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Abstract: Aspergillus-derived cellulase, which is involved in the production of Aspergillus-fermented
foods, has been employed in the food and animal feed industries. However, the effect of dietary
Aspergillus cellulase on health is poorly understood. Previously, we discovered that supplemental
Aspergillus-derived protease and lipase preparations had substantial bifidogenic effects on rats fed a
high-fat diet. Therefore, this study reports on the effects of a 0.1% dietary Aspergillus-derived cellulase
preparation (CEL) on the gut microbiota of rats fed a high-fat diet. Gene sequencing analysis of 16S
rRNA revealed that CEL treatment markedly affected the microbiota profiles of the cecal contents
(p < 0.05). Notably, CEL markedly increased the relative abundance (RA) of typical probiotics,
such as Bifidobacterium and Lactobacillus, at the genus level (28- and 5-fold, respectively, p < 0.05).
Similarly, at the family level, CEL treatment significantly increased the RA of Bifidobacteriaceae and
Lactobacillaceae (p < 0.05). Furthermore, CEL increased the RA of other genera, such as Collinsella
and Enterococcus, but decreased the RA of Oscillospira, Dorea and Coprobacillus (p < 0.05). The effects
on these genera are similar to those reported for typical prebiotic oligosaccharides. Overall, this study
demonstrates the prebiotic-like effects of dietary CEL by significantly increasing Bifidobacterium and
Lactobacillus abundance.

Keywords: fermentation foods; Aspergillus; cellulase; Bifidobacterium; Lactobacillus; prebiotic; dietary
enzyme supplements; 16S rRNA gene sequencing

1. Introduction

Aspergillus species, such as Aspergillus oryzae and Aspergillus niger, have been used in
the food fermentation industry in Japan and East Asia. Extracellular hydrolysis enzymes,
which are responsible for fermentation during the Aspergillus-associated fermentation
process, are produced and released into the reaction system [1]. The extracted Aspergillus
enzymes, such as proteases, lipases, amylases and cellulases, have been used in food
processing. Previously, we found that dietary supplementation with an A. oryzae-derived
protease preparation and purified acid protease caused a bifidogenic effect by striking an
elevation in the cecal levels of Bifidobacterium, a typical probiotic (beneficial bacteria for host
health), in rats fed a high-fat (HF) diet [2,3]. We speculated that the increase in free amino
acids (available amino acids) in the gut, induced by supplemental Aspergillus proteases,
promotes Bifidobacterium growth [4]. The effect of an Aspergillus protease preparation is
similar to that of prebiotics, such as short-chain non-digestible carbohydrates, e.g., fructo-
oligosaccharides (FOS) and galacto-oligosaccharides (GOS), which can increase the number
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of typical probiotics, Bifidobacterium and Lactobacillus [5]. Prebiotics are well known to be
selectively utilized by live probiotics, and promote the growth of probiotics, resulting in
health benefits for the host [5]. A subsequent study in our laboratory demonstrated the
powerful bifidogenic effect of Aspergillus lipase in rats fed an HF diet [6].

Recently, we carried out a preliminary investigation into the bifidogenic effects of
several other digestive enzyme preparations derived from Aspergillus in rats fed an HF
diet. Using quantitative polymerase chain reaction (qPCR) analysis, we found a remarkable
increase in the cecal abundance of major probiotics, including Lactobacillus and Bifidobac-
terium bacteria, following consumption of an Aspergillus-derived cellulase preparation
(CEL). Generally, cellulase enzymes, such as β-1,4-endoglucanase, cellobiohydrolase and
β-glucosidase, degrade cellulose to β-glucose [7]. Cellulase enzymes have been widely
used in the food and animal feed industries to improve nutrient availability and promote
antioxidant properties by releasing antioxidants, such as polyphenols [8,9]. Furthermore,
there are many applications of cellulase in the food industry, including the tenderization
of fruits, clarification of fruit juices, extraction of flavoring materials and essential oils,
and improvement in the aroma and taste of food items [10]. In the production of As-
pergillus-fermented foods, Aspergillus-derived cellulase is thought to play an important
role in the fermentation process [1,11]. Additionally, Aspergillus cellulase is included as a
dietary enzyme supplement for gut health [12]. However, to the best of our knowledge,
limited information is available regarding how dietary exogenous cellulase modulates
the gut environment. In the present study, we hypothesized that dietary supplemental
CEL modulates the composition of the gut microbiota. Thus, this study used 16S rRNA
gene sequencing analysis to examine the effect of CEL on the gut microbiota in rats fed
an HF diet. The study was conducted with rats fed an HF diet, since HF diet-induced
colon dysbiosis, inflammation and diseases have been reported to be suppressed by dietary
prebiotic oligosaccharides [13]. Herein, we report the first evidence for the prebiotic-like
effect of supplemental CEL on gut microbiota in rats.

2. Materials and Methods
2.1. Animals and Diets

Sixteen male Sprague Dawley rats (four weeks old) were purchased from Charles
River, Japan. The rats were individually housed in cages in a controlled-temperature
environment (23 ± 2 ◦C), a 12 h light–dark cycle and relative humidity of 50%–60%. After
being acclimatized for 7 days, the rats were randomly divided into the following two
groups based on their diet: an HF diet (control; Ctrl) [2] or an HF diet mixed with 0.1%
(w/w) CEL (A. niger-derived cellulase preparation, commercial name: Cellulase A “Amano”
3, Amano Enzyme Inc. Nagoya, Japan). The optimum pH was 4.5 (stable at pH 2.0–8.0),
and the cellulase activity was 30,000 U/g at pH 4.5. The optimum temperature was 55 ◦C.
CEL had slight activities of protease and lipase equivalent to 3% of the protease activity of
Aspergillus protease preparation (Protease A “Amano” SD, Amano Enzyme Inc. Nagoya,
Japan) used in our study [6] and to less than 0.1% of the lipase activity of Aspergillus lipase
preparation (Lipase AP12, Amano Enzyme Inc. Nagoya, Japan) used in our study [6]).
The HF diet contained 30% beef tallow, 20% casein, 0.3% L-cystine, 1% vitamin mixture
(AIN-93), 3.5% mineral mixture (AIN-93G), 5% cellulose, 20% sucrose and 20.2% α-corn
starch. During the two-week experimental period, equal amounts of the experimental diets
were given daily in food cups (9, 10, 12, 14, and 15 g on days 1, 2–4, 5–7, 8–12, and 13–14,
respectively) to prevent differences in food intake. All of the given diet was consumed each
day. The rats had ad libitum access to drinking water. The study protocols were approved
by the Ethics Committee of Hiroshima University (protocol identity No. C15-12).

2.2. Sample Collection

At the end of the two-week treatment period, the rats were anesthetized (13:00–15:00 h)
by inhaling isoflurane in a desiccator to minimize suffering, and then euthanized by
decapitation. The cecum was immediately excised, and its contents were removed en-
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tirely, weighed, and stored at −80 ◦C until subsequent analysis of cecal microbiota and
organic acids.

2.3. 16S rRNA Gene-Based Microbiome Analysis

Total bacterial DNA in cecal contents was extracted using the QIAamp Stool Mini Kit,
according to the manufacturer’s instructions. Then, extracted bacterial DNA was quantified
using NanoDrop spectrometry (NanoDrop Technology, Wilmington, DL, USA). The V1–V2
region of the 16S rRNA genes was amplified from the DNA isolated from cecal contents us-
ing the following bacterial universal primer set: 27F (5′- ACACTCTTTCCCTACACGACGC-
TCTTCCGATCTAGRGTTTGATYMTGGCTCAG-3′) and 338R(5′-GTGACTGGAGTTCAGA-
CGTGTGCTCTTCCGATCTTGCTGCCTCCCGTAGGAGT-3′). The following library prepa-
ration was performed as described previously [14]. Finally, all the barcoded V1–V2 PCR
amplicons were sequenced using Illumina MiSeq sequencing technology at a read length
of 2 × 300-bp (Illumina, San Diego, CA, USA), based on the manufacturer’s instructions.

2.4. Bioinformatics Analysis

Fast Length Adjustment of SHort reads (FLASH, version 1.2.11) [15] was used to
assemble the paired-end reads. Assembled reads with an average Q-value < 25 were
filtered out using an in-house script. The same numbers of filtered reads were randomly
selected from each sample and used for further analysis [6]. The selected reads were
then processed using the Quantitative Insights Into Microbial Ecology pipeline (QIIME,
version 1.9.1) [6]. The high-quality sequences were clustered into operational taxonomic
units (OTUs) at 97% sequence similarity, and OTUs were assigned to the Greengenes
database (version 13.8).

2.5. Analyses of Cecal Organic Acids and pH

The concentrations of organic acids in cecal contents were measured by gas chromatog-
raphy/mass spectrometry as previously described [16]. For the analysis of pH in the cecal
contents, 100 mg of freeze-dried cecal contents was mixed with 1 mL of Milli Q water.
The pH value of the sample was measured by COMPACT pH Meter B-71X (Horiba Ltd.,
Kyoto, Japan).

2.6. Data Analysis

Data are expressed as mean ± standard error. Statistical analysis was performed by
Welch’s t-test. Data separation in the principal coordinate analysis (PCoA) ordination of
beta diversity was tested using the ANOSIM statistical test in vegan-R, and p-values were
generated based on 999 permutations. Some bacterial taxa data were subjected to linear
discriminant analysis effect size (LEfSe) analysis, which uses the two-tailed nonparametric
Kruskal–Wallis test to evaluate the significance of differences between taxa. p < 0.05 was
considered to indicate a statistically significant difference. For the relationship between or-
ganic acids and microbiota composition, Pearson’s correlation coefficient (r) was calculated,
and the resulting correlation matrix was visualized by using R software (version 4.0.2).

2.7. Evaluation of the Risk of Bias in the Methodology

The risk of bias of this study was assessed using the Systematic Review Centre for
Laboratory Animal Experimentation (SYRCLE) risk of bias (RoB) tool [17]. Two indepen-
dent authors (YY and NK) evaluated the following nine items: (1) sequence generation,
(2) baseline characteristics, (3) allocation concealment, (4) random housing, (5) intervention
blinding, (6) random outcome assessment, (7) outcome blinding, (8) incomplete outcome
data and (9) selective outcome reporting. All items were judged as ‘yes’ (low risk of bias)
by two authors (YY and NK) independently.

3
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3. Results
3.1. Food Intake, Body Weight and Cecal Content Weight

The total food intake for the two weeks and the final body weight were unaffected
by the dietary treatment (data not shown). The weight of the cecal contents in the CEL
group was markedly greater than that in the Ctrl group (5.05 ± 0.31 g and 1.44 ± 0.06 g,
respectively; p < 0.05).

3.2. Cecal Microbiota

For 16S rRNA gene sequencing-based microbiota analysis, a total of 417,428 high-
quality reads were passed through the QIIME filter. Unweighted and weighted UniFrac
PCoA and ANOSIM analyses were conducted to compare the microbial community struc-
tures (Figure 1A,B). The results of the UniFrac PCoA and ANOSIM analyses indicated
that the microbial composition was distinctly separated between the Ctrl and CEL groups
in both the unweighted and weighted analyses (p < 0.05). However, the different alpha-
diversity indices indicated a lower bacterial diversity in the CEL group than in the Ctrl
group (Figure 1C,D; p < 0.05).

Fermentation 2022, 8, 71  4  of  12 
 

 

2.7. Evaluation of the Risk of Bias in the Methodology 

The risk of bias of this study was assessed using the Systematic Review Centre for 

Laboratory  Animal  Experimentation  (SYRCLE)  risk  of  bias  (RoB)  tool  [17].  Two 

independent  authors  (YY  and NK)  evaluated  the  following  nine  items:  (1)  sequence 

generation, (2) baseline characteristics, (3) allocation concealment, (4) random housing, (5) 

intervention  blinding,  (6)  random  outcome  assessment,  (7)  outcome  blinding,  (8) 

incomplete outcome data and (9) selective outcome reporting. All items were judged as 

‘yes’ (low risk of bias) by two authors (YY and NK) independently. 

3. Results 

3.1. Food Intake, Body Weight and Cecal Content Weight 

The total food intake for the two weeks and the final body weight were unaffected 

by the dietary treatment (data not shown). The weight of the cecal contents in the CEL 

group was markedly greater than that in the Ctrl group (5.05 ± 0.31 g and 1.44 ± 0.06 g, 

respectively; p < 0.05). 

3.2. Cecal Microbiota   

For 16S rRNA gene sequencing‐based microbiota analysis, a  total of 417,428 high‐

quality reads were passed through the QIIME filter. Unweighted and weighted UniFrac 

PCoA  and ANOSIM  analyses were  conducted  to  compare  the microbial  community 

structures  (Figure  1A,B).  The  results  of  the  UniFrac  PCoA  and  ANOSIM  analyses 

indicated that the microbial composition was distinctly separated between the Ctrl and 

CEL  groups  in  both  the unweighted  and weighted  analyses  (p  <  0.05). However,  the 

different alpha‐diversity  indices  indicated a  lower bacterial diversity  in the CEL group 

than in the Ctrl group (Figure 1C,D; p < 0.05). 

 

Figure 1. Effects of supplemental CEL on cecal microbiome profiles and alpha diversity. PCoA of 

unweighted (A) and weighted UniFrac (B) and PERMANOVA analyses were performed to compare 

the gut microbiome profiles of the experimental groups. The diversity of the gut microbiota within 

samples was measured by  (C)  Shannon  index  and  (D) PD whole  tree. Data  are presented  as  a 

boxplot with median and min–max whiskers. The dots (•) in the boxplots are outliers. * Significantly 

different at p < 0.05 (Welch’s t‐test). 

Figure 1. Effects of supplemental CEL on cecal microbiome profiles and alpha diversity. PCoA of
unweighted (A) and weighted UniFrac (B) and PERMANOVA analyses were performed to compare
the gut microbiome profiles of the experimental groups. The diversity of the gut microbiota within
samples was measured by (C) Shannon index and (D) PD whole tree. Data are presented as a boxplot
with median and min–max whiskers. The dots (•) in the boxplots are outliers. * Significantly different
at p < 0.05 (Welch’s t-test).

The LEfSe analysis results indicated that 60 bacterial taxa differed between the Ctrl
and CEL groups (Figure 2; p < 0.05). This analysis identified that the bacterial species
Collinsella, Lactobacillus, Bifidobacterium, Eggerthella, Enterococcus, Akkermansia, Dehalobac-
terium, Adlercreutzia, Coprobacillus, Dorea, rc4-4, Oscipillospira, Roseburia, Coprococcus, Allobac-
ulum, Ruminococcus and Parabacteroides varied between the two groups.

4



Fermentation 2022, 8, 71

Fermentation 2022, 8, 71  5  of  12 
 

 

The LEfSe analysis results indicated that 60 bacterial taxa differed between the Ctrl 

and CEL groups  (Figure 2; p < 0.05). This analysis  identified  that  the bacterial  species 

Collinsella,  Lactobacillus,  Bifidobacterium,  Eggerthella,  Enterococcus,  Akkermansia, 

Dehalobacterium,  Adlercreutzia,  Coprobacillus,  Dorea,  rc4‐4,  Oscipillospira,  Roseburia, 

Coprococcus,  Allobaculum,  Ruminococcus  and  Parabacteroides  varied  between  the  two 

groups.   

 

Figure 2. Different taxa between the Ctrl and CEL groups. LEfSe analysis was performed to compare 

the different taxa between the Ctrl and CEL groups. The two‐tailed nonparametric Kruskal–Wallis 

test was used to evaluate the significance of differences between taxa at p < 0.05. 

Figure 2. Different taxa between the Ctrl and CEL groups. LEfSe analysis was performed to compare
the different taxa between the Ctrl and CEL groups. The two-tailed nonparametric Kruskal–Wallis
test was used to evaluate the significance of differences between taxa at p < 0.05.

Among the four most abundant phyla, supplemental CEL significantly decreased
the RA of Firmicutes and Bacteroidetes but enriched the RA of Actinobacteria and Pro-
teobacteria (Figure 3A; p < 0.05). The top nine bacterial taxa are displayed at the family
level to address the domain taxa of the microbial groups (Figure 3B); supplemental CEL
significantly increased the RA of Bifidobacteriaceae (28-fold), Lactobacillaceae (5-fold),
Coribacteriaceae (100-fold) and Enterobacteriaceae (13-fold) (p < 0.05). In contrast, it re-
duced the RA of bacterial taxa, including Lachnospiaceae (1.6-fold), Porphyromonadaceae
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(15-fold), Ruminococcaceae (77-fold), Clostridiaceae (12-fold) and Erysipelotrichaceae (12-
fold) (p < 0.05).
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Figure 3. Effects of supplemental CEL on cecal microbiota composition at the phylum (A) and family
(B) levels.

The resulting RA of the genera are shown in Table 1. Supplemental CEL significantly
increased the RA of Lactobacillus (5-fold), Collinsella (526-fold), Bifidobacterium (28-fold)
and Enterococcus (42-fold) (p < 0.05). Meanwhile, CEL significantly decreased the RA
of Parabacteroides (15-fold), Allobaculum (8-fold), Oscillospira (13-fold), rc4-4, Dorea,
Coprobacillus and Adlercreutzia (Table 1; p < 0.05). The RA of Ruminococcus and Roseburia
were not significantly affected (p > 0.05). The genera with a mean RA less than 0.2% in all
the groups were not considered for statistical analysis. The results of the effects of CEL on
Lactobacillus and Bifidobacterium levels were similar to those of our preliminary study
using qPCR analysis (data not shown).

Table 1. Effects of supplemental CEL on the relative abundance of genera in cecum of rats.

Phylum Family Genus Ctrl CEL

(% of total bacteria)
Firmicute Lactobacillaceae Lactobacillus 0.698 ± 0.108 3.186 ± 0.833 *

Actinobacteria Coriobacteriaceae Collinsella 0.005 ± 0.003 2.578 ± 0.601 **
Actinobacteria Bifidobacteriaceae Bifidobacterium 0.034 ± 0.010 0.965 ± 0.198 **

Firmicute Enterococaceae Enterococcus 0.02 ± 0.01 0.83 ± 0.15 **
Firmicute Ruminococacceae Ruminococcus 3.13 ± 1.38 0.01 ± 0.00
Firmicute Erysipelotrichaceae Allobaculum 3.03 ± 0.68 0.38 ± 0.20 **
Firmicute Lachnospiraceae Roseburia 2.60 ± 1.34 0.00 ± 0.00
Firmicute Ruminococaceae Oscillospira 2.32 ± 0.31 0.18 ± 0.08 **

Bacteroidetes Porphyromonadaceae Parabacteroides 2.19 ± 0.16 0.15 ± 0.01 **
Actinobacteria Peptococcaceae rc4-4 1.27 ± 0.16 0.00 ± 0.00 **

Firmicute Lachnospiraceae Dorea 1.12 ± 0.17 0.00 ± 0.00 **
Firmicute Erysipelotrichaceae Coprobacillus 0.35 ± 0.06 0.00 ± 0.00 **

Actinobacteria Eggerthellaceae Adlercreutzia 0.21 ± 0.00 0.00 ± 0.00 **
Mean ± SE (n = 8). * p < 0.05, ** p < 0.01 (Welch’s t-test).
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3.3. Cecal Organic Acids and pH

Table 2 indicates the concentrations of cecal organic acids. Treatment with CEL
significantly increased the concentrations of lactate (219-fold) and total organic acids
(3-fold), while it significantly decreased those of acetate (4-fold), propionate (10-fold) and
n-butyrate (5-fold) (p < 0.05). There was a significant inverse association of lactate with
propionate, n-butyrate and acetate levels (r = −0.91, r = −0.82 and r = −0.74, respectively;
p < 0.01). Figure 4 further indicates the relationship between the levels of organic acids and
various bacteria. There was a strong correlation between lactate levels and the RA of the
lactate-producing bacteria Lactobacillus, Bifidobacterium and Enterococcus. In general, the RA
of genera such as Oscillospira, Dorea and Coprobacillus had a strong positive association with
propionate levels, but a strong negative association with lactate levels (Figure 4). The pH
in the cecal contents of the CEL group was significantly lower than that in the Ctrl group
(5.40 ± 0.10 and 8.29 ± 0.20, respectively; p < 0.01). There was a strong inverse association
between the pH values and the levels of total organic acids (r = −0.97; p < 0.001).

Table 2. Effects of supplemental CEL on the levels of organic acids in cecum of rats.

Organic Acids Ctrl CEL

(µmol/g dry wt of cecal contents)
Acetate 40.3 ± 5.9 10.8 ± 4.0 *

Propionate 11.1 ± 0.0 1.1 ± 0.2 *
n-Butyrate 7.8 ± 0.9 1.5 ± 1.2 *

Lactate 0.9 ± 0.1 188.7 ± 13.1 *
Succinate 13.9 ± 3.1 12.5 ± 3.3

Total organic acids 75.2 ± 8.8 213.9 ± 10.0 *
Mean ± SE (n = 8). * p < 0.05 (Welch’s t-test).
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4. Discussion
4.1. Bifidobacterium and Lactobacillus

Our previous study revealed that the dietary consumption of 0.1% Aspergillus lipase
and protease preparations for two weeks markedly increased the RA of Bifidobacterium in
the cecum, but not Lactobacillus [3,6]. Moreover, this study discovered that the consumption
of 0.1% Aspergillus cellulase preparation significantly increased the RA of both probiotics,
such as Bifidobacterium and Lactobacillus. Hence, our findings suggest a potential role of
Aspergillus cellulase as a prebiotic-like ingredient for enhancing typical probiotic levels,
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i.e., bacteria of the genera Bifidobacterium and Lactobacillus. Because a wide range of plant-
derived foods contain cellulose, cellulase preparations may be effective prebiotics for use
in the food and animal feed industries. Currently, various prebiotics are well known for
providing health benefits by enhancing the abundance of probiotics [18]. To the best of
our knowledge, this study, along with previous studies [3,6] on Aspergillus protease and
lipase, implies that Aspergillus-derived cellulase may be a new type of “prebiotic digestive
enzyme”, as proposed by our recent study [6].

Previously, we discovered that dietary Aspergillus-derived acid protease had a strong bi-
fidogenic effect [3], but dietary Aspergillus-derived alkaline protease had no effect (Yang et al.,
unpublished results). In the study, we speculated that the acid protease might be stable
under acidic conditions, such as the stomach, and relatively resistant to gut digestive
proteases. This might enable the intact acid protease to be delivered to the colon lumen,
increasing the number of colonic free amino acids, which are essential for Bifidobacterium
growth. In this context, we were interested to see that the CEL remains stable under acidic
conditions (pH 2.0). We believe that this acid-resistant property might partially contribute
to the substantial increase in Bifidobacterium and Lactobacillus.

Cellulase is responsible for the hydrolytic conversion of cellulose to metabolites,
including shorter cello-polysaccharides, cello-oligosaccharides (COS), cellobiose and beta-
glucose [7,8]. According to research, dietary supplemental COS significantly enhances the
abundance of Lactobacillus bacteria in pig jejunal contents [19]. Furthermore, a recent in vitro
study reported that COS treatment significantly enhanced the growth of Lactobacillus bacte-
ria [20]. Thus, the enrichment of Lactobacillus by CEL may be, at least partially, mediated
through mechanisms involving COS. However, neither of these studies indicated any
effect of COS on the abundance of Bifidobacterium. In this study, CEL treatment markedly
increased the RA of Bifidobacterium (a 28-fold increase). Accordingly, COS cannot account
for the strong bifidogenic effect of CEL. Therefore, further studies are necessary to elucidate
the mechanisms underlying the bifidogenic effect of supplemental Aspergillus cellulase.

4.2. Other Genera

This study further indicated that CEL markedly increased the RA of Collinsella and
Enterococcus, but decreased the RA of seven genera, including Parabacteroides, Allobaculum,
Oscillospira, rc4-4, Dorea, Coprobacillus and Adlercreutzia. There is very limited information
about the effects of prebiotic oligosaccharides on Parabacteroides, Allobaculum, rc4-4 and
Adlercreutzia, as well as their roles in gut health. Therefore, the implications of modulating
Collinsella, Enterococcus, Oscillospira, Dorea and Coprobacillus by CEL are discussed below.

Accumulating evidence indicates that the treatment of rats with inulin and oligosac-
charides enhances Collinsella and Bifidobacterium abundance in the guts [21]. A recent
study also revealed that Aspergillus protease and lipase preparations significantly increased
the RA of Collinsella [6]. These findings are similar to our current results, indicating a
marked increase in the level of Collinsella, as induced by CEL. Collinsella species might be
beneficial to health; their enhanced abundance following dietary supplementation with
oligofructose-enriched inulin in obese women is associated with an improved profile of
hippurate, a microbial co-metabolite, indicating a healthier phenotype [22]. Furthermore,
Collinsella exists at lower abundance in patients with inflammatory bowel disease or chronic
pancreatitis than in healthy controls [23]. A study by Saalman et al. [24] suggested the
potential use of this genus in treating inflammatory bowel disease. Overall, this study
suggests that the significant increase in the abundance of Collinsella by CEL is beneficial to
health; however, further studies are necessary to validate this position.

Additionally, the current study indicates a higher abundance of Enterococcus species in
rats fed CEL. Enterococcus faecalis improves host health [25,26] and is clinically relevant for
the treatment of chronic recurrent bronchitis [27]. Some Enterococcus species are employed
as probiotics and in the production of feed additives to prevent diarrhea in animals [24].
Interestingly, several Enterococcus species isolated from food possess antioxidant activi-
ties [28]. Studies have shown that prebiotic oligosaccharides enhance the abundance of
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Enterococcus species in mice and in perioperative colorectal cancer patients [29,30]. In
addition, our previous study showed a significant increase in the RA of Enterococcus in rats
fed Aspergillus protease and lipase preparations [6]. The higher abundance of commensal
Enterococcus in rats fed CEL might be beneficial to the rats’ health. However, Enterococcus
species are a leading cause of hospital-associated bacteremia, endocarditis and urinary tract
infections [31]. Therefore, further studies are necessary to determine the implications of
increased Enterococcus in rats administered CEL.

It is worth noting that the CEL treatment significantly decreased the abundance of bac-
teria from the following genera: Oscillospira, Dorea and Coprobacillus. These findings agree
with previous research on typical prebiotic oligosaccharides [32–36], and Aspergillus pro-
tease and lipase preparations (6). The current information on the roles of Oscillospira, Dorea
and Coprobacillus in gut health is limited. Therefore, the implications of their modulation
remain unclear.

4.3. Bacterial Diversity

In this study, contrary to expectations, CEL treatment significantly lowered bacterial
diversity compared to the control. Microbial diversity is considered beneficial for com-
munity stability and host health [37,38]. However, this may not always be the case, and
assumptions of increased diversity could be oversimplified for complicated interactive
mechanisms in health and disease [39]. We believe that the reduced bacterial diversity in
the CEL group might be associated with the depletion of several bacterial species, including
Parabacteroides, Allobaculum, Oscillospira, Dorea and Coprobacillus (Figure 2, Table 1).

4.4. Organic Acids

Furthermore, in this study, it is interesting that CEL markedly increased cecal lac-
tate levels, which were significantly associated with the modulation of the RA of lactate-
producing bacteria, such as Lactobacillus, Bifidobacterium and Enterococcus. Meanwhile,
CEL decreased the levels of other organic acids, such as acetate, propionate and butyrate.
Notably, there was a significant inverse relationship between lactate and propionate levels.
Propionate is produced microbially from lactate in the human colon [40]. Thus, CEL may
reduce the metabolic conversion of lactate into propionate. Lactate has previously been
studied in vitro for its free radical scavenging and antioxidant properties [41]. According
to recent studies, lactate exhibits an inflammatory or anti-inflammatory role depending
on its effects on immune cells and disease types [42]. Therefore, the implications of lactate
accumulation in the CEL group remain unexplored. Additionally, CEL increased the total
organic acids and lowered the pH. Interestingly, there was a strong inverse association
between total organic acids and pH. The increased organic acids by CEL may cause the
lower pH.

4.5. Limitations of This Study

One limitation of this study was that the cellulase preparation was crude and un-
purified, despite having high cellulase activity. Therefore, factors related to cellulase
preparation, besides the cellulase itself, may be responsible for modulating the gut micro-
biota. Since the activities of protease and lipase in CEL were slight (Section 2.1: Animals
and Diets), the possibility that the protease and lipase in CEL modulate the gut microbiota
was neglected. Further research is necessary to determine the effects of purified Aspergillus-
derived cellulase on intestinal microbiota, as well as the relationship between cellulase
activity and gut microbiota modulation. Although the cellulase preparation used here is
crude, the preparation is actually used for the improvement of food digestion and food
production. Therefore, the finding of the prebiotic-like effect of CEL is of great significance
in terms of application.
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5. Conclusions

Our results indicate that CEL treatment increased the RA of typical probiotics, such as
Bifidobacterium and Lactobacillus. CEL also modulated the RA of other genera, including
Collinsella, Enterococcus, Oscillospira, Dorea and Coprobacillus, as reported for typical prebi-
otic oligosaccharides. These findings suggest a potential role for Aspergillus cellulase as
a prebiotic digestive enzyme in the food and animal feed industries, in addition to the
established benefits to food digestion. This study may also help to elucidate the health
benefits of Aspergillus-fermented foods and dietary enzyme supplements containing As-
pergillus cellulase. Interestingly, the modulations of the genera Bifidobacterium, Collinsella,
Enterococcus, Oscillospira, Dorea and Coprobacillus are similar to those reported for Aspergillus
protease and lipase preparations [6]. Thus, the colonic digestion of carbohydrates, proteins
and lipids may have a similar impact on these genera. Currently, our group is conducting
metabolomics studies to elucidate the mechanisms through which Aspergillus cellulase mod-
ulates microbiota, as well as the effects of Aspergillus cellulase on gut health and diseases.
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Abstract: The interest in fermented food products has been increasing in recent years. Details about
their microbial composition and the effects of their consumption on the human gut microbiome
are of particular interest. However, evidence regarding their potential to increase gut microbial
diversity, a measure likely associated with health, is lacking. To address this, we analyzed the
microbial composition of commercially available fermented vegetables using 16S rRNA sequencing.
We also conducted a pilot study to assess the feasibility of studying the effects of regular consumption
of fermented vegetables on the gut microbiome. Six healthy male volunteers participated in a
randomized crossover trial, with two two-week intervention phases. Volunteers consumed 150 g/d
of either sauerkraut or a variety of six different commercially available fermented vegetables. This
study is registered at the German Clinical Trials Register (DRKS-ID: DRKS00014840). Lactobacillales
was the dominant family in all fermented vegetables studied. However, the alpha diversity, richness
and evenness of the microbiota differed substantially among the different products. The number
of species per product varied between 20 and 95. After consumption of both sauerkraut and the
selection of fermented vegetables, we observed a slight increase in alpha diversity. Specifically,
the amount of the genus Prevotella decreased while the amount of Bacteroides increased after both
interventions. However, these initial observations need to be confirmed in larger studies. This pilot
study demonstrates the feasibility of this type of research.

Keywords: fermented food; human gut microbiota; dietary intervention; crossover study; pilot study

1. Introduction

Fermented foods have been part of the human diet for centuries and have been as-
sociated with various health benefits including longevity, reduced risk of metabolic and
immune-mediated disease and overall health [1,2]. Daily consumption of sauerkraut over
a period of six weeks has been reported to induce changes in gut microbial composition,
accompanied by improved gastrointestinal symptoms in patients with irritable bowel syn-
drome [3]. In addition to prolonging shelf-life, fermentation also increases the nutritional
value of food products—potentially beneficial metabolites including vitamins, bioactive
peptides and phytochemicals are synthesized during the fermentation process [4]. For
vegetables, lactic acid fermentation is a common type of fermentation. This process is
for example used for the production of sauerkraut or kimchi. During the fermentation
process, lactic acid bacteria metabolize carbohydrates present in the raw vegetables into
lactic acid. This leads to a drop in pH, which prevents the growth of undesirable microbes
such as molds and therefore prevents mal-fermentation [5]. Lactic acid fermentation can
be induced by adding salt at a concentration of approximately 2% (brine) to the shredded
vegetables and creating an anaerobic environment, which favors the growth of lactic acid
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bacteria. Sauerkraut and other fermented vegetables are generally produced by adding
a brine solution. While the bacterial community present in sauerkraut has been reported
to establish itself within approximately four weeks of incubation and to remain stable
during the fermentation process [6], long-term survival of microbes is not guaranteed
during shelf-life.

With the growing recognition of the importance of the gut microbiome to human
health and physiology, fermented foods have experienced a surge in popularity [1,7]. The
composition of the human microbiota is affected by various factors including lifestyle,
age, and diet [8–10]. While a dysbiotic microbiome has been associated with a number of
diseases such as inflammatory bowel disease, asthma, obesity, and depression, its role in
the development of these disorders remains unclear [11–14]. However, these observations
suggest that the gut microbiome may be a promising target for maintaining or improving
human health. Fermented foods are often promoted as beneficial for gut health; however,
the effect of daily consumption of fermented vegetables on the gut microbiome has not
been sufficiently explored. Therefore, we investigated the bacterial content of various
commercially available fermented vegetables and conducted a pilot study to evaluate the
feasibility of conducting a feeding study with these products.

2. Materials and Methods
2.1. Analysis of Fermented Vegetables

We explored the bacterial composition of six commercially available fermented veg-
etables: beetroot with goji berries, carrot with ginger, cauliflower with curcuma, sauerkraut
with cranberries (referred to as “pink sauerkraut”), daikon kimchi (all from complete-
organics GmbH, Munich, Germany), and traditional sauerkraut (Eden Frischkost- (L+)-
Sauerkraut, Radolfszell, Germany). We selected these products, because fermented vegeta-
bles, in particular sauerkraut, have a very high abundant microbial diversity compared to
other fermented foods. To maintain consistency of microbial content as much as possible
throughout our study, we chose commercially available products. The fermented vegeta-
bles we selected were the only products available that were non-pasteurized and contained
live bacteria, according to the manufacturers’ information. We tested the number of live
lactic acid bacteria (LAB) in some batches of the fermented vegetables by cultivation on
LAB-selective agar to ensure that the products contained live LAB.

According to the manufacturer’s information, the traditional sauerkraut was produced
by addition of starter cultures while the other fermented vegetables were produced us-
ing wild fermentation. A list of the ingredients can be found in Appendix A Table A1.
Distributors were unaware of the purpose of our purchases.

2.2. 16 S Ribosomal RNA Gene Sequencing

A sample of each fermented vegetable product was sent to the ZIEL Core Facility
Microbiome of the Technical University Munich, Germany, for sequencing. The samples
were processed according to the protocol by Reitmeier et al. (2020) [15].

2.3. Pilot Intervention Study
2.3.1. Study Design

To assess the feasibility of a feeding study using fermented vegetables and to assess
their possible effects on the composition of the human gut microbiome, a pilot dietary
intervention study was conducted. This study was advertised internally at the University
Hospital Freiburg. As this study was a pilot study, we included six participants to test the
feasibility of conducting a large-scale study, the participants’ acceptance and preference of
the different fermented vegetables, and early tendencies in potentially expectable effects
on the gut microbiome. We restricted this pilot study to male volunteers because men
are generally more difficult to recruit for feeding studies, so that we could evaluate their
compliance and the feasibility in a longer-term feeding study. We conducted a randomized
crossover trial, comprising eight weeks in total with one two-week washout phase, fol-
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lowed by two two-week intervention phases, which were separated by a second two-week
washout phase (Figure 1). Exclusion criteria included a history of chronic diseases, acute or
chronic gastrointestinal symptoms, one or more episodes of strong diarrhea within the past
two months, regular intake of oral probiotic supplements or any antibiotics within the past
two months, severe dietary restraints, plans to change diet within the next two months or
consumption of more than two standard drinks of alcohol per day.

Figure 1. Study design of the randomized crossover trial, with two two-week intervention phases,
each of which was preceded by a two-week washout phase. Participants consumed 150 g/d of either
sauerkraut or a variety of six different fermented vegetables. Stool samples were collected after week
2, 4, 6 and 8 of this study.

The intervention consisted of consumption of 150 g/day of either (i) traditional
sauerkraut or (ii) a selection of six different fermented vegetables: fermented beetroot,
carrot, cauliflower, kimchi, pink sauerkraut, and traditional sauerkraut (as described under
Section 2.1). Each product was assigned to be consumed on a certain day of the week
(with traditional sauerkraut twice a week). In both parts of this study, the daily servings
had to be consumed as 75 g portions twice a day. Participants were asked to refrain from
consumption of other fermented foods, such as yogurt, kefir, or additional fermented
vegetables throughout the entire study period. Stool samples were collected the day before
and the day after each intervention period to establish the stool sampling process and
pipeline for 16S rRNA analysis. Compliance was assessed by three-day food diaries that
participants kept during each study period. Participants were asked to keep diaries of
adverse reactions to the intervention. At the end of this study, participants filled in a
questionnaire to evaluate the feasibility of a long-term study with a comparable design, as
well as their preferences regarding the intervention. This study was approved by the ethics
committee of the Albert-Ludwigs-University Freiburg.

2.3.2. Stool Sample Collection

Stool samples were collected by participants at home in two containers ((i) native, (ii)
with 96% ethanol). Participants were instructed to keep the samples in the refrigerator after
collection and to return them as soon as possible (within 24 h) to our lab. There, they were
aliquoted and stored at −80 ◦C until subsequent analysis.

2.3.3. Fecal Microbial DNA Isolation

Stool samples were analyzed at the Laboratory of B. Grimbacher, University Medical
Center Freiburg, Freiburg, Germany. Microbial DNA was extracted from a 2 mL aliquot
using QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) following the manufac-
turer’s instructions with modifications, similarly as described before [16–18]. Temperature
of stool lysis was increased from 70 (suggested temperature in the protocol) to 95 ◦C for the
lysis of bacteria that are known to be difficult to lyse, e.g., for Gram-positive bacteria. In
a later step, 400 µL supernatant (instead of suggested volume 200 µL) was pipetted into
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15 µL of proteinase K to which 400 µL AL buffer (instead of suggested volume of 200 µL)
was added followed by thorough mixing and incubation at 70 ◦C for 10 min. Afterwards, a
spin column was loaded twice with 400 µL of the lysate.

2.3.4. 16 S Ribosomal RNA Gene Sequencing

Variable (V) region 3 and 4 amplicons of 16S rRNA gene were sequenced follow-
ing 16S metagenomic sequencing library protocol by Illumina [19]. 16S Amplicon PCR
Forward Primer 5′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNG-
GCWGCAG and 16S Amplicon PCR Reverse Primer 5′ GTCTCGTGGGCTCGGAGATGT-
GTATAAGAGACAGGACTACHVGGGTATCTAATCC were chosen as specific primers
for the regions of interest of the 16S rRNA gene (V3 and V4). This reaction was set up
with 2.5 µL of 5 ng/µL concentrated DNA, 5 µL 16S Amplicon PCR Forward Primer, 5 µL
16S Amplicon PCR Reverse Primer and 12.5 µL 2 × KAPA HiFi HotStart ReadyMix (final
volume: 25 µL). PCR products were purified using magnetic beads (Beckman Coulter,
Agencourt AMPure XP-Kit). The Index PCR was set up with 5 µL PCR product, 5 µL
Nextera Index Primer 1.5 µL Nextera Index Primer 2 (different combination of primers
for every sample), 25 µL 2 × KAPA HiFi HotStart ReadyMix and 10 µL nuclease-free
water (final volume: 50 µL). After a second PCR clean up, the size of the PCR product was
visualized by gel electrophoresis. In addition, loading on a Tape Station using the D1000
High-Sensitivity Reagents from Agilent Technologies allowed quantification of the PCR
product and preparation of final library by equimolar pooling of 96 samples. Library was
denatured with NaOH, diluted, mixed with 5% PhiX control and finally loaded on MiSeq
for high-throughput sequencing (2 × 300 cycle V3 kit).

2.4. Bioinformatics and Data Analysis

All preprocessing and downstream analyses were conducted in R (v.4.1.0), an open-
source free software environment for statistical computing and graphics [20]. Raw am-
plicon sequences were processed following the Divisive Amplicon Denoising Algorithm
2 (DADA2) workflow [21] with the DADA2 R software package (v. 1.22.0). DADA2 is
able to classify sequences in the most strain-specific manner possible. Sample composition
is inferred by partitioning the amplicon reads into partitions that match the error model.
DADA2 derives exact amplicon sequence variants (ASVs) from the amplicon data and
resolves biological differences of only 1 or 2 nucleotides. This results in an error-corrected
table of the absolute abundances of the ASVs in each sample. Specifically, we followed
all standard processing steps suggested by the DADA2 workflow including quality fil-
tering, dereplication, learning the dataset-specific error model, ASV inference, chimera
removal and taxonomic assignment. Within the denoise-paired function, sequences were
truncated at position 260 (fermented vegetables) and 250 (stool) due to a drop-off of the
quality score. Forward and reverse readings were merged, and chimeras were removed.
Taxonomic assignments were obtained with the pre-trained Naïve Bayes classifier using
the Silva 138.1 prokaryotic SSU taxonomic database, which specifically acknowledges the
new taxonomy of Lactobacillus as characterized in [22]. A phyloseq object was created
by means of the phyloseq R-package (v. 1.38.0) [23]. The species richness was determined
by counting the number of different species present (observed) and alpha diversity was
analyzed using Shannon diversity (richness and evenness). Beta diversity was assessed
by computing weighted Bray–Curtis distances to compare microbial communities based
on relative abundance. Non-metric multidimensional scaling (NMDS) was performed to
compare beta diversity among groups. Relative abundances as well as alpha diversity
measures were calculated using the R-package microbiome (v. 1.16.0). For computing
the beta diversity, we used the R-package phyloseq. Graphics were generated using the
ggplot2 R-package (v. 3.3.5). For exploring community composition, a genus-level dataset
was created by agglomerating the data at the genus level, where genera that were less than
5% abundant in any of the samples (fermented vegetables) or had a relative abundance
of less than 0.1% in half of the samples (stool) were aggregated into the category “Other”.
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Due to the fact that this is a pilot study with a small number of participants, we focused on
descriptive analyses and have deliberately refrained from any significance testing.

3. Results
3.1. Bacterial Composition of Commercially Available Fermented Vegetables
Fermented Vegetable Microbiome

Lactic acid bacteria (Lactobacillales) were detected in all analyzed fermented vegetables,
among which Lactiplantibacillus was the dominant genus in most fermented vegetables
displaying 38% of the total genera in a grouped analysis with all samples, followed by
Lacticaseibacillus and Latilactobacillus as well as Pediococcus (Figure 2A).

Figure 2. Bacterial composition of several commercially available fermented vegetables. Sam-
ples were analyzed by 16S rRNA sequencing. (A) Grouped relative abundance of the fermented
vegetables—the most abundant genera are displayed in the chart, genera that were abundant less
than 5% in any of the samples were aggregated into one category (“Other”), and genera with no
taxonomic annotation are categorized as “unknown”; (B) read counts (abundance) of the main bac-
teria species found in the fermented vegetables; (C) alpha diversity of bacterial taxa found in the
fermented vegetables.

The relative abundance of the detected genera varied between the different fermented
vegetables (Figure 2B). Lactiplantibacillus was the dominant genus in carrots, kimchi and
pink sauerkraut. In fermented beetroot, Pediococcus was the most dominant genus, while in
the traditional sauerkraut, Lacticaseibacillus was most dominant, followed by Lactococcus. In
cauliflower, Latilactobacillus followed by Levilactobacillus were the most abundant genera.

In general, alpha diversity, richness and evenness of the fermented vegetable mi-
crobiota differed substantially among the different products (Figure 2C). The number of
different species (ASVs) ranged between 20 and 95 in the samples analyzed (observed
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richness). According to the Shannon index, pink sauerkraut was the most diverse sample
while fermented beetroot and traditional sauerkraut displayed the lowest diversity.

3.2. Effects of Fermented Vegetable Consumption on the Human Gut Microbiome

Six healthy male volunteers (age: 25.5 ± 2.9 yrs, BMI: 24.3 ± 1.2k g/m2) participated
in this feasibility study. Compliance was very high; all participants completed all inter-
ventions. In total, 96% of the food and symptoms diaries were returned as requested.
According to the food diaries, participants adhered to the intervention protocol. Four
participants reported side effects, which were mainly related to gastrointestinal functions,
such as flatulence and isolated episodes of diarrhea. Four participants declared their will-
ingness to participate in a longer feeding study of this type. Three participants preferred
the consumption of a selection of fermented vegetables over sauerkraut consumption. All
participants returned stool samples at all requested time points. Samples stabilized in
ethanol were provided by five participants, whereas native samples were provided by four
participants. Further analysis was conducted using the ethanol samples for all participants
except one, from whom only native samples were available.

Gut Microbiome Analysis

An increase in relative abundance was detected within the genera Bacteroides and
Ruminococcus (Figure 3A). The genera Prevotella and Faecalibacterium displayed a decrease
after both intervention cycles.

Figure 3. Human gut microbiome changes after consumption of fermented vegetables. (A) Grouped
relative abundance of the main phyla found in the stool samples—the most abundant genera are
displayed in the chart, genera that had a relative abundance of more than 0.1% in half of the
samples were aggregated into one category (“Other”), and genera with no taxonomic annotation
are categorized as “unknown”; (B) alpha diversity measures representing the diversity of bacterial
taxa before and after intervention; (C) beta diversity of bacterial taxa found in the stool samples
displaying each participant.
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No clear change in alpha diversity in response to either intervention was apparent
according to the observed index. A slight increase in alpha diversity (the Shannon index)
was observed after consumption of both sauerkraut (pre intervention: 3.31 ± 0.74, post
intervention: 3.58 ± 0.68) and the selection of fermented vegetables (pre: 3.60 ± 0.93, post:
3.84 ± 0.81) (Figure 3B). Bray–Curtis dissimilarity revealed no clustering of the samples
according to dietary intake and time point. For most participants, baseline and intervention
samples did not differ very much, pointing towards an individualized and heterogeneous
microbial composition (Figure 3C).

4. Discussion

In this study, the microbial composition of commercially available fermented veg-
etables was analyzed using 16S rRNA sequencing. The effect of consumption of these
vegetables on the composition of the human gut microbiome was also examined through a
pilot human intervention study.

We analyzed the bacterial composition of commercially available fermented vegetables.
As expected, the lactic acid bacteria family was the most represented in all fermented
vegetables assessed. The genus Lactiplantibacillus was the most common in half of the
fermented vegetables. Species of the Lactiplantibacillus genus are found in various fermented
vegetables, especially sauerkraut and kimchi, and produce lactic acid [24]. The genera
Lacticaseibacillus and Latilactobacillus are widely found in fermented foods with some species
exhibiting probiotic properties. Among other genera, the genus Pediococcus is important for
its preservative properties. This genus converts the sugars in fresh vegetables into lactic
acid, which causes a drop in pH and prevents the food from spoiling [25]. The second
most prominent genus detected in the sauerkraut was Lactococcus, which is made up of
homofermentative species that produce lactic acid through fermentation of glucose. Many
Lactococcus species are widely used to produce fermented dairy products. Another genus
that was detected in the fermented vegetables, but primarily in the two sauerkraut types,
was Weissella. Species of this genus are found in various fermented foods, many of them
producing exopolysaccharides that are involved in adhesion to surfaces and influence the
viscosity and structure of the respective fermented food [26].

The commercially available fermented vegetables that were analyzed in this study
contain a variety of different microbial components, of which many species have been
described to display probiotic effects. According to Hill et al., probiotics are defined as live
microorganisms that are intended to have health benefits when administered in adequate
amounts [27]. However, the exact mechanisms that explain the effects each species has on
the human host are still not fully understood. For example, it has remained unclear whether
the live bacteria consumed adhere to the intestinal mucosa and persistently populate the
human gut or whether these products have to be consumed on a regular basis to enrich
the host gut flora. In comparison, fermented milk products also contain probiotic bacteria,
but display a less complex microbial composition. Traditional yogurt contains Lactobacillus
delbrueckii subsp. bulgaricus and Streptococcus thermophiles. Often other LAB or bacteria
from the genera Bifidobacterium are added to promote probiotic effects [28,29]. Other
fermented dairy products such as kefir, a slightly carbonated viscous fermented milk drink,
contain a more complex community of bacteria and yeasts when traditionally produced.
However, in industrial production, instead of spontaneous fermentation or fermentation
with kefir grains, standardized starter cultures are often used to achieve consistent product
quality and suppress undesirable fermentation processes, resulting in a less complex
microbial composition [30–32]. Our feasibility study demonstrated a high compliance,
with no major side effects, indicating that longer-term studies investigating daily effects of
fermented vegetables on health are feasible. Our pilot study was not powered to reveal
any but substantial shifts in the gut microbiome. Hence, larger studies, potentially with
longer intervention periods, are required to draw firm conclusions regarding the general
population. Nevertheless, our study suggests a minor increase in gut microbiome diversity
in healthy, young volunteers. The biggest change on the genera level was observed in the
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two genera Prevotella and Bacteroides. The relative abundance of Bacteroides nearly doubled
while the relative abundance of Prevotella decreased in a corresponding manner. Both
genera are closely related and belong to the phylum Bacteroidota. An antagonistic relation
has been proposed in the literature describing some Prevotella species as being associated
with chronic inflammatory conditions [33].

As reflected in the beta diversity, the gut microbiome composition differed vastly be-
tween volunteers. This was to be expected, as it has been established that the composition
of the gut microbiome differs between individuals and is influenced by a great number
of parameters such as diet, environment, and living situation [34]. All participants were
allowed to follow their individual habitual diet in addition to the interventions. Addi-
tionally, the intervention period was relatively short. For more profound and sustained
effects, fermented vegetables may have to be consumed longer in order to enable estab-
lishment of the potentially induced changes. Moreover, the small sample size fosters an
intra-individual variation that exceeds the inter-individual variation in gut microbial com-
position. The study of the impact of fermented vegetables is also limited by difficulties in
standardizing the intervention, since bacterial composition will vary even in a standardized
production environment.

