type, mainly involved in intestinal innate immunity, and
specifically binds to the surface of pathogenic bacteria,
effectively preventing them from entering the body [37,
38]. MUC2 is a secretory mucin that exhibits viscosity
and possesses a gel-like bonding structure that creates a
physical barrier to prevent the entry of pathogenic bac-
teria [35, 36]. Reg3r is evenly distributed in the intesti-
nal mucosal membranes and is known to exert a strong
antibacterial effect by protecting and strengthening the
intestinal barrier and preventing the passage of intes-
tinal microflora. In addition, Reg3r has been reported
to improve the symptoms of inflammatory bowel dis-
ease [39]. Considering that all three proteins protect the
intestine biologically or physically against pathogens or
small particles, their upregulation, mediated by RPG0136
administration, is most likely related to the improvement
of intestinal mucosal immune function.

In conclusion, we demonstrated that the newly isolated
RPGO136 strain exerts the following probiotic effects:
(1) promotes the dominance of certain beneficial bacte-
ria over harmful bacteria, (2) increases the production of
SCFAs, and consequently, reduces the levels of odorants
and toxic molecules, thereby promoting a healthy intes-
tinal environment, and 3) enhances intestinal mucosal
immune function. In future studies, we intend to focus
on various applications of RPG0136 for intestinal immu-
nity-related therapeutics, foods related to functional
improvement, and development of feed additives for the
livestock industry.
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