Our pilot study suggests that an intervention with 150 g of different fermented veg-
etables per day is feasible. This is consistent with findings from other studies such as by
Nielsen et al. including an intervention with 75 g sauerkraut per day [3] or a study by Han
et al., who investigated effects of the consumption of 180 g kimchi per day in a study with
obese women [35].

5. Conclusions

Fermented vegetables contain a vast variety of bacteria that differ between respective
products. Therefore, a broader exposure of a microbial variety can already be achieved
by consumption of a variety of different fermented vegetables. Our study suggests that
intervention studies with fermented vegetables are feasible. In addition, it provides a
first look at the effects of the consumption of fermented vegetables on the human gut
microbiome, suggesting an increase in microbial diversity in the human gut. This study
lays a foundation for further research providing insights into the health functions of
fermented vegetables.
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Appendix A

Table A1. Compositional details of the fermented vegetables used in this study.

Type of Fermented
Vegetable Ingredients Manufacturer

Cauliflower
Cauliflower (96%), natural sea salt,

fresh turmeric, spices
(turmeric, cumin)

completeorganics GmbH,
Munich, Germany

Pink Sauerkraut White cabbage (72%), red cabbage,
natural sea salt, cranberries (dried)

completeorganics GmbH,
Munich, Germany

Carrots Carrots (96%), natural sea salt,
ginger (fresh)

completeorganics GmbH,
Munich, Germany

Beet Root Beetroot (93%), horseradish,
natural sea salt, goji berries (dried)

completeorganics GmbH,
Munich, Germany

Daikon Kimchi
Radish (84%), carrots, red peppers,

natural sea salt, spices
(ginger, chili)

completeorganics GmbH,
Munich, Germany

Traditional
Sauerkraut

White cabbage, sea salt, lactic
acid bacteria

Eden Frischkost-(L+)-Sauerkraut,
Radolfszell, Germany
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24. Gustaw, K.; Niedźwiedź, I.; Rachwał, K.; Polak-Berecka, M. New Insight into Bacterial Interaction with the Matrix of Plant-Based
Fermented Foods. Foods 2021, 10, 1603. [CrossRef]

25. Porto, M.C.W.; Kuniyoshi, T.M.; Azevedo, P.O.S.; Vitolo, M.; Oliveira, R.P.S. Pediococcus spp.: An important genus of lactic acid
bacteria and pediocin producers. Biotechnol. Adv. 2017, 35, 361–374. [CrossRef]

26. Kavitake, D.; Devi, P.B.; Shetty, P.H. Overview of exopolysaccharides produced by Weissella genus—A review. Int. J. Biol.
Macromol. 2020, 164, 2964–2973. [CrossRef]

27. Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. Expert
consensus document: The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and
appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506–514. [CrossRef]

28. Volokh, O.; Klimenko, N.; Berezhnaya, Y.; Tyakht, A.; Nesterova, P.; Popenko, A.; Alexeev, D. Human Gut Microbiome Response
Induced by Fermented Dairy Product Intake in Healthy Volunteers. Nutrients 2019, 11, 547. [CrossRef]

29. Stiemsma, L.T.; Nakamura, R.E.; Nguyen, J.G.; Michels, K.B. Does Consumption of Fermented Foods Modify the Human Gut
Microbiota? J. Nutr. 2020, 150, 1680–1692. [CrossRef]

30. Kwak, H.; Park, S.; Kim, D. Biostabilization of Kefir with a Nonlactose-Fermenting Yeast. J. Dairy Sci. 1996, 79, 937–942. [CrossRef]
31. Marsh, A.J.; O’Sullivan, O.; Hill, C.; Ross, R.; Cotter, P.D. Sequencing-Based Analysis of the Bacterial and Fungal Composition of

Kefir Grains and Milks from Multiple Sources. PLoS ONE 2013, 8, e69371. [CrossRef]
32. Bourrie, B.C.T.; Willing, B.P.; Cotter, P.D. The Microbiota and Health Promoting Characteristics of the Fermented Beverage Kefir.

Front. Microbiol. 2016, 7, 647. [CrossRef]
33. Ley, R.E. Prevotella in the gut: Choose carefully. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 69–70. [CrossRef] [PubMed]
34. Conlon, M.A.; Bird, A.R. The Impact of Diet and Lifestyle on Gut Microbiota and Human Health. Nutrients 2014, 7, 17–44.

[CrossRef] [PubMed]
35. Han, K.; Bose, S.; Wang, J.-H.; Kim, B.-S.; Kim, M.J.; Kim, E.-J.; Kim, H. Contrasting effects of fresh and fermented kimchi

consumption on gut microbiota composition and gene expression related to metabolic syndrome in obese Korean women. Mol.
Nutr. Food Res. 2015, 59, 1004–1008. [CrossRef] [PubMed]

22



����������
�������

Citation: Lee, J.Y.; Park, H.M.; Kang,

C.-H. Antioxidant Effect via

Bioconversion of Isoflavonoid in

Astragalus membranaceus Fermented

by Lactiplantibacillus plantarum

MG5276 In Vitro and In Vivo.

Fermentation 2022, 8, 34. https://

doi.org/10.3390/fermentation8010034

Academic Editor: Hiroshi Kitagaki

Received: 26 November 2021

Accepted: 13 January 2022

Published: 16 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Article

Antioxidant Effect via Bioconversion of Isoflavonoid in
Astragalus membranaceus Fermented by Lactiplantibacillus
plantarum MG5276 In Vitro and In Vivo
Ji Yeon Lee , Hye Min Park and Chang-Ho Kang *

MEDIOGEN, Co., Ltd., Biovalley 1-ro, Jecheon-si 27159, Korea; ljy341@naver.com (J.Y.L.);
hyeminpark95@naver.com (H.M.P.)
* Correspondence: changho-kang@naver.com; Tel.: +82-43-842-1940

Abstract: In this study, the antioxidant mechanism of Astragalus membranaceus fermented by
Lactiplantibacillus plantarum MG5276 (MG5276F-AM) was evaluated in HepG2 cells and in an animal
model. HPLC analysis was performed to confirm the bioconversion of the bioactive compounds
in A. membranaceus by fermentation. Calycosin and formononetin, which were not detected before
fermentation (NF-AM), were detected after fermentation (MG5276F-AM), and its glycoside was
not observed in MG5276F-AM. In HepG2 cells, MG5276F-AM alleviated H2O2-induced oxidative
stress by mediating lipid peroxidation and glutathione levels, and upregulated antioxidant enzymes
including catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx). In the
tBHP-injected mouse model, administration of MG5276F-AM reduced hepatic aspartate transaminase,
alanine transaminase, and lipid peroxidation. MG5276F-AM also modulated antioxidant enzymes as
well as HepG2 cells. Thus, fermentation of A. membranaceus with L. plantarum MG5276 elevated the
isoflavonoid aglycone by hydrolysis of its glycosides, and this bioconversion enhanced antioxidant
activity both in vitro and in vivo.

Keywords: antioxidant; formononetin; calycosin; HepG2 cells; t-BHP

1. Introduction

Antioxidants prevent oxidative stress produced by a variety of environmental condi-
tions, including alcohol consumption, smoking, and drug addiction [1]. Chronic oxidative
stress is caused by the accumulation of reactive oxygen species (ROS), including hydrogen
peroxide (H2O2), hydroxyl radicals (OH−), and free radicals (O−) in organelles. ROS
induce cancer, aging, and inflammation by causing cell membrane degradation, lipid ox-
idation, protein denaturation, and DNA damage [2]. To protect against oxidative stress,
organelles have enzymatic and non-enzymatic antioxidant defense systems [3]. Oxidative
stress accumulated in cells is relieved by antioxidant enzymes such as SOD, CAT, and GPx.
Free radicals are converted to H2O2 by SOD and degraded to H2O by CAT and/or GPx to
relieve oxidative stress [4]. What is more, non-enzymatic defense system against oxidative
stress involves flavonoids such as flavanoid, flavonols, isoflavonoids, and phenolic acid,
which are abundant in foods, plants and beverages [5]. The balance between the activity
and intracellular levels of antioxidants is important for human health [4].

Bioconversion is the conversion of organic materials from natural product by biological
processes [6]. In the food industry, bioconversion is used to produce feed and energy using
food waste, and to improve bioactivity and bioavailability [7,8]. In particular, lactic acid
bacteria, which are probiotics, are widely used in the functional food industry [9]. Among
the lactic acid bacteria used for bioconversion, Lactiplantibacillus plantarum has been used
to convert flavonoid glycosides in Cudrania tricuspidata leaves into its aglycone, and to
convert ginsenoside Rb2 and Rb3 in red ginseng to ginsenoside Rd [10,11]. It has also been
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reported that immune system regulation, whitening, and antioxidant activity of various
natural products are enhanced through bioconversion using L. plantarum [6,12].

Roots of Astragalus membranaceus (A. membranaceus) have been grown in Korea, China,
and Mongolia [13]. A. membranaceus has been used traditionally for the treatment of cancer,
hyperglycemia, and immune modulating-related diseases, and contains mainly polysac-
charides, astragaloside, and various flavonoids [14]. In a previous study, A. membranaceus
fermented by L. plantarum MG5276 (MG5276F-AM) had antioxidant and anti-inflammatory
effects through decreasing nitro oxide (NO) production and gene expression of inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) in RAW264.7 cells [15]. As a
further study, the bioconversion of isoflavonoid glycosides calycosin-7-O-glucoside and
formononetin-7-O-glucoside in A. membranaceus by fermentation was confirmed through
HPLC analysis, and the antioxidant efficacy of MG5276F-AM was verified in cells and
animal models.

2. Materials and Methods
2.1. Preparation and Fermentation of Astragalus Membranaceus Extract

The fermentation method was performed as previously described [15]. Briefly, L. plantarum
MG5276, isolated from fermented foods, was cultured in ManRogosaSharpe (MRS; Difco,
Sparks, MD, USA) broth at 37 ◦C for 24 h. The roots of A. membranaceus were purchased
from the Chungbuk Herb Farming Association (Jecheon, Korea). A. membranaceus (100 g) was
extracted in hot water (w:v = 1:2, 60 ◦C) for 15 h. The A. membranaceus extract was filtered
using Whatman No. 2 filter paper (GE Healthcare Bio-Science, PA, USA). Then, 2% (v/v)
of L. plantarum MG5276 (OD600 = 1.0, 108–109 CFU/mL) was inoculated and fermented for
A. membranaceus extract at 37 ◦C for 15 h. After fermentation, the supernatant was filtered and
freeze-dried for subsequent experiments.

2.2. High Perfomance Liquid Chromatography (HPLC) Analysis
2.2.1. Pre-treatment of Samples for Analysis

Previously study reported that isoflavonoids from AM was contained in ethyl acetate
fraction [16,17]. Therefore, the isoflavonoid-rich sample for HPLC analysis was conducted
by ethyl acetate fraction. NF-AM and MG5276F-AM (1 g, each) were dissolved in water
then fractionated with ethyl acetate. Fractions of each sample were dissolved in methanol
(50 mg/mL each) following concentration under reduced pressure.

2.2.2. Analysis of Isoflavonoids by HPLC

For qualitative and quantitative analysis of isoflavonoids, HPLC (Shimadzu, Kyoto,
Japan) was performed using a reverse-phase system. Calycosin, formononetin, calycosin-
7-O-glucoside (calycosin-G), and formononetin-7-O-glucoside (formononetin-G), used
as a standard, were from Sigma-Aldrich (St. Louis, MO, USA). A Kinetex EVO C18
(4.6 × 250 mm, 5 µm; Phenomenex, Torrance, CA, USA) column was used with a mobile
phase consisting of 0.1% acetic acid in water (A, v/v) and 0.1% acetic acid in acetonitrile
(B, v/v). The injection volume was 10µL, the flow rate was 1.0 mL/min, and UV detection
was conducted at 260 nm. The elution program was modified from Park’s program [13].
The elution program was as follows (B%): 10–15%, 10 min; 15–20%, 15 min; 20–30%, 25 min;
30–40%, 45 min; 40–100%, 55 min; 100%, 65 min.

2.3. Cell Culture

HepG2 cells were obtained from the KTCC (Seoul, Korea). HepG2 cells were cultured
in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin (Gibco BRL, Burlington, ON, Canada) at 37 ◦C in a 5% CO2
incubator. The medium was replaced every 2 days for subculture.
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2.4. Cell Viability

Cell viability was measured using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
bromide (MTT) assay [18]. Briefly, cells (4 × 104 cells/well) were seeded in 96 well plates
incubated at 37 ◦C in 5% CO2 for 24 h. After aspirating the supernatant, 100 µL of NF-AM
and MG5276F-AM (25 and 50 µg/mL in serum free MEM) was treated in each well. After
24 h, H2O2 (1 mM) with samples was added to the each well for 24 h. After aspirating the
supernatant, 100 µL of MTT solution (0.1 mg/mL in serum free MEM) was added to each well,
incubated for 2 h. Formazan produced by MTT solution was dissolved by DMSO (150 µL) and
absorbance at 550 nm was measured using an Epoch2 microplate reader (Biotek, Winooski,
VT, USA).

2.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from hepatocytes using NuceloZOL (MACHEREY-NAGEL
GmbH & Co., KG, Dueren, Germany), and mRNA (1 µg) was reverse-transcribed into
cDNA using Reverse Transcriptase Premix (Intron, Seongnam-si, Korea). qRT-PCR was
performed using iQ™ SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA) with the
gene primers listed in Table 1. Relative gene expression was normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH). Expression levels were analyzed using the 2−∆∆CT

method [19].

Table 1. Primer sequences for qRT-PCR.

Gene 1 Primer Sequence (5′→3′) Product Size (bp)

CAT Forward GAACTGTCCCTACCGTGCTCGA 156
Reverse CCAGAATATTGGATGCTGTGCTCCAGG

SOD Forward AATGGACCAGTGAAGGTGTGGGG 186
Reverse CACATTGCCCAAGTCTCCAACATGC

GPX Forward CGGCCCAGTCGGTGTATGC 122
Reverse CGTGGTGCCTCAGAGGGAC

GAPDH Forward ACCCACTCCTCCACCTTTG 178
Reverse CTCTTGTGCTCTTGCTGGG

1 qRT-PCR, quantitative real-time polymerase chain reaction; CAT, catalase; SOD, superoxide dismutase; GPX,
glutathione peroxide; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

2.6. Animal Treatments

All animal experimental protocols used in this study were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the Korea Institute of NDIC (P214057,
Seoul, Korea, 21 October 2021). Five-week-old female C57BL/6 mice were used in this
study (Orient Bio., Seongnam-si, Korea). The mice were housed in standard polycarbonate
cages (n = 4–5 per cage) at a controlled temperature of 21 ± 2 ◦C and humidity of 50 ± 20%
under a 12-h light/dark cycle and given free access to standard rodent chow (Research
Diets, Inc., New Brunswick, NJ, USA) and water. All solutions used for the treatments were
freshly dissolved on the experimental days in physiological saline (Dai Han Pharm. Co.,
Ltd., Seoul, Korea).

After a week of acclimatization, the mice were randomly divided into four groups
(n = 7 per group) as follows: (1) normal group (saline), (2) tert-butyl hydroperoxide (t-BHP)
in saline-injected group, (3) t-BHP + MG5276F-AM (100 mg/kg), and (4) t-BHP + MG5276F-
AM (300 mg/kg). The extracts were administered orally for 14 days with a feeding needle
catheter, and the mice received an intraperitoneal (i.p.) injection of t-BHP (0.5 mmol/kg)
after 3 h from the last feed [20]. Following euthanasia, the liver tissues were dissected and
stored at −80 ◦C for biochemical parameter analysis.

2.7. Biochemical Parameters of Serum and Liver Tissues

Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels
were evaluated using a chemistry analyzer (AU480, Beckman Coulter, CA, USA). The liver
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tissue was lysed using RIPA buffer (Biosesang, Seongnam-si, Korea) containing protease
inhibitor (Gendepot, Katy, TX, USA) and homogenized using TissueLyser II (Qiagen, Hilden,
Germany) with stainless steel beads (Qiagen). Malondialdehyde (MDA) (LS Bio, Seattle,
DC, USA), glutathione (GSH, Abcam, Cambridge, UK), SOD (Abcam), CAT (Abcam), and
GPx (Abcam) were evaluated using ELISA kits. The absorbance was measured using a
SpectraMax M2 microplate reader (Molecular Devices, San Jose, CA, USA).

2.8. Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM) and analyzed by
multiple comparisons one-way analysis of variance (ANOVA) using Duncan’s multiple
range test, IBM SPSS Statistics 21 software program (SPSS Inc., Chicago, IL, USA). The
results were considered statistically significant if p values were less than 0.05.

3. Results and Discussion
3.1. Analysis Method Vaildation of Isoflavonoids Aglycones and Its Glycosides

The analytical method used for quantification of calycosin, formononetin, calycosin-
G, and formononetin-G using HPLC was verified by the limit of detection (LOD) us-
ing the slope, and limit of quantification (LOQ) using the standard deviation obtained
through linearity (Table 2). The retention times of isoflavonoid aglycones (calycosin and
formononetin) and its glycosides (calycosin-G and formononetin-G) were 15.74, 30.36,
64.76, and 44.71 min, respectively. The calibration curves of isoflavonoids and their
glycosides were Y = 57,122X − 19,253, Y = 46,662X − 9324, Y = 55,047X − 22,903, and
Y = 52,371X − 22,302, respectively. In addition, LOD and LOQ were determined to be 1.66,
2.47, 2.93, and 3.43 µg/mL and 5.02, 7.49, 8.87, and 10.40 µg/mL, respectively.

Table 2. Calibration curves, the LOD and LOQ values of standards for quantification in NF-AM and
MG5276F-AM (n = 3).

Standards 1 Rt
(min) Calibration Curve 2 R 2,3 LOD

(µg/mL)
LOQ

(µg/mL)

Calycosin-G 15.74 Y = 57,122X – 19,253 1.00 1.66 5.02
Formononetin-G 30.36 Y = 46,662X – 9324 1.00 2.47 7.49

Calycosin 34.76 Y = 55,047X – 22,903 1.00 2.93 8.87
Formononetin 44.71 Y = 52,371X – 22,302 1.00 3.43 10.40

1 Calycosin-G, calycosin-7-O-glucoside; Formononetin-G, formononetin-7-O-glucoside. 2 Where the Y and X are
the peak area and concentration of the analyses (µg/mL), respectively. 3 Correlation coefficients for three data
points in the calibration curve. Rt, retention time; LOD, limit of detection; LOQ, limit of quantification.

Linearity should be evaluated through the y-intercept and the slope of the regression
line with a correlation coefficient of 0.999 or higher after calculating the calibration curve
with the analyzed area values [21]. Since the correlation coefficient calculated through
the regression curves of all standards was 0.999 or more, it could be quantified using this
analysis method.

3.2. Quantification of Isoflavonoids Aglycones and Its Glycosides Changed through the
Fermentation Process of Astragalus membranaceus Extracts

A. membranaceus extract contains various compounds, including dihydroflavones,
isoflavonoids, flavonoids, pterocarpans, phenolic acids, and saponins [14]. Among these
compounds, isoflavonoids, such as calycosin and formononetin, are the main components
that reduce oxidative stress [22]. In addition, the glycoside in the various extracts can be
converted by using the lactobacilli produced through the fermentation process [23]. To
confirm the isoflavonoid change in A. membranaceus extract through fermentation, it was
analyzed using the method described in Section 3.1.

The chromatograms of the isoflavonoid aglycones (calycosin and formononetin) and
its glycosides (calycosin-G and formononetin-G) matched with UV spectrum, in NF-AM
and MG5276F-AM, are shown in Figure 1. Retention time each isoflavonoid is indicated in
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Table 1. The chromatograms confirmed that the isoflavonoid glycoside that existed before
fermentation (Figure 1A) disappeared after fermentation, and isoflavonoid aglycones were
generated (Figure 1B).
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Figure 1. The chromatograms of (A) standards (20 ppm, each), (B) NF-AM (50 mg/mL), and
(C) MG5276F-AM (50 mg/mL) by HPLC analysis. 1, calycosin-7-O-glucoside; 2, formonetin-7-O-
glucoside; 3, calycosin; 4, formononetin.

The contents of isoflavonoid aglycones and their glycosides are listed in Table 3. In
NF-AM, only the isoflavonoids glycosides, calycosin-G (0.91± 0.01 mg/100 g dried weight)
and formononetin-G (0.58 ± 0.00 mg/100 g dried weight), were analyzed. In MG5276F-
AM, only isoflavonoids aglycones, calycosin (0.88 ± 0.02 mg/100 g dried weight) and
formononetin (0.87 ± 0.00 mg/100 g dried weight), were analyzed.

Table 3. Contents of isoflavonoids aglycones and its glycosides in NF-AM and MG5276F-AM (n = 3).

Sample 1
Content (mg/100 g Dried Weight)

Calycosin Formononetin Calycosin-G Formononetin-G

NF-AM n.d. 2 n.d. 0.91 ± 0.01 0.58 ± 0.00
MG5276F-AM 0.88 ± 0.02 0.87 ± 0.00 n.d. n.d.

1 Calycosin-G, calycosin-7-O-glucoside; Formononetin-G, formononetin-7-O-glucoside; NF-AM, A. membranaceus,
not fermented; MG5276F-AM, A. membranaceus fermented with L. plantarum MG5276. 2 n.d. not detected.
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L. plantarum contains various enzymes, including phosphohydrolase, α-galactosidase,
α-glucosidase, acid phosphatase, and β-glucosidase [24]. Calycosin and formononetin
are bound to 7-O-glucoside, which can be degraded by the β-glucosidase produced by
L. plantarum [25]. In addition, many studies have been conducted using lactic acid bacteria
for the bioconversion of glycosides to aglycones of bioactive compounds [23,26,27]. In our
previously study, we only confirmed that calycosin content was increased by MG5276 fer-
mentation [15]. However, in this study, we conducted quantitative and qualitative analyzes
of glycosides and other isoflavonoids to determine why the calycosin content was increased.
Our results confirmed that glycosides were decomposed to produce aglycones when the
A. membranaceus extract was fermented. However, the formononetin content after fermen-
tation was higher than that of formononetin-7-O-glucoside before fermentation. These
results show that formononetin is synthesized by other enzymes and compounds other than
β-glucosidase via the biosynthetic pathway [28]. Isoflavonoid glycosides have a very low
absorption rate in the body; therefore, a bioconversion process that converts them into an
isoflavonoid aglycone is urgently needed to compensate for this [27]. Therefore, conversion
to aglycone is important for increasing bioactivity by increasing absorption in the body.
Overall, fermentation of A. membranaceus extract with L. plantarum MG5276 suggests that
bioactivity and bioavailability can be enhanced by increasing the isoflavonoid aglycone.

3.3. Cytoprotective Effect of NF-AM and MG5276F-AM in H2O2-Induced HepG2 Cells

To establish a concentration of NF-AM and MG5276F-AM that is not toxic to cells,
viability was measured in HepG2 cells (Figure 2A). Based on these results, only NF-AM and
MG5276F-AM at concentrations up to 50 µg/mL were used in subsequent experiments. The
cytoprotective effects of NF-AM and MG5276F-AM were investigated in H2O2-induced
HepG2 cells (Figure 2B). Treatment with H2O2 (0.1 to 1 mM) on HepG2 cells reduced
cell viability in a concentration-dependent manner. Cell morphology and toxicity were
observed at a concentration of 1 mM H2O2 (Figure S1). As a result of treat with NF-AM
and MG5276F-AM and 1 mM H2O2 in HepG2 cells, the viability of MG5276F-AM was
significantly higher than that of NF-AM.

Fermentation 2022, 8, x FOR PEER REVIEW 6 of 11 
 

 

creased by MG5276 fermentation [15]. However, in this study, we conducted quantita-
tive and qualitative analyzes of glycosides and other isoflavonoids to determine why the 
calycosin content was increased. Our results confirmed that glycosides were decom-
posed to produce aglycones when the A. membranaceus extract was fermented. However, 
the formononetin content after fermentation was higher than that of formononet-
in-7-O-glucoside before fermentation. These results show that formononetin is synthe-
sized by other enzymes and compounds other than β-glucosidase via the biosynthetic 
pathway [28]. Isoflavonoid glycosides have a very low absorption rate in the body; 
therefore, a bioconversion process that converts them into an isoflavonoid aglycone is 
urgently needed to compensate for this [27]. Therefore, conversion to aglycone is im-
portant for increasing bioactivity by increasing absorption in the body. Overall, fermen-
tation of A. membranaceus extract with L. plantarum MG5276 suggests that bioactivity and 
bioavailability can be enhanced by increasing the isoflavonoid aglycone. 

Table 3. Contents of isoflavonoids aglycones and its glycosides in NF-AM and MG5276F-AM (n = 
3). 

Sample 1 
Content (mg/100 g Dried Weight) 

Calycosin Formononetin Calycosin-G Formononetin-G 
NF-AM n.d. 2 n.d. 0.91 ± 0.01 0.58 ± 0.00 

MG5276F-AM 0.88 ± 0.02 0.87 ± 0.00 n.d. n.d. 
1 Calycosin-G, calycosin-7-O-glucoside; Formononetin-G, formononetin-7-O-glucoside; NF-AM, A. 
membranaceus, not fermented; MG5276F-AM, A. membranaceus fermented with L. plantarum MG5276. 
2 n.d. not detected. 

3.3. Cytoprotective Effect of NF-AM and MG5276F-AM in H2O2-Induced HepG2 Cells 
To establish a concentration of NF-AM and MG5276F-AM that is not toxic to cells, 

viability was measured in HepG2 cells (Figure 2A). Based on these results, only NF-AM 
and MG5276F-AM at concentrations up to 50 μg/mL were used in subsequent experi-
ments. The cytoprotective effects of NF-AM and MG5276F-AM were investigated in 
H2O2-induced HepG2 cells (Figure 2B). Treatment with H2O2 (0.1 to 1 mM) on HepG2 
cells reduced cell viability in a concentration-dependent manner. Cell morphology and 
toxicity were observed at a concentration of 1 mM H2O2 (Figure S1). As a result of treat 
with NF-AM and MG5276F-AM and 1 mM H2O2 in HepG2 cells, the viability of 
MG5276F-AM was significantly higher than that of NF-AM. 

Oxidative stress factors, including H2O2, cause cytotoxicity by damaging cells and 
DNA [1]. It has been reported that 1 mM H2O2 increases cell toxicity and ROS produc-
tion in HepG2 [29,30]. These reports are consistent with our study showing that H2O2 
causes toxicity at a concentration of 1 mM. In addition, fermentation of grape skin can 
protect HepG2 cells from H2O2 damage via bioconversion to produce compounds with 
antioxidant activity [31]. Similarly, in our study, MG4276F-AM showed higher cell pro-
tection against oxidative damage than NF-AM because of bioconversion through fer-
mentation. 

 
Figure 2. Cell viability of NF-AM and MG5276F-AM on hepatocytes. (A) HepG2 cells were treated
with NF-AM and MG5276F-AM (6.25, 12.5, 25, and 50 µg/mL) for 24 h. (B) Viability of H2O2-induced
HepG2 cells pre-treated with or without NF-AM and MG5276F-AM (6.25, 12.5, 25, and 50 µg/mL).
Values are presented as mean ± SEM (n = 3). Means with the different letters indicate significantly
differences determined by Duncan’s multiple range tests (p < 0.05).

Oxidative stress factors, including H2O2, cause cytotoxicity by damaging cells and
DNA [1]. It has been reported that 1 mM H2O2 increases cell toxicity and ROS production
in HepG2 [29,30]. These reports are consistent with our study showing that H2O2 causes
toxicity at a concentration of 1 mM. In addition, fermentation of grape skin can protect
HepG2 cells from H2O2 damage via bioconversion to produce compounds with antioxidant
activity [31]. Similarly, in our study, MG4276F-AM showed higher cell protection against
oxidative damage than NF-AM because of bioconversion through fermentation.

28



Fermentation 2022, 8, 34

3.4. Effect of NF-AM and MG5276F-AM on Antioxidant Enzymes in H2O2-Induced HepG2 Cells

To confirm that fermenting A. membranaceus can enhance the activity of intracellular
antioxidant enzymes, mRNA expression levels of CAT, SOD, and GPx were measured in
H2O2-induced HepG2 cells (Figure 3). When HepG2 cells were treated with only 1 mM
H2O2, the mRNA expression levels of CAT, SOD, and GPx were significantly reduced.
However, NF-AM and MG5276F-AM increased in a concentration-dependent manner the
mRNA expression levels of CAT, SOD, and GPx in H2O2-induced HepG2 cells; in particular,
MG5276F-AM (50 µg/mL) restored the mRNA expression levels of CAT, SOD, and GPx in
the control.
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Figure 3. Antioxidant enzyme levels of CAT, SOD, and GPx in H2O2-induced HepG2 cells treated
with NF-AM and MG5276F-AM (25 and 50 µg/mL). Values are presented as mean ± SEM (n = 3).
Means with the different letters indicate significantly differences determined by Duncan’s multiple
range tests (p < 0.05).

CAT, SOD, and GPx are known to protect cells from oxidative damage caused by
H2O2 by indirectly and/or directly reducing free radicals [5]. Calycosin, an isoflavonoid
mainly found in the roots of A. membranaceus, elevates intracellular antioxidant enzymes
by binding to the cell membrane [32]. In addition, formononetin, which is the main
isoflavonoid of A. membranaceus, has a protective effect against H2O2-induced oxidative
damage in HepG2 cells [33]. Thus, it was confirmed that the cytoprotective effect of
MG5276F-AM on H2O2-treated HepG2 cells was due to the reduction of oxidative damage
by isoflavonoid conferred by fermentation, which increased the mRNA expression level of
antioxidant enzymes. In our previously study, MG5276F-AM decreased NO production
and inflammatory related mRNA expression, iNOS, and COX-2 [15]. NO produced by
the expression of iNOS and COX-2 is the reactive nitrogen species that causes oxidative
stress together with ROS [34]. Thus, reduction of factors associated with inflammation
by MG5276F-AM participate in expression of antioxidant enzymes that defend against
oxidative stress.

3.5. Effect of NF-AM and MG5276F-AM on AST and ALT in t-BHP-Injected Mice

AST and ALT induce toxicity in the liver by causing oxidative stress [35]. To determine
the effect of MG5276F-AM on oxidative damage by t-BHP injection, serum AST and
ALT levels were measured (Figure 4). t-BHP injection is ultimately toxic because of the
response to factors related to oxidative stress [36]. Thus, an increase in serum AST and ALT
levels compared to the non-injection group indicated that oxidative stress in the liver was
normally induced by t-BHP [35]. The serum AST and ALT levels were increased in the
t-BHP-injected group, by 2.11- and 2.22-fold, respectively, compared to the non-injection
group. In the MG5276F-AM group, both serum AST and ALT levels were significantly
reduced at all concentrations.
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3.6. Effect of NF-AM and MG5276F-AM on Antioxidant Parameters in t-BHP-Injected Mice

The t-BHP-injected animal model is mainly used to observe the antioxidant effects of
many compounds and extracts. Lipid peroxidation (MDA levels) and GSH in serum are
used as early-stage biomarkers of oxidative stress [35]. To confirm the antioxidant effect of
MG5276F-AM, MDA and GSH levels were evaluated (Figure 5A,B). Figure 5A shows that
MG5276F-AM inhibited MDA levels (0.72-fold of the t-BHP-injected group at 300 mg/kg)
as much as the normal group compared to mice injected with t-BHP (1.52-fold of non-
injection group). With respect to glutathione levels, t-BHP-injected mice had 0.92 times the
normal control; however, MG5276F-AM slightly increased glutathione levels (Figure 5B).
In addition, it was confirmed that CAT, SOD, and GPx were affected by MG5276F-AM,
as in vitro (Figure 5C–E). MG5276F-AM restored the levels of CAT and GPx lowered by
t-BHP injection to the same extent as in the normal group, but no change in SOD levels was
observed in any group.
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Figure 5. Effect of MG5276F-(100 and 300 mg/kg) on (A) MDA, (B) glutathione levels, (C) CAT,
(D) SOD, and (E) GPx in t-BHP injected mice. Values are presented as mean ± SEM (n = 7). Means
with the different letters indicate significantly differences determined by Duncan’s multiple range
test (p < 0.05). MG5276F-AM, A. membranaceus fermented with L. plantarum MG5276.

t-BHP induces lipid peroxidation through iron-dependent reactions. In addition,
t-BHP is oxidized to t-butoxyl radicals, and endogenous GSH is involved and plays a
major role in inducing oxidative stress [36]. It was reported that fermented soybean extract
showed antioxidant effects via recovery of lipid peroxidation and glutathione levels in
t-BHP injected rats, and increased antioxidant enzymes in HepG2 cells and rats [37]. In
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our study, MG5276F-AM alleviated lipid peroxidation and glutathione levels. Additionally,
CAT and GPx were increased by MG5276F-AM as in HepG2 cells. Taken together, MG5276F-
AM is valuable as a functional food with antioxidant effects in both HepG2 cells and
t-BHP-injected mouse models induced by oxidative stress, via the increase of aglycone
through bioconversion of isoflavonoids by fermentation.

4. Conclusions

This study investigated the ability of L. plantarum MG5276, which abundantly pro-
duces β-glucosidase, to enhance the antioxidant activity of A. membranaceus by biocon-
version of isoflavone glycosides to aglycone. Fermentation using L. plantarum MG5276 of
A. membranaceus achieved biological conversion of isoflavonoid glycosides, calycosin-G, and
formononetic-G, into aglycones, calycosin, and formononetin. In addition, A. membranaceus
fermented by L. plantarum MG5276 showed antioxidant efficacy against both H2O2-induced
oxidative stress in HepG2 cells and in animal models injected with t-BHP. In conclusion,
A. membranaceus fermented by L. plantarum MG5276 can have value as a functional food with
enhanced antioxidant activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation8010034/s1, Figure S1: Effect of H2O2 on HepG2 cells viability.
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Abstract: Aspergillus-derived protease and lipase, which are involved in the production of Aspergillus-
fermented foods, are consumed as digestive enzyme supplements. A marked bifidogenic effect of
supplemental Aspergillus protease preparation (AP) in rats fed with a high-fat diet was identified.
This study was conducted to examine whether the consumption of Aspergillus-derived lipase exerts
similar bifidogenic effect. Rats were fed diets supplemented with either an Aspergillus-derived lipase
preparation (AL) or AP at 0.1% for two weeks. 16S rRNA gene sequencing analysis indicated that
supplemental AL and AP markedly influenced cecal microbial community. At the phylum level,
treatment with AL and AP resulted in a lower relative abundance of Firmicutes and Bacteroidetes,
but a higher relative abundance of Actinobacteria and Proteobacteria than the control rats (p < 0.05).
At the genus level, AL and AP remarkedly elevated the relative abundances of Bifidobacterium,
Collinsella, and Enterococcus, but significantly reduced those of Oscillospira, Dorea, and Coprobacillus
(p < 0.05). These modulations were similar to those reported by several studies with typical prebiotic
oligosaccharides. Notably, the bifidogenic effect of AL was much greater than that of AP. Our results
show that the two different Aspergillus-derived preparations, AL and AP, have strong bifidogenic
effects and can change the microbiota’s composition.

Keywords: Aspergillus; lipase; protease; bifidogenic effect; prebiotics; 16S rRNA gene sequencing

1. Introduction

The gut microbiota has recently received increasing attention due to its important
roles in host metabolism, physiology, and immune system development. Among many
environmental factors, diet is considered a key factor influencing the composition and
function of the gut microbiota [1]. For instance, a western diet, characterized by high-fat
and low dietary fiber, affects the gut microbiota’s composition and causes gut bacterial
dysbiosis. Furthermore, an altered gut microbiota is associated with system inflammation
and higher incidence of chronic diseases, such as inflammatory bowel disease (IBD), car-
diovascular disease, and diabetes [2]. However, increasing evidence indicates that dietary
intervention and particular prebiotics supplementation, can reverse high-fat-induced gut
dysbiosis. Short-chain nondigestible carbohydrates, such as fructooligosaccharides (FOS,
an inulin-type fructan), and galactooligosaccharides (GOS) are well-known prebiotics that
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can increase populations of certain beneficial bacteria, typically Bifidobacterium and Lacto-
bacillus species [3]. By modulating imbalances in the gut microbiota, prebiotics have been
shown to promote gut health and decrease the risk of bowel and systemic diseases [4,5].

The fungi genus Aspergillus contains many species found in various ecological niches.
Some nonpathogenic species, such as Aspergillus oryzae and A. niger, have a long history
of application in food fermentation industries in Japan. During Aspergillus-associated
fermentation, extracellular hydrolytic enzymes, such as proteases, α-amylases, and lipases,
are released into the reaction system. They are responsible for the fermentation and release
of umami and flavor substances [6,7]. Extracted Aspergillus enzymes, such as proteases
and lipases, have also been used in food processing [7]. Commercially available digestive
supplements containing proteases, α-amylases, and lipases derived from microbial species
have been manufactured to treat insufficient food digestion [8]. A previous study of ours
found that dietary supplementation with A. oryzae-derived protease preparation (AP) and
the purified acid protease markedly elevated cecal Bifidobacterium spp. levels in rats fed a
high-fat (HF) diet [9–11]. Cecal levels of organic acids and fecal levels of immunoglobulin
A (IgA) and mucins were also increased by AP consumption, whereas pH in the cecal
contents was significantly decreased [9]. The increased abundance of Bifidobacterium spp.
in the presence of Aspergillus protease has been proposed to be mediated by the increased
availability of free amino acids following hydrolysis of undigested proteins in the large
intestine [11]. Recently, preliminary investigations into the bifidogenic effects of several
digestive enzyme preparations for lipids and carbohydrates derived from Aspergillus spp.
have been completed. Results of the quantitative polymerase chain reaction (qPCR) analysis
indicated a striking increase in cecal abundance of Bifidobacterium spp. in rats following
treatment with Aspergillus-derived lipase preparation (AL). To our knowledge, there is
limited information on how dietary exogenous lipase supplementation modulates the gut
environment. It was hypothesized that dietary supplemental AL would exert bifidogenic
effects in a manner similar to that of the AP. Thus, this study examines the effect of AL on
the gut microbiota and compares those with the effects of AP in rats fed a HF diet. The
study was conducted using rats fed with HF diet since HF diet-induced colon dysbiosis,
inflammation, and diseases have been reported to be suppressed by dietary prebiotic
oligosaccharides [12].

2. Materials and Methods
2.1. Animals and Diets

Twenty-three male Sprague Dawley rats (four weeks old) were purchased from Charles
River Japan. The rats were individually housed in cages in a controlled temperature
environment (23 ± 2 ◦C), 12 h light-dark cycle, and relative humidity of 50–60%. The
experimental animals were acclimatized for 7 days and then randomly divided into the
following three groups based on their diet: HF diet (Ctrl: Control, Table S1; eight rats) [9];
HF diet + 0.1%(w/w) A. niger-derived lipase preparation (AL: Lipase AP12, lipase activity
at pH 6.0, 60,000 U/g; Amano Enzyme Inc. Nagoya, Japan; eight rats), and HF diet +
0.1%(w/w) A. oryzae-derived protease preparation (AP: Protease A “Amano” SD, protease
activity at pH 6.0, 100,000 U/g; Amano Enzyme Inc. Nagoya, Japan; seven rats). For
two weeks, equal amounts of the experimental diets were given daily in food cups at
18:00 h (9, 10, 12, 14, and 15 g on days 1, 2–4, 5–7, 8–12, and 13–14, respectively) to prevent
differences in food intake. All diets were consumed daily. The rats had ad libitum access
to fresh water. The study protocols (protocol identical No. C15-12) were approved by the
Ethics Committee of the Hiroshima University.

2.2. Sample Collection

At the end of the two-week treatment period, the rats were anesthetized (13:00–15:00 h)
by inhalation of isoflurane in a desiccator to minimize suffering, and then euthanized by
decapitation. The cecum was immediately excised, and its contents were completely
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removed weighed, and stored at −80 ◦C until subsequent analysis of cecal microbiota and
organic acids.

2.3. 16S rRNA Gene-Based Microbiome Analysis

Total bacterial DNA in cecal contents was extracted using the QIAamp Stool Mini Kit
according to the manufacturer’s instructions (QIAGEN, Hilden, Germany). Then, extracted
bacterial DNA was quantified using NanoDrop spectrometry (NanoDrop Technology,
Wilmington, DL, USA). The V1–V2 region of the 16S rRNA genes was amplified from the
DNA isolated from cecal contents using the following bacterial universal primer set: 27F
(5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCTAGRGTTTGATYMTGGCTCAG-3′)
and 338R(5′-GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTGCTGCCTCCCGTAG
GAGT-3′). The following library preparation was performed as described previously [13].
Finally, all the barcoded V1–V2 PCR amplicons were sequenced using Illumina MiSeq se-
quencing technology at a read length of 2× 300 bp based on the manufacturer’s instructions
(Illumina, San Diego, CA, USA).

2.4. Bioinformatics Analysis

First, fast-length adjustment of short reads (v.1.2.11) [14] was used to assemble the
paired-end reads. Assembled reads with an average Q-value < 25 were filtered out using
an in-house script. The same numbers of filtered reads were randomly selected from
each sample and used for further analysis. The selected reads were then processed us-
ing QIIME pipeline (ver. 1.9.1). The high-quality sequences were clustered into opera-
tional taxonomic units (OTUs) at 97% sequence similarity, and OTUs were assigned to the
Greengenes database.

2.5. Analysis of Cecal Organic Acids

The concentrations of organic acids in cecal contents were measured by gas chro-
matography/mass spectrometry as previously described [15].

2.6. Data Analysis

Data are expressed as mean ± standard error or boxplots with minimum, maxi-
mum and median. Statistical analysis was performed using one-way analysis of variance
(ANOVA) and Tukey–Kramer HSD test (Figures 1 and 3–5). The data separation in the prin-
cipal coordinate analysis ordination of beta-diversity was conducted by the PERMANOVA
permutation-based statistical test in vegan package of R, and p-values were generated
based on 999 permutations (Figure 1). Some bacterial taxa data were subjected to linear
discriminant analysis effect size (LEfSe) analysis, which uses the two-tailed nonparametric
Kruskal–Wallis test to evaluate the significance of differences between taxa (Figure 2).
p < 0.05 was considered to indicate a statistically significant different. For the relationship
between organic acids and microbiota composition, Pearson’s correlation coefficient (r)
was calculated, and the resulting correlation matrix was visualized by using R software
(version 4.0.2) (Figure S1).

2.7. Evaluation of the Risk of Bias in the Methodology

The risk of bias of this study was assessed using the Systematic Review Centre for
Laboratory Animal Experimentation (SYRCLE) risk of bias (RoB) tool [16]. Two indepen-
dent authors (YY and NK) evaluated the following nine items: (1) sequence generation, (2)
baseline characteristics, (3) allocation concealment, (4) random housing, (5) intervention
blinding, (6) random outcome assessment, (7) outcome blinding, (8) incomplete outcome
data, and (9) selective outcome reporting. All items were judged as ‘yes’ (low risk of bias)
by two authors (YY and NK) independently.
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3. Results
3.1. Food intake, Body Weight, and Cecal Content Weight

Total food intake for the two-week experimental period and final body weight were
unaffected by dietary treatment (data not shown, p > 0.05). The AP and AL groups signifi-
cantly increased in the weight of cecal contents compared to the Ctrl group (4.72 ± 0.39 g,
3.53 ± 0.36 g, and 1.44 ± 0.06 g, respectively, p < 0.05, Tukey–Kramer HSD test).

3.2. Cecal Microbiota

For microbiota analysis by 16S rRNA gene sequencing, a total of 790,645 high-quality
reads were passed using the QIIME filter. Unweighted and weighted UniFrac PCoA and
PERMANOVA analyses were conducted to compare the microbial structure. The results
of UniFrac PCoA and PERMANOVA analyses indicated that the microbial composition
differed between the Ctrl and AL groups and between the Ctrl and AP groups (in both
unweighted and weighted) (Figure 1A,B, p < 0.05). However, the different alpha-diversity
indices indicated a higher bacterial diversity in the Ctrl group than in the AL and AP
groups (Figure 1C–E, p < 0.05).
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Figure 1. Effects of dietary treatment with AL and AP on cecal microbiome profiles and alpha-
diversity. 16S rRNA gene-based microbiome analysis was used to evaluate the effects. PCoA of
unweighted (A) and weighted UniFrac (B) and PERMANOVA analysis were performed to compare
the gut microbiome profiles of the experimental groups. The diversity of the gut microbiota within
samples was measured by (C) Shannon index, (D) observed OTUs, and (E) PD whole tree. Superscript
with different letters indicate significantly difference at p < 0.05 (Tukey–Kramer HSD test).

LEfSe analysis results indicated that 45 bacterial taxa differed between the Ctrl and
AL groups (Figure 2A, p < 0.05), whereas 39 taxa varied between the Ctrl and AP groups
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(Figure 2B, p < 0.05). This analysis identified the phylum Proteobacteria, Actinobacteria,
Bacteroidetes, and Firmicute differed between the Ctrl and AL groups and between the Ctrl
and AP groups. This analysis further identified bacterial species Collinsella, Lactobacillus,
Bifidobacterium, Eggerthella, Enterococcus, Dehalobacterium, Coprobacillus, Dorea, Akkermansia,
Adlercreutzia, rc4_4, Oscipillospira, Coprococcus, Allobaculum, Ruminococcus, Holdemania,
Roseburia, and Parabacteroides varied between the Ctrl and AL groups and between the Ctrl
and AP groups.
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Figure 2. Comparison of the different taxa between the Ctrl and AL groups (A), and the Ctrl and AP
groups (B) through LEfSe analysis. The two-tailed nonparametric Kruskal–Wallis test showed the
significant differences in the taxa between the Ctrl group and the AL and AP groups (p < 0.05).

At the phylum level (Figure 3A), the relative abundances of Bacteroidetes and Fir-
micutes were significantly decreased by treatment with AL and AP, while the relative
abundances of Proteobacteria and Actinobacteria were markedly increased, compared to
Ctrl (p < 0.05, Tukey–Kramer HSD test). There was no difference in the phylum levels
such as Bacteroides, Firmicute, Proteobaceria, and Actinobacteria between the AL and
AP groups (p > 0.05). These changes were shown at the family level (Figure 3B), with
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significant decreases in the relative abundances of Clostridiaceae (phylum: Firmicute),
Ruminococcaceae (phylum: Firmicute) and Porphyromonadaceae (phylum: Bacteroides),
and significant increases in the relative abundances of Enterobacteriaceae (phylum: Pro-
teobacteria), Coriobacteriaceae (phylum: Actinobacteria) and Bifidobacteriaceae (phylum:
Actinobacteria) (p < 0.05, Tukey–Kramer HSD test). The levels of Lachnospiraceae (phylum:
Firmicute) in the AL group were significantly lower than those in other groups (p < 0.05).
The levels of Lactobacillaceae were unaffected (p > 0.05).
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Figure 3. Effects of dietary AL and AP on cecal microbiota composition at the phylum (A) and family
(B) levels.

At the genus level (Figure 4), AL and AP treatments strikingly increased the rela-
tive abundances of Bifidobacterium (family: Bifidobacteriaceae) by 120- and 43-fold on
average, respectively, and Collinsella (family: Coriobacteriaceae) by 279- and 609-fold on
average, respectively (p < 0.05). The levels of Enterococcus (family: Enteroccaceae) were
also significantly increased by dietary AL and AP (50- and 51-fold on average, respectively,
p < 0.05) (Figure 4). The relative abundances of Parabacteroides (family: Porphyromon-
adaceae), Allobaculum (family: Erysipelotrichaceae), Oscillospira (family: Ruminococcaceae),
and Dorea (family: Lachnospiraceae) were significantly lower in the AL and AP groups
(p < 0.05). Coprobacillus (family: Erysipelotrichaceae) was detected in all the Ctrl rats, but
not detectable in the AL and AP rats. A significant increase in the Bifidobacterium counts by
AL and AP was also observed when expressed as the copy numbers per g wet weight of
cecal contents and per total cecal contents (qPCR analysis, data not shown). The relative
abundances of Lactobacillus species were not affected by dietary treatment (p > 0.05). The
relative abundances of Bifidobacterium in the AL group were much higher than those in the
AP group (p < 0.05), while those of Collinsella in the AL group were significantly lower than
those in the AP group (p < 0.05) (Figure 4). Treatment with AL and AP had no significant
effect on other genus levels such as Eggerthella, Mucispirillum, Staphylococcus, Lactococcus,
Turicibacter, Clostridium, Blautia, Coprococcus, Roseburia, Ruminococcus, rc4-4, Anaerotruncus,
and Eubacterium (data not shown). The genera with a mean relative abundance < 0.2% in
all groups were not considered for statistical analysis.
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Figure 4. Effects of dietary AL and AP on cecal microbiota composition (A): Bifidobac-
terium, (B): Collinsella, (C): Lactobacillus, (D): Enteroccus, (E): Parabacteroides, (F): Allobaculum,
(G): Oscillospira, (H): Dorea, and (I): Coprobacillus at the genus levels. Data are presented as a
boxplot with median and min–max whiskers. The dots (•) in the boxplots are outliers. Superscript
with different letters indicate significantly difference at p < 0.05 (Tukey–Kramer HSD test).

3.3. Cecal Organic Acids

Figure 5 indicates the concentrations of cecal organic acids. Treatment with AL and
AP markedly increased the concentrations of lactate (164- and 144-fold on average, respec-
tively), but significantly decreased those of acetate (2.0- and 2.1-fold on average, respec-
tively, propionate (50- and 25-fold on average, respectively), and butyrate (10- and 5.4-fold
on average, respectively) (p < 0.05). Figure S1 further indicates the relationship between
the levels of organic acids and various bacteria. The levels of lactate significantly corre-
lated with the relative abundances of lactate-producing bacteria Bifidobacterium (r = 0.688,
p < 0.001) and Enterococcus (r = 0.473, p < 0.05). In general, the relative abundances of the
genera such as Parabacteroides, Dorea, Oscillospira, Akkermansia, and Coprobacillus had a
strong positive association with propionate levels, but a strong negative association with
lactate levels (Figure S1).
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Figure 5. Effects of dietary AL and AP on cecal levels of organic acids (A): acetate, (B): propionate,
(C): butyrate, (D): succinate, (E): lactate, and (F): total organic acids. Data are presented as a boxplot
with median and min–max whiskers. The dots (•) in the boxplots are outliers. Superscript with
different letters indicate significantly difference at p < 0.05 (Tukey–Kramer HSD test).

4. Discussion
4.1. Bifidobacterium

This study provided the first evidence of the strong bifidogenic effects of AL in
addition to AP. Intriguingly, the bifidogenic effect of AL was much stronger than that of AP.
These results imply that the bifidogenic effect is not specific for Aspergillus protease, and
also might be possible for other hydrolases, such as Aspergillus lipase. Aspergillus lipase
and protease preparations used in this study are often included in commercially available
digestive enzyme supplements to improve food digestion. Accordingly, the information
on the effect of the enzyme preparations on gut health may be of practical relevance,
and may also help in the understanding of the health benefits of Aspergillus-fermented
foods containing Aspergillus lipases and proteases. Currently, several prebiotics are well-
known to confer health benefits through increasing probiotics [3,4]. To our knowledge, this
study, together with previous studies [9–11], implies that the Aspergillus-derived lipase and
protease may be considered as a new type of prebiotics, and introduce a new concept of
“prebiotic digestive enzymes”.

Our previous studies [10,11] found consumption of AP and purified acid protease
obtained from A. oryzae markedly elevated cecal Bifidobacterium abundance. In contrast,
the bifidogenic effect was absent in rats fed inactivated acid protease or inactivated AP,
implying the involvement of protease activity in the mechanism of prebiotic activity.
Additionally, treatment with AP increased cecal free amino acids, which correlated well
with modulation of the relative abundance of Bifidobacterium [11]. Thus, we speculated that
the increased levels of free amino acids (available amino acids) seen following consumption
of AP promoted the growth of Bifidobacterium species. It is interesting to investigate
whether an increased lipase activity in the gut arising from the supplemental AL could
promote triglyceride hydrolysis to free long-chain fatty acids, which might increase the
growth of Bifidobacterium species. The probiotic effects of Bifidobacterium are well-studied,
imparting positive health benefits to the human host and preventing several disorders,
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such as gastrointestinal disorders, allergy, liver diseases, obesity, metabolic syndrome,
cardiovascular diseases, cancers, autoimmune diseases, and brain diseases [3–5]. Due to
their potential health-promoting properties, Bifidobacterium is incorporated into various
foods as active ingredients. Many studies suggest that consumption of prebiotics, such as
inulin, FOS, and GOS selectively increases the population of Bifidobacterium, a bifidogenic
effect similar to that caused by AL and AP in this study [3–5].

There is growing evidence that gut microbial metabolites are key factors influencing
host health. Treating rodents with probiotic bacteria of the genera Bifidobacterium and
Lactobacillus increased gut γ-aminobutyric acid (GABA) levels, decreasing depression-like
behavior and visceral pain [17,18]. Our previous study also showed that AP supplemen-
tation markedly increased gut microbial metabolites of amino acids, such as GABA and
taurine, which are putative gut-protectors [11]. Bifidobacterium can metabolize linoleic acid
into conjugated linoleic acids (CLAs), exerting several putative health-promoting activities,
including anticarcinogenic, antiadipogenic, and antidiabetogenic, anti-inflammatory, and
antioxidant actions [19]. A recent study has demonstrated that treatment with inulin
stimulated Bifidobacterium-mediated the conversion of linoleic acid to CLAs in a human
intestinal model [20]. From these findings, we believe that the intake of the Aspergillus-
derived enzymes, such as AL and AP, is a novel approach to promote the hydrolysis of
undigested macronutrients (proteins and lipids) in the intestine to nutrients usable by
the gut microbiota, resulting in an elevated abundance of Bifidobacterium and bioactive
microbial metabolites. Thus, a metabolomics study is necessary to evaluate the impact of
supplemental AL and AP on gut microbial metabolites.

4.2. Collinsella

There is accumulating evidence that treatment with inulin and oligosaccharides in-
creases the abundances of Collinsella and Bifidobacterium in the guts of rats [21]. In this
study, treatment with AL and AP increased the levels of Collinsella, showing that AL and
AP are similar to prebiotic oligosaccharides concerning their effect on Collinsella. Collinsella
species appear to be beneficial to health; their increased abundance following dietary
supplementation with oligofructose-enriched inulin in obese women is associated with
an improved profile of a microbial co-metabolite, hippurate, indicating a healthier phe-
notype [22]. Collinsella exists in lower concentrations in patients with IBD or chronic
pancreatitis than healthy controls [23]. A study by Saalman et al. [24] suggested the po-
tential usefulness of this genus for treating IBD. These studies suggest that Collinsella is
beneficial; however, abundance of Collinsella is reportedly positively associated with some
disorders, such as type 2 diabetes and rheumatoid arthritis [25,26]. Chen et al. showed
that Collinsella contributes to pro-inflammatory cytokine production and increased gut
permeability in arthritis model mice and Caco-2 cell lines, implying potential adverse
effects on some diseases [25]. Altogether, studies regarding the role of Collinsella species in
host health are as yet inconclusive.

4.3. Enterococcus

This study indicated a higher abundance of Enterococcus in rats fed AL and AP. En-
terococcus faecalis exerts positive effects on host health [27] and has clinical relevance for
the treatment of chronic recurrent bronchitis [28]. Some members of Enterococcus are used
as probiotics and in the production of feed additives to prevent diarrhea or to improve
growth in animals [27]. Interestingly, several Enterococcus spp. from food exert antioxidant
activity [29]. Studies have indicated that prebiotic oligosaccharides increase the abundance
of Enterococcus species in mice and perioperative colorectal cancer patients [30,31]. In this
study, both enzyme preparations acted similarly to prebiotic oligosaccharides concerning
their effect on Enterococcus. However, Enterococcus species are a leading cause of hospital-
associated bacteremia, endocarditis, and urinary tract infections [32]; they exist in patients
with IBD [33]. Despite their pathogenic potential, commensal enterococci display low
levels of virulence because they have been safely used for decades as probiotics in humans
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and farm animals [27]. Further research is required to carefully evaluate the implication of
the increased abundances of individual members of Enterococcus seen in rats receiving the
enzyme preparations used in this study.

4.4. Oscillospira, Dorea, and Coprobacillus

It is interesting that treatment with AL and AP markedly decreased the relative
abundance of Oscillospira, Dorea, and Coprobacillus. Similarly, there is accumulating ev-
idence that consuming various prebiotic oligosaccharides decreases gut abundance of
Oscillospira [34,35], Dorea [35,36], and Coprobacillus [37,38] in mice, rats, and dogs. Hitherto,
the impact of these genera on host health may depend on the disease type, and further
studies are necessary to understand the implication of lower abundance of the genera by
AL and AP.

4.5. Parabacteroides and Allobaculum

In this study, the relative abundances of Parabacteroides and Allobaculum were also
significantly decreased by AL and AP. So far, studies on the prebiotic oligosaccharides on
gut levels of these genera are limited, and controversial. Presently, the implication of lower
abundance of Parabacteroides by AL and AP is unknown, and remains to be explored.

4.6. Bacterial Diversity

Unexpectedly, in this study, treatment with AL and AP significantly lowered bacterial
diversity compared to control. Microbial diversity is considered beneficial for community
stability and host health [39,40]. However, this may not always be the case, and assump-
tions of increased diversity could be oversimplified for complicated interactive mechanisms
of health and disease [41]. We believe the reduced bacterial diversity in the AL and AP
groups might relate to the depletion of many bacterial species, including Parabacteroides,
Allobaculum, Oscillospira, Dorea, and Coprobacillus (Figures 2 and 4).

4.7. Organic Acids

In this study, it is interesting that AL and AP strikingly increased cecal lactate levels,
which were significantly associated with the bifidogenic effects. Meanwhile, the levels of
other organic acids, such as acetate, propionate, and butyrate, were decreased by AL and
AP. Notably, there was a strong inverse association between lactate and propionate levels.
Propionate is microbially produced from lactate in the human colon [42]. Accordingly,
the metabolic conversion of lactate into propionate might be lowered in the AL and
AP groups. Previous in vitro study indicated free radical scavenging and antioxidant
effects of lactate [43]. Recent studies have suggested that lactate exhibits an inflammatory
or anti-inflammatory role depending on its effects on immune cell types and disease
types [44]. Thus, the implication of lactate accumulation in the AL and AP groups remains
to be explored.

4.8. Limitations of this Study

Study limitations should be highlighted. In this study, both AL and AP used were
crude enzyme preparations and contained minor components other than lipase and pro-
tease. Thus, other factors, except for lipase and protease in these preparations, might have
contributed to the effects observed in the gut microbiota. Further research is recommended
to investigate the impact of highly purified lipase and protease obtained from Aspergillus
species on intestinal microbiota. In addition, this study used wild-type rats, but not disease-
model rats. Thus, the effects of Aspergillus lipase and protease on disease-model animals
remains to be elucidated.

5. Conclusions

This study is the first to show the powerful bifidogenic effect of AL, an impact that,
interestingly, was far stronger than that of AP. Additionally, this study specifically revealed
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the modulations of the relative abundances of other species of the genera Collinsella, Entero-
coccus, Oscillospira, Dorea, and Coprobacillus by the enzyme preparations. These modulations
were similar to those reported in several studies with typical prebiotic oligosaccharides.
The results might provide novel insights into the impacts of Aspergillus protease and lipase,
and of Aspergillus-fermented foods containing Aspergillus proteases and lipases on gut
health. Additionally, our studies might introduce a new concept of “prebiotic digestive
enzymes” based on the findings of the impacts of dietary Aspergillus lipase and protease
on gut Bifidobacterium. Our findings raise a fundamental question of how exogenous di-
gestive enzymes of fats and proteins lead to their bifidogenic effects. Further studies will
address this question. Metabolomics study in our group is in progress to investigate the
gut metabolites derived from dietary fats and proteins in rats fed AL and AP to understand
the impacts of AL and AP on the gut health.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation7040294/s1. Table S1. Composition of basal diet. Figure S1. Correlation matrix
(correlation coefficient, r) between cecal levels of organic acids and microbiota composition. The deep
color bars indicate correlation strength. * p < 0.05, ** p < 0.01.
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Abstract: Lećevački cheese is a traditional Croatian hard cheese, which belongs to the group of hard
Mediterranean cheeses produced from mixed milk (cow and sheep). The aim of this research was to
determine the influence of different ratios and compositions of sheep milk on the composition and
yield of Lećevački cheese. A total of 15 batches of Lećevački cheese were selected containing different
ratios of sheep and cow milk from the regular production of a dairy plant. The ratio of sheep milk
was as follows: up to 39%, from 40 to 44%, and from 45 to 50%. For each ratio, five batches were
randomly selected. A higher ratio of sheep milk caused a noticeable increase in fat, protein, lactose,
and total solids content, while the content of solids-not-fat significantly (p < 0.05) increased. A similar
trend was found for casein content (p < 0.1). The highest ratio of sheep milk in mixed milk increased
(p < 0.05) the protein content by almost 1%. However, the results showed that it is not reasonable
to increase the sheep milk ratio in mixed milk above 44% (v/v) because it causes a higher (p < 0.01)
moisture content in the cheese, as well as a lower fat content (p < 0.01) and fat recovery (p = 0.07)
during the manufacturing of Lećevački cheese.

Keywords: mixed milk; cow milk; sheep milk; cheese composition; cheese yield; Lećevački
cheese; Mediterranean

1. Introduction

Milk and dairy products produced from cows, sheep, goats, and buffalos are an
important part of Mediterranean nutrition [1,2]. Moreover, the production of cheese
from the mixed milk of different dairy animals is a common practice in Mediterranean
countries [3]. There are many examples of cheeses produced from mixed milk, such as
Teleme, Graviera, Kasseri, Kopanisti, and Kefalotiri from Greece [4–6]; Casciotta d’Urbino,
Murazzano, Fossa, Robiola di Roccaverano, and Castelmagno from Italy [7–10]; Cabrales,
Mahon, Hispanico, and Iberico from Spain [11,12]; Halloumi from Cyprus [13]; Picante,
cheeses with Appéllation d’origine protégée, Amarelo, and Rabaçal from Portugal [14,15];
and Lećevački cheese from Croatia [16,17]. Park et al. [18] postulated that the composition
of cow milk changes minimally over the year, taking into consideration that cows’ lactation
is not influenced by the season [19], which is not the case with sheep and goat milk.
Therefore, it is difficult to maintain the standard quality of cheese produced from mixed
milk [20].

The composition of the cheese produced from mixed milk strongly depends on dif-
ferent changeable milk parameters and on the composition of the milk that is used in
its production, especially the protein and casein content [21]. Moreover, fat content and
mineral composition, especially calcium, also influence the composition [18] and yield [22]
of produced cheese. Cheese yield efficiency is the most important item in cheesemaking,
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and its improvement is one of the most important tasks in the countries where milk is
processed into cheese [23]. It can be defined as the weight of cheese in relation to the
weight of milk used and can be presented as the value of efficiency of the recovery of fat
and protein from milk into the cheese [24]. All formulas for the prediction of yield include
the milk composition [25]. Cheese yield is lower if it is produced from milk with lower
contents of fat, protein, and solids-not-fat [26]. Kalit et al. [27] reported that increasing
the protein in milk by adding skim milk powder increases actual and adjusted cheese
yield. Temizkan et al. [28] reported that the yield of cheese produced from sheep milk is
higher than that produced from cow milk. Consequently, the yield of cheese produced
from mixed milk with a higher ratio of sheep milk has to be higher. However, there has
not been enough research to confirm that, especially considering the strong influence of
season on the composition of sheep milk used in cheese production, which is typical for
the Mediterranean area [29]. Different mixtures of sheep and cow milk drastically change
the ratio of casein to fat as well as the average size of casein micelles and fat globules in
mixed milk, which could also affect cheese yields.

Lećevački cheese is a pastoral and traditional Croatian cheese that belongs to the group
of hard Mediterranean cheeses. In contrast to the islands of the Adriatic sea and coastal
regions where limited vegetation makes only sheep breeding possible, the environment of
the Lećevica region, located in the hinterlands of Dalmatia, is equally suitable for breeding
sheep and cows. Such an environment dictated that in the past, this cheese was produced
on family farms in the area of Lećevica from full-fat sheep milk, cow milk, or mixed milk,
depending on the season and herd composition (the number of sheep and cows that were
possessed by farmers). Today, it is produced from mixed sheep and cow milk [16,17]. The
composition of mixed milk depends on many different variabilities of milk, including the
composition and physico-chemical properties of different milk types used in the production
of cheese. The composition and yield of mixed milk cheese directly depend on the ratio
of the mixture of milk, as well as the composition of the milk used in its production.
The composition of the milk of the indigenous breed, whose milk is used for Lećevački
cheese making, is strongly affected by the flock, year, and season [29], so it is difficult to
maintain a consistent quality of mixed milk cheeses. Therefore, the aim of this research
was to determine the influence of different ratios and compositions of sheep milk on the
composition and yield of Lećevački cheese.

2. Materials and Methods
2.1. Sampling of Milk

For research purposes, 15 batches of Lećevački cheese were selected containing differ-
ent ratios of sheep and cow milk from the regular production from the Mils dairy plant
in Split, Croatia. The ratio of sheep milk was as follows: up to 39%, from 40 to 44%, and
from 45 to 50%. For each ratio, five batches were randomly selected. Bulk tank-mixed milk
samples were taken after mixing sheep and cow milk and before processing into Lećevački
cheese. Batches were selected randomly, considering the season. Sheep and cow milk
used in the production of Lećevački cheese were collected from the Dalmatian hinterland
between March and August. Sheep for milk production were bred semi-extensively, which
included pasture during the vegetation and milking period. In addition, 150 g of wheat or
barley were given to sheep during lactation. In contrast, the cows were bred intensively
and fed with a concentrate according to their milk production. Similar to sheep, cows were
outdoors during the vegetation period. Winter feeding included hay and some silage.

2.2. Milk Analysis

To determine the chemical composition, mixed milk samples were analyzed for the
content of fat, protein, lactose, total solids, and total solids-not-fat with a mid-infrared
spectrometry method using a MilkoScan FT-120 instrument [30]. The casein content of
milk was detected using the direct method [31]. The value of pH was determined using
the potentiometric method with a Schott CG 842 pH meter.
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2.3. Making of Lećevački Cheese and Cheese Sampling

Following pasteurization, the sheep and cow milk were weighed and then mixed in a
600 L cheese vat. The process flow of the making of Lećevački cheese is presented in Table 1.

Table 1. Process flow of making of Lećevački cheese.

Step Cheesemaking Parameters

Pasteurization of milk Temperature: 74 ± 2 ◦C/30 s
Cooling of milk Temperature: 30–32 ◦C

Addition of CaCl2 Dosage: 0.02%
Addition of lysozyme Dosage: 0.0025%

Addition of starter culture * Dosage: 0.1%
Addition of rennet ** Dosage: 0.0016%

Coagulation Duration: 30–40 min
Curd cutting Size of wheat

Curd grain heating Temperature: 41–42 ◦C
Drying of curd grains Duration: 35 min

Cheese forming Duration: 30 min
Pressing Duration/pressure: 30 min/100 kPa

Duration/pressure: 30 min/200 kPa
Duration/pressure: 1 h/300 kPa

Salting (brine) Salt concentration: 19–20 ◦Be
Temperature: 14–16 ◦C

pH value: 5.1 ± 0.1
Duration: 24 h ± 2 h

Drying of the cheese Temperature: 14–16 ◦C
RAH: 70%

Duration: 24 h
Ripening Temperature: 14–16 ◦C

RAH: 75–85%
Duration: 90 days

* Homofermentative strains composed of Streptococcus thermophilus, Lactobacillus helveticus, and Lactococcus lactis;
** 100% chymosin. RAH = Relative air humidity.

During ripening, the cheese was kept on wooden shelves, turned upside-down, and
washed every week. For analysis, 60 wheels of Lećevački cheese were produced from a
total of 15 selected batches. Each batch of Lećevački cheese was weighed after 90 days
of ripening.

2.4. Composition Analysis of the Cheese

The composition analysis of the cheese included the determination of fat content using
the Van Gulik method [32], protein content using the block-digestion method [33], total
solids content using the drying method [34], pH value using the potentiometric method
using the Schott CG 842 instrument, lactic acid content using the titratable method [35],
and salt content using the Volhard method [36].

2.5. Determination of Cheese Yield Efficiency

The cheese yield efficiency was determined by the weighing of the cheeses produced
from the previously weighed mixed milk, and it was calculated as kg of milk used for
the production of one kg of Lećevački cheese. Predictive cheese yield formulas were used
according to the Van Slyke cheese yield equation [37]:

Van Slyke Cheese Yield =
[(RF × % Fat in milk) + (RC × Casein in milk)]× RS

(100 − % Moisture o f cheese)

RF =
(% f at in cheese × cheese wt)
(% f at in milk × milk wt)
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RC =
(% casein in cheese × cheese wt)
(% casein in milk × milk wt)

where RF is the fat recovered in cheese, RC is the casein recovered in cheese, and RS
represents the other milk solids and added salt recovered in cheese. RS values for each
cheese were calculated by substituting the RF and RC values into the following equation:

RS =
RF × % Fat in milk

[(RF × % Fat in milk) + (RC × % Casein in milk)× FDM]

where FDM is fat in dry matter.

2.6. Statistical Analysis

Statistical analysis was done using the statistical program SAS (SAS Institute Inc., 2001,
SAS/STAT User’s Guide, Version 8.2., Cary, NC, USA). The influence of different ratios of
sheep and cow milk on the chemical composition of cheese and cheese yield efficiency was
studied by analysis of variance (PROC GLM). To determine the different mean values of
the groups where statistical differences were found (p < 0.05), a Tukey–Kramer post hoc
test was used. The obtained results were expressed as least square mean values ± standard
error (LSM ± SE).

3. Results and Discussion
3.1. Mixed Milk Composition

The mixed milk composition used for the production of Lećevački cheese is presented
in Table 2. A higher ratio of sheep milk in the mixed milk caused a noticeable, but not
significant, increase in the content of fat, protein, lactose, and total solids, while the
content of solids-not-fat significantly (p < 0.05) increased as a consequence of a higher
content of sheep milk in the mixed milk. A similar trend was found for casein content
(Table 2, p < 0.1). This is in accordance with Bonczar et al. [38], who found that the content
of total solids, fat, and protein increased in mixed milk with an equal ratio of sheep
and cow milk for the production of Bundz cheese. Similar results were obtained by
Vyletelova-Klimešova et al. [39], who found that the addition of sheep milk to cow and
goat milk increases the ratio of total solids, fat, protein, and casein in mixed milk. Mixing
different ratios of sheep and goat milk for the production of Picante cheese influenced
the content of fat and casein in the mixed milk [40]. The authors found that the content
of casein was the lowest in the mixed milk with the lowest ratio of sheep milk. A similar
effect was noticed when buffalo milk was mixed with cow milk for the production of
Mozzarella cheese [21]. Authors found that the ratio of total solids, fat, and protein
increased in mixed milk in comparison to cow milk. The pH value of the mixed milk was
not changed as a consequence of different ratios of sheep and cow milk, which is in line
with Bonczar et al. [38] and Vyletelova-Klimešova et al. [39].

Table 2. Influence of the ratio of sheep and cow milk on the composition of mixed milk used for making Lećevački cheese
(least square mean ± standard error).

Component
Ratio of Sheep Milk and Cow Milk (% v/v)

Level of Significance35–39
n = 5

40–44
n = 5

45–50
n = 5

Fat (g/100 g) 4.43 ± 0.18 4.80 ± 0.20 4.79 ± 0.22 NS
Protein (g/100 g) 4.06 ± 0.09 4.26 ± 0.10 4.37 ± 0.12 NS
Lactose (g/100 g) 4.24 ± 0.05 4.31 ± 0.05 4.30 ± 0.06 NS

Total solids (g/100 g) 13.68 ± 0.25 14.26 ± 0.27 14.36 ± 0.30 NS
SNF (g/100 g) 9.16 b ± 0.09 9.43 ab ± 0.10 9.57 a ± 0.11 p < 0.05

Casein (g/100 g) 3.20 b ± 0.07 3.40 ab ± 0.08 3.47 a ± 0.08 p < 0.1
pH 6.65 ± 0.37 6.61 ± 0.37 6.64 ± 0.42 NS

NS = Not significant; SNF = solids-not-fat. Means within the same row marked with different letters differ significantly.
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3.2. Lećevački Cheese Composition

The higher content of sheep milk in the mixed milk significantly (p < 0.01) decreased
the ratio of the total solids and fat content of Lećevački cheese (Table 3), while the ratio
of moisture in total solids-not-fat, salt content, pH value, and lactic acid content were not
changed as a consequence of increasing the ratio of sheep milk in the mixed milk. The
highest ratio of sheep milk in the mixed milk (45–50% (v/v)) (p < 0.05) increased the protein
content of Lećevački cheese by almost 1% (Table 3). Freitas et al. [40] found that a higher
ratio of sheep milk in mixed milk with goat milk causes a higher retention of moisture in
hard cheese. This is a consequence of a noticeably higher casein content in mixed milk with
a higher sheep milk content, which was the case in our study as well (p < 0.1). The higher
capacity of water-binding of the casein matrix system of the cheese is a consequence of the
higher casein content in the milk used for the production of this cheese. A similar result
was found in the production of Bundz cheese when half of the cow milk was substituted
with sheep milk [38]. Gobbetti et al. [7] also found that Fossa (pit) cheese produced from a
mix of cow and sheep milk (70:30%) contained less moisture in comparison to Fossa (pit)
cheese produced exclusively from cow milk. Authors postulated that lower total solids
content in such cheese is a consequence of the lower fat content of the cheese, which was
the case in our work as well. Aminifar et al. [41] found that moisture content in Lighvan
cheese decreased when at least half of the cow milk was replaced with sheep milk. The
same was found by Ponce de Leon-Gonzales et al. [42] in researching the influence of the
mixing of sheep milk with cow milk on the composition of reduced fat Muenster-type
cheese. They found that cheese produced from mixed milk has a lower moisture and
higher protein content. Elgaml et al. [43] found that mixing cow and goat milk in different
ratios (from 25% to 50%) changed the moisture content of Halloumi cheese. However,
Niro et al. [44] did not find any influence of mixing of sheep milk (18%) with cow milk
(82%) on the content of total solids of the cheese produced from mixed milk. The content
of moisture in total solids-not-fat did not change significantly as a consequence of different
ratios of sheep and cow milk.

Table 3. Influence of the ratio of sheep and cow milk on the composition of Lećevački cheese (least square mean ± standard error).

Component
Ratio of Sheep Milk and Cow Milk (% v/v)

Level of Significance35–39
n = 5

40–44
n = 5

45–50
n = 5

Total solids (g/100 g) 61.02 a ± 0.27 60.65 a ± 0.30 59.22 b ± 0.34 p < 0.01
Fat (g/100 g) 31.02 a ± 0.42 30.88 a ± 0.46 28.34 b ± 0.47 p < 0.01

Protein (g/100 g) 24.34 b ± 0.21 24.31 b ± 0.23 25.2 a ± 0.26 p < 0.05
MNFS (g/100 g) 56.51 ± 0.43 56.93 ± 0.46 56.91 ± 0.50 NS

Salt (g/100 g) 1.41 ± 0.04 1.40 ± 0.05 1.39 ± 0.05 NS
pH 5.09 ± 0.03 5.04 ± 0.03 5.08 ± 0.03 NS

Lactic acid (%) 1.46 ± 0.04 1.40 ± 0.04 1.40 ± 0.04 NS

NS = Not significant; MNFS = moisture in non-fat substance. Means within the same row marked with different letters differ significantly.

The fat content of Lećevački cheese produced from mixed milk with the highest ratio
of sheep milk (45–50%) was significantly (p < 0.01) lower, which is in accordance with
Gobbetti et al. [7]. The authors found that Fossa hard cheese produced from mixed milk
(30% sheep and 70% cow milk) had less fat content (32.7%) in comparison to Fossa cheese
produced exclusively from cow milk. Fossa cheese produced from pure cow milk had a fat
content of 38.8%. This could be a consequence of the fact that the fat globules of cow milk are
larger than those of sheep milk. Larger fat globules are better entrapped within the cheese
casein matrix in comparison to smaller fat globules. Bonczar et al. [38] determined that
cheese produced from mixed sheep and cow milk (50:50%) contained less fat in comparison
to cheese produced only from cow milk, but more fat than cheese produced only from sheep
milk. Similar to the result of this research, Freitas et al. [40] found that cheese produced
from mixed milk with a higher ratio of sheep milk in comparison to goat milk contained less
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fat. The fat and protein of milk represent the greatest part of the total solids of the cheese
produced from that milk, so the higher content of protein in mixed milk could cause the
cheese to have a lower fat content as was the case in our research (Table 3), especially taking
into consideration that the higher sheep milk ratio in the mixed milk caused a lowering
of the total solids in Lećevački cheese. In contrast, Ponce de Leon-Gonzales et al. [42] did
not find any differences in the fat content of Muenster cheese when 20% of cow milk was
replaced with sheep milk, nor did Niro et al. [44] in Caciocavallo cheese produced with
18% sheep milk and 82% cow milk. Moreover, Freitas and Malcata [14] made cheese from
mixed goat and sheep milk in different ratios (20:80% and 40:60%) and did not find any
differences in the fat content of these cheeses, while Halloumi cheese produced from mixed
goat and cow milk with 25% and 50% of goat milk had a higher fat content [43]. In contrast
to our research, Vyletelova-Klimešova et al. [39] found that cheese produced from mixed
milk (cow, sheep, and goat milk) contained more fat.

This investigation showed that mixed milk with 40–44% of sheep milk did not influ-
ence the protein content of Lećevački cheese in comparison to the ratio of 35–39%, which
is in accordance with Niro et al. [44], who found that replacing 18% of cow milk with
sheep milk did not change the protein content of Caciocavallo cheese. However, further
increasing the ratio of sheep milk in the mixed milk (45–50%) caused a significant (p < 0.05)
increase in the protein content of Lećevački cheese. Gobbetti et al. [7], as well as Ponce de
Leon Gonzales et al. [42], concluded that hard cheese produced with mixed milk with a
higher ratio of sheep milk contains a higher level of protein, which is a result of the fact that
sheep milk has a higher protein content in comparison to cow milk. The obtained results
are in line with those previously reported [38,39,43]. In accordance with our research,
Fenelon et al. [45] and Madsen and Ardo [46] reported that a decrease of fat in cheese
causes moisture and proteins to increase.

Our investigation showed that different ratios of sheep and cow milk did not signifi-
cantly influence the salt content of the cheese (Table 3), which is in line with the results of
previous reports [6,28,42,47]. In contrast, Aminifar et al. [41] reported that the type of milk
used in the production of Linghvan cheese, which ripened in 12% brine for three months,
influenced the salt content of the cheese. They reported that cheese produced from sheep
milk contained less salt than cheese produced from mixed milk (50:50%), or from pure
cow milk. Moreover, Elgaml et al. [43] found that different ratios of goat and cow milk
(25:75% and 50:50%) influenced the salt content of the cheese, which they connected with
the different moisture content in these cheeses. Cheese with a higher moisture content
absorbs more salt by diffusion [48]. In spite of the fact that a significantly (p < 0.01) different
content of moisture was found among Lećevački cheeses produced with different ratios of
sheep and cow milk, these differences did not influence the intensity of the absorption of
salt during the brining of Lećevački cheese in this research.

This research showed that different ratios of sheep and cow milk did not have an
influence on the pH value of Lećevački cheese (Table 3). Regardless of the type of milk used
for cheesemaking, three main factors directly influence the pH value of cheese: the fermen-
tation of lactose, accumulation of amino acids during ripening of the cheese [49], and fat
content of the cheese [45,50]. No differences were found in the concentration of lactic acid as
an indicator of the fermentation of lactose among the cheeses produced with different ratios
of sheep and cow milk (Table 3). Moreover, there were no differences in the concentration
of amino acids, expressed as the ratio of trichloroacetic acid-soluble nitrogen to the total
nitrogen, of Lećevački cheese made from the different ratios of sheep and cow milk (data
are not published). Similar results were obtained by Ponce de Leon-Gonzales et al. [42],
Bonczar et al. [38], and Aminifar et al. [41], who also did not find any differences in the
pH value of the cheeses produced with different ratios of sheep and cow milk. Moreover,
Freitas et al. [40] did not find any differences in pH value as a consequence of mixing
sheep and goat milk. However, Niro et al. [44] reported that the addition of sheep milk
to cow milk (18:82%) decreases pH value as a consequence of the higher production of
lactic acid in the manufacturing of pasta filata cheeses. When the ratio of goat milk is
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increased in a mixture with cow milk (from 25% to 50%), the pH value decreases [43].
Some authors reported that full-fat cheeses have a higher pH value in comparison to
corresponding reduced fat cheese [45]. In spite of significant (p < 0.01) differences in the
fat content of Lećevački cheese produced from the different ratios of sheep and cow milk,
these differences were not sufficient to influence the pH value of the Lećevački cheese in
our experiment.

3.3. Cheese Yield Efficiency

A higher ratio of sheep milk in mixed milk caused a noticeable tendency (p = 0.11) to
increase actual yield (Table 4). There could be two reasons for this trend: a higher SNF
(p < 0.05) and a higher casein (p < 0.1) content of the mixed milk with a higher ratio of
sheep milk (Table 2). This was the reason for less mixed milk with a higher ratio of sheep
milk being required for the making of one kg of Lećevački cheese. Additionally, Lećevački
cheese produced with a higher ratio of sheep milk had a higher moisture content (Table 3).
It is well known that cheese that retains more moisture during its production has a higher
cheese yield [51]. On average, from 100 kg of mixed milk, 13.54 kg of Lećevački cheese was
made. Zedan et al. [21] reported that the cheese yield of fresh Mozzarella produced from
mixed buffalo and cow milk is higher (11.66 kg/100 kg of milk) in comparison to the cheese
produced from pure cow milk (10.66 kg/100 kg of milk). They explained that the differences
are due to higher total solids, which means a higher fat and protein content of buffalo milk
in comparison to cow milk. Authors cited El-Zoughby (1998), who reported that cheese
yields of Mozzarella produced from different types of milk vary greatly. For buffalo milk
it was 11.62 kg/100 kg of milk, for cow milk it was 8.95 kg/100 kg of milk, for goat milk
it was 7.93 kg/100 kg of milk, for mixed buffalo and cow milk it was 10.50 kg/100 kg of
milk, for mixed buffalo and goat milk it was 10.35 kg/100 kg of milk, for mixed cow and
goat milk it was 8.37 kg/100 kg of milk, and for mixed buffalo, cow, and goat milk it was
9.15 kg/100 kg of milk. Similar results were obtained by Economides et al. [13], who found
there to be a higher yield of Halloumi cheese produced from mixed sheep and goat milk
in comparison to the cheese produced from cow milk. Temizkan et al. [28] determined
that actual and adjusted yields were higher for the Kashar cheese produced from sheep
milk (13.77 kg/100 kg of milk and 12.31 kg/100 kg of milk, respectively) in comparison
to Kashar cheese produced from cow milk (8.04 kg/100 kg of milk and 7.53 kg/100 kg
of milk, respectively). Wendorff [52] reported that the cheese yield of cheese produced
from sheep milk varies between 16.1 kg for Manchego cheese and 21.9 kg for blue cheese,
while Kalit [24] reported that the actual yield of semi-hard Tounj cheese produced from
raw cow milk was 11.23 kg/100 kg of milk. Merćep et al. [53] reported that the actual
yield of semi-hard cow Trappist cheese varies between 9.25 kg and 9.49 kg/100 kg of
milk. Tuta [26] determined that the actual cheese yield of semi-hard Trappist cheese varies
between 8.78 and 9.53 kg/100 kg of milk, whereas the yield of PDO Paški cheese, which
is produced exclusively from the milk of the Croatian Paška sheep breed, varies between
18.92 and 19.60 kg/100 kg of milk, depending on the type of rennet used [54]. Finally,
Faccia et al. [55] found that the yield of the Fior di Latte cheese produced from mixed sheep
and goat milk is higher than the corresponding cheese produced from cow milk. Moreover,
from Table 4 it can be seen that Van Slyke cheese yield increased as a consequence of
increasing the ratio of sheep milk up to 44%, while further increasing the ratio of sheep
milk in mixed milk did not cause a further increase of the Van Slyke cheese yield. This could
be associated with the trend of the decreasing recovery of fat, which dropped significantly
(p = 0.07) from 0.76 (35–39% of sheep milk) to 0.66 in mixed milk with 45–50% of sheep
milk (Table 4). Casein recovery was stable regardless of the ratio of sheep milk in mixed
milk. Milani and Wendorff [56] determined that fat recovery varied from 0.83 to 0.84, while
casein recovery varied from 0.94 to 0.96 in the making of hard sheep cheeses, while fat
and protein recovery in the production of cow semi-hard Tounj cheese were 0.85 and 0.77,
respectively [24]. Our results are noticeably lower than those obtained by other authors,
probably due to the fact that the fat globules of cow milk are larger in diameter than those
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of sheep milk [57], which could be the reason that these fat globules were not efficiently
retained in the casein matrix of the mixed milk with a higher sheep milk ratio (due to the
different casein composition of cow and sheep milk). The other reason could be the fact
that the Lećevački cheese for this research was produced in the regular production from
the Mils dairy plant in Split (Croatia) and not in fully controlled experimental conditions.

Table 4. Influence of the ratio of sheep and cow milk on the yield efficiency of Lećevački cheese (least square
mean ± standard error).

Component
Ratio of Sheep Milk and Cow Milk (% v/v)

Level of Significance35–39
n = 5

40–44
n = 5

45–50
n = 5

Actual yield * 7.48 ± 0.23 7.38 ± 0.26 7.25 ± 0.29 p = 0.11
Van Slyke cheese yield 10.63 ± 0.33 10.96 ± 0.35 10.74 ± 0.37 NS

Fat recovery 0.76 ± 0.03 0.74 ± 0.04 0.66 ± 0.05 p = 0.07
Casein recovery 0.82 ± 0.04 0.83 ± 0.05 0.82 ± 0.05 NS

NS = Not significant. * kg of milk required for the production of 1 kg of cheese.

4. Conclusions

In spite of the fact that different mixtures of sheep and cow milk could drastically
change mixed milk composition, these changes only have a slight influence on hard cheese
composition such as in the case of Lećevački cheese. This could allow cheesemakers to
choose from a wide range of mixtures of sheep and cow milk depending on the season due
to the fact that the quantity of sheep milk produced in Mediterranean areas such as the
coast of Croatia is strongly dependent on the season. However, our results showed that it
is not reasonable to increase the sheep milk ratio in mixed milk above 44% (v/v) because it
causes higher moisture content in the cheese, as well as lower fat content and fat recovery
during the manufacturing of Lećevački cheese.
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19. Teter, A.; Kędzierska-Matysek, M.; Barłowska, J.; Król, J.; Brodziak, A. Nutritional value and coagulation properties of milk from

local cow breeds, including the selected macro- and micronutrients and trace elements. Mljekarstvo 2020, 70, 210–220. [CrossRef]
20. Campos, G.; Robles, L.; Alonso, R.; Nuñez, M.; Picon, A. Microbial dynamics during the ripening of a mixed cow and goat milk

cheese manufactured using frozen goat milk curd. J. Dairy Sci. 2011, 94, 4766–4776. [CrossRef] [PubMed]
21. Zedan, I.A.; Abou-Shaloue, Z.; Zaky, S.M. Quality evaluation of Mozzarella cheese from different milk types. Alex. Sci. Exch. J.

2014, 35, 162–177.
22. Fox, P.F.; Cogan, T.M. Factors that affect the quality of cheese. In Cheese: Chemistry, Physics and Microbiology, 3rd ed.; Fox, P.F.,

McSweeney, P.L.C., Cogan, T.M., Guinee, T.P., Eds.; Elsevier Academic Press: London, UK, 2004; Volume 1, pp. 583–608.
23. Pretto, D.; De Marchi, M.; Penasa, M.; Cassandro, M. Effect of milk composition and coagulation traits on Grana Padano cheese

yield under field conditions. J. Dairy Res. 2013, 80, 1–5. [CrossRef]
24. Kalit, S. Biochemical Changed of Tounj Cheese during Ripening. Ph.D. Thesis, Faculty of Agriculture, University of Zagreb,

Zagreb, Croatia, 2003.
25. Katz, G.; Merin, U.; Bezman, D.; Lavie, S.; Lemberskly-Kuzin, L.; Leitner, G. Real-time evaluation of individual cow milk for

higher cheese-milk quality with increased cheese yield. J. Dairy Sci. 2015, 99, 4178–4187. [CrossRef] [PubMed]
26. Tuta, N. Production of Trappist-Style Semi-Hard Cheese. Bachelor’s Thesis, Department for Chemistry and Technology, University

Department for Professional Studies, University of Split, Split, Croatia, 2011.
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29. Matutinović, S.; Kalit, S.; Salajpal, K.; Vrdoljak, J. Effects of flock, year and season on the quality of milk from an indigenous breed
in the sub-Mediterranean area. Small Rumin. Res. 2011, 100, 159–163. [CrossRef]

30. International Organization for Standards. ISO 9622. Milk and Liquid Milk Products—Guidelines for the Application on Mid-Infrared
Spectrometry; International Organization for Standards: Geneva, Switzerland, 2013.

31. International Organization for Standards. ISO 17997-2. Milk—Determination of Casein-Nitrogen Content—Part 1: Direct Method;
International Organization for Standards: Geneva, Switzerland, 2013.

32. International Organization for Standards. ISO 3433. Cheese—Determination of Fat Content—Van Gulik Method; International
Organization for Standards: Geneva, Switzerland, 2008.

33. International Organization for Standards. ISO 8968-2. Milk—Determination of Nitrogen Content—Part 2: Block-digestion method
(Macro method); International Organization for Standards: Geneva, Switzerland, 2001.

34. International Organization for Standards. ISO 5534. Cheese and Processed Cheese—Determination of the Total Solids Content (Reference
Method); International Organization for Standards: Geneva, Switzerland, 2004.

35. Association of Official Analytical Chemists (AOAC). Acidity of Milk, Titrimetric Method. Official Method; Association of Official
Analytical Chemists: Washington, DC, USA, 2000.

55



Fermentation 2021, 7, 274

36. Association of Official Analytical Chemists (AOAC). Chloride (Total) in Cheese Volhard Method. Official Method; Association of
Official Analytical Chemists: Washington, DC, USA, 2006.

37. Wendorff, W.L.; Kalit, S. Processing of sheep milk. In Handbook of Milk of Non-Bovine Mammals, 2nd ed.; Park, W.Y., Haenlein, G.F.W.,
Wendorf, W.L., Eds.; Wiley Blackwell: West Sussex, UK, 2017; pp. 222–260.

38. Bonczar, G.; Regula-Sardat, A.; Pustkowiak, H.; Zebrovska, A. Effect of mixing of ewe’s and cow’s milk on Bundz cheese
properties. Zywnošć Nauka Technol. Jakošć 2009, 16, 96–106.
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Abstract: In this study, we aim to decrease the fermentation time and to produce low-fat set-type
kefir with adequate textural properties using microbial transglutaminase without inactivation. In
addition, we reveal the effect of microbial transglutaminase, during and after fermentation, on kefir
made with cow, goat, or donkey milk, which is a novel approach. Fermentation is followed by
continuous pH and viscosity measurements; the final product is characterized by dry matter content,
whey separation, protein pattern, and viscosity parameters, as well as gel firmness. The results show
that already 0.5 U/g protein dosage of MTGase decreases pH levels independent of milk type, but
MTGase does not influence the kinetics of fermentation. Apparent viscosity could be measured from
different stages of fermentation depending on milk type (cow milk, 6 h; goat milk, 8 h; and donkey
milk, 9 h). The final product characteristics show that the higher the casein ratio of the applied milk,
the better the viscosity and gel firmness of the kefir due to the high reaction affinity of MTGase.

Keywords: set-type kefir; microbial transglutaminase; viscosity; fermentation

1. Introduction

To reach optimal taste and texture properties, kefir fermentation lasts approximately
18–24 h at 25–27 ◦C, based on the scientific literature [1,2]. Nowadays, this is considered
to be a time-consuming effort; more than two shifts of stable and concise human work
are essential. Furthermore, scientists have tended to shift product development to low fat
alternatives, which agrees with marketing strategies that try to follow a low-calorie diet due
to less physical activity. This tendency is also visible in fermented dairy studies that have
demonstrated good textural properties even with low-fat cow milk for yoghurt [3–6] and
for kefir [1,7,8]. Dairy studies in the field have applied texture modifiers such as xanthan [9]
or, in most cases, microbial transglutaminase [1,2,7,8,10,11], which are well-known, in the
food industry, for their protein crosslinking action [12]. However, in most cases, studies
have inactivated microbial transglutaminase (MTGase, E.C. 2.3.2.13) at 80–85 ◦C for 1 min
to avoid the development of pudding-like textures [1,3,4,7], which results in extra heat
treatment costs and time loss due to the time needed to cool milk back to the inoculation
temperature (25–43 ◦C), according to the fermented dairy product. In addition to these,
published studies with kefir fermentation exist only for cow milk at low-fat levels [1,7,8].

Our research aimed to analyze the final low-fat kefir product and the kinetics of
fermentation, both without inactivation of MTGase. Furthermore, we investigated the
effect of MTGase with cow milk, as well as goat and donkey milk. Our final aim was to
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find the shortest fermentation time which enabled low-fat kefir products with appropriate
textural properties.

2. Materials and Methods
2.1. Kefir Production Procedure

Low-fat set-type kefir was fermented from 3 different UHT heat-treated milk types:
cow milk from a large-sized dairy plant (Alföldi Tej Ltd., Székesfehérvár, Hungary);
goat milk from a middle-sized dairy plant (Girau, Arborea, Italy), and donkey milk
(fat 1.02 ± 0.14, protein 3.45 ± 0.01) provided by a middle-sized dairy plant (Virágoskút
Ltd., Balmazújváros, Hungary). The 3 applied milk types were analyzed using a Lactoscan
MCC WS (Mikotronic Ltd., Tsentar, Bulgaria) to determine fat, protein, lactose, and solid
nonfat (SNF) contents.

The Activa YG (enzyme activity 113 U/g) commercial preparation of MTGase was
kindly provided by Barentz Hungary Ltd., the Hungarian distributor of Ajinomoto GmbH
(Hamburg, Germany). Three different enzyme dosages (0.5, 1, and 1.5 U/g protein) were
used for manufacturing the low-fat set-type kefir, in addition to a control kefir (without
enzyme addition). Therefore, altogether, 4 different kefir/milk types were made for one
experiment that was repeated three times.

The kefir starter culture, mainly consisting of mesophilic lactic acid bacteria (Lactococ-
cus lactis, Leuconostoc mesenteroides) and yeasts (Debaryomyces hansenii, Candida Colliculosa),
was kindly provided by BiaRia Ltd. (Hungary).

The kefir milk was tempered to 26 ◦C, and inoculated with 0.8 m/v% kefir starter
culture and commercial enzyme preparation (Activa YG), simultaneously. The enzyme
was not inactivated, consistent with common practice in the Hungarian food industry,
due to the high cost of extra heat treatment. Then, the inoculated and partially enzyme-
treated milk types were distributed in 250 mL PP plastic containers and incubated at 26 ◦C.
The fermentation time differed according to milk type: cow milk 10 h, goat and donkey
milk 11 h (see also Figure 1a–c). The kinetics of fermentation was followed by pH and
rheological measurements. Fermentation was already stopped at pH 4.90 ± 0.05 to avoid
over acidification during the time needed to cool down the kefir from 26 to 3 ◦C. The
set-type kefir samples were kept in an industrial refrigerator at 3 ± 1 ◦C overnight for
aging and checked for final pH (cow kefir 4.67 ± 0.05, goat kefir 4.60 ± 0.21, and donkey
kefir 4.64 ± 0.10), and then used for further analysis. The analyses of different rheological
properties during and after fermentation were done from designated, separate containers.
All data presented in this study are the results of 5 independent trials with all milk types.

2.2. Monitoring Lactic Acid Fermentation

The lactic acid fermentation was monitored with simultaneous pH and apparent
viscosity measurements at fermentation temperature (26 ◦C) every 2 h, until a pH of
4.8 was reached. The pH was measured every 2 h with a Testo 206 portable pH meter
(Testo AG., Titisee-Neustadt, Germany). The rheological measurements were performed
with a Rheomat 115 (Contraves, Switzerland) rotational viscometer, in duplicate. From
separate containers, 100 g of each kefir sample was weighed and put into the stainless-steel
cylindrical container of the viscosimeter for measurement. The apparent viscosity was
calculated according to a previous study [13].

2.3. Dry Matter Content Measurements of the Final Kefir Products

The dry matter (DM) content was determined with an MB 160 moisture analyzer
(VWR, Debrecen, Hungary) at 105 ◦C until constant weight (weight loss < 0.1%/min). All
samples were analyzed in triplicate.
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2.4. Syneresis-Whey Separation Measurements

The set-type kefirs (50 mL) were centrifuged (6000 rpm, 10 min, 10 ◦C) with a Beckman
J2–21 centrifuge and the separated whey was measured. The results of whey loss were
calculated to milliliters of whey separated from 100 mL kefir.

2.5. SDS-PAGE Analysis of the Final Kefir Products

Handcast gels 4–15% (w/v) (acrylamide/bis-acrylamide, 83 mm × 73 mm × 1.0 mm) were
used for the electrophoresis and a vertical system was applied during the measurement
(Bio-Rad mini-Protean Tetra System, Bio-Rad, Hercules, CA, USA). The protein sizes in
the samples were monitored using SDS-PAGE. The range of molecular standard (Precision
Plus Protein All Blue Standards, Bio-Rad, Hercules, CA, USA) was 250–10 kDa. The sample
extracts were prepared by dilution with the sample buffer (2 × Laemmli sample buffer and
2-mercaptoethanol, Bio-Rad, Hercules, CA, USA). In the case of the cow, goat, and donkey
samples 10-fold dilutions were used. The mixture was heated at 100 ◦C for 2 min. From the
dilutions, 5 µL of protein solutions were loaded into the wells and run for 45 min at 200 V.
The gels were stained for 30 min with 0.2% Coomassie brilliant blue (R-250, Bio-Rad). The
stained gel images were captured using a Gel Doc XR+ System (Bio-Rad). The identification
and the densities of the bands were quantified by using Quantity One and Image Lab
6.1 software programs (Bio-Rad, Hercules, CA, USA).

2.6. Gel Firmness Measurements of the Final Kefir Products

The gel structure of the produced set-type kefir was measured with a TA.XTplus
(Stable Micro Systems, Great Britain) texture analyzer. The samples were tempered in
their original PP containers to 10 ◦C, and analyzed with a 35 mm diameter cylinder probe,
applying 0.5 mm/sec measurement speed. The gel strength was the force recorded at the
maximum penetration depth (10 mm). The evaluation of data was performed with the
software of the Texture Exponent 32 instrument.

Figure 1. Cont.
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Figure 1. Kinetics of kefir fermentation: (a) cow milk kefir at different MTGase dosages; (b) goat milk kefir at different
MTGase dosages; (c) donkey milk kefir at different MTGase dosages.
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2.7. Rheological Measurements of the Final Kefir Products

For the analyses of the rheological properties of the final kefir samples, 15 mL samples
from the designated containers were placed in the sample holder of an Anton Paar (France)
MCR 92 rheometer. The shear stress values of the samples were investigated using a CC27
system between 10 and 1000 1/s shear rate, similar to [14], at 15 ◦C. The Herschel–Bulkley
model was used to analyze the flow curves (shear rate-shear stress diagrams). This model
was used to describe the rheological properties of samples at 15 ◦C. Most of the R2 values
of the fitted model were higher than 0.99.

2.8. Statistical Analysis

Analysis of variance (ANOVA) along with post hoc tests (Tukey HSD and LSD) were
used to compare the variables of pH, dry matter, whey retention, and Herschel–Bulkley
model parameters. The effects of enzyme treatment and milk type were analyzed for
the mentioned parameters. The data analysis was carried out by SPSS Statistics software
22 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Analysis and Comparison of the Applied Milk Types for Kefir Production

The chemical composition of the three applied milk types are summarized in Table 1.

Table 1. Chemical composition of the three applied milk types for kefir production.

Chemical Composition Cow Goat Donkey

Fat (%) 1.26 ± 0.17 1.34 ± 0.02 1.02 ± 0.14 *
Protein (%) 3.29 ± 0.08 3.14 ± 0.14 3.45 ± 0.01 *
Lactose (%) 4.90 ± 0.12 4.65 ± 0.18 5.23 ± 0.02 *

Solid nonfat (%) 8.92 ± 0.22 8.45 ± 0.33 9.50 ± 0.03 *
pH 6.64 ± 0.04 6.56 ± 0.02 7.14 ± 0.05 *

Stars indicate significant statistical differences (p < 0.05) from the values of the same row.

In this study, we aimed to have standard low-fat milk in all the applied milk types to
show the texture enhancement and whey retention ability of MTGase at these reduced fat
levels. This is also important due to the growing consumer demand, mainly in the USA,
for fermented foods with reduced fat level [15]. Donkey milk was significantly different
from cow and goat milk, in all the analyzed parameters. The main difference was that goat
milk was albumin milk with a very low-level casein fraction.

3.2. Kinetics of Kefir Fermentation

The fermentation process of kefir was followed by pH and viscosity measurements
every 2 h, as shown in Figure 1a–c.

MTGase enzyme lowers the pH values (only until 0.5 U/g protein) of cow and donkey
milk, however, goat milk was not affected. The application of MTGase during fermentation
caused higher apparent viscosity, than control samples, which was found for all milk
types. The statistical analysis revealed that the final pH of the kefir, for all milk types,
differed significantly (p = 0.05) depending on the enzyme addition. It is recognized that
cow milk, as casein milk, has the highest apparent viscosity values, which is reflected by a
high substrate affinity to MTGase, as has been reported earlier (Ajinomoto 1998), whereas
goat and donkey milk, which are mainly comprised of albumin proteins, have relatively
low crosslinking activity with MTGase. The fermentation time needed was the fastest as
compared with previous studies that achieved 18 h [1] and 24 h [8] fermentation times,
both at 25 ◦C temperature with cow and soy milk, respectively. This was possible due
to the lactic acid bacteria and yeast colonies of the kefir starter culture and the applied
dosage (0.8 m/v%).
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3.3. Physical-Chemical Quality Characteristics of the Final Kefir Products

The results of the dry matter content for the final kefir products, using three different
milk types, are shown on Figure 2.

Figure 2. Dry matter content of the set-type kefir products made from different milk types (cow, goat,
or donkey milk) and MTGase dosages (0–1.5 U/g protein).

The dry matter contents of the control cow and donkey kefirs were non-significantly
different due to their similar protein levels (cow milk protein level 3.29 ± 0.08 and donkey
milk protein level 3.45 ± 0.01), but kefir made from goat milk had significantly (p =
0.05) lower dry matter content than that of the other milk types. The use of MTGase
resulted in significantly (p = 0.05) higher dry matter content in donkey kefir at all applied
enzyme dosages.

The effect of MTGase on whey retention (also known as syneresis) is shown in Figure 3.

Figure 3. Syneresis of the set-type kefir products made from athe different milk types (cow, goat, or
donkey milk) and MTGase dosages (0–1.5 U/g protein).
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Microbial transglutaminase is also preferred due to its whey retention ability, which
has been proven by a previous kefir study during storage of low-fat cow kefir [7]. However,
in our study, syneresis was not significantly (p = 0.05) influenced by the use of MTGase in
the case of cow kefir. These results were consistent for all enzyme dosages and milk types
during six independent trials (two measurements/trial); therefore, it can be concluded
that the lower the fat level of the applied milk, the less effective MTGase is, in the case of
set-type kefir products. This was also clearly reflected by results of kefir made with donkey
milk (fat 1.02 ± 0.014) as compared with cow milk (1.26 ± 0.17) or goat milk (1.34 ± 0.02),
both of which resulted in less whey loss (see on Figure 3) due to their higher initial milk
fat level.

3.4. Protein Patterns of the Kefirs Based on Gel Electrophoresis

Figure 4 shows the results of the SDS-PAGE analysis of the kefirs made from three
different milk types.

Figure 4. Results of SDS-PAGE of untreated and m-TG treated cow, goat, and donkey kefir: (1) Molecular standard;
(2–5) control (2), cow kefir with 0.5 U/g protein MTGase (3), cow kefir with 1 U/g protein MTGase (4), cow kefir with
1.5 U/g protein MTGase (5); (6–9) control (6), goat kefir with 0.5 U/g protein MTGase (7), goat kefir with 1 U/g protein
MTGase (8), goat kefir with 1.5 U/g protein MTGase (9); (10–13) control (10), donkey kefir with 0.5 U/g protein MTGase
(11), donkey kefir with 1 U/g protein MTGase (12), donkey kefir with 1.5 U/g protein MTGase (13).

The proteins contained in the kefir samples prepared with and without m-TG were
analyzed by means of SDS-PAGE. The first column is the molecular standard, which makes
the identification of proteins possible from 250 to 10 kDa. The whey protein fraction in
bovine milk is dominated by β-lactoglobulin (β-lg), which accounts for ∼50% of the total
whey protein, and α-lactalbumin (α-lac) comprises 20% of the total whey protein [16].
In parallel, we found that proteins were detectable during molecular weight separation
at the molecular weights of typical milk proteins. Caseins (αS1-CN, β-CN, and κ-CN)
range from 23 to 29 kDa, β-lactoglobulin (β-LG) at ~16 kDa, and α-lactalbumin (α-LA)
variants from 11 to 12 kDa. In the case of cow, goat, and donkey kefir samples treated
with transglutaminase, we were able to detect clearly visible transglutaminase in some of
the examined samples. Bands of the enzyme were detectable at ~38 kDa in the samples.
However, it can be seen that the m-TG bands with the highest intensity were observed in
the case of cow and donkey kefirs in the 0.5, 1, and 1.5 U/g protein samples.
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3.5. Gel Firmness of the Final Kefir Products

Gel firmness or gel strength represents the hardness of kefir curd, and therefore the
quality of the set-type fermented dairy products. The results of the set-type kefir gels are
presented on Figure 5.

Figure 5. Effect of MTGase on the gel firmness of kefir made from cow, goat, or donkey milk.

According to our study, application of MTGase increased the gel firmness but only in
the case of low-fat kefir made from cow milk. This is reflected by the significantly higher
apparent viscosity values described and discussed earlier. The obtained results are the
averages of six independent trials (six measurement/trial). Probably, the difference in gel
firmness is mostly due to the high casein/whey protein ratio of cow milk (casein protein
86% and whey protein 14%), which are highly reactive with MTGase. However, goat
milk has a casein/whey protein ratio (81:19) that is similar to that of cow milk [17], but it
has a lower concentration of αs1-casein, which is the main substrate of MTGase. Donkey
milk is albumin milk with very low casein fraction (casein protein 47% and whey protein
53%) [18] and a subsequent amount of α-lactalbumin that has very low reaction ability
with MTGase [19], which is also reflected in the experienced gel firmness values.

3.6. Rheological Characterization of the Final Kefir Products
3.6.1. Rheological Flow Curves

Figure 6 shows the flow curves of the kefir samples made from different milks with
different MTGase concentrations. The samples from cow milk with 1 and 1.5 U/g pro-
tein MTGase concentrations have a very specific flow behavior in the initial shear rates
(between 10 and 40 1/s).

This may be explained by the breaking of kefir curd caused by spinning of the measur-
ing head. A similar flow behavior was reported by [20] in the case of HHP-treated liquid
egg white. In the case of kefir made from goat milk, an almost Newtonian fluid behavior
is represented in Figure 6b. The higher the MTGase concentration used, the higher the
shear stress value measured. The shear stress of the kefir samples made from goat milk are
MTGase concentration dependent. The higher the MTGase concentration used, the higher
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the shear stress value measured. The kefir from goat milk had the lowest shear stress value
which showed that its curd was the thinnest as compared with all the investigated samples.
In contrast, the samples made from donkey milk had pseudoplastic (shear thickener) flow
behavior, which is shown in Figure 6c). The lowest shear stress value was measured for
the control sample and the highest shear stress value was measured in the case of 1.5 U/g
protein MTGase concentrations. A study by [10] reported similar results in the case of
kefirs made from cow milk with different MTGase concentrations. It was found that a
higher MTGase concentration increased the viscosity of samples. In our results, this was
demonstrated not only in the case of cow milk samples but also in the case of goat and
donkey milk samples.

3.6.2. Herschel–Bulkley Model

Table 2 summarizes the calculated τ0 values of the kefir samples using the Herschel–Bulkley
model. Cow milk samples have an increasing tendency with increasing MTGase concentration.

The increasing tendency may be clarified by the higher initial shear stress values
measured (when the spinning of the measuring head was breaking the curd). The samples
from donkey milk have a similar increasing tendency, although statistically significant
only in the case of the 1.5 U/g protein concentration. The τ0 values of kefir samples made
from goat milk show a decreasing tendency with higher MTGase concentration, which is
statistically significant, even in the case of 0.5 U/g protein MTGase concentration.

Table 3 represents the consistency values of samples from the calculated Herschel–
Bulkley models. The samples made from all milk types show an increasing tendency in
calculated consistency, i.e., the higher the enzyme concentration used, the higher the C
values calculated.

Figure 6. Cont.
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Figure 6. (a) Flow curves of the kefir samples made from cow milk; (b) flow curves of the kefir samples made from goat
milk; (c) flow curves of kefir samples made from donkey milk.

Table 2. Calculated τ0 values of the kefir samples using the Herschel–Bulkley model (significant
difference to control (p = 0.05), A Tukey HSD and B LSD).

τ0 (Pa) Cow Goat Donkey

Control 0.94 ± 0.04 1.44 ± 0.04 0.00 ± 0.00
0.5 U/g protein 0.34 ± 0.01 AB 1.42 ± 0.04 AB 0.00 ± 0.00
1 U/g protein 13.82 ± 0.52 AB 0.40 ± 0.01 AB 0.01 ± 0.00

1.5 U/g protein 19.66 ± 1.22 AB 0.30 ± 0.01 AB 1.36 ± 0.03 AB
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Table 3. Calculated C (consistency) values of the kefir samples using the Herschel–Bulkley model
(significant difference to control (p = 0.05), A Tukey HSD and B LSD).

C (Pas) Cow Goat Donkey

Control 0.22 ± 0.03 0.00 ± 0.00 0.06 ± 0.00
0.5 U/g protein 1.38 ± 0.01 AB 0.00 ± 0.00 0.05 ± 0.00 AB

1 U/g protein 2.69 ± 0.06 AB 0.01 ± 0.00 B 0.89 ± 0.02 AB

1.5 U/g protein 4.27 ± 0.07 AB 0.06 ± 0.00 AB 2.31 ± 0.00 AB

An increasing tendency is visible in shear stress values as well (Figure 6a–c). A slightly
increasing tendency is found in the case of samples made from goat milk, but only 1 and
1.5 U/g protein MTGase concentrations were found to be statistically significant. Although
the consistency value of donkey kefir was slightly decrease by using 0.5 U/g protein
MTGase concentration, 1 and 1.5 U/g protein concentrations increased the consistency
as compared with the control sample. The most consistent kefir sample was made from
cow milk applying an enzyme concentration of 1.5 U/g protein MTGase, which was well
represented by the shear stress values (Figure 6a). Similar to our results, a study by [9]
found that the addition of MTGase increased the consistency of kefir drinks made from cow
milk. In addition, Persian gum has been shown to improve the consistency and viscosity
of kefir samples [2]; therefore, the consistency of kefirs made from goat and donkey milk
with MTGase may also be improved by the addition of Persian gum.

4. Discussion

The kinetics of pH decreasing during fermentation was mainly influenced by the milk
type applied for the given kefir production. This reflects the importance of selecting an
adequate kefir starter culture according to the milk type used for kefir production. In the
cases of kefir made from goat or donkey milk, the fermentation lasted 11 h, which was 1 h
longer than that from cow milk. The applied kefir culture and dosage resulted in 8–14 h
less fermentation time in the case of cow kefir as compared with previous studies, which
also highlights the possibility of producing low-fat set-type kefir with less manufacturing
time and cost. Gel electrophoresis showed detectable difference in the protein patterns
of cow and goat milk treated with MTGase. Whey retention was improved by MTGase
according to the fat levels of the applied milk types, which was the most obvious in donkey
kefir. The rheological measurements revealed the importance of the casein ratio in the milk
used for kefir fermentation, since cow milk with a high casein content could be crosslinked
with MTGase, and therefore reached a high viscosity level during the fermentation as well
as in the final product. Our study revealed that MTGase is only effective if low-fat set-type
kefir is made from cows’ milk. In the case of goat and donkey milk, other texture modifiers
are also highly recommended at low-fat level.
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Abstract: Miang, a traditional fermented tea from Northern Thailand, potentially hosts beneficial
probiotic bacteria. A total of 133 isolates of lactic acid bacteria (LAB) isolated from Miang were
evaluated for probiotic potential. Among them, 5 strains showed high tolerance to bile and acidic
conditions and were selected for further evaluation. All selected strains showed inhibitory activ-
ity against human pathogens, including Bacillus cereus, Staphylococcus aureus, and Salmonella ser.
Typhimurium. Nucleotide sequences analysis of the 16S rRNA gene revealed that 3 isolates were
identified as Lactobacillus pentosus; the remaining were L. plantarum and Pediococcus pentosaceus, re-
spectively. All 5 strains showed a high survival rate of more than 90% when exposed to simulated
gastrointestinal conditions and were also susceptible to antibiotics such as erythromycin, tetracycline,
and gentamycin, and resistant to vancomycin, streptomycin, and polymycin. In addition, the selected
isolates exhibited different degrees of cell surface hydrophobicity (58.3–92.9%) and auto-aggregation
(38.9–46.0%). The antioxidant activity reflected in DPPH scavenging activities of viable cells and
their cell-free culture supernatants (CFCS) were also found in selected LAB isolates. Moreover,
selected LAB isolates showed ability to grow on commercial prebiotics (GOS, FOS or XOS). The
preliminary study of spray-drying using cyclodextrin as thermoprotectant suggested that all strains
can be designed as a powdered formulation. L. pentosus A14-6 was the best strain, with high tolerance
against simulated gastrointestinal conditions, high cell surface hydrophobicity, effective response
to tested commercial oligosaccharides, especially XOS, and the highest cell antioxidant properties.
L. pentosus A14-6 was therefore targeted for further applications in food and synbiotic applications.

Keywords: probiotic potential; fermented tea; Miang; synbiotic; antioxidant activity

1. Introduction

Probiotics are live microorganisms which exert beneficial effects on host health when
consumed in adequate amounts [1]. Some lactic acid bacteria (LAB) have been widely
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used as probiotics in humans and animals, and the strains most used as probiotics belong
to either the genus Bifidobacterium or Lactobacillus [2,3]. The approval process for probi-
otics requires certain imperative characteristics such as the resistance to bile and low pH,
antibiotic susceptibilities, and antimicrobial activity [2]. Additionally, other properties
are also beneficial for probiotic cultures, such as desirable technological, sensorial, and
safety features [4]. Moreover, the probiotic culture should be well-adapted to fermented
dairy product environments (i.e., presence of curing salts, acidity, and temperature) in
order to compete with the endogenous microbiota and grow to levels that enable the
display of health-promoting effects [5]. Although dairy products are the most commonly
used food vehicles for probiotic delivery, probiotics can also be included in different
fermented or unfermented foods [6]. However, the classical obstacle of living probiotic
applications in various food vehicles is the survival of probiotic microbes. The vehicle
food products require specific temperatures to preserve and sustain the survival rate of
probiotics [7]. Besides the direct application of living probiotic LAB using food vehicles,
the applications of LAB in the form of either nutraceuticals or food supplements are also
gaining interest [8]. The commercial product formulation of probiotics combined with
specific growth-promoting carbon sources called prebiotics is also well accepted among
consumers and physicians [9,10]. Some oligosaccharides are commercially produced for
use as prebiotics, including xylooligosaccharides (XOS), fructooligosaccharide (FOS), and
galactooligosaccharides (GOS) [11].

Traditional fermented products constitute an alternative and readily available delivery
matrix for LAB starter cultures with attractive functional characteristics particularly with
additive probiotic properties [12]. Miang is a traditional fermented food product made of
tea leaves (Camellia sinensis var. assamica) which is commonly produced and consumed in
northern Thailand and neighboring countries [13]. The manufacturing process of Miang
includes many steps following the inherited protocol depending on local communities, and
the most important step of Miang production process is the natural fermentation for a few
weeks or up to one year without the use of any preservatives [14,15]. LAB is a key group
of microorganisms having an important role in Miang fermentation. Various strains of
LAB, including Lactobacillus sp., Pediococcus sp. and an Enterococcus sp., have been isolated
from Miang [16–20]. Recent studies exploring the microbial community during Miang
fermentation by non-filamentous growth-based fermentation (NFP process) [21], and
filamentous growth-based fermentation (FFP process) [22] have confirmed the important
role of LAB and their diversity in Miang samples. This indicates the relevance of Miang as
potential source of probiotic bacteria.

Therefore, the objectives of this study were to screen for beneficial probiotics from LAB
derived from Miang tea fermentation process and to investigate their characteristics and
capabilities for use as human probiotics. This study also provides the rationale for targeting
specific LAB strains and aligning them to commercial prebiotics to advance commercial
synbiotic products as functional foods or nutraceuticals.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

The LAB strains isolated from Miang samples were collected from different locations in
Upper-Northern Thailand including Chiang Mai, Chiang Rai, Nan, and Phrae, as described
in a previous study [16]. A total of 133 LAB were maintained in de Man, Rogosa, and
Sharpe (MRS) broth (HiMedia, Mumbai, India) containing 30% (v/v) glycerol and stored at
−80 ◦C. Four pathogenic bacteria were used as antimicrobial activity indicators including
Bacillus cereus TISTR 747, Salmonella ser. Typhimurium TISTR 1472, Staphylococcus aureus
TISTR 746, and Lactobacillus acidophilus TISTR 2365 was used as the reference probiotic
strains. To prepare seed inoculum, 1 mL aliquot of LAB was added to 10 mL MRS broth
vials and statically incubated at 37 ◦C for 12 h. The LAB isolates were spread on MRS agar
supplemented with 125 ppm bromocresol purple. Plates were incubated for 48 h at 37 ◦C.
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A single colony of LAB was inoculated into 5 mL of the MRS broth and further incubated
at 37 ◦C under static conditions for 18 h.

2.2. Screening and Selection of Acid and Bile Salt Tolerant LAB as the Potent Probiotic

All LAB isolates were tested for their tolerance to acidic conditions and bile salts.
Tolerance to acidic conditions was determined using the method of Argyri, et al. [23], with
some modification. Briefly, an overnight culture of LAB strains in MRS broth at 37 ◦C
was harvested by centrifugation at 8000× g for 10 min at 4 ◦C, then washed twice with
phosphate-buffered saline (PBS), pH 7.2. The washed cell pellets were resuspended in PBS
to approximately 108 CFU/mL. A total 0.1 mL of LAB cell suspension was transferred into
10 mL of PBS pH 2.0 adjusted by 1.0 M hydrochloric acid, and cells suspended with PBS
(pH 7.2) were used as control. All mixtures were incubated at 37 ◦C for 3 h. A viable cell
count was determined by plating on MRS agar and incubated at 37 ◦C for 12 h. The viable
cell count was expressed as the log value of colony-forming units per mL (logCFU/mL).

The bile salts tolerance of LAB isolates was determined according to the method of
García-Hernández, et al. [24]. Briefly, 0.1 mL of LAB cell suspension was inoculated into
10 mL of PBS supplemented with 0.3% (w/v) bile salts (Oxgall, Merck, Germany) and PBS
without bile salts served as the control; all cultures were incubated at 37 ◦C for 3 h. The
viable cell count was determined, and the survival rate was calculated as follows:

Survival (%) = [final (logCFU/mL)/control (logCFU/mL)] × 100 (1)

2.3. Identification and Characterization of Lactic Acid Bacteria

The selected LAB isolates showing the acid and bile salt tolerance properties were
identified based on morphological characteristics and 16S rDNA sequence analysis. The ge-
nomic DNA was extracted using a Wizard Genomic DNA purification kit (Promega Corp.,
Madison, WI, USA) following the manufacturer’s protocol. Each genomic DNA obtained
from the pure culture was used as a template with the primers 27F (5′-AGAGTTTGATCCT-
GGCTCAG-3′) and 1525R (5′-AAGGAGGTGWTCCARCC-3′) for 16S rRNA gene amplifi-
cation. The PCR products were purified by GF-1 PCR clean-up gel extraction kits (Vivantis,
Malaysia), visualized by electrophoresis on 1.0% (w/v) agarose gels, and were sent for
sequencing service at a sequencing service provider (1st BASE Laboratory Company, Singa-
pore). The sequenced 16S rRNA gene was employed to search the closest sequences using
basic local alignment search tool (BLAST) available at the National Center for Biotechnol-
ogy Information (NCBI) GenBank databases (http://www.ncbi.nlm.nih.gov (accessed on
28 August 2021)). A multiple sequence alignment was performed, and the phylogenetic
tree was constructed by the neighbor-joining method using MEGA (Molecular Evolution
Genetic Analysis) software, version 4.0 [25]. In order to identify the LAB isolates of the
L. plantarum group, the isolates were subjected to recA gene analysis using species-specific
PCR. A multiplex PCR assay was performed with the recA gene-based primers paraF, pentF,
planF, and pREV, the annealing temperature was 56 ◦C [26]. The expected sizes of the am-
plicons were 318 bp for L. plantarum, 218 bp for L. pentosus, and 107 bp for L. paraplantarum.
The identified sequences were submitted to NCBI GenBank with the following accession
number: MW564014-MW564018.

2.4. Antimicrobial Activity against Pathogens

The selected LAB isolates were investigated for their antagonistic activity in cell-
free culture supernatant (CFCS) against a variety of gastrointestinal pathogenic bacteria,
including B. cereus, S. Typhimurium, and S. aureus by the agar well diffusion method.
Briefly, an overnight culture of pathogenic bacteria (approximately 106–108 CFU/mL) was
gently swabbed on the surface of NA plate. Sterile filter paper discs (8.0 mm diameter)
containing 20 µL of the unneutralized CFCS and neutralized CFCS (neutralized to pH 7
by addition of 5 N NaOH) obtained from the MRS culture broth of the LAB isolates were
placed on the surface of the swabbed agar plates. The presence of growth inhibition was
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observed from the appearance of clear zone around the well after plates were incubated at
37 ◦C for 24 h.

2.5. Resistance to Simulated Gastrointestinal Conditions

Gastrointestinal tolerance was determined as described by Sriphannam, et al. [27],
with some modification. The selected LAB isolates and reference probiotic strains (L.
acidophilus) were inoculated in MRS broth, incubated at 37 ◦C for 18 h, and harvested by
centrifugation at 8000× g with 4 ◦C for 10 min. After washing twice with sterile PBS, the
cell pellets were resuspended in electrolyte solution (6.2 g/L NaCl, 2.2 g/L KCl, 0.22 g/L
CaCl2, and 1.2 g/L NaHCO3) for an initial viable cell count of 108 CFU/mL. One milliliter
aliquot was aseptically removed, serially diluted in 0.85% (w/v) NaCl, and spread on MRS
agar to determine the number for the surviving bacterial count (CFU/mL) at time 0. To
simulate the dilution and possible hydrolysis reaction of bacteria in the human oral cavity,
5 mL of cell suspension in electrolyte solution was mixed with the same volume of sterile
electrolyte solution supplemented with lysozyme (Wako Pure Chemical Industries Ltd.,
Japan) to obtain a final concentration of 100 ppm, and the sample was then incubated
for 5 min at 37 ◦C. The mixture solution was subsequently diluted 3:5 with an artificial
gastric fluid consisting of 0.3% (w/v) pepsin (Fluka Biochemika, Germany) in the electrolyte
solution, with the pH adjusted to 2.5. After 1 h of incubation at 37 ◦C, a sample was taken
to measure the viable cells on an MRS agar plate. For simulation of the conditions in the
small intestine, the remaining volume was then diluted 1:4 using an artificial duodenal
secretion (6.4 g/L NaHCO3, 0.24 g/L KCl, 1.28 g/L NaCl, 0.5% (w/v) bile salts, and 0.1%
(w/v) pancreatin) (Fluka Biochemika, Germany) at pH 7.2 and was incubated at 37 ◦C. At
2 and 3 h of the incubation time, samples were taken for measurement of viable cells by
plate count technique on MRS agar plates. The viable cell count was determined and the
survival rate was calculated.

2.6. Auto-Aggregation

An auto-aggregation study was carried based on the Xu, et al. [28] method, with some
modification. A total of 10 mL of LAB cell suspension in PBS (108 CFU/mL) was vortexed
homogeneously for 10 s, and 1 mL of cell suspension was measured at 600 nm (Ainitial).
After being incubated at 37 ◦C without disturbing for 2 h, the absorbance of the upper
fraction (1 mL) was measured (Afinal). The auto-aggregation percentage was calculated
using the following equation:

Auto-aggregation (%) = [(Ainitial − Afinal)/Ainitial] × 100 (2)

where Ainitial and Afinal are the absorbance at 0 and 2 h, respectively.

2.7. Cell Surface Hydrophobicity

The cell surface hydrophobicity of the selected LAB was determined in terms of the
bacterial cell adhesion to solvents based on the ability of cells to bind to hydrocarbons,
according to the methodology described by García-Hernández, et al. [24]. Chloroform
was chosen as a nonpolar solvent because it reflects cell surface hydrophobicity and hy-
drophilicity. Briefly, an overnight culture of selected LAB was harvested by centrifugation
at 8000× g with 4 ◦C for 10 min, washed twice with PBS buffer (pH 7.2), and resuspended
with PBS to an absorbance of 1.0 at 600 nm (Ainitial). An equal volume of chloroform (BDH
Chemicals, Ltd., Poole, England) was added and mixed by vortex mixer for 5 min. After
1 h of incubation at 37 ◦C, the optical density of aqueous phase was measured at 600 nm
(Afinal). Isolates with cell surface hydrophobicity above 50% were considered hydrophobic.
Cell surface hydrophobicity was calculated using the following equation:

Cell surface hydrophobicity (%) = [(Ainitial − Afinal)/Ainitial] × 100 (3)
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2.8. Antibiotic Resistance

The LAB strains were tested for antibiotic susceptibilities by the disc diffusion method.
Antibiotic discs including erythromycin (15 µg/disc), tetracycline (30 µg/disc), gentamycin
(10 µg/disc), kanamycin (30 µg/disc), vancomycin (30 µg/disc), polymycin (30 µg/disc),
and streptomycin (10 µg/disc) were used [29]. Briefly, 50 µL of overnight-grown LAB
culture on MRS broth (approximately 107–108 CFU/mL) was spread on the MRS agar plate
and the antibiotic discs (HiMedia, Mumbai, India) were placed on it. The plates were
incubated at 37 ◦C for 24 h and the inhibition zone diameters were measured. The results
were expressed as sensitive, S; intermediate, I; or resistant, R as described by the Clinical
and Laboratory Standard Institute [30].

2.9. Hemolytic Activity Test

The hemolysis assay of the LAB strains was evaluated using Columbia blood agar (Hime-
dia, Mumbai, India) supplemented with 5% (v/v) sheep blood according to Angmo, et al. [31],
with some modification. The strains were streaked on a blood agar plate and incubated
at 37 ◦C for 48 h. The characteristics of hemolysis, shown as clear zones around colonies
on blood agar, were recorded and classified as hemolytic (β-hemolysis); green-hued zones
around colonies (α-hemolysis) and no clear zones around colonies (γ-hemolysis) were
considered non-hemolytic.

2.10. DPPH Free Radical Scavenging Ability

The overnight culture of LAB strains in MRS broth was centrifuged at 8000× g for
10 min at 4 ◦C to separate the CFCS and cells. The CFCS was harvested and filtered through
0.2 µm Acrodisc® syringe filters (Pall Netherlands B.V., Medemblik, The Netherlands).
The cell pellets were resuspended in PBS to reach a concentration of 108 CFU/mL and
served as intact cells. The radical scavenging capacities of LAB strains were evaluated
using 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH) (Sigma-Aldrich, St. Louis, MO, USA)
free radical assays [32]. The assay was carried out by mixing 800 µL of freshly prepared
0.2 mM of DPPH solution in 80% methanol with 400 µL of CFCS or intact cells and vortexed
for 30 s. The mixture was left at room temperature in the dark for 30 min. Scavenging
ability was measured by decrease in absorbance at 517 nm. Uninoculated MRS broth and
PBS were used as control samples for the DPPH scavenging measurement of CFCS and
intact cells, respectively. The percentage scavenging potential was estimated using the
following equation:

DPPH scavenging capacity (%) = (Acontrol − Asample)/Acontrol × 100 (4)

2.11. Prebiotic Utilization

The ability to utilize different prebiotics of LAB strains was evaluated and presented
as a prebiotic score as described by Kondepudi, et al. [33]. Commercial FOS, GOS, and
XOS purchased from Wako Pure Chemical Industries (Tokyo, Japan) were used as the
carbon sources for LAB cultivation. An overnight culture of LAB strains in MRS broth at
37 ◦C was harvested by centrifugation (8000× g for 10 min at 4 ◦C) and the cell pellets
were washed twice with PBS buffer. The washed cell pellets were resuspended in PBS. The
inoculum size of the bacterial viable cell (approximately 108 CFU) was transferred into
10 mL of modified MRS medium containing 10 g/L of individual prebiotics (GOS, FOS,
or XOS) as a sole carbon source and statically incubated at 37 ◦C for 24 h. The modified
MRS broth containing 10 g/L of glucose as the sole carbon source was used as positive
control. Prebiotic utilization was determined by measuring the viable cells (logCFU/mL) at
24 h. The prebiotic score is the highest growth achieved by a strain in the presence of MRS
supplemented with prebiotics relative to their growth in glucose, which was considered
100%. The prebiotic score was calculated as below:

Prebiotic score (%) = (A/B) × 100 (5)
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where A and B are the mean viable cell values (logCFU/mL) of a strain grown in the pres-
ence of each prebiotic (GOS, FOS, or XOS) and glucose, respectively, after 24 h cultivation.

2.12. Viability of Probiotic Strains after Spray-Drying

An overnight culture of LAB strains in MRS broth at 37 ◦C was harvested by centrifu-
gation at 8000× g for 10 min at 4 ◦C, then washed twice with PBS buffer. The washed cell
pellets were resuspended in maltodextrin (15%, w/v) to approximately 107 CFU/mL. A
laboratory scale spray dryer (model B-290 Buchi mini spray dryer, Flawil, Switzerland)
was used to process samples at a constant air inlet temperature of 180 ◦C, and the flow rate
of the drying air was set at 40 m3/h, leading to an outlet temperature of around 80–85 ◦C,
in order to obtain powders with less than 5% moisture. Cell viability was tested before and
after the spray-drying procedure. The survival percentage was calculated as follows:

Survival rate (%) = (N/N0) × 100 (6)

where N represents the number of viable cells per gram of dry matter after drying, and
N0 is the number of viable cells per gram of dry matter in the bacterial suspension before
drying [34].

2.13. Statistical Analysis

All the experiments were performed in triplicate, and the results were calculated as
the mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used to
study significant differences between means with significance level p < 0.05 using SPSS
statistical software, version 20.0 (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Screening and Selection of Acid and Bile Salt Tolerance LAB as Potential Probiotic

Tolerance to low pH and bile salts are generally considered an essential assessment
criteria for probiotic strains to exert their beneficial effects on the gastrointestinal tract
environment [35]. The pH of the human stomach rises from 1–2 to 4–5 after the ingestion
of food, therefore the majority of in vitro assays are designed to select for strains that can
tolerate the extreme low pH range from 2–3 [36]. This assay was designed to exclude some
strains that may actually possess probiotic properties but were unable to tolerate extreme
low acidity. Therefore, a total of 133 LAB isolates obtained from Miang were investigated
for their acid tolerance at pH 2.0. The results determined that only 16 LAB isolates showed
the ability to tolerate pH 2.0 for 3 h of incubation with a survival rate of more than 80%,
which represented 12% of the total LAB isolates (Table 1). Isolates A9-2 and A14-6 were the
most tolerant at pH 2.0, with survival rates of 95%. Acidic conditions have a large effect on
the survival rates of Lactobacillus. According to Mathara, et al. [37], the percentage of LAB
strains isolated from traditional fermented dairy products with a favorable resistance at
pH 2.0 was 22.2% of the overall strains. Almost none of the 47 Lactobacillus strains isolated
from ripened Parmigiano–Reggiano cheese could survive at pH 2.0 [38].

According to Goldin and Gorbach [39], tolerance to bile salt concentration of 0.15–0.3%
is recommended for probiotics, since it is in the range of the physiological conditions found in
the gastrointestinal tract. Moreover, Jose, et al. [40] reported that the maximum concentration
of bile salt that can be found in an average healthy person is 0.3%. Therefore, 0.3% bile was
used in this study, and all 16 acid-tolerant LAB isolates demonstrated bile resistance ability,
as noted in the results presented in Table 1. The results revealed that 6 of 16 isolates were
sensitive to 0.3% bile salt (less than 50%), whereas the others had tolerance in the range of
65 to 92%. Only 5 of 16 isolates showed the ability to tolerate bile salt at concentration of 0.3%
with survival rates over 80% during 3 h incubation. On evaluating the combined tolerance to
acidic conditions and bile salt, which is an important criterion for effective probiotics selection,
as mentioned previously, all five isolates including A9-2, A14-6, A26-8, CMY9, and CMY46
were selected for further identification and probiotic characterization.
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Table 1. Viability and survival percentages of sixteen LAB isolates after being incubated at pH 2.0 and 0.3% (w/v) bile salt
at 37 ◦C for 3 h.

Isolates

Viable Cell
(logCFU/mL) Survival Rate (%)

Viable Cell
(logCFU/mL) Survival Rate (%)

pH 7.2 pH 2.0 Without Bile 0.3% Bile

A5-1 8.57 ± 0.12 6.89 ± 0.03 80.4 ± 0.4 i 8.40 ± 0.05 4.15 ± 0.06 49.4 ± 0.5 h

A9-2 8.23 ± 0.01 7.82 ± 0.08 95.0 ± 0.6 a 8.55 ± 0.07 7.85 ± 0.08 91.8 ± 1.4 a

A10-1 8.44 ± 0.04 6.95 ± 0.12 82.3 ± 1.7 hi 8.23 ± 0.12 6.32 ± 0.04 76.8 ± 0.6 e

A13-5 8.24 ± 0.04 7.46 ± 0.10 90.5 ± 0.8 bcd 8.45 ± 0.04 3.82 ± 0.07 45.2 ± 0.8 ij

A14-2 8.11 ± 0.12 6.71 ± 0.11 82.7 ± 0.9 ghi 8.06 ± 0.07 3.87 ± 0.05 48.0 ± 1.3 hi

A14-6 8.68 ± 0.09 8.26 ± 0.07 95.2 ± 0.5 a 8.52 ± 0.09 7.75 ± 0.21 91.0 ± 1.8 a

A21-4 8.67 ± 0.06 7.75 ± 0.02 89.4 ± 1.4 cde 8.15 ± 0.16 5.28 ± 0.02 64.8 ± 0.9 g

A26-8 8.45 ± 0.17 7.84 ± 0.04 92.8 ± 0.3 ab 8.66 ± 0.02 7.45 ± 0.06 86.0 ± 1.5 b

A27-3 8.16 ± 0.10 7.31 ± 0.06 89.6 ± 0.5 cde 8.43 ± 0.12 6.61 ± 0.08 78.4 ± 1.6 de

A29-1 8.71 ± 0.12 7.33 ± 0.03 84.2 ± 0.7 gh 8.89 ± 0.13 6.33 ± 0.05 71.2 ± 0.7 f

CMY1 8.10 ± 0.09 7.14 ± 0.04 88.1 ± 0.6 de 8.77 ± 0.07 3.48 ± 0.17 39.7 ± 0.5 k

CMY9 8.14 ± 0.07 7.42 ± 0.09 91.2 ± 0.4 bc 8.45 ± 0.13 7.15 ± 0.03 84.6 ± 1.1 bc

CMY12 8.27 ± 0.07 7.21 ± 0.15 87.2 ± 0.6 ef 8.62 ± 0.04 3.75 ± 0.12 43.5 ± 0.9 j

CMY34 8.62 ± 0.15 7.36 ± 0.08 85.4 ± 1.2 fg 8.28 ± 0.04 3.46 ± 0.05 41.8 ± 1.6 jk

CMY46 8.57 ± 0.02 7.85 ± 0.06 91.6 ± 1.5 cd 8.41 ± 0.06 6.89 ± 0.07 81.9 ± 0.8 cd

CMY47 8.46 ± 0.08 7.58 ± 0.10 89.6 ± 0.6 de 8.32 ± 0.08 6.52 ± 0.13 78.4 ± 1.9 de

Note: Means in column with different superscripts are statistically different at p < 0.05.

3.2. Identification of LAB

Five selected isolates that were determined to be Gram-positive by forming a yellow
clear zone on MRS agar were presumptively considered LAB. Most of the colonies were
round, smooth, convex surface, off-white or yellow colonies. The cell morphology after
24 h incubation of A9-2, A14-6, A26-8, and CMY46 were observed as a rod shape, while
the CMY9 was cocci. The nucleotide sequences of 16S rRNA genes of all five selected LAB
isolates were also determined, with the purpose of classifying the species of the selected
isolates. The full-length 16S rRNA genes were sequenced and compared in similarity with
the bacterial 16S rRNA gene in the NCBI database; these results are shown in Table 2.
The isolated CMY9 showed more than 99.9% similarity to Pediococcus pentosaceus, and
the other isolates (A9-2, A14-6, A26-8, and CMY46) showed more than 98% similarity to
the Lactobacillus plantarum group including L. pentosus and L. plantarum. Based on high
similarity of up to 99% of 16S rRNA gene sequences between L. pentosus and L. plantarum,
it was difficult to differentiate all of selected strains. Confirmation of recA gene analysis
found that isolate A9-2 was identified to be L. plantarum, whereas the isolates A14-6,
A26-8, and CMY46 were identified to be L. pentosus. The phylogenetic tree of all five
LAB isolates is shown in Figure 1. Our results supported the previous findings which
reported that the most common species of lactobacilli isolates found in fermented fruits
and vegetables including fermented cucumbers, fermented olives, and fermented tea
leaves were L. pentosus, L. plantarum, L. vaccinostercus, L. thaitandensis, L. camellia, and
P. siamensis [16,17,19,32,41,42].
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Table 2. Molecular identification of LAB isolates by 16S rRNA gene sequence analysis.

Isolates Closest Species Similarity (%) Length (bp) Accession Number Note

A9-2 Lactobacillus plantarum ATCC 14917 99.8 1486 MW564014 recA gene confirmed
A14-6 Lactobacillus pentosus DSM 20314 99.9 1467 MW564015 recA gene confirmed
A26-8 Lactobacillus pentosus DSM 20314 99.9 1476 MW564016 recA gene confirmed
CMY9 Pediococcus pentosaceus DSM 20336 99.9 1476 MW564017 -

CMY46 Lactobacillus pentosus DSM 20314 99.5 1472 MW564018 recA gene confirmed
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3.3. Antimicrobial Activity against Pathogens

The selected LAB isolates were evaluated for antimicrobial potential against the in-
dicator microorganisms B. cereus, S. aureus, and S. Typhimurium, by the disc diffusion
method. An unneutralized CFCS from LAB isolates and a reference strain (L. acidophilus)
showed a clear zone of inhibition against all indicator microorganisms tested. The results
revealed that all LAB isolates exhibited average inhibition zone of 10.4–14.4 mm. Lactobacil-
lus pentosus A14-6 was the most effective in inhibiting target pathogens, with 14.4 ± 0.5
and 13.3 ± 0.3 mm clear zones against S. aureus and S. Typhimurium, respectively, and
showed an inhibition zone better than L. acidophilus against both pathogens (13.8 ± 0.3
and 12.0 ± 0.4 mm), as shown in Figure 2A–C. In contrast, neutralized CFCS of all selected
isolates did not show clear zone formation (Figure 2D–F). Generally, an unneutralized
CFCS always shows an inhibitory effect because of the acidic pH, which is mostly not
favorable for the growth of most pathogenic bacteria, whereas the inhibitory properties
found in neutralized CFCS are commonly caused by bacteriocin or bacteriocin-like metabo-
lites [27,43]. The study by Sankar, et al. [44] found that L. plantarum showed antibacterial
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activity against S. aureus, Enterococcus fecalis, Escherichia coli, and Listeria monocytogenes.
Among these, the highest growth inhibition recorded was against S. aureus, and minimum
activity was observed against L. monocytogenes.
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Figure 2. Disc diffusion assay of cell-free culture supernatants (CFCS), obtained from L. plantarum A9-2, L. pentosus A14-6,
L. pentosus A26-8, P. pentosaceus CMY9, L. pentosus CMY46, and L. acidophilus culture in MRS broth (M) uninoculated MRS
broth, against Bacillus cereus (A,C), Staphylococcus aureus (B,E), Salmonella Typhimurium (C,F). (A–C): unneutralized CSCF,
(D–F): neutralized CFCS (pH 7).

3.4. Survival in the Simulated Gastrointestinal Conditions

An in vitro model for the evaluation of survival in simulated gastrointestinal condi-
tions was used for the investigation of five LAB isolates along with the probiotic reference
strain, L. acidophilus. The effects of artificial saliva, gastric, and duodenal juices on the
viability of LAB isolates are presented in Figure 3. The statistical comparison of the via-
bility for each species at the end of the treatments revealed that the surviving capability
of LAB isolates against the artificial gastrointestinal conditions was clearly comparable
to the L. acidophilus probiotic strain [45]. All LAB isolates showed tolerance and a good
survival rate of more than 90% after being tested under the stress of simulated gastrointesti-
nal conditions. The LAB candidates showed higher surviving capability against in vitro
gastrointestinal conditions than the L. acidophilus probiotic strain. Another consideration
is that tea leaves contain phenolic compounds, particularly tannins and other tea pheno-
lics, which are considered to inhibit microbial growth [14,16,46] and the microorganisms
living and compatible in Miang substrate might have mechanisms allowing them to tol-
erate the tea tannins. In addition, the cell wall of L. plantarum and L. pentosus contain the
meso-diaminopimelic acid (mDAP) peptidoglycan, which means they can survive in the
tannin-rich substrate [14,16,18] and therefore potentially have greater survival capability
against in vitro gastrointestinal conditions than the L. acidophilus probiotic strain.
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3.5. Resistance to Antibiotics

Antibiotics are major antimicrobial agents utilized to fight bacterial pathogens. How-
ever, antibiotic resistance and its transfer to pathogens in the natural environment can
cause significant danger and suffering for many people with pathogen infections [47].
Therefore, it is desirable that probiotics are sensitive to commonly prescribed antibiotics
at low concentrations. The results of antibiotic susceptibilities (Table 3) showed all five
LAB candidates were sensitive to erythromycin and tetracycline, and were moderately
susceptible to gentamycin. On the other hand, all strains were resistant to kanamycin, van-
comycin, and polymycin. The vancomycin resistance of the selected probiotic LAB in this
experiment supports the fact that the majority of the lactobacilli were intrinsically resistant
to glycopeptide [2]. The susceptibility and resistance of LAB against various antibiotics is
variable depending on the species; for example, LAB isolated from infant feces are resistant
to kanamycin and streptomycin [48]. Thus, the resistance mechanisms observed among
these strains are probably inherent or intrinsic to their species and could therefore not be
attributed to the acquisition of resistance genes [49]. It has been reported that probiotic
strains should be susceptible to at least two clinically relevant antibiotics [50]. All selected
LAB strains in this experiment were susceptible to erythromycin and tetracycline, and this
meets the good probiotics criteria in term of antibiotic-resistant properties. Furthermore,
all LAB strains showed negative hemolytic activity, which is the supporting property for
their in vivo safety.

Table 3. Susceptibility of LAB isolates to antibiotics.

Isolates
Antibiotics

VA K CN S TE E PB

L. plantarum A9-2 R I S R S S R
L. pentosus A14-6 R R I R S S R
L. pentosus A26-8 R R I R S S R

P. pentosaceus CMY9 R R I R S S R
L. pentosus CMY46 R R I R S S R

Note: VA: vancomycin (30 µg/disc), K: kanamycin (30 µg/disc), CN: gentamycin (10 µg/disc), S: streptomycin
(10 µg/disc), TE: tetracycline (30 µg/disc), E: erythromycin (15 µg/disc) PB: polymycin (30 µg/disc). Zone of
clearing: various antibiotic resistant (R), moderately susceptible (I), and susceptible (S).
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3.6. Hydrophobicity and Auto-Aggregation

Hydrophobicity and auto-aggregation assays were employed as indirect screening
tools to test and select the adhesion potentiality of probiotic bacteria to host intestinal
mucosa [51]. The cell surface hydrophobicities of the selected LAB strains are presented in
Figure 4A. All isolates showed a high percentage of hydrophobicity towards chloroform
which ranged from 58.3 to 92.9% after a 1 h incubation period. The highest hydrophobicity
percentage was found with L. pentosus A14-6. Generally, hydrophobicity above 40% is
desired for a probiotic strain [52], and all selected probiotic LAB in this study therefore
qualified in terms of cell hydrophobicity properties. Previous studies have reported on the
high degree of variation of the hydrophobicity property among probiotic LAB [31,53,54].
L. plantarum and L. casei originally isolated from Ladakh fermented foods have shown cell
surface hydrophobicities ranging from 5–74% with n-hexadecane [31]. The high hydropho-
bicity property of probiotic strains represents higher interaction with the epithelium cells of
gastrointestinal tract, which indicate the better exclusion of pathogens [55]. Differences in
cell surface hydrophobicity are caused from variations in the levels of cell surface protein
expression of the species [56].
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Auto-aggregation of probiotic LAB is believed to align with adhesion of the LAB to
the intestinal epithelium. The percentages of auto-aggregation of all selected LABs were
found to be in the range of 38.9 to 46.0% after 2 h incubation (Figure 4B), which indicated
moderate capability to colonize host intestinal cells, while the auto-aggregative values of S.
Typhimurium and S. aureus were 33.7% and 15.8%, respectively, after incubation at 37 ◦C
for 2 h [28]. The higher auto-aggregation properties are reported to increase in relation to
LAB colonization in the gastrointestinal tract. Auto-aggregation values are strain-specific
and the wide range of auto-aggregation abilities (1.63–80.50%) have been reported for
L. brevis, L. plantarum, L. acidophilus, L. curvatus, L. sake, L. fermentum, and P. pentosaceus
isolated from fermented foods [31].

3.7. Radical Scavenging Activities of LAB

Antioxidant activities of CFCS and intact cells of the five selected LAB isolates were
evaluated by the DPPH free radical scavenging assay method and their antioxidant capaci-
ties are presented in Figure 5A. CFCS of all probiotic LAB strains showed higher radical
scavenging activities compared to their intact cells. However, the intact cells of L. pantarum
A9-2, L. pentosus A14-6, and L. pentosus A26-8 showed higher DPPH scavenging activity
than P. pentosaceus CMY9 and L. pentosus CMY46. Recently, LAB such as Lactobacillus sp.
and Bifidobacterium sp. revealed significant antioxidant characteristics, which a study has
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suggested means that the antioxidant properties mainly depend on the type of probiotic
bacteria used [57]. Moreover, the antioxidant activity of L. plantarum derived from pickles,
tea, sauerkraut, fermented dairy products, fermented beverages, and the feces of healthy in-
fants have also been reported [32,58,59]. The mechanisms of the antioxidant activity of LAB
intact cells were suggested to be responsible due to metal ion chelation, enzymes such as
antioxidases from probiotics, antioxidant compounds produced by probiotic cells, or coun-
tering radicals generated in the intestinal tract [60,61]. However, the oxidation-resistant
ability of probiotics and their mechanisms are not completely clear.
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3.8. Prebiotic Utilization and Prebiotic Scores

The synbiotic concept was created to overcome the difficulties of growing of probiotics
in the gastrointestinal tract. Synbiotics have beneficial synergistic effects, greater than those
observed for the individual administration of only prebiotics or probiotics [62]. Therefore,
the study of prebiotic utilization by the selected LAB was explored. The growths of all LAB
strains in the presence of various prebiotics, including GOS, XOS, and FOS, in comparison
to glucose (positive control) are presented in Figure 5B. L. plantarum A9-2, L. pentosus
A26-8, and L. pentosus CMY46 showed the maximum growth with GOS, meanwhile, the
strains L. pentosus A14-6 and P. pentosaceus CMY9 showed their maximum growth with
XOS and FOS, respectively. The results from this study indicate that all selected probiotic
LAB had potential for application in the design of formulation of synbiotics with various
types of commercial prebiotics. However, the improved specificity of probiotic LAB
and prebiotic types may lead to the highest efficiency of formulated synbiotic products.
Therefore, a determination of specific properties between prebiotics and probiotics is the
most appropriate approach to be further fine tuned for commercial applications.

3.9. Viability of Probiotic Strains during Spray-Drying

The effect of spray-drying on the viability of the LAB strains is shown in Table 4. The
viability of L. pantarum A9-2, L. pentosus A14-6, L. pentosus A26-8, P. pentosaceus CMY9,
and L. pentosus CMY46 decreased after spray-drying by 2.01, 2.03, 2.10, 1.69 and 1.88 log,
respectively. The survival rates of all strains were up to 75% after spray-drying. Even with
reduction of microbial count, this preliminary study of spray-drying indicated the feasibility
of applying these LAB strains at industrial levels and can be starting point for improving
final microbial counts. The improved viability and efficacy of probiotics after exposure to
the spray-drying process may be improved by the use of other thermoprotectants such
as different sugars, skim milk, and whey protein. Previous reports mentioned that the
conditions of the spray-drying process influence the quality and efficacy of spray-dried
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probiotic powder [63–66]. Therefore, the optimization of the spray-drying process is
required before applying these selected LAB strains in a commercial scale.

Table 4. Survival of five selected LAB isolates after spray-drying with maltodextrin as the thermoprotectant.

Isolates
Viable Cell (logCFU/g)

Survival Rate (%)
Before Spray-Drying After Spray-Drying

L. plantarum A9-2 8.42 ± 0.02 6.41 ± 0.07 76.1 ± 0.65 bc

L. pentosus A14-6 8.61 ± 0.06 6.58 ± 0.11 76.4 ± 0.74 bc

L. pentosus A26-8 8.49 ± 0.11 6.39 ± 0.05 75.3 ± 0.38 c

P. pentosaceus CMY9 8.55 ± 0.07 6.86 ± 0.04 80.2 ± 0.18 a

L. pentosus CMY46 8.36 ± 0.09 6.48 ± 0.05 77.5 ± 0.23 b

Note: Means in column with different superscripts are statistically different at p < 0.05.

4. Conclusions

The results obtained from this study indicate that Miang, traditional fermented tea
leaves, can serve as a beneficial source of potential probiotic candidates. Five selected
LAB strains originally isolated from Miang samples clearly demonstrated survival under
simulated gastrointestinal conditions, which indicates their beneficial capabilities could
be applied as probiotics. These selected LAB strains also showed specificity for being
utilized in combinations of commercial prebiotics and tolerance against spray-drying
process. Among the five strains, L. pentosus A14-6 in particular had the most promising
probiotic potential, with cellular antioxidative characteristics that support its feasibility for
application in various food products or as targeted towards the development of synbiotic
nutraceuticals. However, the safety and functional properties of these strains should be
further evaluated to confirm their health-beneficial properties in in vivo models.
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Abstract: Osteoporosis is the most common bone disease associated with low bone mineral density.
It is the process of bone loss and is most commonly caused by decreased estrogen production in
women, particularly after menopause. Pueraria lobata, which contains various metabolites, especially
isoflavone, is widely known as regulator for bone mineral contents. In this study, the effects of the P.
lobata extract (PE) with or without fermentation with Lactobacillus paracasei JS1 (FPE) on osteoporosis
were investigated in vitro and in vivo. The effects of PE and FPE on human osteoblastic MG63 cells,
RAW 264.7 cells, and ovariectomized (OVX)-induced model mice were analyzed at various ratios.
We found that FPE increased calcium deposition and inhibited bone resorption by in vitro assay.
Furthermore, treatment with PE and FPE has significantly restored destroyed trabecular bone in the
OVX-induced bone loss mouse model. Overall, FPE demonstrated bioactivity to prevent bone loss by
decreasing bone turnover.

Keywords: fermentation; Lactobacillus; Pueraria lobata; osteoblast; ovariectomized-induced model

1. Introduction

Isoflavones found in soybeans are nonsteroidal, phytoestrogenic, and anti-oxidative
compounds with potential roles in the prevention of chronic diseases, including hormone-
dependent diseases, cardiovascular diseases, breast and prostate cancer, osteoporosis,
and postmenopausal symptoms [1]. For example, the efficacy of isoflavone derivatives
such as dihydrodaidzein (DHD) and equol (EQ) have been evaluated against various
hormone-dependent diseases due to their strong binding affinity for estrogen receptors.

Osteoporosis is a bone disease characterized by the destruction of bone tissue, loss of
bone mass, and an increased risk of bone fractures [2–4]. Osteoporosis can be classified as
primary or secondary depending on its cause. Primary osteoporosis induced by menopause
causes a rapid decrease in estrogen levels; leads to the activation of osteoclasts, the cells
involved in bone resorption; and imparts the inactivation of osteoblasts, the cells involved
in bone formation [5]. When the balance between osteoblasts and osteoclasts is lost, bone
resorption is promoted, bone turnover rate is increased, and bone mineral density is
lowered, leading to increased fracture and osteoporosis [6]. Secondary osteoporosis is
usually caused by other medical conditions or treatments that interfere with the attainment
of peak bone mass and may cause bone loss. These medical conditions include genetic
diseases, serious kidney failure, rheumatoid arthritis, chronic obstructive pulmonary
diseases, endocrine disorders, nutritional imbalance, inflammatory disease, and drug
abuse [7–9].

Fermentation 2021, 7, 186. https://doi.org/10.3390/fermentation7030186 https://www.mdpi.com/journal/fermentation85
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Treatment of osteoporosis generally involves anti-resorptive and anabolic medica-
tions in combination with calcium and vitamin D supplementation. With respect to anti-
resorptive drugs, bisphosphonates and calcitonin are the most commonly used for the
treatment of postmenopausal osteoporosis [10,11]. Regarding anabolic drugs, human
parathyroid hormone analogs promote osteoblast formation [12,13]. Selective estrogen
receptor modulators (SERMs) improve bone mineral density (BMD) via the mechanisms
of hormone replacement therapy; however, side effects have been reported, including
increased risk of stroke and venous thromboembolism [12]. Aside from conventional
drug therapy, alternative treatments such as traditional medicine are also used to mitigate
osteoporosis. Natural products, especially herbal medicine, have received growing atten-
tion in the prevention of osteoporosis. For instance, flavonoids derived from Epimedium
brevicornum Maxim have been proven to improve estrogen deficiency-induced osteoporosis
in ovariectomized rats via direct osteoblast stimulation and inhibition of bone resorption,
leading to an overall anabolic effect on periosteum and trabecula [10].

Likewise, isoflavones have been demonstrated as valuable for attenuating menopause-
induced osteoporotic bone loss by regulating bone-related factors [14]. Pueraria lobata,
which is known for its main bioactive components, isoflavones, is a perennial vine native
to Asia and primarily subtropical and temperate regions of China, Japan, and Korea. The
starch extracted from its roots is used in cooking and herbal medicines [15,16] in a wide
variety of applications. Recent research has focused on its antidipsotropic activity for the
treatment of alcohol-related health effects [17]. Furthermore, P. lobata has demonstrated
antioxidant, anti-diabetic, and anti-inflammatory activity [18–21]. With strong applicability
to the treatment of osteoporosis, P. lobata has been reported to regulate receptor activator of
nuclear factor kappa-B ligand (RANKL)-mediated osteoclastogenesis [22], proliferation,
differentiation, and mineralization [23]. To enhance the efficacy of P. lobata, bioconversion
with Lactobacillus paracasei JS1 was performed.

Lactobacillus paracasei JS1 is a gram-positive, non-spore-forming microorganism and
lactic acid bacterium that is commonly used in dairy product fermentation and probi-
otics [24]. L. paracasei has been isolated from the healthy gastrointestinal tract and human
feces [25]. In our previous study, L. paracasei JS1 showed an inhibitory effect on cytokine-
mediated inflammation in the large intestine, as well as has beneficial effects on the skin
due to its ability to produce equol [26]. Thus, it was hypothesized that L. paracasei JS1 could
be effective in the prevention of osteoporosis, which has a strong relationship with estrogen
deficiency. Here, we evaluated the efficacy of the L. paracasei JS1-induced fermentation
products of P. lobata (FPE) which contain various flavonoids, in the prevention of osteo-
porosis. The efficacies of DHD and EQ, which are derivatives of FPE, and 17β-estradiol
(E2) were compared with the efficacy of FPE.

2. Materials and Methods
2.1. Sample Preparation

P. lobata roots were provided by Professor Tae-Ho Park from the green-house at Daegu
University (Daegu, Korea). A voucher specimen (KHU-BMRI-PL-2016) was deposited in
the Biomedical Research Institute of Kyung Hee University. P. lobata roots were chopped
into small pieces and extracted three times in 30% ethanol for 24 h at room temperature,
respectively. The extract was subsequently filtered to remove any particulates and concen-
trated in vacuo. Then, the concentrated crude extract was lyophilized to obtain a powder
and stored at −20 ◦C for subsequent experimentation. Consequently, the yield of PE was
13.2% and FPE was 4.4%, respectively.

2.2. Bacterial Culture and Fermentation

To discover an ideal growth condition, L. paracasei JS1 was incubated at various
conditions. The bacteria were incubated at 37 ◦C for 72 h with various speeds of agitation.

The isoflavone contents were measured by high-performance liquid chromatography
(HPLC). It turned out that incubation at 37 ◦C for 72 h with an agitation speed of 250 rpm
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was the most optimal growth condition, resulting in the most isoflavone content out of
all other investigated agitation speeds (data not shown). For the preparation of P. lobata
fermentation extract (FPE), L. paracasei JS1 was cultured in a liquid Gifu anaerobic medium
(GAM) under aerobic conditions with 2% P. lobata extract at 37 ◦C for 72 h and an agitation
speed of 250 rpm.

2.3. Metabolite Profiling of FPE Using Liquid Chromatography-Mass Spectrometry Analysis

Liquid chromatography-mass spectrometry (LC-MS) analysis was performed using
a SCIEX Triple TOF 5600 (SCIEX, Framingham, MA, USA) operating positive ion mode.
Mass spectrometry was performed in the MSE acquisition mode, which enabled alternation
between high- and low-energy scans. The operating parameters were set as follows: MS
scan type, full scan and information dependent acquisition scanning; ionization source,
electrospray ionization (ESI); MS scan range, m/z 100 to 2000; MS/MS scan range, m/z 30 to
2000; nebulizing gas, 50 psi; heating gas, 50 psi; curtain gas, 25 psi; desolvation temperature,
500 ◦C; ion spray voltage floating, 5.5 kV; declustering potential, 60 V; collision energy,
10 V; cone voltage, 35 ± 15 V.

2.4. Cell Culture

Human MG63 cells, obtained from American Type Culture Collection (ATCC, Manas-
sas, VA, USA) were cultured in alpha-MEM supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin and streptomycin (P/S).

Mouse macrophage RAW 264.7 cells purchased Korean Cell Line Bank (KCLB, Seoul,
Korea) were cultured in DMEM supplemented with 10% FBS and 1% P/S. Cells were
incubated at 37 ◦C and 5% CO2 in a humidified atmosphere.

2.5. Osteoblast Proliferation Assay

MG63 cell proliferation was evaluated using the MTT assay. Cells were seeded at
2 × 104 cells per well in 96-well plates. After 24 h of incubation, the cells were washed
with phosphate-buffered saline (PBS) and cultured in MEM containing the indicated
concentrations of PE, FPE, DHD, or EQ (0.01, 0.1, 1, 10, or 100 µg/mL final concentrations),
respectively. After 72 h of incubation, the MTT solution in PBS was added to a final
concentration of 0.5 mg/mL, followed by incubation for 4 h at 37 ◦C. At the end of 4 h of
incubation, the supernatant medium was removed. Cell suspension in 100 µL of DMSO
was subsequently performed. Absorbance was measured at 540 nm using a microplate
reader (Tecan, Mannedorf, Switzerland). Cell proliferation rates were calculated from the
OD readings and reported as percentages of vehicle control.

2.6. Alkaline Phosphatase Assay

MG63 cells were maintained in a complete medium. Cells were seeded at 2 × 104 cells
per well in 24-well plates. The medium was changed to a differentiation medium consisting
of 10 mM glycerol 2-phosphate, 50 µg/mL ascorbic acid, and the indicated concentrations
of PE, FPE, DHD, EQ, or E2 (0.01, 0.1, 1, 10, or 100 µg/mL final concentrations) in culture
medium after 24 h of incubation. After 96, 120 h of treatment, the cells were washed with
PBS, and assay buffer was added. The solution was centrifuged at 12,000 rpm for 15 min
at 4 ◦C. The supernatant was transferred to 96-well plates, and 5 mM pNPP solution was
subsequently added after incubation for 1 h at 25 ◦C. The reaction was stopped by adding
a stop solution, and the absorbance was measured at 405 nm. ALP activity was presented
as a percentage, which was compared with ALP activity in control cells.

2.7. Real-Time PCR

Total RNA was extracted using the TRizol reagent (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s protocols after 72 h of incubation. The expres-
sion of osteoporosis-related genes in MG63 cells was detected by real-time quantitative
PCR using SYBR Green technology. For each RNA sample, the expression of β-actin was
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quantified by RT-PCR. The differential gene expression between samples was also esti-
mated using the CT method. The primer sequences were obtained from Takara (Kyoto,
Japan). All target gene-specific primer sequences are listed in Table 1.

Table 1. Target gene-specific primer sequences.

Target Genes 5′ to 3′ Sequence

RANKL
Forward ATGGCGTCCTCTCTGCTTG

Reverse TGAAAGGTCAGCGTATGGCTT

Runx2
Forward CCGGTCTCCTTCCAGGAT

Reverse GGGAACTGCTGTGGCTTC

Osteocalcin
Forward CCGGTCTCCTTCCAGGAT

Reverse GGGAACTGCTGTGGCTTC

Osterix
Forward ATGGCGTCCTCTCTGCTTG

Reverse TGAAAGGTCAGCGTATGGCTT

β-actin
Forward CGCTGATGCATGCCTATGA

Reverse AGAGGTCCACAGAGCTGATTCC

2.8. Osteoclast Differentiation Assay

RAW 264.7 cells were cultured to 2 × 104 cells per well in 24-well plates. After 24 h
of incubation, the cells were washed with PBS and cultured for 5 days after treatment
with 50 ng/mL of RANKL and 30 ng/mL of M-CSF (Peprotech, Rocky Hill, NJ, USA).
After treatment with R/M, 100 µg/mL of PE and FPE, 10 µg/mL of DHD and EQ, and
10−9 M of E2 were added, and the cells were incubated for 48 h at 5% CO2 and 37 ◦C,
respectively. Out of the osteoclast population, TRAP-positive multinucleated cells (MNCs)
with more than three nuclei were measured using the Acid Phosphatase Leukocyte (TRAP)
Kit (Sigma-Aldrich, St.Louis, MA, USA). The cells were removed by washing with PBS,
and then each well was photographed by a microspore camera (Tecan).

2.9. Animals

Female 6-week-old outbred ICR mice were purchased from RaonBio Co., Ltd. (Yongin,
Korea) and were surgically ovariectomized under tiletamine/zolazapamanesthetic (Raon-
Bio Co., Ltd.). Prior to experimentation, mice were kept for a week and provided with
water and sterile standard mouse chow ad libitum. They were housed in an air-conditioned
animal room in a 12 h light/dark cycle at a temperature of 22 ± 1 ◦C and a humidity
of 50 ± 10%. All experimental protocols involving the use of animals were conducted
in accordance with National Institutes of Health guidelines and approved by the Com-
mittee on Animal Care of Kyung Hee University (KHUASP(SE)-18-030, approved on 20
September 2017).

Mice were randomly divided into 5 groups with 6 mice in each group as follows:
(1) sham-operated control mice (Sham) received daily oral gavage of 0.85% NaCl, (2) OVX
mice received daily oral gavage of 0.85% NaCl (OVX), (3) OVX mice were treated daily with
100 mg PE per kg body weight (b.w), (4) OVX mice were treated daily with 100 mg FPE per
kg b.w, and (5) OVX mice received intraperitoneal (i.p) injections of E2 (0.1 mg/kg b.w/day)
every other day. Each treatment administration was performed for 12 weeks. At the end of
treatment, the mice were sacrificed, and adequate serum was provided for CT analysis at
the same time.

2.10. Micro-CT Bone Analysis

The proximal and distal parts of the left tibia were scanned by micro-computer to-
mography (Micro-CT, Skyscan 1076, Billerica, MA, USA) to evaluate structural loss in
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cortical and trabecular bone. Exposures were carried out at 50 kVp, 200 mA, and 360 ms.
The micro-CT scans were analyzed with Comprehensive Tex Archive Network (CTAN)
topographic reconstruction software. The trabecular bone volume represented the total
trabecular bone within the total bone volume. By dividing the trabecular bone volume by
the total volume, the bone volume percentage was calculated. The assessed cortical bone
parameters were BMD, bone volume fraction (BV), mean polar moment of inertia (MMI),
and cross-section thickness (Cs.Th). Trabecular bone parameters were used to assess the
bone volume fraction (BV/TV), specific bone surface (BS/BV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), trabecular number (Tb.N), trabecular bone pattern factor
(Tb.Pf), structure model index (SMI), and BMD.

2.11. Serum Analysis

At the end of the study, all animals fasted for 6 h, and blood was collected from the
abdominalena cava under anesthesia with isoflurane. Blood was centrifuged at 12,000 rpm
for 20 min at 4 ◦C to obtain serum. The serums were analyzed with enzyme-linked
immunosorbent assay (ELISA) kits for RANKL, osteoprotegerin (OPG, R&D systems,
Minneapolis, MN, USA), and osteocalcin (Alfa Aesar, Ward Hill, MA, USA). All ELISA
procedures were performed according to the manufacturer’s protocols.

2.12. Statistical Analysis

Each experiment was repeated three or six times, and the results of the most rep-
resentative experiment are shown. The results are expressed as the mean ± S.E.M and
were analyzed using one-way ANOVA followed by Tukey’s method (GraphPad Prism 5.0,
San Diego, CA, USA). A statistical probability of p < 0.05 was considered significant.

3. Results and Discussion
3.1. Identification of Isoflavones in FPE

P. lobata is used as herbal medicine and food [14,15]. P. lobata has demonstrated a
variety of results related to osteoporosis [17–21]. Therefore, we evaluated the efficacy of
fermented P. lobata, which contains various flavonoids, in the prevention of osteoporosis.
In previous studies, it is confirmed that daidzein is converted to dihydrodaidzein and
equol [27]. Furthermore, LC/MS qualitative analyses were performed to reveal other active
components of FPE, especially isoflavones which are responsible for the strong inhibitory
activities on osteoporosis. LC-MS analysis was conducted using the SCIEX Triple TOF
5600 (SCIEX) in positive ion mode. Using an HPLC system with a Kinetex F5 C18 column,
the FPE were separated at a flow rate of 0.3 mL/min within 0 to 30 min. Each data set
was processed with Analyst TF1.7 (SCIEX, Framingham, MA, USA) software. The total
ion chromatograms (TIC) of FPE, including the name of each metabolite, retention time
(RT), molecular formula, mass value, and accuracy, are shown in Figure 1. Particularly,
puerarin, genistein, daidzein, calycosin, and equol are already known for their efficacy of
anti-osteoporosis, respectively [28–32]. Therefore, it is believed that FPE, which includes
various effective components, can be valuable candidate for anti-osteoporosis.

3.2. Effects of FPE on Proliferation, ALP Activities, and Gene Expression in MG 63 Cells

Osteoporosis is a metabolic disease characterized by relatively low bone density and
bone mass in comparison to healthy individuals [2–4]. It is also related to a homeostatic
disproportion between bone formation and resorption. Even though the major cause of
the disease is unclear, genetic, endocrinological, or nutritional factors are believed to be
associated with osteoporosis.

The underlying mechanisms of the cellular effects of FPE have been studied in os-
teoblasts and osteoclasts. Osteoblasts and osteoclasts are specialized cells that are responsi-
ble for bone formation and resorption, respectively. The bone-forming cells, osteoblasts,
synthesize and modulate the deposition and mineralization of the extracellular matrix
of bone. Osteoclasts, on the other hand, are responsible for the resorption of aged bone.
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Continuous stress leads to the inhibition of osteoblast activity and enhances osteoclast-
mediated bone resorption, thus triggering a decrease in bone mass. Therefore, it can
potentially lead to osteoporosis in the long term [33].

Figure 1. HPLC-QTOF/MS chromatograms of FPE, and mass data in total ion chromatograms (TIC)
scan mode. Analysis was carried out on a Kinetex F5 C18 column (2.6 µm, 2.1 × 100 mm) with
gradient elution using solvents A (0.1% formic acid in water) and B (0.1% formic acid in acetonitrile).
The elution gradients were as follows: 0–6 min, B 5%; 6–8 min, B 5–15%; 8–16 min, B 15–20%;
16–27 min, B 20–30%; 27–32 min, B 30–100%; and 30–34 min, B 100%. The flow rate was 300 µL/min,
and the injection volume was 10 µL for each run. Mass detector settings were as follows: cone voltage
40 V; capillary 3.0 kV; source temperature 500 ◦C; cone gas flow 30 L/h; and desolvation gas flow at
800 L/h. The peaks of 1–10 were identified to be 10 metabolites.

The proliferative effects of FPE were evaluated in MG63 osteoblasts. PE and FPE
significantly increased the proliferation rate (%) in a concentration-dependent manner
(Figure 2A,B). FPE showed the ability to enhance the proliferation of cells as much as
DHD (Figure 2C). As shown in Figure 2D, EQ, on the other hand, demonstrated a weaker
proliferative ability than PE, FPE, and DHD. The proliferation rate of E2 (10−11 M) treated
cell, the positive control, increased 114.8 ± 0.77% compared to control.

The alkaline phosphatase activity, a biological marker to indicate osteoblastic differ-
entiation, was assessed in MG 63 osteoblasts. PE, FPE, DHD, EQ, and E2 treatments were
performed for 96 or 120 h each. ALP activities of PE and E2 were significantly increased
96 h after treatment (Figure 3A). FPE showed a higher differentiation ability compared
to PE and other compounds, including E2, which was the positive control, after 120 h
(Figure 3B).
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Figure 2. Proliferation activity in osteoblast MG63 cells. Effect of a variety concentration of (A) PE;
(B) FPE; (C) DHD; (D) Equol on cell proliferation rate. * p < 0.05 compared to 0 µg/mL, ** p < 0.01
compared to 0 µg/mL. Data are means ± SEM of triplicates from one representative experiment.

Figure 3. Effects of alkaline phosphate (ALP) activity in MG63 cells: (A) 96 h after treatment;
(B) 120 h after treatment. PE: Pueraria lobata extract; FPE: fermented Pueraria lobata extract; DHD;
dihydrodaidzein; EQ; equol. The results are expressed as a mean ± SEM (n = 3). * p < 0.05 compared
to control, ** p < 0.01 compared to control.

The efficacy of FPE increased in a time-dependent manner. Consequently, it was
demonstrated that the gene related to osteoblast differentiation was regulated by FPE.
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FPE also increased calcium deposition in MG63 cells. For further exploration of
the mechanisms of FPE’s role in osteoblastic regulation, the markers of bone forma-
tion were evaluated in MG63 cells using RT-PCR. The levels of several bone formation
biomarkers, OPG/RANKL, osteocalcin, osterix, and Runx2 mRNAs, were up-regulated by
FPE treatment.

Osteoblasts synthesize and secrete OPG, which blocks the interaction between RANK
and RANKL. Hence, the expression of OPG/RANKL plays a crucial role in modulating
bone restoration. Additionally, OPG was able to block the interaction between RANKL and
RANK, thus inhibiting osteoclastogenesis.

The efficacy of FPE in osteoblast differentiation was further elucidated by evaluating
the expression of osteogenic differentiation mediator mRNA with RT-PCR. As shown in
Figure 4, FPE increased the RANKL/OPG ratio in a concentration-dependent manner, but
other genes (osteocalcin, osterix, and Runx2) did not have a significant effect.

Figure 4. Expression of mRNA of osteogenic differentiation mediators, (A) osteocalcin/β-actin;
(B) osterix; (C) Runx2; (D) RANKL/OPG, in MG 63 cells measured by real-time RT-PCR. The
expression of β-actin was used as a loading control for RT-PCR. * p < 0.05 compared to normal
controls and ** p < 0.01 compared to control. The results are expressed as a mean ± SEM (n = 3).

3.3. Effect of FPE on Osteoclast Differentiation in RAW 264.7 Cells

The effects of FPE on RANKL/M-CSF-stimulated osteoclast differentiation in os-
teoclast precursor RAW 264.7 cells were then investigated. After 5 days of treatment
of RANKL/M-CSF alone or with PE, FPE, DHD, EQ, and E2, TRAP-positive MNC for-
mation was examined, and TRAP-positive MNCs that contained more than three nuclei
were counted as osteoclasts. RANKL/M-CSF treatment alone induced the formation of
TRAP-positive multinuclear osteoclasts. RANKL/M-CSF-induced multinuclear osteoclast
formation was significantly decreased following culturing with 100 µg/mL FPE (Figure 5).
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Figure 5. Osteoclast differentiation in osteoclast precursor RAW 264.7 cells: (A) Control; (B) RANKL 50 ng/mL + M-CSF
30 ng/mL; (C) RANKL/M-CSF + PE 100 µg/mL; (D) RANKL/M-CSF + FPE 100 µg/mL; (E) RANKL/M-CSF + DHD
10 µg/mL; (F) RANKL/M-CSF + EQ 10 µg/mL; (G) RANKL/M-CSF + E2 10−9 M 48 h after treatment. # p < 0.01 compared
to control. * p < 0.05 compared to RANKL 50 ng/mL + M-CSF 30 ng/mL group. ** p < 0.01 compared to RANKL 50 ng/mL
+ M-CSF 30 ng/mL group.

3.4. Effects of FPE in OVX-Induced Mouse Model

The OVX-induced mouse model has been widely used to investigate postmenopausal
osteoporosis caused by estrogen deficiency [34]. An in vivo experiment using an OVX-
induced bone loss mouse model was conducted to evaluate the anti-osteoporotic activity
of FPE. As shown in Figure 6A, the body weight increase in the OVX group was higher
compared with the sham operation group. On the other hand, mice given an oral adminis-
tration of PE and FPE for 12 weeks after OVX showed a comparatively slower increase in
body weight in comparison with the OVX group. Moreover, the decrease in uterus weight
in the OVX group was lower than that in the sham operation group (Figure 6B). Mice
that underwent intraperitoneal E2 injection for 12 weeks after OVX showed a significant
increase in uterus weight compared with the OVX group. However, mice given an oral
administration of PE and FPE did not differ from sham-operated mice in terms of uterus
weight. This result indicated that PE and FPE do not likely have the ability to stimulate or
control hormone-dependent phenomena.

93



Fermentation 2021, 7, 186

Figure 6. Effects of FPE on changes of body weight and uterus weight in OVX-induced mice. (A) Body
weight was measured once a week; (B) at the end of the experiment, the uterus was removed and
weighed. PE: Pueraria lobata extract; FPE: fermented Pueraria lobata extract. ** p < 0.01 compared to
OVX induced control.

Deterioration of trabecular microarchitecture is apparent in the OVX mouse model [35].
We found that FPE prevented the deterioration of microstructural parameters in the distal
femur of OVX model mice. An oral administration of FPE restored bone loss in the OVX
mouse model.

To explore the structural characteristics affected by FPE, we scanned the tibia of each
mouse (Figure 7A). The experimental and structural parameters for the entire cortical bone
of the tibia, BV, BMD, MMI, and Cs. Th were measured and calculated in micro-CT images
(Figure 7B). In the OVX group, BV, Cs. Th, MMI, and BMD did not change compared to
the sham group. In addition, PE, FPE, and E2 did not confer any significant change in the
structural parameters.

Figure 7. Micro-CT analysis of the cortical bone. (A) Micro-CT images of the cortical bone of the tibia;
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(a) sham; (b) OVX; (c) OVX + PE 100 mg/kg; (d) OVX + FPE 100 mg/kg; (e) E2; (B) (a) BV; (b) MMI;
(c) Cs.Th; (d) BMD of OVX-induced mice treated PE, FPE, and E2.

As illustrated in Figure 8A, OVX caused degradation of trabecular bone architecture
compared to the sham group. However, treatment with PE and FPE retarded or recovered
the destruction of femur trabecular bone in the OVX-induced bone loss mouse model.
The protective effect on trabecular bone architecture was also clearly demonstrated by
treatment with E2, a positive control. In addition, BV/TV, Tb.Th, Tb.N, and BMD were
lower, whereas trabecular separation, BS/BV, Tb.Th, Tb.Pf, and SMI were higher than the
sham group (Figure 8B). In both the PE, FPE, and E2 treatment groups, BV/TV, Tb.Th, Tb.N,
and BMD were increased in sham-operated mice compared to those of the OVX group,
while BS/BV, Tb.Sp, Tb.Pf, and SMI were decreased compared to those of the OVX group.

Figure 8. Cont.
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Figure 8. Micro-CT analysis of the trabecular bone. (A) Micro-CT images of the trabecular bone of the femur; (a) sham;
(b) OVX; (c) OVX + PE 100 mg/kg; (d) OVX + FPE 100 mg/kg; (e) E2; (B) (a) BV/TV; (b) BS/BV; (c) Tb.Th; (d) Tb.Sp;
(e) Tb.N; (f) Tb.Pf; (g) SMI; (h) BMD of OVX-induced mice treated PE, FPE, and E2.

These results suggest that FPE was effective in preserving bone mass as well as in
restoring the deterioration of bone microarchitecture associated with OVX mice. Analyses
of the serum levels of OPG/RANKL and osteocalcin, biomarkers of bone resorption, were
shown to be significantly higher than those of the sham group. In the present study, PE
and FPE showed protective efficacy against OVX-induced osteoporosis. It is hypothesized
that the FPE could be effective in inhibiting the bone resorption process. Since the balance
between the RANKL and OPG produced by osteoblasts is critical for osteoclast regulation,
we determined serum levels of RANKL and OPG by ELISA (Figure 9). In the OVX group,
serum levels of RANKL were decreased, whereas OPG was decreased compared to that of
the sham group. Our results indicate that FPE treatment significantly increased the level of
OPG; however, it did not affect the level of RANKL. As a consequence, the RANKL/OPG
ratio was significantly decreased by FPE treatment. On the other hand, osteocalcin, which
is the most abundant protein in bone matrix after its synthesis by osteoblasts, increased
dramatically following FPE treatment compared to other groups. This suggests that FPE
most likely prevented bone loss through decreased bone turnover.
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Figure 9. Serum levels of (A) RANKL, (B) OPG, and (C) osteocalcin measured by ELISA.

4. Conclusions

The present study suggests that FPE has anti-osteoporosis efficacy both in vitro and
in vivo. In vitro studies indicated that FPE tends to have more regulatory effects on MG63
cells than PE and the positive controls. In the OVX-induced mouse model, FPE was
effective in preserving bone mass and preventing the deterioration of microstructural
parameters. These data provide a pharmacological basis on which FPE could be considered
a therapeutic compound to prevent osteoporotic bone loss. Further research is needed
to ensure the safety, specificity, and efficacy of FPE to develop its therapeutic potential.
To support the present study, additional experiments such as an inhibition on osteoclast
activity or mechanism analysis on RANKL-induced RAW 264.7 cells are considered. In
addition, more high-quality clinical research is necessary to provide evidence for FPE as an
effective anti-osteoporotic candidate.
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Abstract: Traditional fermented foods have been recognized by various communities to be good for
health since ancient times. There is a provincial legacy of traditional fermented foods among the ethnic
population of North-East India. Fermented bamboo shoots (local name: Tuaither), soybeans (Bekang),
and pork fat (Sa-um) are famous in the Mizoram state and represent a primary portion of the daily diet.
These foods are prepared using methods based on cultural traditions inherited from previous generations,
and prepared using a relatively uncontrolled fermentation process. Analysis of the bacterial diversity in
these foods can provide important information regarding the flavor and texture of the final products of
fermentation. Unfortunately, studies on the microbial composition and health benefits of such traditional
fermented foods have rarely been documented. Therefore, the present study aims to highlight this bacterial
diversity, along with the proximate composition of different traditional fermented foods (Tuaither, Bekang
and Sa-um) primarily consumed in Mizoram state, India. Samples were collected on three different days
of fermentation (3rd, 5th and 7th day), and bacterial diversity analysis was performed using the V3-V4
variable region of 16S rRNA gene with Illumina sequencing. Results revealed differences in the bacterial
composition of dominant group members among all of the three food types. Firmicutes (82.72–94.00%),
followed by Proteobacteria (4.67–15.01%), were found to dominate to varying degrees in all three of the
fermented foods. However, at genus level high variation was observed in bacterial composition among
these three different types of fermented foods. Lactobacillus (91.64–77.16%), Staphylococcus (52.00–17.90%),
and Clostridium (72.48–55.40%) exhibited the highest relative abundances in the Tuaither, Bekang and
Sa-um foods, respectively, in descending order from the 3rd to 7th day of fermentation. A few of the
bacterial genera such as Lactobacilli were positively correlated with fermented bamboo shoot samples,
and Staphylococcus was positively correlated with protein, carbohydrate and crude fiber content in soybean
samples. In general, Tuaither, Bekang and Sa-um exhibited distinct differences in bacterial composition.
This variation may be due to differences in the raw materials and/or methods used in the preparation
of the different fermented food products. This is the first study to describe the bacterial composition
of these traditional fermented foods using high-throughput sequencing techniques, and could help to
drive research attention to comprehensive studies on improving understanding of the role of microbial
communities in the preparation of traditional foods and their health benefits.

Keywords: traditional fermented foods; metagenomics; bacterial diversity; health benefits; proxi-
mate analysis
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1. Introduction

Traditional fermented foods provide many health benefits and have been prepared
by various communities around the world since ancient times. Numerous beneficial
microorganisms confer unique properties to finished fermented food products through their
metabolic activities. Therefore, analyzing bacterial abundance and diversity in fermented
foods is important to understand the role of microbial taxa in establishing flavor and
taste, along with other health benefits. Fermented foods also play a role in altering the
microbial composition of the digestive tract of consumers [1]. Several previous research
studies which utilized microbial culturing and identification of a particular fermented
food product have reported that a few dominant microbial taxa play a major role in the
fermentation process [2,3]. During the fermentation process, bacterial species convert raw
food constituents into products that enhance the flavor and nutraceutical value of the final
fermented product [4]. A more comprehensive understanding of microbial composition
in fermented food products, however, requires an approach not limited by culture-based
methods. In the past decade, culture-independent approaches utilizing polymerase chain
reaction (PCR)-based amplification and sequencing of 16S rRNA genes have proven to be
useful for the microbiological investigation of a variety of fermented foods [5–7]. Recent
advances in next generation sequencing (NGS) technologies have provided platforms to
explore microbial diversity and functionality in a variety of environments [8,9]. NGS
techniques have been used to characterize the microbial communities of a variety of
fermented foods and beverages, such as kimchi [10], kefir grains [11], Chinese rice wine [12],
etc. Considering the wide variety of fermented foods in North-East India, relatively few
studies, based on NGS technologies, have been conducted on fermented foods indigenous
to North-East India. Previous studies have been conducted on Bekang [13], Rawtuai rep
(fermented bamboo shoot) [14], and Sa-um [15], but these have been based on microbial
culture methods. Therefore, microbial analysis, utilizing NGS technologies, of traditional
fermented foods provincial to this region could greatly enhance our knowledge of the
bacterial diversity present in these fermented products, and contribute to preserving the
ethnicity of traditional indigenous fermented foods.

Fermented foods are rich in nutrients with desirable organoleptic properties and are
popular due to their unique flavors [16]. The ethnic population of North-East India is
among the groups that have a long history of preparing traditional fermented food products.
These foods are prepared based on ethnic knowledge that has been passed down from
generation to generation for thousands of years [17,18]. The production of these fermented
foods involves natural and spontaneous fermentation. A diverse range of microbes are
involved in the fermentation process, some of which contribute to the unique flavors and
textures of the final products [19]. Fermented bamboo shoot (FBS) (local name: Tuaither),
fermented soybean (FSB) (local name: Bekang) and fermented pork fats (FPF) (local name:
Sa-um) are traditional fermented foods that are widely eaten among the peoples of the
Mizoram state in North-East India. All of these food products are prepared using a
natural fermentation process in a relatively uncontrolled manner. Therefore, the various
microbes responsible for the fermentation may be derived from the raw materials and/or
other sources, including the processing equipment, air, and water used to prepare the
fermented product. In this context, analyzing microbial composition using high throughput
sequencing approaches could be more beneficial for understanding the health benefits
of microbes from traditional foods. The bacterial diversity and composition present in
Tuaither, Bekang and Sa-um fermented foods consumed in the Mizoram state have not
been investigated using metagenomics approaches.

Therefore, the objective of the present study was to characterize the bacterial diversity
and nutritional composition of popular traditional fermented foods from the Mizoram
state of North-East India. Sampling was done in triplicates for each of Tuaither, Bekang
and Sa-um fermented foods from local markets in Mizoram at three distinct days during
fermentation. Bacterial diversity, based on the 16S rRNA gene (V3–V4 region) was con-
ducted using an IlluminaMiSeq platform with further bioinformatics analysis. Proximate
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composition such as moisture, ash, fat, protein and carbohydrate content was also analyzed
for all three types (Tuaither, Bekang, and Sa-um) of fermented food samples. Furthermore,
correlation analysis of the proximate parameters with the bacterial phyla and genera was
also undertaken. We assumed that we would identify differences in the nutritional com-
pounds and bacterial community composition among the samples of the three different
types of food. To the best of our knowledge, this is the first report that has investigated the
microbial diversity and proximate nutritional composition of traditional fermented food
from the Mizoram state of North-East India.

2. Materials and Methods
2.1. Collection of Food Samples

Three different types of fermented food products native to the Mizoram state of North-
East India were sampled in triplicates. Tuaither (prepared using bamboo shoots), Bekang
(prepared using soybean), and Sa-um (prepared using pork fat) are all widely-prepared
and consumed by local communities (Figure 1).

Fermentation 2021, 7, x FOR PEER REVIEW 3 of 18 
 

 

Therefore, the objective of the present study was to characterize the bacterial diver-
sity and nutritional composition of popular traditional fermented foods from the Mizoram 
state of North-East India. Sampling was done in triplicates for each of Tuaither, Bekang 
and Sa-um fermented foods from local markets in Mizoram at three distinct days during 
fermentation. Bacterial diversity, based on the 16S rRNA gene (V3–V4 region) was con-
ducted using an IlluminaMiSeq platform with further bioinformatics analysis. Proximate 
composition such as moisture, ash, fat, protein and carbohydrate content was also ana-
lyzed for all three types (Tuaither, Bekang, and Sa-um) of fermented food samples. Fur-
thermore, correlation analysis of the proximate parameters with the bacterial phyla and 
genera was also undertaken. We assumed that we would identify differences in the nutri-
tional compounds and bacterial community composition among the samples of the three 
different types of food. To the best of our knowledge, this is the first report that has inves-
tigated the microbial diversity and proximate nutritional composition of traditional fer-
mented food from the Mizoram state of North-East India. 

2. Materials and Methods 
2.1. Collection of Food Samples 

Three different types of fermented food products native to the Mizoram state of 
North-East India were sampled in triplicates. Tuaither (prepared using bamboo shoots), 
Bekang (prepared using soybean), and Sa-um (prepared using pork fat) are all widely-
prepared and consumed by local communities (Figure 1). 

 
Figure 1. Maps indicating the sampling location in Aizawl in the Mizoram state of North-East India, 
as well as representative photographs of Tuaither (a), Bekang (b) and Sa-um (c) fermented foods 
produced and consumed by the local community. 

These food products are prepared using traditional methods of processing involving 
spontaneous fermentation, as has been conducted since ancient times. The samples were 
collected from local vendors in the Aizawl city market places of Mizoram. Vendors were 
selected on the basis of their location and by the processing methods that were utilized. 
Samples were collected in triplicates on the 3rd, 5th and 7th days of fermentation, pro-
cessed in the same container from the same vendor. Before processing for further analysis, 

Figure 1. Maps indicating the sampling location in Aizawl in the Mizoram state of North-East India, as well as representative
photographs of Tuaither (a), Bekang (b) and Sa-um (c) fermented foods produced and consumed by the local community.

These food products are prepared using traditional methods of processing involving
spontaneous fermentation, as has been conducted since ancient times. The samples were
collected from local vendors in the Aizawl city market places of Mizoram. Vendors were
selected on the basis of their location and by the processing methods that were utilized.
Samples were collected in triplicates on the 3rd, 5th and 7th days of fermentation, pro-
cessed in the same container from the same vendor. Before processing for further analysis,
triplicate sets of each sample were pooled together. Therefore, three samples from each
fermented food product (Tuaither, Bekang and Sa-um) on the 3rd, 5th, and 7th days of
fermentation were used for further analysis. All samples were stored at 4 ◦C and used
immediately for estimating bacterial diversity.
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2.2. Proximate Compositional Analysis

A portion of the collected samples was used to obtain the proximate composition of
each product at the time of sampling. Various proximate parameters were assessed based
on the methods prescribed by the Association of Official Analytical Chemists (AOAC) [20].
Briefly, protein content was determined based on nitrogen content using the micro-Kjeldahl
method. Fat content was analyzed using a Soxhlet apparatus with a suitable solvent as
prescribed in the AOAC methods. Moisture content and dry biomass was determined by
weighing 2 g of sample, heating it to dryness in an oven at 110 ◦C for 2 h and then weighing
the samples again. All of the proximate parameters are reported in AOAC, 2000 standard
format as a percentage. Other parameters such as pH, moisture content, total ash content,
crude fiber, carbohydrate, and calorific value were also determined according to AOAC
methods (AOAC 2016, 20th Edition) [20].

2.3. DNA Extraction and Amplicon Sequencing

All samples (1 mL) were placed in a phosphate-buffer saline solution and centrifuged
at 800× g for 1 min, after which the supernatants were collected. The supernatants collected
from each sample were centrifuged again at 11,000× g for 3 min to obtain microbial cell
pellets. Genomic DNA isolation was performed using a QIAGEN DNeasy Kit according to
the manufacturer’s instructions (QIAGEN Inc.). The quality and concentration of DNA
obtained from each sample was determined spectrophotometrically using a Nanodrop
Lite Spectrophotometer (Thermo Scientific, Waltham, MA, USA) and further assessed
on a 1% agarose gel. The obtained high-quality DNA samples were stored at −20 ◦C.
Extracted DNA was subjected to amplicon library preparation using a Nextera XT index
kit (Illumina, San Diego, CA, USA) according to the 16S metagenomic sequencing library
preparation protocol provided by Illumina. The V3-V4 region of 16S rRNA was amplified
using the forward primer, 16SrRNAF (5′-GCCTACGGGNGGCWGCAG-3′), and reverse
primer, 16SrRNAR (5′-ACTACHVGGGTATCTAATCC-3′). The amplicon libraries were
purified using AMPure XP beads, quantified on a Qubit Fluorometer, and sequenced on
an Illumina MiSeq platform (Illumina, San Diego, USA) to obtain 2 × 300 bp paired-end
reads. Sequencing was conducted at a commercial sequencing facility (Eurofins, India).

2.4. Bioinformatics and Statistical Analysis

Raw sequence reads in FASTQ format were de-multiplexed into each sample based
on the sample-specific barcode sequences. High-quality sequences were obtained using
Trimmomatic v0.38 after removal of adapter sequences, ambiguous reads, and low qual-
ity sequences (reads with more than 10% quality threshold (QV) < 20 phred score) [21].
High-quality forward and reverse paired-end reads were merged using FLASH (v1.2.11)
software [22]. Further processing of the sequence data was performed using Quantitative
Insights Into Microbial Ecology (QIIME) version 1.9.1 [23]. Assignment of operational taxo-
nomic units (OTUs) was based on sequence similarity and selection of the most representa-
tive sequence from each of the grouped reads. OTUs were clustered using a 97% similarity
cutoff utilizing uclust software [24] against the Greengene database (version 13-_8) with
the “pick_open_reference_otus.py” Qiime script. BLAST analysis (with default e-value) of
the OTU reads against the Greengene database was used for taxonomic classification based
on the RDP classifier (Version 2.2) algorithm [25]. All downstream analyses, including
alpha diversity and compositional analysis were performed using Microbiome Analyst
software [26]. Bacterial abundance and diversity analysis based on alpha diversity indices,
such as observed species, Shannon index, and Chao1, was conducted using an OTU matrix
and performed in QIIME [23]. Multivariate principal component analysis (PCA) was con-
ducted using STAMP software [27]. The distance matrix for the PCA was generated using
an unweighted UniFrac approach. OTU significance was determined using an unweighted
UniFrac and Cluster Analysis of the Unweighted Pair-Group Method with Arithmetic
means (UPGMA). Correspondence analysis (CCA) was conducted to determine the re-
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lationship between nutritional factors and normalized abundances of major taxonomic
groups using PAST v3.14 software [28].

3. Results and Discussion
3.1. Proximate Compositional Analysis

During fermentation, microorganisms convert the chemical constituents of food mate-
rials into high value nutrients that improve the flavor and texture of the final fermented
food product [29–32]. An assessment of the proximate composition analysis of the three
fermented foods examined at three different stages of fermentation (3rd, 5th, and 7th day
of fermentation) are presented in Table 1.

Table 1. Proximate composition of fermented bamboo shoots (Tuaither), soybean (Bekang), and pork fat (Sa-um) collected
after 3, 5, and 7 days of fermentation.

Proximate Parameters
(Weight in %)

Fermented Food Samples

Tuaither Bekang Sa-um

3rd D 5th D 7th D 3rd D 5th D 7th D 3rd D 5th D 7th D

Moisture content 86.8 86.4 87.6 58.3 57.1 56.4 3.8 3.8 2.5

Total ash content 1.1 1.1 1.1 2.7 2.5 1.1 - - -

Fat 1.1 0.9 1.2 4.6 5.3 5.4 90.6 94.6 95.6

Protein 2.7 3.0 2.8 19.7 19.9 18.5 1.3 1.3 1.5

Crude fiber 3.1 2.1 2.2 10.6 2.4 2.5 - - -

Carbohydrate 5.2 6.5 7.9 4.1 12.8 16.2 4.2 0.2 0.3

Calorific value
(K cals/100 gm) 3.97 4.19 3.98 7.20 8.36 8.23 5.89 3.99 4.04

The fermented food products (Tuaither and Sa-um) exhibited an acidic pH (4.04 for
Tuaither and 4.04 for Sa-um) during the fermentation process. This may be due to the lactic
acid produced by the lactic-acid bacteria [33]. The Bekang sample, however, exhibited
a slightly basic pH (7.93). Average moisture content was highest in the bamboo shoot
samples (86.93%), followed by the soybean samples (57.26%), and was lowest in the pork
fat samples (3.36%). A previous study on the proximate composition of Bambusa balcooa
(ChingSanei-bi) also reported high moisture content (90.73–91.5%) [34]. As expected, fat
content was highest in the pork fat samples (93.60%), followed by the soybean samples
(5.3%), and was lowest in the bamboo shoot samples (1.06%). Interestingly, the soybean
samples were found to have a higher protein (19.36%) and carbohydrate content (11.03%)
than the bamboo shoot and pork fat samples. The lowest protein content was observed
in the samples of the bamboo shoots (2.83%) and pork fat (1.36%). This was also true
for the carbohydrate content, which was 6.53% in the bamboo shoot samples and 1.56%
in the pork fat samples. A low level of crude fiber was detected in the bamboo shoot
(2.46%) and soybean (1.56%) samples, and was undetectable in pork fat samples. A slight
increase in protein, carbohydrate, and fat content was observed from the 3rd to 5th day of
fermentation; however, it was not a significant increase as the same trend was not found
during the latter stage of fermentation (Table 1).

3.2. Bacterial Diversity

A total of 93,857 (3rd day), 267,981 (5th day), and 187,190 (7th day) reads were obtained
from the fermented bamboo shoot samples, 165,177 (3rd day), 252,177 (5th day), and 259,761
(7th day) for the fermented soybean samples, and, 208,302 (3rd day), 152,718 (5th day)
and 126,281 (7th day) for the fermented pork fat samples. A total of 3424 OTUs were
identified collectively from all the samples after clustering of all the high-quality reads.
The proportion of OTUs in the samples was found to be quite similar, suggesting that the
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data was sufficient to compare bacterial diversity between the different fermented food
products. Rarefaction was conducted on the OTU data sets of each of the different foods
for each of the sampled time points (Figure 2). Results indicated that the number of reads
obtained for all the samples were near saturation, suggesting that a sufficient number of
reads had been obtained in the samples to accurately assess bacterial diversity.
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Figure 2. Rarefaction curves for the sequences obtained from fermented bamboo shoots (FBS), soybeans (FSB), and pork fat
(FPF) collected at 3, 5, and 7 days of fermentation.

Simpson diversity and Chao1 indices of bacterial diversity (Figure 3) revealed that
bamboo shoots (FBS) exhibited the highest level of bacterial diversity, followed by soybean
(FSB) samples, while the lowest alpha-diversity was observed in pork fat (FPF) samples.
Chao1 and Shannon indices are directly correlated with community diversity. The Shannon
index of the FBS samples revealed that samples collected at the 7th day of fermentation
had the highest species richness. However, species richness in the soybean (FSB) and pork
fat (FPF) samples was found to be more evenly distributed from the 3rd day to the 7th day
of the fermentation.
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Figure 3. Alpha diversity, Chao-1, and Shannon indices of bacterial diversity in fermented food
samples (Bamboo shoots, soybean, and pork fat), (a) and (c) represent the alpha diversity of the
three collection dates (3rd, 5th, and 7th day) for each food-type, while b and d represent Chao-1 (b)
and Shannon (d) bacterial diversity of the collective samples of each fermented food product. (The
samples data was normalized at the depth of the minimum library size, i.e., sample with least reads:
FBS-3D; 93,857).

3.3. Bacterial Community Composition

All of the fermented food samples possessed a diverse range of bacterial taxa. The
relative abundance of the top phyla and genera is shown in Figures 4 and 5, respec-
tively. On the 3rd day of fermentation, at the phylum level, the highest abundance
was recorded for Firmicutes (94.99–82.72–92.91%), Proteobacteria (4.67–15.01–6.82%), Bac-
teroidetes (0.13–0.027–0.038%), Actinobacteria (0.077–2.14–0.18%), and Verrucomicrobia
(0.023–0.002–0.0049%) in bamboo shoot (FBS), soybeans (FSB) and pork fat (FPF) samples,
respectively. Firmicutes was the most abundant phylum in all samples, exhibiting an aver-
age relative abundance > 90.22%. Proteobacteria was the second most abundant phylum in
all samples, with an average relative abundance > 8.83%. Similar results for the relative
abundance of Firmicutes and Proteobacteria were reported in a recent study of ‘zha-chili’, a
traditional Chinese fermented food [35]. Another study of a fermented vegetable, Suancai,
a popular fermented food product in northern China, also reported the highest relative
abundance for the bacterial phyla Firmicutes and Proteobacteria [36].
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Figure 4. Relative abundance of top bacterial phyla in fermented bamboo shoots (FBS), pork fat
(FPF), and soybeans (FSB) samples collected on the 3rd, 5th, and 7th day of fermentation.

Other bacterial phyla were present but at a much lower level of abundance (<1%), in-
cluding Planctomycetes, Fusobacteria, Chloroflexi, Acidobacteria, Nitrospirae, Spirochaetes,
Gemmatimonadetes, Synergistetes, Lentisphaerae, Elusimicrobia, and Chlorobi. On the 5th
and 7th day of fermentation, the relative abundance of Firmicutes decreased slightly, while
Proteobacteria increased in soybean samples (70.85%). A few other phyla were detected on
the 5th and 7th day of fermentation, including Chloroflexi, Fusobacteria, Acidobacteria,
Tenericutes, Fibrobacteres, and Caldiserica. An increase in bacterial diversity towards the
latter stages of fermentation suggests that these bacterial taxa may play a role in determin-
ing the texture and flavor of the final fermented food product. Significant differences were
observed at the genus level among all three of the fermented foods, irrespective of the days
of fermentation (Figure 5).

Lactobacillus was found with the highest relative abundance (91.64%) in fermented
bamboo shoots. Its relative abundance was lower (4.81%) in fermented soybeans, and
lowest (0.042%) in fermented pork fat. In the case of fermented soybeans, however, Staphy-
lococcus (52.36%), Bacillus (38.47%) and Pseudomonas (6.40%) genera were found to be
abundant. Around half of the sequence reads were assigned to OTUs that belong to Staphy-
lococcus in fermented soybeans on the 3rd day of fermentation. Notably, this genus was
not detected in the other two fermented food products. In the case of fermented pork
fat, Clostridium (72.48%), Sutterella (12.54%), and Lactobacillus (4.81%) were the most
abundant genera observed.
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(FSB) on the 3rd, 5th and 7th day of fermentation.

Lactobacillus, Staphylococcus, and Clostridium accounted for more than 60.53% of
the total bacterial reads in all three fermented food products. Lactobacillus species play a
significant role in bamboo and lactic acid bacteria have been reported to be the dominant
bacterial taxa in several fermented bamboo products [37]. A traditional fermented bam-
boo shoot product, Khorisa, produced and utilized by the indigenous people of Assam,
was reported to possess a variety of actobacilli with potential antimicrobial activity and,
thus, high pharmacological value [38]. Studies have shown that Lactobacillus species can
produce volatile compounds that enhance the aroma of fermented foods [36]. In addition
to Lactobacillus, other bacterial taxa, such as Pediococcus, Enterococcus, Lactococcus,
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Streptococcus and others, can also modify the flavor of original food components and
improve the nutritional value of fermented foods [39,40]. In the present study, several
other lactic acid bacteria and related species, including Pediococcus, Enterococcus, and
Lactococcus were found to be present in in fermented bamboo shoot samples at a relative
abundance > 1%, while Bacillus, Pseudomonas, and Enterococcus were found in fermented
soybean samples. In fermented pork samples, Sutterella, Lactobacillus, Enterococcus, and
Trabulsiella were found overall with relatively higher abundances (1.92% to 13.36%).

Staphylococcus accounted for > 50% of the relative abundance in the different samples
of the fermented soybean product. The presence of Staphylococcus has been reported in
a variety of fermented food products [41]. Staphylococcus and other genera of bacteria
have been reported to play a role in the production of synthetic esters in fermented food
products [42]. Notably, coagulase negative Staphylococcus species have been reported as the
predominant species of bacteria in fermented foods worldwide. Species of Staphylococcus
are used as microbial starters in cheese, meat, and soybean fermentation [43]. Importantly,
a few species of Staphylococcus are also known to be food borne pathogens for humans
and other animals [44]. Therefore, more detailed studies on the Staphylococcus species
present in fermented foods using multiple taxonomic approaches is essential to obtain
confirmed identification at the species level, especially as their proportion is relatively
high in traditional fermented foods that are produced in relatively open environments [45].
Clostridium exhibited the highest relative abundances in the fermented pork fat samples.
The prevalence of several enteric bacteria including Clostridiumin traditional fermented
foods of North-East India also has been reported previously [46].

3.4. Comparison of Bacterial Communities during the Fermentation Process

Beta diversity represents a comparison of diversity among different samples based on
the relatedness and differences in the microbial community composition of distantly related
samples. The weighted UniFrac distance and un-weighted UniFrac distance were used to
conduct a principal coordinate analysis (PCoA) to investigate the variation in microbial
species in all samples (Figure 6).
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Results indicated significant variation in the community composition of the three
different food samples. PCoA analysis revealed significant difference in the microbial
composition of the different fermented foods. However, each group displayed a similar
composition at different stages of the fermentation process (3, 5, and 7 days of fermentation).
Samples of bamboo shoots, soybean, and pork fat are all greatly separated in the graphs
of the PCoA analysis. However, each of the stages of fermentation within each fermented
food type clustered close to one another, indicating a similar composition (Figure 6). The
first and second principal components accounted for 41.7% and 48.3% of the variance
among the samples. The obtained values indicate that the three types of fermented foods
examined in the study are distantly related to each other in their composition of bacterial
genera. A hierarchically clustered heat map analysis based on the bacterial community
profile at the genus level is shown in Figure 7.
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Figure 7. Heat map of bacterial community composition at the genus level of the different fermented food samples: bamboo
shoots (FBS), pork fat (FPF), and soybean (FSB) collected at 3, 5, and 7 days of fermentation. Blue to red color intensity
indicates a low to high relative abundance.

The dominant phylum in bamboo shoots formed a separate cluster, while the most
abundant bacterial phylum in soybean and pork fat samples formed a separate cluster that
was again divided into another sub-cluster. The dominant genera present in each food
type formed three different distantly-related clusters. Lactobacillus, Staphylococcus, and
Clostridium were the most abundant genera in the three types of fermented food samples.
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The microbial composition of the fermented food changes over the course of time and
different microbial groups play a functional role in adding nutritional value to the final
product [47]. Relative abundance of the top most abundant bacterial genera in the samples
of fermented foods collected on the 3rd, 5th, and 7th day of fermentation is given in Table 2.

Table 2. Relative abundance of the top most bacterial genera in day wise samples of the fermented
foods.

Fermented Bamboo Shoot (FBS)

Genus FBS-3D FBS-5D FBS-7D

Lactobacillus sp. 91.64 77.16 78.88

Weissella sp. 1.27 0.0 0.0

Pediococcus sp. 1.17 2.80 0.0

Pseudomonas sp. 0.36 2.24 1.25

Chromobacterium sp. 0.27 2.29 0.0

Acinetobacter sp. 0.0 1.35 1.14

Corynebacterium sp. 0.0 0.0 6.58

Sphingobacterium sp. 0.0 0.0 2.74

Unclassified 3.13 2.28 2.27

Others 1.86 11.58 7.11

Fermented Pork Fats (FPF)

Genus FPF-3D FPF-5D FPF-7D

Clostridium sp. 72.48 59.48 55.40

Sutterella sp. 12.54 7.01 4.85

Lactobacillus sp. 4.81 4.44 4.41

Enterococcus sp. 1.92 2.67 5.28

Trabulsiella sp. 1.81 18.45 13.36

Unclassified sp. 2.07 3.26 5.24

Others 3.17 4.67 11.43

Fermented Soybean (FSB)

Genus FSB-3D FSB-5D FSB-7D

Staphylococcus sp. 52.36 39.48 17.90

Bacillus sp. 38.47 35.56 37.87

Pseudomonas sp. 6.40 0.0 9.67

Enterococcus sp. 0.47 0.0 0.0

Paenibacillus sp. 0.19 0.0 0.0

Proteus sp. 0.0 5.89 0.0

Ignatzschineria sp. 0.0 5.49 0.0

Corynebacterium sp. 0.0 4.35 18.13

Brevibacterium sp. 0.0 0.0 2.77

Unclassified 1.12 2.98 3.61

Others 0.95 6.23 10.02

The bacterial composition of top genera in fermented bamboo shoots on the 3rd, 5th,
and 7th day of fermentation is summarized in Table 2. The 3rd day sample of bamboo
shoots (FBS_3D) exhibited a high abundance of Lactobacillus (91.64%) and a much smaller

111



Fermentation 2021, 7, 167

proportion of a few other genera, such as Weissella (1.27%) and Pediococcus (1.17%). The
abundance of Lactobacillus in bamboo shoots, however, decreased on the 5th (FBS_5D;
77.165%) and 7th (FBS_7D; 78.88%) days of fermentation, while the abundance of Pediococ-
cus increased to 2.8%. Differentiation of lactobacilli (LAB), such as Weissella, Pediococcus,
and Lactobacillus, to species and strain levels require more definitive methods. Their rapid
and accurate identification is of the utmost importance in food microbiology [48]. LAB
species, such as Pediococcus, possess intriguing attributes, such as exopolysaccharides
production, and the ability to enhance the aroma of fermented foods and increase the level
of lactic acid present in the fermented product [49]. Interestingly, a few of the genera, such
as Chromobacterium (2.29%), Pseudomonas (2.24%), Acinetobacter (1.35%), Corynebac-
terium (6.58%), and Sphingobacterium (2.74%) exhibited a sudden increase in their relative
abundance in fermented bamboo shoots on the 7th day of fermentation.

Samples of fermented soybeans collected on the 3rd day of fermentation (FSB_3D) ex-
hibited a high relative abundance of Staphylococcus (52.36%) and Bacillus (38.47%), as well
as other genera, including Pseudomonas (6.40%), Enterococcus (0.47%), and Paenibacillus
(0.19%) with a much lower level of relative abundance. Notably, the relative abundance
of Staphylococcus decreased continuously (52.36% to 17.90%) from the 3rd day to the
7th day of fermentation, however, the relative abundance of Bacillus remained relatively
constant (38.47–35.56–37.87%). Soybean foods are generally fermented by Bacillus spp.
and impart a characteristic stickiness to the final product. The microbial composition
of a variety of fermented soybean foods such as natto (from Japan) and kinema (from
Nepal and North-East India) have been reported [50]. In our present study, genera other
than Bacillus, such as Proteus (5.89%), Ignatzschineria (5.49%), and Clostridium (4.35%)
were found to increase in relative abundance in samples collected after the 5th day of
fermentation (FSB_5D). Clostridium (18.13%), Pseudomonas (9.67%), and Brevibacterium
(2.77%) exhibited the greatest increase in relative abundance on the 7th day of fermentation.
This was especially true for Clostridium, which increased from approximately 0.05% on
the 3rd day of fermentation to 4.35% on the 5th day, and more than 18% on the 7th day of
fermentation.

High populations of Clostridium have many potential consequences that may be
harmful to consumers. Therefore, it is important to consider the timing of the natural
fermentation of foods. Clostridium (72.48%), Sutterella (12.54%), Lactobacillus (4.81%),
Enterococcus (1.92%) and Trabulsiella (1.81%) were the most abundant genera in pork fat
samples on the 3rd day of fermentation (FPF_3D). The relative abundance of Clostridium,
however, decreased by approximately 13% on the 5th day of fermentation (FPF_5D) and
by an additional 4.08% on the 7th day of fermentation (FPF_7D). Clostridium and a few
other foodborne bacterial pathogens recognized by the World Health Organization (WHO)
have been previously identified in Indian fermented foods, including pork fat, using
MiSeq amplicon sequencing [46]. In the present study, other genera, such as Trabulsiella
(18.45%), Sutterella (7.01%), Lactobacillus (4.44%), and Enterococcus (2.67%) did not exhibit
significant variation in relative abundance in any of the three food types during the
fermentation process. The distribution of bacterial species in the ethnic fermented food
samples native to Mizoram only exhibited variation in the relative abundance of the
few dominant genera. These results suggest that the type of raw food material and the
fermentation environment in these regions may impact bacterial richness but not the
diversity. Similar findings have been previously reported in other types of fermented food
products [51–53].

3.5. Correlation Analysis of Nutritional Parameters with Bacterial Diversity

Canonical correlation analysis (CCA) was conducted to evaluate the relationship be-
tween bacterial members (at the level of phylum and genus) and the proximate composition
of the food materials (Figure 8). Results of the CCA indicated that Lactobacilli were posi-
tively correlated with fermented bamboo shoot samples, Staphylococcus was correlated
with fermented soybean samples, and Clostridium was correlated with fermented pork
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fat samples. Staphylococcus was positively correlated in soybean samples with protein,
carbohydrate and crude fiber content. Determining the correlation of microbial members
with food components is important for understanding the microbial communities of related
food samples and can lead to the design of synthetic microbial consortia for optimum
fermentation of specific food types [54].
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4. Conclusions

The consumption of traditionally fermented food has a beneficial impact on consumer
health due to the of presence beneficial microbial taxa. The present study examines the
proximate composition and bacterial diversity of three different traditional fermented
foods native to the Mizoram state of India. Samples collected at three different times (3rd,
5th, and 7th day) during the fermentation process were analyzed. Proximate composition
analysis revealed the differences in the proximate content, such as fat, protein, and moisture
content among the three different types of samples. Bacterial diversity analysis revealed
that Firmicutes and Proteobacteria had the highest relative abundance in all the samples.
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However, variation in the relative abundances was observed at the genus level. Lacto-
bacillus, Staphylococcus, and Clostridium showed the highest dominance in fermented
bamboo shoots (Tuaither), fermented soybeans (Bekang), and fermented pork fat (Sa-um)
respectively. Other genera, such as Weissella, Bacillus, Lactococcus, and Pseudomonas,
were also found to be present in most of the samples. On the 3rd day, the highest domi-
nance was observed for Lactobacillus, Staphylococcus, and Clostridium respectively in
fermented bamboo shoots (Tuaither), fermented soybeans (Bekang), and fermented pork fat
(Sa-um) sample. However, a decrease in their abundance was seen towards the 7th day of
fermentation. In addition, various other bacterial taxa were found in each of the fermented
samples, showing a presence of high bacterial diversity in the fermented products. A
correlative analysis exhibited a positive correlation of a few of bacterial with the proximate
content of the food samples. This study is the first report on the bacterial diversity of the
traditional fermented products of Mizoram using metagenomics analysis, and has revealed
important information on bacterial community structure and dominance of major bacte-
ria associated with different traditionally fermented foods. Therefore, the present study
could be helpful for establishing more comprehensive investigations into the identification
of indigenous bacteria with potential probiotic properties, and enable the discovery of
more health benefits in traditional fermented foods, using both culture-independent and
-dependent approaches.
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Abstract: The microalga Chlorella and strains of Bifidobacterium have been used in human or animal
food supplements for decades because of their positive health effects. The presented study assessed
different properties of C. vulgaris and its combination with bifidobacteria with the aim to develop
new functional foods. The growth of four bifidobacteria strains in milk and whey supplemented with
1.0% (w/v) C. vulgaris and the immunomodulatory effects of aqueous Chlorella solutions (0.5%, 1.0%,
and 3.0%) on human peripheral mononuclear cells were evaluated. Furthermore, synergistic effects
on lipid metabolism of rats fed a high-fat diet with Chlorella and B. animalis subsp. lactis BB-12® were
analysed. Chlorella had a positive growth-promoting effect on the tested bifidobacteria (p < 0.05), and
significantly increased the secretion of inflammatory cytokines (tumor necrosis factor-α, interleukin-
10, and interleukin-6), depending on the concentration of Chlorella (p < 0.05). After 8 weeks, significant
synergistic effects of Chlorella and bifidobacteria on triglyceride levels in rat heart, liver, and serum
were observed (p < 0.05). These results demonstrate that various combinations of Chlorella and
bifidobacteria have significant potential for the development of new fermented products, dependent
on the algal species, probiotic strain, application form, and concentrations for acceptable sensory
quality for consumers.

Keywords: Bifidobacterium; Chlorella; cytokines; functional food; health; prebiotic; triglyceride

1. Introduction

Chlorella vulgaris as a food supplement acts as a source of nutritionally-valuable
substances, including proteins, carbohydrates, vitamins, pigments, antioxidants, and un-
saturated fatty acids. Chlorella and Arthrospira (Spirulina), the most consumed microalgae,
accumulate high-quality proteins with a balanced amino acid profile according to WHO
recommendations for essential amino acids [1]. Commercial prebiotics are generally car-
bohydrate compounds that act as substrates for probiotic microorganisms. The most
important carbohydrate in Chlorella cells, in terms of its usefulness for living organisms, is
β-1,3-glucan, which is a branched polysaccharide of β-D-glucose units. β-1,3-glucan is also
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a water-soluble fiber and readily fermentable in the colon; it represents an important part
of the diet because of its enhancing effect on digestion [2]. Apart from β-1,3-glucan, almost
all vitamins (A, B1, B2, B6, B12, C, E, biotin, pantothenate, etc.) are provided by microal-
gae most commonly used in food supplements. The availability of these vitamins likely
supports the observed growth increase of bacteria. Microalgae are also rich in pigments,
containing on a dry mass basis mainly chlorophyll (0.5–1.0%), carotenoids (0.1–0.2%), and
phycobiliproteins [3]. The positive effects of microalgae on human health, such as prebiotic,
immunomodulatory, anti-oxidative, anti-cancer, and hypocholesterolemic effects, have
been reported in a variety of studies; however, the mechanism imparting the positive
effect is strongly dependent on the specific microalgal strain and the content of bioactive
substances [4–6].

The most common bacteria used in the food and feed industry are species of Lacto-
bacillus and Bifidobacterium, which also represent probiotics and have the status “Generally
Recognized As Safe” (GRAS) [7]. Fermented dairy products with probiotics are popular
and available in markets worldwide [8]. Bifidobacterium animalis subsp. lactis is one of
the preferred strains used by manufacturers because of its tolerance to acid conditions
(low pH) and/or low molecular oxygen arising during fermentation [7,9]. An important
qualitative parameter is the viability of lactic acid bacteria and probiotic microorganisms
in the final products, including until the end of their shelf-life. A value for viable cells of
106/g or 106/mL in probiotic products is considered satisfactory for fulfilling the criterion
of viable counts [9]. Bifidobacteria represent one of the first colonizing bacteria in the
neonatal intestine and they are known to assist in the development of adaptive immunity,
as well as modulate mucosal physiology [10]. Numerous studies have assessed the use
of probiotics from genera Bifidobacterium in the prevention or treatment of many diseases,
such as gastroenteritis caused by rotavirus, enteric diseases, diarrhea, lactose intolerance,
allergies, and the reduction of serum cholesterol [10–12].

Several researchers have tested the influence of additional algal biomass on yogurt,
cheese, or fermented milk products [13–15]. The addition of algae, such as C. vulgaris, Ch.
regularis, or Arthrospira has resulted in a positive prebiotic effect on the viability of lactic acid
bacteria and also helped to improve the nutritional quality of fermented products. However,
to develop new fermented foods enriched with probiotics and algae, it is necessary to first
increase our understanding of the influence of individual algae or their components on
the growth promotion of bacteria and their health effects on human cells. The prebiotic
effect of C. vulgaris in vitro and its non-cytotoxic effects were described in our previous
study [16]. In the presented study, we continued to evaluate the growth promoting potential
of C. vulgaris on selected bifidobacteria in bovine milk and whey and also determined
its immunomodulatory effect on human peripheral blood mononuclear cells (hPBMCs)
isolated from healthy adult donors. The synergistic hypocholesterolemic effects of a
combination of Chlorella and B. animalis subsp. lactis BB-12® in an animal model of Prague
hereditary hypercholesterolemic rats with diet-induced hypercholesterolemia [17] were
also evaluated. Our results demonstrate that Chlorella and bifidobacteria used in various
combinations have significant synergistic potential for the development of new fermented
products with positive health effects.

2. Materials and Methods
2.1. Microorganisms

The tested microorganism strains were selected from the Culture Collection of Dairy
Microorganisms Laktoflora® (Tabor, Czech Republic) and the commercial strain B. ani-
malis subsp. lactis BB-12® was obtained from Ch. Hansen (Hørsholm, Denmark) (Table 1).
Bacterial strains were stored at −20 ◦C in Wilkins Chalgren anaerobic broth (Oxoid, Hamp-
shire, UK) with 10% (v/v) glycerol. Before each analysis, cells were transferred twice in
fresh Wilkins Chalgren anaerobic broth with L-cysteine hydrochloride (Merck, Darmstadt,
Germany) and cultivated at 37 ◦C for 24 h in anaerobic jars. Heterotrophic C. vulgaris was ob-
tained from the Microbiology Department of Academy of Sciences, Třeboň—ALGATECH

118



Fermentation 2021, 7, 125

(Třeboň, Czech Republic). The tested Chlorella powder sample contained 50.3 g of protein,
8.1 g of lipid, and 15.2 g of carbohydrate per 100 g of algal biomass.

Table 1. Selected microorganisms.

Strain Species Origin

CCDM 1 93 Bifidobacterium animalis subsp. lactis Original culture
BB12® Bifidobacterium animalis subsp. lactis Original culture

CCDM 562 Bifidobacterium breve GIT of child
CCDM 486 Bifidobacterium breve Human feces

1 CCDM, Culture Collection of Dairy Microorganisms; GIT, gastrointestinal tract.

2.2. Prebiotic Effect

To assess bacterial growth, milk and whey were supplemented with 1.0% (w/v)
Chlorella powder and pasteurized at 85 ◦C for 10 min. Inoculated milk and whey without
Chlorella served as negative controls. Prior to inoculation, bifidobacterial suspensions were
prepared as described [18]. Inoculated samples were cultivated in anaerobic jars (Oxoid,
Hampshire, UK) at 37 ◦C for 24 h. Counts of the tested strains were determined using
10-fold serial dilutions and plated onto MRS agar with L-cysteine hydrochloride (pH 6.2).
The pH of the cultivated medium and the concentration of lactic and acetic acids were
also measured. Concentrations of organic acids, as the main fermentation products of
tested bifidobacteria, were determined by the isotachophoretic method using IONOSEP
2003 (RECMAN, Ostrava, Czech Republic). A mixture of 10 mmol/L HCl, 22 mmol/L
6-aminocaproic acid, and 0.1% hydroxyethylcellulose (Merck) was used as the leading
electrolyte and 10 mmol/L caproic acid acted as the terminating electrolyte. The conditions
of analysis were selected according to the manufacturer’s instructions (RECMAN, Ostrava,
Czech Republic). Results were obtained from three independent measurements.

2.3. Stimulation and Immunomodulation

The immunomodulatory effect of an aqueous solution of C. vulgaris was evaluated us-
ing Luminex multiplex assays for the simultaneous quantitative determination of multiple
human cytokine concentrations in cell culture supernatants, serum, and plasma, accord-
ing to a previous study with slight modifications [16]. In brief, eight samples of blood
from healthy adults, for the isolation of hPBMCs via Ficoll-Hypaque gradient separation,
were ordered from the Blood Transfusion Center of General Faculty Hospital (Prague,
Czech Republic). Following separation and purification, hPBMCs were adjusted to a fi-
nal concentration of 107 cells/mL. Mononuclear cells (0.1 mL) were stimulated in X-vivo
medium (Cambrex, Whippany, NJ, USA) with 0.1 mL of a 0.5%, 1.0%, or 3.0% aqueous
solution of C. vulgaris at 37 ◦C. The total volume was 1 mL. Unstimulated hPBMCs and
X-vivo medium were used as the negative controls. Microplates with the samples were
incubated for 3 d at 37 ◦C. Levels of cytokines produced by stimulation of hPBMCs with
different concentrations of Chlorella were determined using the Fluorokine MAP Human
Base Kit A (R&D Systems, Minneapolis, MN, USA) for interferon (IFN)-γ, interleukin
(IL)-4, IL-10, IL-6, IL-17, and tumor necrosis factor (TNF)-α by multiplex analysis using a
Luminex 200 Analyzer (Luminex Corp., Austin, TX, USA). The concentration of cytokines
produced by hPBMCs was assessed using Luminex IS 2.3 (Luminex Corp.). Results were
obtained from three independent measurements.

2.4. Experimental Animals and Diet

A total of 24 male Prague hereditary hypercholesterolemic rats with a body weight of
249 ± 16 g were obtained from Albert Weber-SEMED (Praha, Czech Republic). Animals
were acclimatized to laboratory conditions for 2 weeks before the experiment by housing
at room temperature (22–24 ◦C) and 55–60% humidity on a 12 h/12 h light-dark cycle with
ad libitum access to water and food. The hypercholesterolemic diet was fortified with
2.0% (w/w) cholesterol. After acclimation, the rats were divided into a control group and
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three test groups as follows: C, rats on a hypercholesterolemic diet; GI, rats on a hyperc-
holesterolemic diet with 1.0% Chlorella powder (w/w), GII, rats on a hypercholesterolemic
diet with lyophilized B. animalis subsp. lactis BB-12® (106 CFU/g per one g of pellet);
and GIII, rats on a hypercholesterolemic diet with lyophilized B. animalis subsp. lactis
BB-12® (106 CFU/g per one g of pellet) and 1.0% Chlorella powder (w/w). The experimental
groups received their respective diets for 8 weeks. At the end of the experiment, rats were
euthanized by decapitation after light anesthetization (zoletil, 5 mg/kg body weight) in the
postprandial state. Blood was collected into tubes without anticoagulant addition. Aliquots
of serum and heart, liver, and aorta tissue samples were stored at −80 ◦C until analysis. All
experiments were performed in accordance with the Animal Protection Law of the Czech
Republic (311/1997) in compliance with European Community Council recommendations
(86/609/ECC) for the use of laboratory animals and approved by the ethical committee of
the Ministry of Education, Youth and Sports of the Czech Republic (MSMT-2309/2018-2;
2/2/2018).

2.5. Biochemical Analysis

Lipid parameters were determined as previously described [16]. Briefly, total choles-
terol and lipoprotein fractions—very low-density lipoproteins (VLDL), low-density lipopro-
teins (LDL), intermediate-density lipoproteins (IDL), and high-density lipoproteins (HDL)—
were assessed by enzymatic colorimetric methods (CHOD/PAP, direct homogeneous
enzymatic-colorimetric reaction without precipitation, GPO/PAP; Lab Mark a.s., Prague,
Czech Republic) using an automatic biochemical analyzer modular (Roche, Prague, Czech Re-
public). Subfractions of LDL were analyzed by high-performance discontinued gel elec-
trophoresis using polyacrylamide gel tubes (Lipoprint® LDL System, Quantimetrix, Re-
dondo Beach, CA, USA). LDL particles were separated into seven subfractions (LDL1–LDL7).
The subfractions LDL1 and LDL2 represent large (buoyant) particles and LDL3–7 represent
small dense LDL (sd-LDL). Concentrations of cholesterol in sd-LDL over 6 mg/dL or peak
LDL particle diameter ≤ 26.8 nm were denoted phenotype pattern B with a predominance
of sd-LDL [19]. To determine triglycerides and cholesterol in the tissues, samples were ex-
tracted in a chloroform/methanol mixture. The resulting pellet was dissolved in isopropyl
alcohol, after which the triglyceride content was determined using an enzymatic assay
(Erba-Lachema, Brno, Czech Republic).

2.6. Statistical Analysis

All statistical evaluations were performed using Microsoft Office Excel 2019 and
Statistica 13.1CZ statistical software. Normality of data was checked using the Shapiro–
Wilk test. One-way analysis of variance (ANOVA) at a significance level of α = 0.05,
followed by Tukey’s test, was applied to the comparison of tested biochemical parameters.
ANOVA with a post hoc least significance difference test (LSD) for multiple comparisons
was used to evaluate the results of prebiotic effects, considering statistical significance at
the level of α = 0.05.

3. Results
3.1. Prebiotic Assay

Prebiotic activity was evaluated by determining the bacterial counts of four se-
lected bifidobacterial strains, changes in pH, and production of lactic and acetic acids
(Tables 2 and 3) after fermentation of whey and bovine milk with 1.0% (w/v) Chlorella pow-
der supplementation. The production of acids was significantly increased in milk and whey
enriched with Chlorella powder than not enriched (p < 0.05). The concentration of these
acids was 5-fold higher in milk supplemented with Chlorella and 1.5-fold higher in whey
supplemented with Chlorella. The pH values also correlated with increased concentrations
of lactic and acetic acids produced by bifidobacteria (Table 3).
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Table 2. Production of lactic acid and acetic acid after 24 h cultivation.

Strain Acid
Production (mg/L) Milk Milk + 1.0%

Chlorella Whey Whey + 1.0%
Chlorella

CCDM 93
lactic acid 388 ± 20 A 1754 ± 85 B 1661 ± 80 B 2437 ± 120 C

acetic acid 1105 ± 50 A 2354 ± 110 D 1309 ± 65 B 2058 ± 58 C

BB-12® lactic acid 208 ± 15 A 1876 ± 90 C 1193 ± 60 B 1937 ± 55 C

acetic acid 512 ± 25 A 2246 ± 110 C 1812 ± 90 B 2588 ± 130 D

CCDM 486
lactic acid 259 ± 15 A 1891 ± 90 C 1524 ± 75 B 2013 ± 100 C

acetic acid 477 ± 25 A 2384 ± 110 D 1747 ± 85 B 2124 ± 105 C

CCDM 562
lactic acid 719 ± 35 B 2200 ± 110 D 431 ± 20 A 1768 ± 90 C

acetic acid 836 ± 39 B 2272 ± 110 D 368 ± 40 A 1734 ± 85 C

Values are the means of triplicate measurements ± standard deviation (SD). A,B,C,D Data in the lines with different
superscripts differ (p < 0.05).

Table 3. pH and cell counts after 24 h cultivation.

Tested
Parameter Strain Milk Milk + 1.0%

Chlorella Whey Whey + 1.0%
Chlorella

pH

CCDM 93 5.50 ± 0.03 C 4.85 ± 0.01 B 4.79 ± 0.01 B 4.15 ± 0.02 A

BB12 5.90 ± 0.03 D 4.89 ± 0.00 C 4.57 ± 0.00 B 4.38 ± 0.12 A

CCDM 486 5.90 ± 0.06 D 4.87 ± 0.07 C 4.50 ± 0.16 B 4.24 ± 0.04 A

CCDM 562 5.13 ± 0.35 B 4.78 ± 0.06 AB 4.86 ± 0.64 AB 4.21 ± 0.12 A

cell counts
(CFU/mL)

CCDM 93 6.24 ± 0.76 A 8.34 ± 1.26 B 7.39 ± 0.12 AB 7.54 ± 0.55 AB

BB12 7.90 ± 1.01 A 8.37 ± 0.19 A 8.37 ± 0.34 A 8.35 ± 0.35 A

CCDM 486 8.59 ± 1.01 A 8.31 ± 0.08 A 8.26 ± 0.06 A 8.38 ± 0.27 A

CCDM 562 8.16 ± 0.61 A 7.76 ± 0.33 A 7.02 ± 1.02 A 7.31 ± 0.53 A

Values are the means of triplicate measurements ± SD. A,B,C,D Data in the lines with different superscripts differ (p < 0.05).

3.2. Immunomodulatory Effect

The immunomodulatory effects of three different aqueous solutions of Chlorella
(0.5, 1.0, and 3.0% w/v) on hPBMCs were compared based on the production of pro-
inflammatory and regulatory cytokines. Levels of selected ILs (IL-4, IL-10, IL-17, IL-6),
TNF-α, and INF-γ were determined using multiplex analysis. In contrast with other studies
where the levels of tested cytokines are usually evaluated by the method of flow cytometry
or ELISPOT assay [20,21]. Our results showed that the production of all tested cytokines
was significantly different (p < 0.05) after stimulation with the lowest concentration of
Chlorella (0.5% w/v) compared with the other Chlorella concentrations (Table 4). The
production of TNF-α, IL-10, and IL-6 by hPBMCs was dependent on the concentration of
Chlorella added.

Table 4. Cytokine production by mononuclear cells.

Cytokines (pg/mL)

Chlorella
Concentration (w/v) TNF-α IL-17 IL-10 IL-6 IL-4 IFN-γ

0.5% 187.57 ± 62.02 C 1.16 ± 0.09 B 12.73 ± 7.58 D 4976.43 ± 781.21 D 2.68 ± 0.10 B 2.34 ± 0.37 B

1.0% 23.85 ± 8.98 B 0.65 ± 0.10 A,B 0.74 ± 0.11 B 202.18 ± 103.13 C 2.68 ± 0.00 A 0.82 ± 0.21 A

3.0% 1.85 ± 0.67 A 0.65 ± 0.33 A 0.11 ± 0.07 A 55.13 ± 18.91 B 3.22 ± 0.13 A 1.01 ± 0.17 A

control 0.93 ± 0.91 A 0.00 ± 0.90 A 1.66 ± 0.33 C 7.7 ± 3.1 A 5.35 ± 2.70 A 3.66 ± 1.00 A

Values are the means of triplicate measurements ± SD. A,B,C,D Data in the column with different superscripts differ (p < 0.05).
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3.3. Serum Lipid Profile

Serum total cholesterol (TC), triacylglycerides, VLDL, LDL, IDL, and HDL levels were
evaluated in a rat model after feeding a high-cholesterol diet supplemented with Chlorella
powder and/or B. animalis subsp. lactis BB-12 for 8 weeks (Table 5). In the group fed the
diet with B. animalis subsp. lactis BB-12® (GII), all tested serum lipid parameters, apart
from the HDL concentration, significantly increased (p < 0.05) in comparison with all the
other diet groups. Values among the rest of the diet groups and the control group did not
statistically differ. Nevertheless, levels of triglycerides in liver and heart tissues, as well as
serum, significantly decreased (p < 0.05) in rats fed a diet fortified with Chlorella powder
plus B. animalis subsp. lactis BB-12® (GIII), in contrast to the control and the rest of the
groups tested (Table 6). Thus, a positive synergistic effect of Chlorella and B. animalis
subsp. lactis BB-12 was observed.

Table 5. Serum lipid profiles in a rat model after feeding a high-cholesterol diet supplemented with Chlorella powder and/or
B. animalis subsp. lactis BB-12 for 8 weeks.

Tested
Group VLDL (mg/dL) IDL-C

(mg/dL)
IDL-B

(mg/dL)
IDL-A

(mg/dL)
HDL

(mg/dL)
TC

(mg/dL)
LDL

(mg/dL)

C 74.8 ± 6.5 A 29.8 ± 5.2 A 16.5 ± 3.8 A 3.7 ± 0.8 A 52.2 ± 18.5 A 184.5 ± 13.5 A 55.7 ± 10.7 A

GI 76.0 ± 18.9 A 33.8 ± 6.6 A 23.7 ± 5.7 A 6.3 ± 2.0 B 71.7 ± 26.0 A 219.6 ± 13.4 B 69.5 ± 11.4 A

GII 106.0 ± 13.1 B 43.2 ± 5.9 B 26.7 ± 5.7 B 7.0 ± 2.2 B 79.8 ± 10.4 A 272.6 ± 20.3 C 85.7 ± 5.3 B

GIII 86.5 ± 7.7 A 36.8 ± 4.6 A 22.2 ± 4.0 A 5.3 ± 1.4 A 67.7 ± 23.7 A 224.7 ± 13.3 B 69.7 ± 11.8 A

VLDL, very low-density lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TC, total cholesterol; IDL, intermediate-
density lipoprotein; C, control; GI, Chlorella; GII, B. animalis subsp. lactis BB-12®; GIII, Chlorella + B. animalis subsp. lactis BB-12®. Values are
the mean ± SD, n = 6. A,B,C Data in the column with different superscripts differ (p < 0.05).

Table 6. Accumulation of triglycerides in tissues.

Tested Group
Tissues

Liver (µmol/g) Aorta (µmol/g) Heart (µmol/g) Serum (mmol/L)

C 5.4 ± 0.3 A 1.5 ± 0.4 A 3.1 ± 0.3 A 1.0 ± 0.3 A

GI 5.4 ± 0.3 A 1.4 ± 0.2 A 3.1 ± 0.3 A 1.4 ± 0.2 B

GII 5.3 ± 0.4 A 1.1 ± 0.2 A 2.9 ± 1.0 A 1.2 ± 0.2 A

GIII 4.8 ± 0.3 B 1.1 ± 0.3 A 1.9 ± 0.4 B 0.7 ± 0.1 C

C, control; GI, Chlorella; GII, B. animalis subsp. lactis BB12; GIII, Chlorella + B. animalis subsp. lactis BB12. Values
are the mean ± SD, n = 6. A,B,C. Data in the column with different superscripts differ (p < 0.05).

4. Discussion

In the present study, we first investigated the growth-promoting effect of C. vulgaris on
four Bifidobacterium strains in bovine milk and whey. Fermentation ability was evaluated
based on the production of metabolic compounds, such as acetic acid and lactic acid, which
are important metabolic products produced by bifidobacteria. Levels of both acids were
significantly increased in milk and whey supplemented with Chlorella vs. without. The
prebiotic or growth-promoting effects of C. vulgaris biomass on probiotics or intestinal
bacteria has also been described in several other studies. For example, Pulz and Gross [22]
reported that, compared to the control, the growth rate of lactobacilli (Lbc. acidophilus)
increased up to 10-fold with the addition of algal biomass. The cell wall of Chlorella
contains a wide range of oligo- and polysaccharides, which can serve as an energy source
for bacteria. Their fermentability may be influenced by factors such as the chain length
of individual carbohydrates, their structure (e.g., branching, glycosidic linkage, type of
monosaccharide moieties, etc.), and cultivation conditions. The enzymatic reactions used
by each bacterium may play a key role. Another study by Scieszka and Klewicki [23]
evaluated the protective effect of C. vulgaris on the survival of four L. brevis strains under
adverse environmental conditions in the human gastrointestinal tract, such as low pH
and phenolic or bile salts. The addition of the alga had a positive effect on the increased
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survival of tested lactobacilli; nevertheless, the protective effect at low pH was strain-
specific and dependent on the features of individual strains. Cantú-Bernal et al. [16]
reported enhanced viability and antiviral effects of B. longum and L. plantarum against
rotavirus in combination with C. sorokiniana in dairy products. Beheshtipour et al. [8]
observed the influence of C. vulgaris and Arthrospira platensis (Spirulina) addition on the
viability of selected probiotic microorganisms in yogurt. Their results showed that the
addition of the alga stimulated growth and maintained the viability of L. acidophilus LA-5
and B. animalis subsp. lactis BB-12®, both at the end of fermentation and during cold storage
for 28 d. Sciezska and Klewicka [24] tested the influence of C. vulgaris (0.1% and 1.5% (w/v))
on the growth and metabolic activity of four L. brevis strains isolated from vegetable silage.
Selected lactobacilli showed a relatively high production of L-lactic acid and lower D-lactic
acid after cultivation in medium with Chlorella. Changes in enzymatic activity were also
observed, for instance, L. brevis LOCK 0980 demonstrated higher enzymatic activity of
valine arylamidase, α-galactosidase, and α-glucosidase when cultivated with Chlorella.

Chlorella polysaccharides have also shown strong immunomodulatory activities, pri-
marily aqueous soluble polysaccharides. This activity has been reported in mice, human
blood cells, and human clinical trials [5,25–27].TNF-α is an important initiator of the in-
flammatory response and mediator, together with IL-1β and IL-6, which are produced
by activated monocytes and macrophages that influence cell proliferation stimulation in
various types of cells [21]. Anti-inflammatory IL-6, which inhibits TNF-α, is produced in
response to increased TNF-α levels, helping to maintain the Th1/Th2 balance [28]. Our
results showed that the three tested aqueous solutions of C. vulgaris (0.5, 1.0, and 3.0%
w/v) influenced production of TNF, IL-6, and IL-10. The mononuclear cells produced
the highest amounts of these cytokines after stimulation with the lowest concentration
of Chlorella tested. This trend could have been caused by the decreased viability of the
mononuclear cells after incubation with various concentrations of aqueous Chlorella so-
lutions. The inhibition of inflammatory mediators and cytokines by aqueous extracts
of C. vulgaris was first described by Sibi and Rabina [28]. They determined the in vitro
anti-inflammatory activities of different solvent fractions (n-hexane, chloroform, ethanol,
and water) from Chlorella; however, the effect of the aqueous extract was not significant.
Notably, they reported that the concentrations of observed parameters were the highest
after using the lowest concentration of all tested solvent fractions of Chlorella, similar to
our study. Ewart et al. [21] stimulated the production of cytokines by using three different
concentrations of aqueous C. pyrenoidosa extract (1, 10, and 100 µg/mL) for 24 h. Levels
of IL-10, TNF-α, and IFN-γ were markedly increased compared to that of the control;
however, in our study, the levels of INF-γ did not significantly increase.

Recently, the prevalence of obesity, diabetes, inflammatory bowel syndrome, cancer,
and cardiovascular diseases (CVD) have rapidly increased worldwide [29]. Oxidative
stress and hypercholesterolemia are risk factors for the development of CVD and are
closely related to these diseases [30,31]. Therefore, new strategies have been developed to
inhibit the growing incidence or prevention of these diseases using natural sources. Several
studies have tested the effect of Chlorella or other microalgae on lipid metabolism in different
animal models, such as rats, mice or broilers [30,32–36] Shibata et al. (2001) assessed the
hypocholesterolemic effects of the indigestible fraction (5.7% w/w) of Chlorella powder
(12.7% w/w) compared with the digestible fraction, and reported opposite conclusions.
Their results proved the positive influence of the Chlorella fraction on decreasing serum
cholesterol levels, but no effect on the levels of serum triglycerides and phospholipids.
Lee et al. [30] investigated the effect of C. vulgaris on lipid metabolism in Wistar rats fed
a high-fat diet containing 5.0% or 10.0% (w/w) Chlorella powder. In this case, serum total
lipid and liver triglyceride concentrations were also significantly lower than those in the
control group. Chovancikova and Simek [32] examined a mouse model fed a high-fat diet
supplemented with 1.0% (w/w) C. vulgaris. After 10 weeks, the levels of TC and triglycerides
in the serum and liver were significantly inhibited.
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In the present study, the addition of Chlorella and B. animalis subsp. lactis BB-12
significantly decreased the concentration of triglycerides in the serum, liver, and heart
of the treated rats, in contrast to the control and other tested groups (Table 6). This
effect could be associated with inhibition of hepatic fatty acid synthesis and triglyceride
production; thus, the output of VLDL was limited [32]. Bifidobacteria also show bile
salt hydrolase activity and produce extracellular polysaccharides, which are relevant to
the industrial production of human food or medicine [37,38]. Bile salt hydrolase activity,
together with binding of cholesterol to the probiotic cellular surface and incorporation into
the cell membrane, contributes to the cholesterol-lowering mechanisms of probiotics [39]
Zanotti et al. [40] showed that daily supplementation with bifidobacteria modifies the
fecal microbiota of mice toward those bacteria involved in the metabolism of cholesterol.
Although the effect of the cholesterol-lowering activity of probiotics in human trials does
not show consistent results, there are some successful human trials for bifidobacteria [41].
Lee et al. [42] suggested that the lipid-lowering effect of probiotics may be limited to
populations with high total cholesterol and LDL-C levels.

5. Conclusions

In summary, the results demonstrated the prebiotic and immunomodulatory effect of
the Chlorella powder and a synergic effect of Chlorella and B. animalis subsp. lactis BB-12
combination to decrease the level of triglycerides in the serum, liver, and heart of the
treated rats. Consequently, the incorporation and/or combination of Chlorella together with
bifidobacteria to functional food or fermented dairy products may have a positive effect
on the viability of bifidobacteria and their properties, thus influencing human or animal
health. Nevertheless, the limitations of this study include the lack of detailed analysis of
the chemical composition of the tested alga relative to the content and influence of specific
saccharides, lipids, or other functional compounds and their bioactive effects. Therefore,
the isolation of individual fractions and determination of their functional properties will
be the main aim of future studies. The mechanisms of the hypocholesterolemic effect of
microalgae are also not fully understood, and other in vivo and in vitro studies are needed
to elucidate this. Notably, the positive effects of algae and bacterial combinations seem to
be dependent on the selected bacterial strains, the type of algae, their functional properties,
and their synergistic effects.
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32. Chovančíková, M.; Šimek, V. Effects of high–fat and Chlorella vulgaris feeding on changes in lipid metabolism in mice. Biol. Bratisl.
2001, 56, 661–666.

33. Shibata, S.; Oda, K.; Onodera-Masuoka, N.; Matsubara, S.; Kikuchi-Hayakawa, H.; Ishikawa, F.; Iwabuchi, A.; Sansawa, H.
Hypocholesterolemic effect of indigestible fraction of Chlorella regularis in cholesterol-fed rats. J. Nutr. Sci. Vitaminol. 2001, 47,
373–377. [CrossRef]

34. Shibata, S.; Hayakawa, K.; Egashira, Y.; Sanada, H. Hypocholesterolemic mechanism of Chlorella: Chlorella and its indigestible
fraction enhance hepatic cholesterol catabolism through up-regulation of cholesterol 7α-hydroxylase in rats. Biosci. Biotechnol.
Biochem. 2007, 71, 916–925. [CrossRef] [PubMed]

35. Chitsaz, M.; Mozaffari-Khosravi, H.; Salman-Roghani, H.; Zavar-Reza, J.; Lotfi, M. Effect of chlorella vulgaris vs. spirulina
supplementation on lipid profile and liver function in patients with nonalcoholic fatty liver disease: A randomized controlled
trial. Int. J. Probiotics Prebiotics 2016, 11, 127–136.

36. Kang, H.K.; Park, S.B.; Kim, C.H. Effects of dietary supplementation with a chlorella by-product on the growth performance,
immune response, intestinal microflora and intestinal mucosal morphology in broiler chickens. J. Anim. Physiol. Anim. Nutr. 2017,
101, 208–214. [CrossRef] [PubMed]

37. Kim, G.-B.; Miyamoto, C.M.; Meighen, E.A.; Lee, B.H. Cloning and characterization of the bile salt hydrolase genes (bsh) from
Bifidobacterium bifidum strains. Appl. Environ. Microbiol. 2004, 70, 5603–5612. [CrossRef] [PubMed]

38. Bottacini, F.; van Sinderen, D.; Ventura, M. Omics of Bifidobacteria: Research and insights into their health-promoting activities.
Biochem. J. 2017, 474, 4137–4152. [CrossRef]

39. Ishimwe, N.; Daliri, E.B.; Lee, B.H.; Fang, F.; Du, G. The perspective on cholesterol-lowering mechanisms of probiotics. Mol. Nutr.
Food Res. 2015, 59, 94–105. [CrossRef]

40. Zanotti, I.; Turroni, F.; Piemontese, A.; Mancabelli, L.; Milani, C.; Viappiani, A.; Prevedini, G.; Sanchez, B.; Margolles, A.; Elviri, L.;
et al. Evidence for cholesterol-lowering activity by Bifidobacterium bifidum PRL2010 through gut microbiota modulation. Appl.
Microbiol. Biotechnol. 2015, 99, 6813–6829. [CrossRef] [PubMed]

41. Oner, O.; Aslim, B.; Aydas, S.B. Mechanisms of cholesterol-lowering effects of Lactobacilli and Bifidobacteria strains as potential
probiotics with their bsh gene analysis. J. Mol. Microbiol. Biotechnol. 2014, 24, 12–18. [CrossRef] [PubMed]

42. Lee, Y.; Ba, Z.; Roberts, R.F.; Rogers, C.J.; Fleming, J.A.; Meng, H.; Furumoto, E.J.; Kris-Etherton, P.M. Effects of Bifidobacterium
animalis subsp. lactis BB-12® on the lipid/lipoprotein profile and short chain fatty acids in healthy young adults: A randomized
controlled trial. Nutr. J. 2017, 16. [CrossRef] [PubMed]

126



fermentation

Article

Fermentation Profile and Probiotic-Related Characteristics of
Bifidobacterium longum MC-42

Anna V. Begunova 1, Irina V. Rozhkova 1, Olga A. Glazunova 2,* , Konstantin V. Moiseenko 2, Olga S. Savinova 2

and Tatyana V. Fedorova 2,*

����������
�������

Citation: Begunova, A.V.; Rozhkova,

I.V.; Glazunova, O.A.; Moiseenko,

K.V.; Savinova, O.S.; Fedorova, T.V.

Fermentation Profile and

Probiotic-Related Characteristics of

Bifidobacterium longum MC-42.

Fermentation 2021, 7, 101.

https://doi.org/10.3390/

fermentation7030101

Academic Editor: Hiroshi Kitagaki

Received: 26 May 2021

Accepted: 21 June 2021

Published: 26 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Federal State Budgetary Scientific Institution “All-Russian Research Institute of Dairy Industry”,
115093 Moscow, Russia; abegunova@yandex.ru (A.V.B.); irina.v.rozhkova@gmail.com (I.V.R.)

2 Research Center of Biotechnology of the Russian Academy of Sciences, A.N. Bach Institute of Biochemistry,
119071 Moscow, Russia; mr.moiseenko@gmail.com (K.V.M.); savinova_os@rambler.ru (O.S.S.)

* Correspondence: olga.a.glas@gmail.com (O.A.G.); fedorova_tv@mail.ru (T.V.F.)

Abstract: This article presents new data on Bifidobacterium longum MC-42—a strain that has been
actively used for the preparation of commercial dairy products in Russia for almost 40 years. It was
demonstrated that this strain possesses high activities of β-galactosidase, α-glucosidase, and leucine
arylaminidase; inhibits the growth of pathogens such as Salmonella typhimurium, Staphylococcus
aureus, and Escherichia coli; and can efficiently remove cholesterol from the cultural medium. The
resistance of B. longum MC-42 determined for 15 commonly used antibiotics was in agreement with
those previously reported for Bifidobacterium spp. The absence of frequently transmittable antibiotic
resistance genes in the genome and the lack of undesirable activity of β-glucuronidase proved
the safe use of B. longum MC-42 as a probiotic and starter culture. Additionally, the impact of two
growth-promoting additives—yeast extract or milk protein hydrolysate containing supplementation—
on the B. longum MC-42 fermentation profile was assessed. The introduction of these additives
increases the maximum attainable viable cell count by orders of magnitude, significantly changed
the profile of aminopeptidase activities in extracellular extracts, and influenced the antioxidant and
antihypertensive properties of the obtained fermented products.

Keywords: bifidobacteria; Bifidobacterium longum; aminopeptidase activity; antioxidant activity;
angiotensin-I-inhibitory activity; cholesterol removal capacity; antibacterial activity

1. Introduction

In recent years, probiotics—living microorganisms providing health benefits upon
adequate consumption—have gained incredible attention both from ordinary customers
and professional scientists [1]. While it was originally thought that probiotics promote
physical well-being primarily through the improvement of microbial balance, later research
demonstrated that the action of probiotics on organism goes far beyond direct interaction
with a consumer’s indigenous microflora [2]. The number of recently discovered properties
of probiotics, often with strain-specificity such as improvement of intestinal barrier [3],
production of beneficial enzymes (e.g., β-galactosidase and bile salt hydrolase) [4], modula-
tion of immune system [5], synthesis of neurochemicals [6], and production of bioactive
peptides [7], stimulates the search for new probiotic strains and reevaluation of old ones.

Bifidobacterium is a widely known genus of probiotic bacteria [8]. Being first introduced
with breast milk, bifidobacteria constitutes 60–70% of the fecal bacteria in infancy and
30–40% in adulthood [9]. The long history of bifidobacteria consumption (both as part of
fermented milk microflora and as commercially manufactured probiotic products) firmly
established their safety and positive health benefits [10]. Currently, various strains of
Bifidobacterium spp. are used in commercial products throughout the world. Although
almost all of these strains were isolated many decades ago, an investigation on their
beneficial properties are still actively carried out. Recently, systematical reviews regarding

Fermentation 2021, 7, 101. https://doi.org/10.3390/fermentation7030101 https://www.mdpi.com/journal/fermentation127
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properties of several commercialized bifidobacterial strains, such as Bifidobacterium animalis
subsp. lactis BB-12 [11], Bifidobacterium bifidum BGN4 [12], and Bifidobacterium breve M-
16V [13], were published in scientific literature.

The strain Bifidobacterium longum MC-42 was isolated from the feces of infants by
the staff of Scientific Research Institute of the Dairy Industry and patented in 1982 (USSR
patent № 863639); at the time of isolation, it was identified as Bifidobacterium adolescentis. In
the past 40 years, this strain was actively used (both alone and as part of a mixed starter
culture) for the preparation of commercial dairy products and, currently, can be purchased
in lyophilized form as a dietary supplement. Although advantageous technological prop-
erties of this strain such as the high viability of a lyophilized culture and the good sensory
properties of the fermented products were time-tested, many aspects of its probiotic prop-
erties remain unclear. Only recently, the genome of B. longum MC-42 was sequenced [14],
and the response of a human gut microbiome on short-term supplementation of this strain
was investigated [15].

The aim of the current study was to investigate the B. longum MC-42 probiotic proper-
ties by evaluation of its profile of enzymatic activities, its ability to inhibit the growth of
common pathogens, its resistance to common antibiotics, its possession of transmittable
antibiotic resistance genes, and its capacity for cholesterol removal. Additionally, the
fermentations of skim milk and skim milk supplemented with two different growth pro-
moting additives (yeast extract and milk protein hydrolysate containing supplementation)
performed by B. longum MC-42 were described in terms of strain’s growth characteristics,
acidification capability, and proteolytic activity. The resulting fermented products were
assessed in vitro for their antioxidant and antihypertensive properties.

2. Materials and Methods
2.1. Strain Reactivation and Preparation of Starting Inoculum

The strain B. longum MC-42 was obtained from the Microorganism Collection of the
All-Russian Research Institute of the Dairy Industry (VNIMI, Moscow, Russia), where it
was stored as a lyophilized culture at −80 ◦C. The strain was reactivated in commercial
milk hydrolysate containing corn-lactose GMK-2 medium for bifidobacteria (Biokompas-S,
Uglich, Russia) at 37 ◦C for 24–48 h (to achieve a turbidity of 0.5–1 McFarland standard).
For all experiments, the starting inoculum was prepared by the addition of 3% (v/v)
of a reactivated strain into 200 mL of a GMK-2 medium with subsequent incubation at
37 ◦C for 24–48 h (to achieve a turbidity of 0.5–1 McFarland standard) and adjustment to
approximately 107 CFU·mL−1.

An evaluation of the enzymatic activities of B. longum MC-42 was carried out using
the API ZYM kit (BioMerieux, Marcy-l’Étoile, France), according to the manufacturer
instructions. For analysis, B. longum was grown in MRS broth for 72 h at 37 ◦C.

2.2. Assessment of Inhibition of Pathogens

The pathogenic bacterium strains Staphylococcus aureus ATCC-6538 and Escherichia coli
ATCC-25922 were purchased from American Type Culture Collection (Manassas, VA, USA),
and Salmonella typhimurium NCTC 00074 was purchased from National Collection of Type
Cultures (Salisbury, UK). The strains were cultivated on agar slants (21.0 g·L−1 peptone,
6.5 g·L−1 NaCl, 6.25 g·L−1 glucose, 3.5 g·L−1 Na2HPO4, 0.6 g·L−1 KH2PO4, and 12.5 g·L−1

agar) for 24 h at 37 ± 2 ◦C. For inoculation, the cell suspension was washed off the agar
slant and diluted to approximately 107 CFU·mL−1.

The antagonistic activity was evaluated by the co-culture method [16]. For the ex-
perimental samples, 20 mL of MRS broth was simultaneously inoculated with 1 mL of
B. longum MC-42 and 1 mL of the pathogenic test-strain starting inocula; for the control
samples, only inoculation with the pathogenic test-strain was performed. The incubation
was carried out at 37 ± 2 ◦C, and samples were collected after 24 and 48 h. Pathogen cells
were counted at SPA agar medium (Mikrogen, Moscow, Russia) at 37 ◦C for 24–48 h.
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2.3. Antibiotic Resistance Assays

The antibiotic resistance of B. longum MC-42 was assessed by the disk diffusion
method. MRS agar plates were inoculated with 1 mL of the B. longum MC-42 starting
inoculum, and antibiotic disks (DI-PLS-50-01, NICF, St. Peterburg, Russia) were placed
in the center of each plate. The plates were incubated under anaerobic conditions using
Oxoid AnaeroJar 2.5 L (Thermo Fisher Scientific, USA) and GasPak sachets (BD Biosciences,
San Jose, CA, USA) for 18–24 h at 37 ◦C, followed by measurement of the inhibition zone
diameters.

2.4. Search for Genes of Interest in Genome

To search for genes of interest, the genome of B. longum MC-42 was downloaded from
the NCBI GenBank database [17]; the GenBank assembly accession is GCA_001516925.1.
Representative sequences for the antibiotic resistance genes were downloaded from the
NCBI RefSeq database. The representative sequence of bile salt hydrolase (BSH) was
that reported in [18]; GenBank accession is AF148138. The representative sequences of
cholesterol transporters and cholesterol reductase were those proposed in [19]; the locus
tags according to the Bifidobacterium bifidum PRL2010 genome (GenBank assembly accession
is GCA_000165905.1) are BBPR_0676, BBPR_1704, BBPR_1348, BBPR_0146, BBPR_1508,
and BBPR_0519. The search was performed using the BLAST [20] program, and the locus
tags of the identified genes are shown in parentheses thorough the text.

2.5. Cholesterol-Removal Capacity Assay

To assess cholesterol-removal capacity, B. longum MC-42 was cultivated in MRS broth
containing 1.5 mM of cholesterol (Sigma-Aldrich, St. Louis, MO, USA) at 37 ◦C for 24 h.
Inoculation was performed with 1% of B. longum MC-42 culture. The residual concentration
of cholesterol was determined by HPLC using a Gilson chromatographic system (Gilson
Medical Electronics, Middleton, WI, USA) equipped with Luna C18 column (4.6 × 150 mm,
5 µm, Phenomenex, Torrance, CA, USA). The mobile phase comprised acetonitrile and
water in a ratio of 90:10 (v:v). The flow rate of the mobile phase was 2 mL·min−1. Detection
was carried out using a diode array detector at the 210 nm wavelength.

2.6. Fermentations on Milk and Milk Supplemented with Growth-Promoting Additives

Fermentations of skim milk, skim milk containing 2 g·L−1 of yeast extract (YE; FBUN
GNC PMB, Obolensk, Russia), and skim milk containing 2 g·L−1 of GMK-3 growth-
promoting supplement for bifidobacteria (Biokompas-S, Uglich, Russia) were performed
using the DASGIP bioreactor system (Eppendorf, Hamburg, Germany). The composition
of GMK-3 was as follows (per 100 g): 66 g milk protein hydrolysate, 33 g corn extract, and
1 g ascorbic acid. For fermentation, the sterile growth media were aseptically inoculated
with 1% (v/v) of the B. longum MC-42-starting inoculum and cultivated at 37 ± 2 ◦C for
72 h. Sampling was performed immediately after inoculation (0 h) and at 6, 16, 24, and
72 h of cultivation.

The extracellular extracts (EEs) were prepared as follows: if the pH of a sample was
above 4.6, it was adjusted to 4.6 by the addition of trichloroacetic acid; the samples were
centrifuged at 10,000× g for 20 min at 4 ◦C; the supernatant was filtered through a 0.45 µm
syringe filter and stored at −80 ◦C until further analysis.

The protein content of EEs was determined using the Pierce BSA Protein Assay Kit
(ThermoFisher, Rockford, IL, USA).

2.7. Enzymatic Activity Profile and Peptidase Assays

The lysine and leucine aminopeptidase activities (Lys-AA and Leu-AA, respectively)
in EEs were determined with lysine p-nitroanilide (Lys–p-NA, Sigma-Aldrich, Buchs,
Switzerland) and leucine p-nitroanilide (Leu–p-NA, Sigma-Aldrich, St. Louis, MO, USA)
chromogenic substrates, respectively. X-prolyl-dipeptidyl aminopeptidase activity was
measured with glycine–proline p-nitroanilide (Gly–Pro–p-NA, Sigma-Aldrich, St. Louis,
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MO, USA) as chromogenic substrate. The assay mixture contained 50 µL of the substrate
(20 mM for Lys–p-NA and Leu–p-NA, and 10 mM for Gly–Pro–p-NA in methanol), 500 µL
of 50 mM potassium phosphate buffer (pH 7.0), and 50 µL of sample (EE). After incubation
at 37 ◦C for 4 h, the degree of hydrolysis was determined spectrophotometrically by
measuring the absorbance of the colored product (p-nitroaniline) at 410 nm using a Lambda
35 spectrophotometer (PerkinElmer, Waltham, MA, USA) according to [21]. One unit of
enzymatic activity was defined as an amount of the enzyme required to release 1 µmol of
p-nitroaniline (ε410 = 8800 M−1·cm−1) per minute and per gram of protein under the assay
conditions. All measurements were carried out in triplicate.

2.8. Proteolytic, Antioxidant, and Angiotensin-I-Converting Enzyme Inhibitory Activities

The antioxidant activity in EEs was determined by the oxygen radical absorbance
capacity fluorescence method (ORAC) with generation of the peroxyl radical as described
in [22] and Trolox equivalent antioxidant capacity (TEAC) assay with generation of the
ABTS radical as described in [23]. The antioxidant capacity of samples against both ABTS
and peroxyl radicals was expressed as an amount of Trolox molar equivalents.

Angiotensin-I-converting enzyme inhibitory (ACE-I) activity in EEs was determined
in terms of half maximal inhibitory concentration (IC50), as described in [24]. ACE activity
was measured using o-Aminobenzoyl-Phe-Arg-Lys(dinitrophenyl)-Pro (Sigma-Aldrich,
St. Louis, MO, USA) as a substrate with internal fluorescence quenching. The measurements
were carried out on a Synergy 2 microplate photometer–fluorometer (BioTek, Winooski,
VT, USA).

The proteolytic activity was quantified by measurement of the amount of released
amino groups in EEs using the 2,4,6-trinitrobenzenesulfonic acid solution (TNBS, Sigma-
Aldrich, St. Louis, MO, USA) method. The optical density at 340 nm was measured using a
Synergy 2 microplate photometer–fluorimeter (BioTek, Winooski, VT, USA). A calibration
curve was prepared using L-leucine (L-Leu) as a standard (0.1–2.0 mM). The results were
expressed as L-Leu molar equivalents (mM (Leu)).

3. Results and Discussion
3.1. Profile of Enzymatic Activities

The enzymatic profile of probiotic strains plays an important role in both their health-
promoting action on organism [25] and use for preparation of fermented food [26]. Several
well-known examples of useful enzymatic activities of probiotics are glycoside hydrolase
activities, which increase bioavailability of plant polysaccharides [27]; protease activities,
which result in production of numerous bioactive peptides [7]; and β-galactosidase activity,
which makes dairy products well tolerated by lactose-maldigesters [28]. In addition, in
order to avoid the production of potentially toxic substances, probiotics must be evaluated
for the production of undesirable enzymes, such as β-glucuronidase, a carcinogenic en-
zyme that can produce reactive metabolites negatively affecting the liver and increasing
probability of colon carcinogenesis [29,30].

The semi-quantitative assessment of B. longum MC-42 enzymatic activities is presented
in Figure 1. In total, 19 enzymes from the groups of glycoside-hydrolases, phosphatases,
esterases, and proteases were assessed. In general, B. longum MC-42 demonstrated the high
activities of leucine arylamidase, β-galactosidase, and α-glucosidase; moderate activities
of esterase (C4), esterase lipase (C8), acid phosphatase, naphtol-AS-BI-phosphohydrolase,
and α-galactosidase; and the absence of activities of alkaline phosphatase, lipase (C14),
trypsin and α-chymotrypsin, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase,
α-fucosidase, and most importantly, β-glucuronidase.
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The enzymatic profile of B. longum MC-42 was generally similar to that of other
B. longum strains. Typically, these strains have high activities of β-galactosidase and α-
glucosidase, moderate-to-high activity of α-galactosidase, and almost absent activity of
β-glucosidase. Additionally, weak or absent activities of N-acetyl-β-glucosaminidase, α-
mannosidase, and α-fucosidase are characteristic for all Bifidobacterium spp. [31–34]. Weak
protease activities are also typical for Bifidobacterium spp. As for B. longum MC-42 in
the current study, almost no activities of trypsin and α-chymotrypsin were previously
shown for strains of Bifidobacterium animalis, Bifidobacterium adolescentis, Bifidobacterium
bifidum, Bifidobacterium breve, Bifidobacterium catenulatum, Bifidobacterium pseudocatenulatum,
Bifidobacterium lactis, and B. longum [31–36]. At the same time, all of these strains demon-
strated high activity of leucine aminopeptidase while the activities of valine and cystine
aminopeptidases were more strain specific.

3.2. Inhibition of Pathogens

The ability to inhibit the growth of pathogenic and opportunistic bacteria is, arguably,
the most demanded characteristic of a good probiotic strain. There are two main groups
of mechanisms by which probiotics can inhibit pathogenic microflora: host-dependent
and host-independent [37–39]. The mechanisms in the host-dependent group are highly
reliant on the host’s physiology and include competition for binding sites, promotion
of mucin secretion, induction of tight junction protein expression, and stimulation of
immune response. The mechanisms in the host-independent group are based on the
direct interaction of probiotics with pathogens and include competition for nutrients and
production of organic acids, peroxide, and bacteriocins.

In this work, the host-independent inhibition of pathogenic microorganisms by B.
longum MC-42 was assessed. The following pathogenic bacterial strains were used: S.
typhimurium NCTC-00074, S. aureus ATCC-6538, and E. coli ATCC-25922. As seen in
Figure 2, B. longum MC-42 almost equally inhibited the growth of S. typhimurium NCTC-
00074 and E. coli ATCC-25922: the inhibition by approximately half an order of magnitude
was observed after 24 h of co-cultivation, and that by approximately three orders of
magnitude was observed after 48 h. The inhibition of S. aureus ATCC-6538 after 24 and
48 h of co-cultivation was the same and comprised approximately one and a half orders of
magnitude.
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3.3. Resistance to Antibiotics

Due to structural or functional characteristics, many microorganisms have an innate
resistance to specific classes of antibiotics [40]. This so-called intrinsic antibiotic resistance
can be passed only vertically from a parent to an offspring. While intrinsic antibiotic
resistance can be a danger in the case of pathogenic and opportunistic microorganisms, it
does not pose a particular problem considering probiotics [41]. Moreover, the moderate
innate antibiotic resistance of certain probiotic strains prevents severe dysbiosis that can
occur during the antibiotic treatment of infections. On the other hand, antibiotic resistance
acquired by microorganism through a horizontal gene transfer—transmissible antibiotic
resistance—now presents a major concern for safe use of probiotic strains [42]. Currently,
it was demonstrated that some probiotic strains harboring antibiotic resistance genes can
transmit them to microorganisms causing nosocomial and common infections [43].

The antibiotic resistance (AR) of B. longum MC-42 was tested with 15 commonly used
antibiotics by qualitative disc-diffusion assay (Table 1). It was found that B. longum MC-
42 was resistant only to lincomycin and the antibiotics belonging to the aminoglycoside
structural group. The AR profile of B. longum MC-42 determined was in agreement
with those previously reported for Bifidobacterium spp. [44,45]. The analysis of the B.
longum MC-42 genome demonstrated an absence of a commonly transmissible by gut
microbiota AR genes, such as aminoglycoside AR genes encoding the aminoglycoside-
modifying enzymes aac(6′)-aph(2”) and aad(E) [46]; tetracycline AR genes encoding the
ribosomal protection proteins—tet(M), tet(S), tet(W), tet(O), tet(Q), tet(32), tet(36), and
tet(T); the tetracycline major facilitator superfamily efflux pumps tet(K) and tet(L) [47];
amphenicol AR genes encoding the chloramphenicol acetyltransferase—cat [48]; macrolide–
lincosamide–streptogramin (MLS) AR genes encoding the 23S rRNA methylases—erm(A),
erm(B), erm(C), erm(F) and erm(T)—and the macrolide major facilitator superfamily efflux
pump mef(A) [49]. Hence, utilizing the previously proposed scheme for the antibiotic
resistance assessment of bacteria [42], B. longum MC-42 can be considered an acceptable
strain for use as a probiotic and starter culture.
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Table 1. The antibiotic resistance profile of B. longum MC-42.

Antibiotic Amount, µg Inhibition Zone
Diameter, mm

Resistance
Status

β-lactams (penams):
Ampicillin 10 28 ± 0.5 Susceptible
Amoxicillin 20 28 ± 1 Susceptible

Oxacillin 1 12 ± 0.5 Intermediate
Penicillin G 10 28 ± 1 Susceptible

Fosfomycins:
Fosfomycin 200 23 ± 1 Susceptible

Aminoglycosides:
Gentamicin 120 10 ± 0.5 Resistant

Kanamycin A 30 11 ± 0.5 Resistant
Neomycin 30 7 ± 1 Resistant

Tetracyclines:
Doxycycline 30 32 ± 1 Susceptible
Tetracycline 30 28 ± 1 Susceptible

Macrolides:
Azithromycin 15 14 ± 1 Intermediate

Lincosamides:
Lincomycin 15 8 ± 1 Resistant

Amphenicols:
Chloramphenicol 30 26 ± 1 Susceptible

Fluoroquinolones:
Levofloxacin 5 14 ± 1 Intermediate

Pefloxacin 5 6 ± 1 Resistant

3.4. Cholesterol-Removal Capacity

The recently discovered hypocholesterolemic effect of probiotic consumption offers a
great opportunity for drug-free management of cholesterol levels in humans [50]. Currently,
two main routes by which gut microbiota can significantly influence a host’s cholesterol
homeostasis were proposed. The first route comprises deconjugation of bile salts by the
action of bile salt hydrolases (BSHs, EC 3.5.1.24)—the microbial enzymes that catalyze
hydrolysis of the amide bond in glycine/taurine-conjugated bile salts [4]. Deconjugation
of bile salts decreases their reabsorption from the intestinal lumen and facilitates their
excretion. To replenish the pool of bile salts, an endogenous cholesterol is used, which leads
to its reduction in blood serum [51]. The second route involves decreasing the amount of
cholesterol absorbed by human intestines via its microbial conversion into coprostanol [52];
however, compared to the bile salt deconjugation, less is known about this process at the
molecular level.

The analysis of the B. longum MC-42 genome demonstrated the presence of a func-
tional BSH encoding gene (locus_tag AS143_06365) that virtually guarantees the ability of
this strain to lower a host’s cholesterol level by the deconjugation of bile salts. Additionally,
several genes homologous to those that were previously proposed by Zanotti et al. [19]
to participate in the conversion of cholesterol into coprostanol were determined: genes of
the ABC family transporter (locus_tags AS143_00305, AS143_02140, and AS143_06580),
a gene of the MFS family transporter (locus_tag AS143_02910), a gene of the EIIC com-
ponent of the PTS system (locus_tag AS143_05800), and a gene of cholesterol reductase
(locus_tag AS143_09220). However, since the presence of these genes only suggests—but
not guarantees—the ability of B. longum MC-42 for cholesterol conversion, this ability was
experimentally confirmed. It was determined that, during the cultivation of B. longum
MC-42 on a cholesterol-containing medium, the cholesterol concentration was decreased
by 54.8% (from 1.5 mM to 0.678 ± 0.014 mM) in 24 h.
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3.5. Growth Performance, Acidification Capability, and Degree of Proteolysis

As it was previously shown, in comparison with other lactic acid bacteria, Bifidobacteria
spp. generally demonstrate slow or limited growth during milk fermentation [53]. Partially,
this fact can be explained by the proposed inability of Bifidobacteria spp. to produce extra-
cellular proteinases and, consequently, effectively hydrolyze proteins [54]. In agreement
with this, it was demonstrated that yeast extract and hydrolysate of milk proteins are good
growth promoters for various Bifidobacteria spp. [55].

The dynamic changes in the viable cell count, pH value, and degree of proteolysis
during cultivation of B. longum MC-42 on skim milk, skim milk supplemented with YE, and
skim milk supplemented with GMK-3 (containing hydrolysate of milk proteins and several
other growth factors, see Section 2.6) are presented in Figure 3. The addition of YE and
GMK-3 to the milk did not significantly alter the pH profile of fermentation. On all media,
pH decreased from 6.5 to 3.7 units in a 72 h timespan, leading to the coagulation of milk
proteins as a result of casein precipitation. Both YE and GMK-3 significantly stimulated the
growth of B. longum MC-42: with these supplementations, the maximum attainable viable
cell count (reached at 16 h of fermentation) comprised (2–2.3) × 109 CFU·mL−1, while
on milk, this value (reached at 48 h of fermentation) did not exceed 4 × 108 CFU·mL−1.
For both YE- and GMK-3-supplemented milk, the degree of proteolysis decreased until
16 h of fermentation, suggesting the utilization of peptides already present in these media;
however, after 16 h and until the end of fermentation, the degree of proteolysis grew
steadily. For skim milk, the degree of proteolysis was the same until 48 h of fermentation,
after which it increased at 72 h. It should be noted that the increase in the degree of
proteolysis, observed after 16 h for YE- and GMK-3-supplemented milk and after 48 h for
skim milk, coincided with a decrease in the viable cell count.
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Figure 3. Growth characteristics of B. longum MC-42 on different media: Milk—skim milk; Milk + YE—skim milk with
addition of yeast extract, and Milk + GMK-3—skim milk with addition of hydrolysate containing supplementation GMK-3.
The initial values of the degree of proteolysis were 2.74 mM (L-Leu) for Milk, 9.88 mM (L-Leu) for Milk + YE, and 3.77 mM
(L-Leu) for Milk + GMK-3.

Since no trypsin and α-chymotrypsin activities were detected in the enzymatic profile
of B. longum MC-42 (see Section 3.1), the observed increase in the degree of proteolysis
can be attributed to the acid hydrolysis of proteins and to the possible action of some
intracellular aminopeptidases released as a result of cell lysis [54].

The changes in aminopeptidase activity in the EEs of B. longum MC-42 during fer-
mentation were assessed with three different substrates: Gly-Pro-p-NA, Lys-p-NA, and
Leu-p-NA. It is known that the activity toward Lys-p-NA and Leu-p-NA chromogenic
substrates can be detected in the presence of generic aminopeptidases PepC and PepN,
which have been proposed to play a significant role in cell growth and peptide hydrol-
ysis [54]. The aminopeptidase activity toward Gly-Pro-p-NA was absent on all studied
media during the entire cultivation time; and Lys-AA and Leu-AA are shown in Figure 4.
On all media, both, Lys-AA and Leu-AA were detected at the stage of cell death—after
16 h for YE- and GMK-3-supplemented milk and after 48 h for skim milk. The exception

134



Fermentation 2021, 7, 101

was Leu-AA for GMK-3-supplemented milk, which was detected at 16 h of fermentation
when the maximum viable cell count was reached. Although it is generally accepted that
the majority of aminopeptidases are intracellular, their extracellular release was previously
reported [56]. Additionally, the prominent leucine arylamidase (aminopeptidase) activity
was detected in the enzymatic API ZYM profile of B. longum MC-42 (see Section 3.1).
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and 3 times higher at 72 h compared to milk. This could be a result of different peptide 
profiles of YE and GMK-3; strain-specific differential regulation of aminopeptidases by 
peptide sources was previously reported for Bifidobacterium spp. in [57].  
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dant ones, since they have to perform competitive inhibition at the catalytic site of the 
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samples, the correlation between the ORAC and TEAC methods is low [60]. 

The development of antioxidant activity measured by the TEAC and ORAC assays 
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Figure 4. Lys-AA and Leu-AA of B. longum MC-42 during fermentation on different media: Milk—
skim milk; Milk + YE—skim milk with addition of yeast extract, and Milk + GMK-3—skim milk
with the addition of a hydrolysate containing GMK-3 supplementation. The aminopeptidase activities
are expressed as µmol of p-NA released by aminopeptidase per minute and per gram of protein. The
data are represented with a color-coded system where the highest value is shown in red and the
lowest—in yellow.

Generally, Lys-AA was 1.5–2.0 times higher than Leu-AA in all studied samples
collected at the same time point. Supplementation of milk with different peptide sources
resulted in different patterns of the aminopeptidase activities. In EEs from fermentation
of YE-supplemented milk, both Lys-AA and Leu-AA were approximately 1.8 times lower
compared to milk at 48 h and were totally absent at 72 h, while in EEs from fermentation of
GMK-3-supplemented milk, these activities were approximately 2 times higher at 48 h and
3 times higher at 72 h compared to milk. This could be a result of different peptide profiles
of YE and GMK-3; strain-specific differential regulation of aminopeptidases by peptide
sources was previously reported for Bifidobacterium spp. in [57].

3.6. Development of Antioxidant and Antihypertensive Properties

The antioxidant and antihypertensive properties of the fermented milk are primarily
attributed to the production of bioactive peptides during the fermentation process and,
hence, can be species- or even strain-specific with respect to fermenting bacteria [58]. The
activities of bioactive peptides are affected by both their amino acid compositions and
sequences [59]. Generally, the ACE-I peptides are more sequence-specific than antioxi-
dant ones, since they have to perform competitive inhibition at the catalytic site of the
angiotensin-I-converting enzyme. Currently, the most popularly used assays for measure-
ments of antioxidant activity are the TEAC and ORAC assays. However, for complex
samples, the correlation between the ORAC and TEAC methods is low [60].

The development of antioxidant activity measured by the TEAC and ORAC assays
during cultivation of B. longum MC-42 on different media is shown in Figure 5. For both YE-
and GMK-3-supplemented milk, the general tendency of antioxidant activity development
measured by TEAC an ORAC was similar: the activity decreased at 6 h of fermentation
with a subsequent increase until the end of fermentation. However, while the TEAC assay
showed higher antioxidant activity of the YE-supplemented milk compared to the GMK-3-
supplemented milk (at almost all time points), the ORAC assay demonstrated comparable
antioxidant activity for both supplementations. Interestingly, the antioxidant activity of the
skim milk measured by the TEAC assay was almost the same during the entire cultivation;
on the contrary, the antioxidant activity measured by the ORAC assay steadily grew and
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became comparable with that for the YE- and GMK-3-supplemented milk at the end of
fermentation.
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Figure 5. Antioxidant and ACE-I properties of products obtained after fermentation by B. longum MC-42 of Milk—skim
milk; Milk + YE—skim milk with addition of yeast extract, and Milk + GMK-3—skim milk with addition of hydrolysate
containing supplementation GMK-3.

The development of ACE-I activity is shown in Figure 5. For skim milk, ACE-I activity
increased (IC50 decreased) at 6 h of fermentation, after which it steadily decreased until
24 h with a subsequent increase until the end of fermentation. For the YE- and GMK-3
supplemented milk, ACE-I activity steadily increased until 24 h and 48 h of fermentation,
respectively, after which it stayed at almost the same value.

The antioxidant activity profile generally agreed with the changes in the degree of
proteolysis, suggesting extensive utilization of peptides (including antioxidant ones) from
the media at the first hours of cultivation and subsequent peptide production by B. longum
enzymes. Moreover, the significant increase in antioxidant and ACE-I activities after 24 h
can also be related to the increase in Leu-AA and other aminopeptidases contributing to
protein hydrolysis.

4. Conclusions

Currently, the amount of knowledge about the action of probiotics rapidly increases.
This forces a reevaluation of long-used probiotic strains for their functional properties
and safe use. In this work, for the first time, the properties of the bifidobacterial strain
that was commercially used for decades in Russia, B. longum MC-42, were systematically
reassessed. It was shown that this strain does not have frequently transmittable AR genes
in its genome and does not possess harmful β-glucuronidase activity and, hence, can
be regarded as generally safe for use according to the modern standards. At the same
time, this strain can effectively lower the amount of cholesterol in a fermentation medium
and can suppress the development of harmful bacteria. It was shown that the use of
different growth-promoting additives results in the development of different patterns of
antioxidant and ACE-I properties in final products. This can be explained by the different
patterns of aminopeptidase activities in the cultural broth, although the exact mechanism
for extracellular occurrence of these activities remains unclear.
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Abstract: In Taiwan, adult hyperuricemia affects as many as 1 in 4 males and 1 in 6 females, who are
predominantly young adults aged 19–45. In this study, lactic acid bacteria (LAB) with acid tolerance,
bile salt tolerance and high affinity to intestinal cells were extracted from the side products of alcohol
fermentation (distillers’ grains). These bacteria were evaluated for their ability to lower uric acid
levels. Qualitative identification and quantitative analysis were performed using high-performance
liquid chromatography (HPLC) on the purine-degrading enzymes to select purine-decomposing
LAB for animal testing. When the final concentration of purine compounds reached 0.1% and 1%,
seven strains of LAB showed potential in degrading purine compounds. HPLC was used to analyze
their purine-degrading abilities, and the three best performing LAB strains, (107) 8–16, (107) tau
1–3, and (107) 6–10 were screened for further animal testing with Wistar rats. By the third week,
the results showed that strain (107) 6–10 could prevent formation and reduce the levels of blood
urea nitrogen (BUN) in yeast extract/potassium oxonate-induced hyperuricemia. The multi-strain
lactic acid bacteria (MLAB) performed best for uric acid reduction in the serum and down regulated
BUN. Yeast extract/potassium oxonate-induced hyperuricemia had no impact on serum creatinine,
while LAB did not affect the creatinine concentration. In summary, MLAB not only protects kidney
function but is also effective in regulating uric acid concentration in the body. Hence, MLAB can
be used as a functional food supplement that prevents or aids the treatment of hyperuricemia in a
rodent model.

Keywords: hyperuricemia; lactic acid bacteria; distillers’ grains; Wistar rats; blood urea nitrogen;
uric acid

1. Introduction

Uric acid (UA) is a metabolite of purine and is mainly excreted by the kidneys,
with only a small portion removed through the intestinal tract [1]. The in vivo uric acid
concentration is determined by the balance between food content, in vivo synthesis and
excretion [2]. When renal function is normal, uric acid can be filtered by the glomeruli
and excreted in the urine. Blood uric acid concentration rises when synthesis increases
too much or excretion becomes insufficient [3]. Blood urea nitrogen (BUN) is filtered
into the urine by the glomerulus. Impaired renal function raises the blood urea nitrogen
concentration, which can be used as an indicator of renal function [4]. Creatinine (CRE) is
a product of phosphocreatine metabolism in the muscles. The CRE level reflects the blood
CRE content and glomerular filtration rate. CRE concentration increases under abnormal
renal function [4].

Hyperuricemia, caused by abnormal uric acid levels in the blood, forms solid uric acid
crystals in the joints, thus engendering pain [5]. Hyperuricemia is also considered a risk fac-
tor for atherosclerosis and may lead to metabolic syndrome, hypertension, chronic diabetes
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and kidney disease [6]. The potential causative factors for hyperuricemia include insulin
resistance, hypertension, renal insufficiency, obesity, diet and alcohol consumption [7].
Hyperuricemia occurs when there is an excessively high level of uric acid in the blood.
The cause of the disease may be ingesting purine-rich foods or foods that promote purine
synthesis, increased in vivo synthesis and inhibition of renal metabolism [8]. In human
purine metabolism, inosine and guanosine are the primary purine compounds that form
uric acid. Current uric acid-lowering drugs may sometimes present gastrointestinal side
effects, such as nausea and diarrhea, as well as mild skin rashes and, rarely, fatalities [9,10].

Probiotics are acid-resistant and salt-resistant, can survive in the host’s digestive tract
and adhere to intestinal epithelial cells to alter the gut microbiota. Probiotics can also
maintain their viability under prolonged storage [11]. The intestinal epithelial cells form a
natural barrier against foreign objects. Upon entering the host intestinal tract, a probiotic
strain may adhere to epithelial cells to prevent expulsion by peristalsis, help maintain
microbiota balance, reduce the invasion and adhesion of pathogens and promote host
immune function. Therefore, adsorption can be used as a criterion for screening beneficial
probiotics [12].

LAB are common probiotics in the host gut. In addition to promoting gut health, LAB
also have immunoregulation and anti-allergy effects and may regulate blood pressure,
blood lipids and blood glucose [13]. Recent literature has shown that LAB have the potential
to lower uric acid [14]. Therefore, probiotics capable of effectively degrading purine
compounds could represent a potential therapy to prevent hyperuricemia [14]. Studies
have proven that a Lactobacillus plantarum strain, DM9218-A, reduces the serum uric acid
concentration in hyperuricemic mice. This strain could thus serve as a supportive treatment
for hyperuricemia patients and help to prevent hyperuricemia in healthy people [1]. In a
clinical trial, the L. gasseri strain PA-3 was used to treat 25 hyperuricemia/gout patients.
The results showed that the PA-3-containing yogurt improved serum uric acid levels [15].
Another study showed that L. paracasei obtained from screening 18 types of traditional
pickles degraded uric acid in vitro and in vivo and demonstrated the potential of LAB to
reduce renal damage in a rat model of chronic hyperuricemia [16]. The L. brevis strain
DM9218 was shown to reduce serum uric acid levels and liver xanthine oxidative activity
in rats and may have the potential to ameliorate fructose-induced hyperuricemia [17].

The present study aims to screen for strains with essential probiotic characteristics
from fermented cereals, investigate the uric acid-lowering potential of those strains and
compare those strains with common gut health supplements on the market. Thirty-three
LAB strains were cultured in a differential medium supplemented with purines to screen
for LAB strains that could degrade purines. Subsequently, a qualitative purine compound
degradation assay and a quantitative HPLC analysis on the degraded purine compounds
were used to identify strains capable of degrading and utilizing purines. These LAB strains
were used in animal tests to evaluate the effectiveness of preventing hyperuricemia.

2. Materials and Methods
2.1. Strains, Culture Medium and Basic Growth Conditions

The 33 LAB strains used in this study were screened and isolated from winemaking
byproducts obtained from the Taiwan Tobacco and Liquor Corporation (Taipei, Taiwan)
and exhibited essential probiotic characteristics. The strains were suspended in an MRS
broth containing 15% glycerol and stored in a −80 ◦C freezer. The strains were activated
twice before the experiments using a Lactobacilli MRS broth (Difco Laboratories, Detroit,
MI, USA) containing 0.05% L-cysteine. The culture condition was 37 ◦C for 24 h.

2.2. Screening for Lab Strains with Purine Degradation Abilities

The strains were activated once using Lactobacilli MRS broth (Difco Laboratories, De-
troit, MI, USA) containing 0.05% L-cysteine at 37 ◦C for 16–24 h. For the second activation,
100 µL of a culture broth from the first activation was inoculated into 4 mL MRS broth
without purines and cultured at 37 ◦C for 16–18 h. The culture was then serially diluted,
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and the bacterial counts were enumerated by plating. The result represented the number
of normal bacteria. For the purine test, inosine and guanosine were added to 4 mL MRS
broth to a final concentration of 0.1% and 1%, respectively. Next, 100 µL culture from the
first activation was inoculated into the MRS broth and cultured at 37 ◦C for 16–18 h. The
broth was then serially diluted, and bacterial counts were enumerated by plating. The solid
medium used in the above experiments was Lactobacilli MRS agar (Difco Laboratories,
Detroit, MI, USA) containing 0.05% L-cysteine. The culture condition was 37 ◦C for 24–48 h.

2.3. HPLC Analysis of Degraded Purine by Lab Strains

Strains obtained by screening were activated twice. After activation, the bacterial
cells were collected via centrifuge at 8000× g for 10 min. The cells were then washed
twice with PBS, and the supernatant was discarded. Next, 1 mL inosine (1.25 mM) and
guanosine (1.25 mM) were added to the washed cells and mixed evenly before incubating
at 37 ◦C/140× g. During the experiment, co-cultures were sampled at 0, 1, and 2 h and
centrifuged at 4 ◦C/6000× g/7 min. In total, 720 µL of the supernatant was collected
and mixed with 80 µL HClO4 (0.1 M) to stop the reaction. The collected supernatant was
passed through a 0.22 µm filter and stored at −80 ◦C until HPLC analysis. The formula
for calculating the degradation rate of inosine and guanosine by different probiotic strains
was as follows: degradation rate (%) = (1.25 (mM) − A (mM))/1.25 (mM) × 100% (A:
concentration of inosine and guanosine after reaction).

2.4. Acid Resistance and Bile Salt Resistance Tests

Phosphate buffer with pepsin (pH 2.0) was added to 1000 µL of LAB suspension (108

CFU/ mL), and the bacteria were cultured at 37 ◦C for 0, 1.5 and 3 h, respectively. LAB
suspension mixed with phosphate buffer (pH 7.0) and cultured under the same conditions
was used as the control. After culturing, the counts of viable LAB were enumerated using
the pour plate method on MRS agar plates [18]. One mL of LAB suspension that underwent
3 h of acid treatment was then added to 9 mL of phosphate buffer with (or without) 0.3%
oxgall bile (Sigma-Aldrich Corp., St. Louis, MO, USA) and 0.1% pancreatin [19] and
cultured for 0, 1.5 and 3 h. LAB counts were enumerated afterward using the pour plate
method on MRS agar plates. Strains with acid resistance of >107 CFU /mL and bile salt
resistance of >106 CFU /mL were selected.

2.5. Caco-2 Cell Adhesion Test

One milliliter of Caco-2 cell suspension (5 × 104 cell /mL) in DMEM (Dulbecco’s
Modified Eagle Medium) was added per well in a 24-well plate and cultured at 37 ◦C for 40–
45 h in a 5% CO2 incubator. One milliliter of LAB suspension was added to an Eppendorf
tube and centrifuged at 8000× g for 10 min. The supernatant was then discarded, and 1
mL 1 × PBS was added and mixed evenly before another centrifugation. Following that,
the pellet was resuspended in 1 mL DMEM.

The old culture medium was aspirated from the 24-well plates containing Caco-2 cells,
and the plates were washed twice with 1 × PBS. Nine-hundred microliters of fresh culture
medium and 100 µL PBS washed LAB suspension were then added to the plates. The
plates were co-cultured at 37 ◦C in an incubator with 5% CO2 for 2 h. To fix the bacteria
and cells, the culture medium was aspirated, and the plates were washed twice with 1 ×
PBS, followed by adding 200 µL 6–10% formalin to each well and letting the plates stand
for 30 min. The formalin was then aspirated, and the plates were washed twice with 1
× PBS. Following that, 200 µL crystal violet solution was added and allowed to react for
5 min. The number of bacteria that adhered to the cells was counted using an inverted
microscope [20]. The bacteria were considered to have an adhesion ability if 15 or more
bacteria adhered to each cell [21].
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2.6. Animal Tests on the Uric Acid-Lowering Effects of Lab Strains

The animal experiment protocol approval number is HK-10805 (date: 5 July 2019) from
HungKuang University, Taichung, Taiwan. The experimental animals included 56 30-day-old
(about four weeks) male Wistar rats, which were purchased from BioLASCO Taiwan Co.
Ltd. (Taipei, Taiwan). The temperature in the animal room was controlled at 23 ± 1 ◦C
and the relative humidity at 40–60%. An automatic controller was used to create a 12/12 h
light-dark cycle (light period: 8:00 to 20:00; dark period: 20:00 to 8:00). The animals were kept
in individually ventilated cages (IVC) and given ad libitum access to feed and sterile distilled
water. After one week of acclimatization, S-shaped cages were used for grouping, with eight
rats per group. A total of seven groups were established to test the uric acid-lowering effects of
LAB strains from different sources. These groups included a blank control (C), a multi-strain
LAB blank control (CM), a hyperuricemia induction group (HUA), a hyperuricemia induction
+ strain (107) 8–16 treatment group, a hyperuricemia induction + strain (107) 1–3 treatment
group, a hyperuricemia induction + strain (107) 6–10 treatment group and a hyperuricemia
induction + multi-strain LAB treatment group (MLAB). Intraperitoneal injection of potassium
oxonate (0.35 mg/100 g BW/day) and gavage with yeast extract (15 g/kg BW/day) were
used to induce hyperuricemia in the rats (Figure 1).

Fermentation 2021, 7, x FOR PEER REVIEW 4 of 13 
 

 

and cells, the culture medium was aspirated, and the plates were washed twice with 1 × 
PBS, followed by adding 200 μL 6–10% formalin to each well and letting the plates stand 
for 30 min. The formalin was then aspirated, and the plates were washed twice with 1 × 
PBS. Following that, 200 μL crystal violet solution was added and allowed to react for 5 
min. The number of bacteria that adhered to the cells was counted using an inverted mi-
croscope [20]. The bacteria were considered to have an adhesion ability if 15 or more bac-
teria adhered to each cell [21]. 

2.6. Animal Tests on the Uric Acid-Lowering Effects of Lab Strains 
The animal experiment protocol approval number is HK-10805 (date: 5 July 2019) 

from HungKuang University, Taichung, Taiwan. The experimental animals included 56 
30-day-old (about four weeks) male Wistar rats, which were purchased from BioLASCO 
Taiwan Co. Ltd. (Taipei, Taiwan). The temperature in the animal room was controlled at 
23 ± 1 °C and the relative humidity at 40–60%. An automatic controller was used to create 
a 12/12 h light-dark cycle (light period: 8:00 to 20:00; dark period: 20:00 to 8:00). The ani-
mals were kept in individually ventilated cages (IVC) and given ad libitum access to feed 
and sterile distilled water. After one week of acclimatization, S-shaped cages were used 
for grouping, with eight rats per group. A total of seven groups were established to test 
the uric acid-lowering effects of LAB strains from different sources. These groups in-
cluded a blank control (C), a multi-strain LAB blank control (CM), a hyperuricemia induc-
tion group (HUA), a hyperuricemia induction + strain (107) 8–16 treatment group, a hype-
ruricemia induction + strain (107) 1–3 treatment group, a hyperuricemia induction + strain 
(107) 6–10 treatment group and a hyperuricemia induction + multi-strain LAB treatment 
group (MLAB). Intraperitoneal injection of potassium oxonate (0.35 mg/100 g BW/day) 
and gavage with yeast extract (15 g/kg BW/day) were used to induce hyperuricemia in the 
rats (Figure 1). 

 
Figure 1. Animal model experimental structure and schedule. 

Strains obtained from screening were activated twice. After activation, the culture 
medium was centrifuged at 9000× g for 10 min to collect the bacteria. The bacterial cells 
were washed twice with PBS, and the supernatant was discarded. The washed bacterial 
cells were then resuspended in PBS, the volume of which was the same as that of the MRS 
used in the second culture. The suspension was stored at 4 °C for up to 3 days. The dose 
of MLAB used in each group was 109 CFU/mL, and the ratio of MLAB used was 1:1:1. One 
milliliter of LAB was fed to the rats after the daily induction procedure. Weight and food 

Figure 1. Animal model experimental structure and schedule.

Strains obtained from screening were activated twice. After activation, the culture
medium was centrifuged at 9000× g for 10 min to collect the bacteria. The bacterial cells
were washed twice with PBS, and the supernatant was discarded. The washed bacterial
cells were then resuspended in PBS, the volume of which was the same as that of the MRS
used in the second culture. The suspension was stored at 4 ◦C for up to 3 days. The dose of
MLAB used in each group was 109 CFU/mL, and the ratio of MLAB used was 1:1:1. One
milliliter of LAB was fed to the rats after the daily induction procedure. Weight and food
intake were recorded every week, and fasting venous blood was collected. The isolated
serum was measured for uric acid, creatinine and urea nitrogen contents (Figure 1).

2.7. Statistical Analysis

The results of this study are based on statistical analyses performed using SPSS
23.00 for Windows (IBM Corporation, Armonk, NY, USA). The experimental results are
expressed as the mean ± standard deviation (SD) based on a single factor one-way analysis
of variance (one-way ANOVA) test. Duncan’s Multiple Range Test was used to test the
difference between the averages of the experimental groups, and p < 0.05 was considered
as a significant difference with a two-tailed test.
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3. Results
3.1. Screening for LAB Strains with Potential Purine Degradation Abilities

When the final concentration of purines was 0.1% and 1%, the bacterial counts of most
strains were not severely affected (Table 1). However, the bacterial counts for (107) 8–16,
(107) tau 3–5, (107) tau 2–1, (107) 6–10 and (107) tau 2–8 were slightly increased (from 0.99
to 0.74 Log CFU/mL) compared to the original bacterial count. Moreover, the bacterial
counts for (107) tau 6–2 and (107) tau 1–3 were increased by 1 log CFU/mL (Table 1). If
the addition of purines causes the bacterial count to remain constant or increase, the strain
may be able to utilize purines for growth. Therefore, we hypothesized that the above
seven probiotic strains might be able to degrade purines. Subsequently, HPLC was used to
determine the ratio of degraded purines in the above seven strains.

Table 1. Tolerance of lactic acid bacteria to the purine compound medium.

Number of LAB a (Log CFU b/mL)

Strain 0%
Purine Compound

0.1%
Purine Compound

1%
Purine Compound

(106) 6-1 10.24 10.19 10.21

(106) 11-6 10.14 10.22 10.13

(106) 3-9 10.17 10.05 10.00

(106) 6-4 10.16 10.20 10.17

(106) 8-5 10.12 10.13 9.98

(106) 3-21-2 10.11 10.17 10.21

(106) 3-11 9.96 10.04 9.95

(106) 1-17 9.94 10.09 9.86

(106) 3-14 10.23 10.22 10.16

(106) 7-2 9.94 10.03 9.85

(107) tau 6-2 9.21 10.25 10.24

(107) jia 6-7 9.84 9.84 9.94

(107) 8-16 9.42 10.32 10.39

(107) jia 6-5 9.82 9.83 9.98

(107) tau 1-3 9.27 10.26 10.30

(107) tau 3-5 9.27 10.21 10.01

(107) tau 2-1 9.62 10.48 10.49

(107) 6-10 9.21 10.18 10.02

(107) tau 2-8 9.57 10.41 10.40

(107) tau 6-7 9.97 9.97 10.03

(106) 6-9 9.95 9.97 10.01

(106) 6-18 10.16 10.21 10.29

(106) 1-5 10.03 10.09 10.10

(106) 1-4 10.04 10.08 10.12

(106) 3-21-1 9.89 10.01 9.97

(106) 1-1 10.03 10.11 10.22

(107) jia 6-6 9.94 9.85 10.03

(107) jia 5-7 10.04 9.97 10.01

(107) jia 6-1 9.99 9.87 10.03

(107) tau 1-1 10.40 10.32 10.47

(107) tau 4-2 9.99 9.95 9.94

(107) tau 3-7 10.24 10.21 10.30

(107) tau 2-4 10.33 10.21 10.15
a LAB: lactic acid bacteria. b CFU: colony forming unit.

The excessive intake of purines in the diet will increase serum uric acid levels, which is
a risk factor for hyperuricemia and gout. Lifestyle guides recommend nutritional therapy,
such as caloric restriction, to reduce obesity and limit purine intake, as well as to restrict
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alcoholic beverage intake and engage in adequate exercise to avoid raising serum uric
acid levels [22]. The ability of probiotics to degrade purine compounds in food to prevent
hyperuricemia was previously reported [16].

3.2. HPLC Analysis of the Ratio of Inosine and Guanosine Degraded by Lab Strains

Microorganisms degrade nucleosides mainly through the biosynthesis of nucleoside
hydrolases. The existence of nucleoside hydrolase in the strain can be proven by the
degradation of nucleoside substances, such as guanosine and inosine [16,23]. The addition
of various ratios of purines was used to screen for LAB strains capable of degrading purines.
Seven strains were isolated: (107) tau 6–2, (107) tau 2–1, (107) 6–10, (107) tau 2–8, (107) 8–16,
(107) tau 1–3 and (107) tau 3–5.

Figure 2 showed the inosine degradation experiment results for the LAB strains. At all
time points, the inosine degradation rates of all strains were 95% or higher. The preferred
strains were (107) 8–16 and (107) 6–10. Both strains maintained stable degradation rates
of 99% across all time points. The next best strains were (107) tau 1–3 and (107) tau 3–5.
Although (107) tau 1–3 had a degradation rate lower than that of the preferred strains, it
reached 95% and above and showed an increasing trend. On the other hand, (107) tau
3–5showed a reduction to 97% at 1 h but then rose to 99% at 2 h. Therefore, both strains
were retained as candidates. The analysis of guanosine degradation by LAB found that
the guanosine degradation rates of all tested strains reached 95% or higher (Figure 3). The
preferred strain was (107) tau 1–3, with a degradation rate reaching 99.5% and a stable
increase. The second was (107) tau 2–8, with an overall stable degradation rate of 99.5%. In
third place were (107) 8–16 and (107) tau 2–1. Although the rate of (107) 8–16 dropped to
99.36% at 2 h, the overall degradation rate was high. There was a stable degradation rate in
(107) tau 2–1 at 0 and 1 h, which increased at 2 h (Figure 3). The guanosine degradation
rates of the (107) 6–10 strains were 99.2, 98.8 and 98.9% at different time point (Figure 3). In
summary, the HPLC analysis of inosine degradation tested strains (107) 8–16, (107) 6–10,
(107) tau 1–3 and (107) tau 3–5, while the analysis of guanosine degradation tested strains
(107) tau 1–3, (107) tau 2–8, (107) 8–16 and (107) tau 2–1.

Fermentation 2021, 7, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 2. The degradation effect of potential probiotics on the purine compound inosine at differ-
ent time points. a,b,c values in different superscripts indicate a significant difference (p < 0.05) using 
Duncan’s multiple range test. 

 
Figure 3. The degradation effect of potential probiotics on the purine compound guanosine at dif-
ferent time points. a,b values in different superscripts indicate a significant difference (p < 0.05) us-
ing Duncan’s multiple range test. 

3.3. Bacteria Identification 
The API kit was used for strain identification during the HPLC analysis. As shown 

in the appendix, (107) tau 2–1, (107) tau 2–8, and 6–10 were identified as Lactobacillus par-
acasei, (107) 8–16 as L. plantarum, (107) tau 3–5 as L. curvatus and (107) tau 1–3 as Pediococcus 
acidilactici. However, the API results showed other possible bacterial species and streaking 
was used to isolate single strains for further identification. The current literature proves 
that the LAB able to reduce hyperuricemia includes L. plantarum, L. brevis, L. gasseri and 
L. paracasei [1,15–17]. In this study, we found that L. curvatus and P. acidilactici isolated 
from distillers’ grains might also have the ability to degrade purine and reduce uric acid. 

  

Figure 2. The degradation effect of potential probiotics on the purine compound inosine at different
time points. a,b,c values in different superscripts indicate a significant difference (p < 0.05) using
Duncan’s multiple range test.

145



Fermentation 2021, 7, 74

Fermentation 2021, 7, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 2. The degradation effect of potential probiotics on the purine compound inosine at differ-
ent time points. a,b,c values in different superscripts indicate a significant difference (p < 0.05) using 
Duncan’s multiple range test. 

 
Figure 3. The degradation effect of potential probiotics on the purine compound guanosine at dif-
ferent time points. a,b values in different superscripts indicate a significant difference (p < 0.05) us-
ing Duncan’s multiple range test. 

3.3. Bacteria Identification 
The API kit was used for strain identification during the HPLC analysis. As shown 

in the appendix, (107) tau 2–1, (107) tau 2–8, and 6–10 were identified as Lactobacillus par-
acasei, (107) 8–16 as L. plantarum, (107) tau 3–5 as L. curvatus and (107) tau 1–3 as Pediococcus 
acidilactici. However, the API results showed other possible bacterial species and streaking 
was used to isolate single strains for further identification. The current literature proves 
that the LAB able to reduce hyperuricemia includes L. plantarum, L. brevis, L. gasseri and 
L. paracasei [1,15–17]. In this study, we found that L. curvatus and P. acidilactici isolated 
from distillers’ grains might also have the ability to degrade purine and reduce uric acid. 

  

Figure 3. The degradation effect of potential probiotics on the purine compound guanosine at
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3.3. Bacteria Identification

The API kit was used for strain identification during the HPLC analysis. As shown in
the appendix, (107) tau 2–1, (107) tau 2–8, and 6–10 were identified as Lactobacillus paracasei,
(107) 8–16 as L. plantarum, (107) tau 3–5 as L. curvatus and (107) tau 1–3 as Pediococcus
acidilactici. However, the API results showed other possible bacterial species and streaking
was used to isolate single strains for further identification. The current literature proves
that the LAB able to reduce hyperuricemia includes L. plantarum, L. brevis, L. gasseri and L.
paracasei [1,15–17]. In this study, we found that L. curvatus and P. acidilactici isolated from
distillers’ grains might also have the ability to degrade purine and reduce uric acid.

3.4. Acid and Bile Salt Resistance and Intestinal Cell Adhesion Tests

The bacterial counts of LAB strains (107) 8–16 and (107) 6–10 at 3 h were at least 108

CFU/mL, indicating acid resistance (Table 2). The bacterial counts of LAB strains (107)
8–16 and (107) 6–10 at 3 h were at least 107 CFU/mL, indicating bile salt resistance (Table 2).
After 2 h of co-culture with Caco-2 cells, the adhesion capacity of LAB strains (107) 8–16
and (107) 6–10 was 26.8 ± 3.77 CFU/cell and 27.8 ± 9.94 CFU/cell, respectively, which
was higher than the 15 CFU/cell threshold, indicating that both strains could adhere to
intestinal epithelial cells (Figure 4).

Table 2. Acid and bile salt tolerance of LAB strains.

Acid Tolerance Bile Salt Tolerance

Strain 0 h 1.5 h 3 h 0 h 1.5 h 3 h

(107) 8–16 9.1 ± 0.03 9.12 ± 0.04 8.98 ± 0.02 8.76 ± 0.12 8.49 ± 0.02 8.62 ± 0.08

(107) 6–10 9.11 ± 0.02 9.03 ± 0.01 9.11 ± 0.02 7.84 ± 0.04 7.88 ± 0.11 7.73 ± 0.01
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Figure 4. Adhesion of LAB (A) strain (107) 6–10 and (B) strain (107) 8–16 to the Caco-2 intestinal
epithelium cells.

The biological characteristics of tolerance to acid and bile salt and cell adhesion
abilities were important to determine whether the tested LAB strains could survive in
and successfully colonize the gastrointestinal tract [1]. Current studies demonstrate that
the factors facilitating Lactobacillus adhesion on epithelial cells include hydrophobic
effects, lipoteichoic acids (LTA), lectins, proteins and exopolysaccharides (EPA) [24–27].
EPA often attaches to cell surfaces or is secreted into an extracellular medium. One
study noted that the removal of EPA from the cell surface of L. plantarum significantly
decreased adhesion [28]. The same study also showed that adhesion was affected by
trypsin treatment [28]. Moreover, probiotics mainly exert their effects in the posterior
segment of the gut. Therefore, probiotics must be able to resist gastric acid and bile acid
before reaching the site of effect. Studies show that gastric acid pH changes with the time
of gastric juice secretion and type of food, usually fluctuating between pH 1.5 and 4.58 over
4 h. The survival of LAB is easily affected by an extremely low pH. The main constituents
of bile salts are mixtures of glycine or taurine and bile acids, as well as chenodeoxycholic
acid, deoxycholic acid, lithocholic acids and their derivatives. The presence of bile salts
changes the permeability of the outer membrane of the intestinal bacteria, and bile acids in
bile salts also inhibit the growth of intestinal bacteria [29,30].
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3.5. Animal Tests to Determine the Uric-Acid-Lowering Effects of the Lab Strains

The HPLC analysis of inosine degradation tested strains (107) 8–16, (107) 6–10, (107)
tau 1–3, and (107) tau 3–5, while the analysis of guanosine degradation tested strains
(107) tau 1–3, (107) tau 2–8, (107) 8–16 and (107) tau 2–1. The three probiotic strains used
for animal experiments were (107) 8–16, (107) tau 1–3 and (107) 6–10. The criterium for
selecting these three strains was their high inosine and guanosine degradation rates in
the in vitro experiments. Therefore, these three probiotic strains were expected to show
positive effects in the animal tests.

The uric acid results in the experimental animals are shown in Figure 5. There were
no significant differences among the different groups at week 0 (p > 0.05). At week 2, the
uric acid concentration in the HUA group was 17.86% higher than that in group C (p <
0.05). After induction and feeding with LAB strains from different sources, the serum uric
acid concentrations in the treatment groups, including in strain (107) 8–16, (107) tau 1–3,
(107) 6–10, and MLAB, were significantly lower than those in the HUA group (p < 0.05) by
16.43%, 20% and 32.14%, respectively. Among these groups, uric acid reduction was the
greatest in the MLAB group, while there was no significant difference between the strain
(107) tau 1–3 treatment group and the HUA group (p > 0.05). There was no significant
difference between the CM and C groups (p > 0.05). At week 3, the uric acid concentration
in the HUA group was 23% higher than that in the C group (p < 0.05). After induction
and feeding with LAB strains from different sources, the serum uric acid concentrations in
the treatment groups, including strains (107) 8–16, (107) tau 1–3, (107) 6–10, and MLAB,
were significantly lower than those in the HUA group (p < 0.05) by 14.5%, 12.25%, and 28%,
respectively. Among these groups, the uric acid reduction was the greatest in the MLAB
group, while there was no significant difference between the CM and C groups (p > 0.05).
The results showed that mixed probiotics could prevent and alleviate the uric acid issue in
hyperuricemia induced by potassium oxonate and yeast extract.
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The BUN results in the experimental animals are shown in Figure 6. There were no
significant differences among the different groups at week 0 (p > 0.05). At week 2, the
BUN concentration in the HUA group was 13.64% higher than that in the C group (p <
0.05). After induction and feeding with LAB strains from different sources, the serum
BUN concentrations in the treatment groups, including strains (107) 8–16, (107) tau 1–3,
(107) 6–10, and MLAB, were significantly lower than those in the HUA group (p < 0.05) by
22.42%, 19.07%, 27.27% and 23.12%, respectively. Among these groups, BUN reduction was
the greatest in the 6–10 group, while there was no significant difference observed between
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the CM and C groups (p > 0.05). At week 3, the BUN concentration in the HUA group
was 13.19% higher than that in the C group (p < 0.05). After induction and feeding with
LAB strains from different sources, the serum BUN concentrations in the treatment groups
including strains (107) 8–16, (107) tau 1–3, (107) 6–10, and MLAB, were significantly lower
than those in the HUA group (p < 0.05) by 11.1%, 17.02%, 19.63%, and 16.11%, respectively.
Among these groups, BUN reduction was the greatest in the 6–10 group, while there was
no significant difference observed between the CM and C groups (p > 0.05). The results
showed that strains 6–10 could prevent and decrease BUN in hyperuricemia induced by
potassium oxonate and yeast extract.
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Figure 6. Effects of blood urea nitrogen (BUN) in Wistar rats with hyperuricemia induced by
potassium oxalate and yeast extract and simultaneously fed with probiotics. a, b, c values in different
superscripts indicate significant differences (p < 0.05) using a Duncan’s multiple range test.

Figure 7 shows the blood creatinine results for the experimental animals. There were
no significant differences observed between the groups at week 0 (p > 0.05). At weeks 2 and
3, there were no significant differences found between groups after induction and feeding
with LAB strains from different sources (p > 0.05). The results showed that hyperuricemia
induced by potassium oxonate and yeast extract did not affect serum creatinine and that
probiotics from different sources did not affect the creatinine concentration.
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The literature review found that at least two to three weeks is required for a uric
acid-lowering test in animals with probiotics alone [1]. Rodents such as rats and mice are
used in most animal experiments. These animals possess uric acid (oxidation) enzymes,
such as uricase (urate oxidase), that convert uric acid into more water-soluble allantoin for
excretion. Therefore, rodents are less susceptible to hyperuricemia [31,32]. There are three
main methods for inducing hyperuricemia in experimental animals. The first is to increase
the uric acid level in vivo (i.e., inducing the body to generate a large amount of uric acid,
leading to hyperuricemia) such as by using yeast extract, a high-purine diet or uric acid
precursors [33]. The second method is to inhibit the uric acid excretion pathways, thus
impairing renal uric acid metabolism and causing hyperuricemia through treatment with
adenine, niacin, or ethambutol. The final method is uricase inhibition, which involves using
uric acid analogs, such as potassium oxonate, to competitively inhibit uricase and induce
hyperuricemia [9]. However, inducing hyperuricemia by inhibiting uric acid excretion or
uricase activity may lead to renal impairment in the lab animals and does not match the
mechanism of hyperuricemia in humans. On the other hand, it is difficult to maintain long
term hyperuricemia using yeast extracts or high-purine diets alone, which may prolong the
research period. Therefore, in the present study, we combined potassium oxonate and yeast
extract to induce hyperuricemia in rats. This method not only inhibited uricase activity but
also increased in vivo purine levels, thereby causing hyperuricemia [34].

4. Conclusions

We screened LAB from distillers’ grains and indicated their ability to degrade purine
in vitro and reduce UA in vivo. Based on the above results, when probiotics from different
sources were fed to Wistar rats with hyperuricemia induced by potassium oxonate and
yeast extract, the MLAB group showed the best serum uric acid-lowering effect. MLAB
also reduced BUN without affecting creatinine. Although strain (107) 6–10 showed the best
BUN-lowering effects, it did not control uric acid to the same extent as MLAB did. Therefore,
employing a fixed ratio of mixed probiotics not only presented some nephroprotective
effects but also well-regulated in vivo uric acid. In the future, we will study the effectiveness
of probiotics through clinical research.
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Abstract: Bacillus velezensis ST03 and ST32, Bacillus amyloliquefaciens ST06 and ST109, and Bacillus
subtilis ST08 were isolated from artisanal-produced kimchi and were identified based on 16S rRNA
partial sequencing. DNA obtained from the investigated bacilli generated positive results for licheni-
cidin, iturin, subtilosin, and surfactin on a strain-specific basis. The strains were found to produce
antimicrobial metabolites with activity levels ranging between 800 and 1600 AU/mL on a strain-
specific basis, as determined against Listeria monocytogenes ATCC15313. Moreover, all tested strains
in this study were still active after treatment with proteolytic enzymes, even with reduced inhibition
zones compared to the controls, pointing to additional antimicrobial activity possibly related to a
non-proteinaceous molecular structure. Most probably these strains may express surfactin as an
additional factor in their complex antimicrobial activity. B. amyloliquefaciens ST09 and B. velezensis
ST03 and ST32 were characterized as positive for β-hemolysis. B. subtilis ST08 was shown to be
positive for hblC and nheC and B. amyloliquefaciens ST109 for nheB. B. amyloliquefaciens ST109 generated
positive results for gelatinase activity. The ability of the studied Bacillus strains to metabolize different
carbohydrate sources was done based on the API50CHB test, while the enzyme production profile
was recorded by the APIZym kit. All studied strains were positive producers for biogenic amines
production. Studied Bacillus spp. strains were resistant to some of the evaluated antibiotics, tested
according to recommendations of CLSI and EFSA.

Keywords: Bacillus velezensis; Bacillus amyloliquefaciens; Bacillus subtilis; Listeria monocytogenes; bacteri-
ocins; safety; antibiotic resistance

1. Introduction

Evaluation of microbial diversity in different traditional fermented food products may
open ways for isolating beneficial microbial strains. Probiotic cultures, bacteriocinogenic
strains, producers of enzymes, exopolysaccharides, and other bioactive metabolites were
obtained from fermented food products of all continents and were explored by biotechnical,
pharmaceutical, and food industries [1,2]. Asian countries are considered as a promising
source of different beneficial microbial strains. This huge potential is suggested by several
remote regions on this continent and the fact that local groups have been producing
typical fermented food products according to conventional artisanal practices and without
commercial standardized starter cultures [3]. Moreover, the extent of biological diversity
can be considered as an indicator for the health of the planet.

Kimchi is perhaps the most well-known among several traditional fermented Korean
food products, and it forms part of the heritage of Asian culture, especially of the Korean
peninsula. According to Encyclopedia Britannica there are hundreds of varieties of kimchi
based on the methods of preparation and the specific raw materials used including vegeta-
bles such as cabbage, Korean radish, leak; and supplemented with a varying selection of
seasonings including salts, chili powder, spring onions, garlic, fermented seafood (jeotkal),

Fermentation 2021, 7, 56. https://doi.org/10.3390/fermentation7020056 https://www.mdpi.com/journal/fermentation153



Fermentation 2021, 7, 56

and ginger [4,5]. However, due to lack of standardization, preparation of traditional fer-
mented food products can be hiding unexpected problems related to their safety and quality.
In general, good manufacturing practices are an assurance for the safety of the products.
Food fermentation processes were developed and established over centuries. Fermentation
processes of food preparation normally involve participation of microorganisms that can
produce different arsenals of antimicrobial metabolites, including organic acids, hydrogen
peroxide, carbon dioxide, antibiotics, antimicrobial proteins, bioactive peptides, and low
molecular antimicrobial organic molecules [6,7]. Changes in water activity, redox potential,
and pH are some of the key factors involved in food safety [8] and stability, and can change
in a positive way during fermentation of kimchi. Food fermentation can be considered
as a dynamic process in which implicit factors related to microbial interactions (competi-
tion, symbiosis, and synergism) play a key role. However, food safety assurance not only
implies the absence of pathogenic or food spoilage microorganisms, but also of toxic or
detrimental metabolites or residues. Some microbial cultures can be producers of biogenic
amines by amino acid decarboxylase activity [9]. Potentially pathogenic strains can be
characterized by either hemolytic [10] and/or gelatinase or mucus degrading activities [11].
These characteristics can serve as indicator(s) of the potential virulence of a specific strain.
Some virulent characteristics of bacterial cultures maybe expressed only under specific
conditions, e.g., at a typical body temperature of 37 ◦C, and even escape detection during
fermentation processes normally occurring at room temperature [12].

Representative strains of Bacillus spp. are found to be biotechnological application as
producers of a variety of bioactive metabolites, including antimicrobial proteins, antibiotics,
enzymes, exopolysaccharides, vitamins, and surfactants [13–17]. Industrial exploring of
particular Bacillus strains is widely practiced [18,19] and has been part of the preparation of
different fermented food products including kimchi [20]. Even when the beneficial potential
of different Bacillus strains has been widely proven, some representatives of this genus have
also been clearly identified as human and animal pathogens, including Bacillus anthracis [21]
and opportunistic pathogens such as some strains of Bacillus cereus [22]. On the beneficial
side, different strains of the species B. clausii, B. coagulans, B. licheniformis, B. polyfermenticus,
B. pumilus, and B. subtilis have been widely commercialized as probiotics and their efficacy
proven [23–25]. In Italy, a B. clausii spore suspension has been available since 1958 as part
of endospore-based probiotics for human consumption [26].

In our study, we attempted to isolate producers lactic acid bacteria (LAB) and Bacillus
spp.) of antimicrobial metabolites from kimchi of locally produced fermented cabbage
(Pohang region, Republic of Korea). However, based on the predominate yield of Bacillus
spp. isolated in preliminary screening, the present work was focused on obtained bacilli.
In addition to the antibacterial properties of the expressed antimicrobial(s) and their
specific potential application in the control of food borne pathogen organisms, represented
by Listeria monocytogenes, a well-known, highly contagious pathogen able to survive at low
pH and refrigeration temperatures, an additional goal has been to collect more information
about the safety of kimchi.

2. Materials and Methods
2.1. Isolation of Antagonistic Strains and Evaluation of Antimicrobial Activity

Kimchi, a traditional Korean fermented cabbage, was evaluated as a source for isolation
of bacteriocinogenic strains. Kimchi samples were obtained from artisanal sources prepared
by local producers (Pohang, Republic of Korea). Each sample of around 50 g was collected
aseptically and according to good microbiological practices, and investigated for the
presence of bacterial strains with the potential ability to produce antimicrobial metabolites.
Twenty-five grams of each kimchi sample were homogenized with 9 volumes of sterile saline
solution (0.85% NaCl, m/v) in sterile sample bags (Whirl-Pak stomacher sampling bag,
Neogen, Lansing, MI, USA) and homogenized in a stomacher (Stomacher 400 Circulator,
Worthing, West Sussex, UK) for 3–5 min. After 10x serial dilution, 100 µL were surface-
plated in triplicates on de Man, Rogosa and Sharpe (MRS) (Difco, Detroit, MI, USA)
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supplemented with 2% agar (Difco). An extra layer of 2% agar was added to each plate
and then incubated for 48 h at 37 ◦C. Plates were covered with an additional layer of Brain
Heart Infusion (BHI) (Difco) supplemented with 1% agar and L. monocytogenes ATCC15313
at a final concentration of around 105 CFU/mL and incubated for an additional 24 h at 37
◦C. Colonies surrounded by inhibition zones larger than 5 mm in diameter were selected,
isolated, and cultured in MRS broth for 24 h at 37 ◦C. Bacterial cultures were evaluated
based on recommendations for good microbiological practices for purity, macroscopic
observation of colonies, microscopic observation, and Gram-staining. The production
of oxidase and catalase enzymes was determined in addition to tests recommended by
Bergey’s Manual of Systematic Bacteriology of Archaea and Bacteria [27]. All pure bacterial
cultures were stored at−80 ◦C in presence of 20% glycerol. All additional bacterial cultures
applied in this study and microorganisms part of the spectrum of activity evaluation
experiments (Table 1) were grown under their respective recommended growth conditions
(media and temperatures) and stored at −80 ◦C in the presence of 20% glycerol as the
cryoprotector. Before each experiment, all cultures were propagated at least 2 times.

Table 1. Spectrum of activity of supernatants from B. velezensis ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B. velezensis
ST32, and B. amyloliquefaciens ST109 against selected bacteria from different culture collections.

Activity of Bacteriocins Produced by

ST03 ST06 ST08 ST32 ST109

Bacillus spp. 0/12 * 2/12 1/12 1/12 2/12
Bacillus amyloliquefaciens 0/2 0/2 0/2 0/2 0/2

Bacillus velezensis 0/1 0/1 0/1 0/1 0/1
Bacillus subtilis 0/4 2/4 1/4 0/4 2/4
Bacillus cereus 0/1 0/1 0/1 0/1 0/1

Bacillus pumilus 0/1 0/1 0/1 0/1 0/1
Bacillus sonorensis 0/1 0/1 0/1 0/1 0/1

Bacillus megaterium 0/1 0/1 0/1 0/1 0/1
Bacillus firmus 0/1 0/1 0/1 1/1 0/1

Enterococcus spp. 0/51 1/51 8/51 3/51 5/51
Enterococcus faecium 0/12 1/12 2/12 1/12 1/12

Enterococcus avium 0/3 0/3 0/3 0/3 1/3
Enterococcus faecalis 0/2 0/2 0/2 0/2 0/2

Enterococcus thailandicus 0/1 0/1 1/1 0/1 0/1
Enterococcus durans 0/1 0/1 0/1 0/1 0/1

Enterococcus gallinarum 0/1 0/1 1/1 1/1 0/1
VRE (vancomycin resistant enterococci) 0/31 0/31 4/31 1/31 3/31

Lactobacillus spp. 0/50 0/50 0/50 6/50 0/50
Lactobacillus coryniformis 0/1 0/1 0/1 0/1 0/1

Lactobacillus plantarum 0/9 0/9 0/9 0/9 0/9
Lactobacillus brevis 0/3 0/3 0/3 2/3 0/3

Lactobacillus curvatus 0/2 0/2 0/2 2/2 0/2
Lactobacillus fermentum 0/3 0/3 0/3 0/3 0/3

Lactobacillus paracasei 0/5 0/5 0/5 1/5 0/5
Lactobacillus plantarum 0/9 0/9 0/9 1/9 0/9

Lactobacillus reuteri 0/2 0/2 0/2 0/2 0/2
Lactobacillus rhamnosus 0/5 0/5 0/5 0/5 0/5

Lactobacillus sakei 0/4 0/4 0/4 0/4 0/4
Lactobacillus salivarius 0/3 0/3 0/3 0/3 0/3

Lactobacillus sanikiri 0/4 0/4 0/4 0/4 0/4

Lactococcus spp. 0/2 0/2 0/2 0/2 0/2
Lactococcus lactis 0/2 0/2 0/2 0/2 0/2

Leuconostoc spp. 0/8 0/8 0/8 2/8 0/8
Leuconostoc citreum 0/1 0/1 0/1 0/1 0/1

Leuconostoc mesenteroides 0/7 0/7 0/7 2/7 0/7

Listeria spp. 5/5 5/5 5/5 5/5 5/5
Listeria innocua 2/2 2/2 2/2 2/2 2/2

Listeria monocytogenes 3/3 3/3 3/3 3/3 3/3
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Table 1. Cont.

Activity of Bacteriocins Produced by

ST03 ST06 ST08 ST32 ST109

Pediococcus spp. 0/9 0/9 2/9 0/9 0/9
Pediococcus acidilactici 0/3 0/3 0/3 0/3 0/3

Pediococcus lolii 0/1 0/1 0/1 0/1 0/1
Pediococcus pentosaceus 0/5 0/5 2/5 0/5 0/5

Weissella spp. 0/1 0/1 0/1 0/1 0/1
Weissella cibaria 0/1 0/1 0/1 0/1 0/1

Total tested strains 5/138 11/138 16/138 16/138 12/138

* The number of strains sensitive to the tested antimicrobial(s) is shown against the total number of tested strains. Data on each genus are
summarized in bold; representatives (species) are shown below each genus.

2.2. Differentiation and Identification of Selected Isolates

Bacterial isolates of interest with confirmed production of antimicrobial metabolites,
were subjected to DNA fingerprinting through Random Amplification of Polymorphic DNA
(RAPD)-PCR and subsequently identified on basis of tests recommended by Bergey’s man-
ual [27] and by 16S rRNA sequencing. Bacterial cultures were grown in 50 mL of MRS broth
for 24 h at 37 ◦C, and for future isolation of DNA, cells were collected by centrifugation
(8000× g, 10 min, 4 ◦C). Total DNA was obtained using the ZR Fungal/Bacterial DNA kit
(Zymo Research, Irvine, CA, USA) in accordance with the manufacturer’s protocol and quanti-
fied by SPECTROstar Nano nanodrop (BMG LABTECH, Ortenberg, Germany). Differentiation
between the evaluated cultures was based on RAPD-PCR performed with primers OPL-01
(5′-GGC ATG ACC T-3′), OPL-09 (5′-TGC GAG AGT C-3′), and OPL-11 (5′-ACG ATG AGC
C-3′) according to de Moraes et al. [28] on a Veriti 96 well Thermal Cycler, Applied Biosystems
(Thermo Scientific, Waltham, MA, USA). Specificity of the obtained amplicons was evaluated
via gel electrophoresis on 1.0% (w/v) agarose gels for 1 h in the presence of 0.02 µL/mL of
SYBR®Safe (Thermo Fisher) in 1x TAE buffer at 100 V (GH-200 Genera Biosystems, Victoria,
Australia; Elite 300 Plus Power Supply, Wealtec Bioscience Co., Ltd., Taiwan) and visualized
using Omega Lum™ G gel documenter (Aplegen, Inc., Pleasanton, CA, USA). The RAPD
profiles generated from the isolates were analyzed and specific profiles and their representative
strains were selected, and subjected to identification based on 16S rRNA [28] on Veriti 96 well
Thermal Cycler, Applied Biosystems, and further sequenced at the SolGent Analysis Services
(Solgent Co. Ltd., Daejeon, Republic of Korea). The generated sequences were analyzed using
the Basic Local Alignment Search Tool (BLAST, GenBank, National Center for Biotechnology
Information, Bethesda, MD, USA) for identification.

2.3. Sugar Fermentation Profile (API50CHB) and Production of Enzymes (APIZym)

Sugar fermentation abilities of the evaluated strains were studied by culturing in
API50CHB strips in accordance with the manufacturer’s recommendations (bioMérieux,
Marcy l’Etoile, France) at 37 ◦C for 24, 48, and 72 h. In a separate experiment, the enzymatic
activity profiles of studied strains, previously grown in MRS for 24 h at 37 ◦C were
determined using APIZYM strips (bioMérieux), in accordance with the manufacturer’s
instructions and incubated at 37 ◦C for 4 h. The evaluation of the enzymatic activity was
based on changes in the intensity of coloration in accordance with the manufacturer’s
instructions (bioMérieux).

2.4. Detection of Bacteriocin Genes and Other Antimicrobial Genes

DNA from the selected strain, isolated as described before, was scanned for presence
of different genes related to previously described antimicrobials, including Class IIa bac-
teriocins (Oli48/105: 5′- TAY GGI AAY GGI GTI TAY TG -3′ and 5′- CYT CDA TNG CRT
TRT C -3′); lichenicidin (bli: 5′- GGA AAT GAT TCT TTC ATG G -3′ and 5′- TTA GTT ACA
GCT TGG CAT G-3′), thuricin (thu: 5′- GTA GGT CAA ATG GAA ACA C-3′ and 5′- TTA
ACT TGC AGT ACT AGC TC-3′), iturin (ituc: 5′- GGC TGC TGC AGA TGC TTT AT-3′
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and 5′- TCG CAG ATA ATC GCA GTG AG-3′), surfactin (srfa: 5′- TCG GGA CAG GAA
GAC ATC AT-3′ and 5′- CCT CTC AAA CGG ATA ATC CTG A-3′), coagulin (coa: 5′- GGT
GGT AAA TAC TAC GGT AAT GGG GT-3′ and 5′- GTG TCT AAA TTA CTG GTT GAT
TCG T-3′), subtilosin (sbo: 5′- GGT TGT GCA ACA TGC TCG AT-3′ and 5′- CTC AGG
AAG CTG GTG AAC TC-3′), and pediocin PA-1(ped: 5′- CAA GAT CGT TAA CCA GTT
T-3′ and 5′- CCGTTG TTC CCA TAG TCT AA-3′) [29,30] on Veriti 96-well Thermal Cycler,
Applied Biosystems. The generated amplicons were visualized on gel electrophoresis on
1.0–2.0% (w/v) agarose gels in 1x TAE buffer at 100 V for 1 h in the presence of 0.02 µL/mL
of SYBR®Safe (Thermo Fisher) (GH-200 Genera Biosystems/Elite 300 Plus Power Supply)
and visualized using OmegaLum™ G gel documenter (Aplegen).

2.5. Determination of Antimicrobial Activity and Nature of Antimicrobial Agent(s)

The selected and previously identified producers of antimicrobial metabolites were
grown in MRS at 37 ◦C for 24 h. The pH of the cell-free supernatant (CFS), obtained by
centrifugation (8000× g, 10 min, 20 ◦C), was adjusted to pH 5.5–6.0 with sterile 1 M of
NaOH, subjected to 80 ◦C for 10 min, and filtered via 0.20-µm syringe filters (Sartorius
Ministart Syringe Filter, Göttingen, Germany). Antimicrobial properties of the obtained
CFS were tested for activity against L. monocytogenes ATCC15313 formerly used in the initial
screening process for selection of producers of antimicrobials and, in addition, against
selected test strains from the culture collections of HEM Inc. (Holzapfel Effective Microbes
Inc., Pohang, Republic of Korea), KCTC (Korean Culture Type Collection, Jeongeup, Re-
public of Korea), KACC (Korean Agricultural Culture Collection, Jeollabuk-do, Republic
of Korea), and ATCC (American Type Culture Collection, Manassas, VA, USA), listed in
Table 1. These strains were incorporated in the recommended growth media supplemented
with 1% agar at a final concentration of 105 CFU/mL, and 10 µL of previously prepared
CFS were deposited on the surface. Plates were kept for 1 h at room temperature in order
to facilitate diffusion of the tested CFS and then incubated at temperatures recommended
for the test microorganisms according to dos Santos et al. [31]. Diameters of the inhibition
zones greater than 2 mm were considered as positive evidence for potential production
of antimicrobial metabolites, including bacteriocins. For evaluating the nature of the in-
hibitory agent, possible inhibition due to organic acids and H2O2 was excluded based on
the specificity of the pretreated CFS. All experiments were performed in triplicate on at
least two independent occasions.

For evaluation of the titer of produced extracellular antimicrobial metabolites, the ap-
proach recommended by Todorov et al. [32] was applied. CFS obtained as described before
was serially diluted two-fold in sterile 100-mM phosphate buffer (K2HPO4/KH2PO4) with
a pH of 6.5, and 10 µL of each dilution were tested against L. monocytogenes ATCC15313
as previously described, with inhibition zones of at least 2 mm in diameter considered as
positive. Levels of antimicrobial activity were expressed as arbitrary units per milliliter
(AU/mL), taking into consideration a value corresponding to the reciprocal of the highest
dilution that presented inhibitory halos from each experiment [32].

The proteinaceous nature of the produced extracellular antimicrobial compounds in
the CFS was analyzed according to recommendations of dos Santos et al. [31]. CFS samples
were subjected to treatment with different proteolytic enzymes (proteinase K, pronase,
pepsin, trypsin, and α-chymotrypsin for confirmation of proteinaceous nature), α-amylase
(for evaluation of the potential presence of carbohydrate moieties, which are part of the
active molecular complex), and catalase (for excluding possible H2O2 production) (all en-
zymes from Sigma–Aldrich, St. Louis, MO, USA) at a final concentration of 0.1 mg/mL at
37 ◦C for 2 h. To stop the enzymatic reactions, set-ups were heat treated (95 ◦C for 3 min)
and then evaluated for evidence of active antimicrobial proteins, as described above [31].
Antimicrobial activity was determined against L. monocytogenes ATCC15313 as the test
microorganism. In addition, CFS of the examined strain not treated with enzymes, and pure
enzymes were evaluated as controls.
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2.6. Stability of the Antimicrobial Substance(s)—pH, Temperature, and Chemicals

Antimicrobial metabolites produced by the studied strain were evaluated for its
activity in the presence of some chemicals, and at different temperatures and pH values [31].
Previously prepared CFS was mixed with 10 mg/mL of Tween 20, Tween 80, NaCl, SDS,
EDTA (all provided from Sigma–Aldrich), milk (Difco), and glycerol (Junsei Chemical
Co., Ltd., Nihonbashi-honcho, Chuo-ku, Tokyo, Japan) to a final volume of 2 mL and
incubated for 60 and 120 min at 37 ◦C. Before testing for antimicrobial activity, the pH of all
experimental set-ups was adjusted to 5.5–6.5 if needed. In the experiment for evaluation
of the effect of pH, CFS of the selected strains was prepared as described previously,
and adjusted to pH values of 2.0, 4.0, 6.0, 8.0, and 10.0, respectively (with 1 M of HCl
or 1 M of NaOH), and incubated for 60 and 120 min at 37 ◦C. Effect of temperature on
antimicrobial metabolites stability was evaluated by incubating previously prepared CFS of
the evaluated strain (with adjusted pH 5.5–6.5) at 30, 37, 45, 60, 80, and 100 ◦C, respectively,
for 60 and 120 min, and by autoclaving at 121 ◦C for 20 min. Activity of all set-ups were
tested against L. monocytogenes ATCC15313, a sensitive indicator strain. Untreated CFSs
of the examined strains at the examined temperatures, pH, or chemicals and solutions of
applied chemicals were evaluated as controls.

2.7. Screening of Virulence Genes

In these experiments, genes, parts of the expression of hemolysin BL, and non-
hemolytic enterotoxin were evaluated by PCR reactions [33], performed on the Veriti
96-well Thermal Cycler, Applied Biosystems. The selected strains were tested for the
presence of virulence genes encoding hemolysin BL (hblA: 5′- AAG CAA TGG AAT ACA
ATG GG -3′and 5′- AGA ATC TAA ATC ATG CCA CTG C -3′; hblB: 5′- AAG CAA TGG
AAT ACA ATG GG -3′ and 5′- AAT ATG TCC CAG TAC ACC CG -3′; hblC: 5′- GAT
ACY AAT GTG GCA ACT GC -3′ and 5′- TTG AGA CTG CTC GYT AGT TG -3′) and
nonhemolytic enterotoxin (nheA: 5′- GTG AGG ATC ACA ATC ACC GC -3′ and 5′- ACG
AAT GTA ATT TGA GTC GTC GC -3′; nheB: 5′- TTT AGT GGA TCT GTA CGC -3′ and
5′- TTA ATG TTC GTT AAT CCT GC -3′; nhe C5′- TGG ATT CCA AGA TGT AAC G
-3′and 5′- ATT ACG ACT TCT GCT TGT GC -3′), in accordance with the PCR protocols of
Guinebretière et al. [33]. The generated amplicons were separated via gel electrophoresis
on 1.0–2.0% (w/v) agarose gels in 1x TAE buffer at 100 V for 1 h in presence of 0.02 µL/mL
of SYBR®Safe (Thermo Fisher) as described before.

2.8. Virulence Activity—Physiological Approach

The evaluated strains were investigated by selected phenotypic tests to identify their
hemolytic activity and gelatinase production according to Colombo et al. [11]. All tests
were performed in at least three independent replicates.

The representatives of the evaluated culture were streaked on the surface of trypticase
soy agar (TSA) supplemented with 5% (v/v) defibrinated sheep blood (Synergy Innovation,
Seongnam-si, Republic of Korea). Plates were incubated for 24 h at 37 ◦C and the hemolytic
activity of each isolate was evaluated as total or β-hemolysis (clear halos around the
colonies), partial or α-hemolysis (greenish halos around the colonies), or γ-hemolysis
(absence of hemolysis). B. cereus ATCC27348, Escherichia coli ATCC25922, and Lactobacillus
plantarum ATCC14197 were applied as positive and negative controls, respectively.

For the evaluation for gelatinase activity of the investigated strains, the approach
proposed by Colombo et al. [11] was followed. For the purpose of the experiment, 1-µL
aliquots of the evaluated cultures were spotted on the surface of Luria–Bertani (LB) agar
(BD, Franklin Lakes, NJ, USA) supplemented with 3% (w/v) gelatin (BD). Plates were
incubated at 37 ◦C for 48 h, followed by maintaining the plates at 4 ◦C for 4 h. Evidence
for gelatin hydrolysis was recorded based on the formation of opaque halos around the
growing colonies. E. coli ATCC25922 served as a positive control, while Lb. plantarum
ATCC14197 and E. faecalis HEM200 served as negative controls.
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The potential to produce biogenic amines from the evaluated strains was performed
according to Bover–Cid and Holzapfel [9]. Evaluated cultures were grown at least five
times consecutively to MRS broth supplemented with 0.1% (w/v) amino acid precursors for
the production of biogenic amines. The biogenic amine precursors were added individually
and comprised lysine, tyrosine, ornithine, and histidine (Sigma–Aldrich) and 0.005% (w/v)
pyridoxal-5-phosphate (Sigma–Aldrich). The incubation was performed for 24 h at 37 ◦C,
and the last transfer performed was streaked in duplicate on a modified MRS agar according
to Bover–Cid and Holzapfel [9] which was supplemented with one of each biogenic amine
precursor described as above (1% w/v). All plates were incubated for 4 days at 37 ◦C and
the change of the color from yellow to purple was considered as a positive result for the
production of a biogenic amine. E. coli ATCC25922 and Lb. plantarum ATCC14197 served
as positive and negative controls, respectively.

2.9. Antimicrobial Susceptibility Profiling

The antimicrobial susceptibility testing for the Bacillus strains was performed accord-
ing to recommendations by the Clinical and Laboratory Standards Institute (CLSI) on the
Performance Standards for Antimicrobial Susceptibility Testing M45 for Bacillus spp. Using
the broth micro-dilution method, minimum inhibitory concentrations (MIC) were deter-
mined for the antibiotics ampicillin, gentamycin, kanamycin, streptomycin, erythromycin,
clindamycin, tetracycline, chloramphenicol (all from Sigma–Aldrich), vancomycin (Cheil
Jedang Pharma Co., Republic of Korea), and ciprofloxacin (Sigma–Aldrich), which is com-
monly applied as an antibiotic agent in treatment of Bacillus infections (https://clsi.org/,
accessed on 25 March 2020).

Cation-adjusted Mueller–Hinton broth, additionally supplemented with 5.0 g/L (v/v)
MRS was distributed in a sterile 96-well micro-dilution plate (SPL Life Sciences, Pocheon-
si, Gyeongi-do, Republic of Korea). Fifty microliters in different concentrations of each
antibiotic, previously prepared to cover expected ranges of MIC values, were added to 50 µL
of a bacterial suspension, adjusted to approximately 105 CFU/mL based on the McFarland
scale. The plates were incubated for 24 h at 35 ºC ± 1, according to recommendations
of EUCAST [34]. The MIC values, defined as the lowest concentration that completely
inhibits bacterial growth, were read in a spectrophotometer and compared to the cut-off
set of EUCAST. Each antibiotic was assessed in at least two individual experiments.

2.10. Detection of Vancomycin Resistant Genes

The DNA previously isolated from the evaluated strains was subjected to PCR analysis
for investigating the presence of vancomycin resistance genes vanA (vanAB/F: 5′ –GTA
GGC TGC GAT ATT CAA AGC - 3′; vanA/R: 5′ – CGA TTC AAT TGC GTA GTC CAA - 3′),
vanB (vanAB/F: 5′ – GTA GGC TGC GAT ATT CAA AGC - 3′; vanB/R: 5′ – GCC GAC AAT
CAA ATC CTC - 3′), vanC (vanC/F: 5′ – ATC CAA GCT ATT GAC CCG CT - 3′; vanC/R:
5′ –TGT GGC AGG ATC GTT TTC AT - 3′), vanD (vanD/F: 5′ – TGT GGG ATG CGA TAT
TCA A - 3′; vanD/R: 5′ – TGC AGC CAA GTA TCC GGT AA - 3′), vanE (vanE/F: 5′ – TGT
GGT ATC GGA GCT GCA G - 3′; vanE/R: 5′ – GTC GAT TCT CGC TAA TCC - 3′) and
vanG (vanG/F: 5′ – GAA GAT GGT ACT TTG CAG GGC A - 3′; vanG/R: 5′ – AGC CGC
TTC TTG TAT CCG TTT T - 3′) previously reported by Valledor et al. [35]. PCR products
were separated on 2.0% (w/v) agarose gels in 1x TBE and visualized as described before.

3. Results

Based on the application of the triple layer approach, applying MRS supplemented
with 2% agar as principal growth medium resulted in predominant growth of colonies with
morphology typical for representatives from genus Bacillus. Preliminary screening of bac-
terial strains with potential antimicrobial properties against L. monocytogenes ATCC15314
resulted in selection of 21 isolates. Based on preliminary observations, all isolates were
catalase positive, showed specific Bacillus colony morphology on solid media, and Gram-
positive, and thereby pre-identified as Bacillus spp. Additional antimicrobial activity tests
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confirmed that 12 isolates were producers of antimicrobial compounds based on activity
against L. monocytogenes ATCC153131.

3.1. Differentiation and Identification

Twelve isolates with confirmed production of antimicrobial metabolites were differ-
entiated based on fingerprinting generated by RAPD-PCR and 5 distinct clusters were
identified (Figure 1). Biochemical, morphological, and physiological results were taken into
account in the selection of 5 representatives out of 12 isolates for 16S rRNA sequencing and
specific identification of these strains. Representatives from each cluster, ST03, ST06, ST08,
ST32, and ST109, were identified to belong to Bacillus velezensis, Bacillus amyloliquefaciens,
and Bacillus subtilis; and named Bacillus velezensis ST03, Bacillus velezensis ST32, Bacillus
amyloliquefaciens ST06, Bacillus amyloliquefaciens ST109, and Bacillus subtilis ST08.

Fermentation 2021, 7, x FOR PEER REVIEW 9 of 20 
 

 

 

Figure 1. RAPD-PCR products generated with (A) primer OPL01 and (B) primer OPL11 for various isolates differentiated 

in this study; lane M: O’GeneRuler 1 kb DNA Ladder (Fermentas). 

3.2. Sugar Fermentation Profile (API50CHB) and Enzymes Production (APIZym) 

The ability of the studied Bacillus strains (ST03, ST06, ST08, ST32, and ST109) to me-

tabolize different carbohydrates sources was evaluated based on the API50CHB test, and 

all tested strains were able to ferment glycerol, L-arabinose, ribose, D-xylose, D-glucose, 

D-fructose, D-mannose, inositol, mannitol, sorbitol, α-methyl-D-glucosamine, amygdalin, 

arbutin, esculin, salicin, cellobiose, maltose, saccharose, trehalose, D-raffinose, amidon, 

and glycogen (Table 2). In addition, only B. amyloliquefaciens ST109 fermented L-xylose 

and α-methyl-D-mannoside; B. amyloliquefaciens ST06 and ST109 galactose and β-gentiobi-

ose, B. velezensis ST03 and ST32 and B. amyloliquefaciens ST06 and ST109 lactose, B. amylo-

liquefaciens ST06 and ST109 and B. subtilis ST08 melibiose and D-turanose, and B. subtilis 

ST08 inulin (Table 2). 

Table 2. Carbohydrate fermentation profile recorded for B. velezensis ST03, B. amyloliquefaciens 

ST06, B. subtilis ST08, B. velezensis ST32, and B. amyloliquefaciens ST109 based on API50CHB (Bi-

oMerieux). 

Carbohydrates ST03 ST06 ST08 ST32 ST109 

control (no carbohydrate) - - - - - 

glycerol, L-arabinose, ribose, D-xylose, 

D-glucose, D-fructose, D-mannose, in-

ositol, mannitol, sorbitol, α-methyl-D-

glucosamine, amygdalin, arbutin, es-

culin, salicin, cellobiose, maltose, sac-

charose, trehalose, D-raffinose, ami-

don, glycogen 

+ + + + + 

L-xylose, α-methyl-D-mannoside - - - - + 

galactose, β-gentiobiose - + - - + 

Figure 1. RAPD-PCR products generated with (A) primer OPL01 and (B) primer OPL11 for various isolates differentiated
in this study; lane M: O’GeneRuler 1 kb DNA Ladder (Fermentas).

3.2. Sugar Fermentation Profile (API50CHB) and Enzymes Production (APIZym)

The ability of the studied Bacillus strains (ST03, ST06, ST08, ST32, and ST109) to metabolize
different carbohydrates sources was evaluated based on the API50CHB test, and all tested
strains were able to ferment glycerol, L-arabinose, ribose, D-xylose, D-glucose, D-fructose,
D-mannose, inositol, mannitol, sorbitol, α-methyl-D-glucosamine, amygdalin, arbutin, esculin,
salicin, cellobiose, maltose, saccharose, trehalose, D-raffinose, amidon, and glycogen (Table 2).
In addition, only B. amyloliquefaciens ST109 fermented L-xylose and α-methyl-D-mannoside;
B. amyloliquefaciens ST06 and ST109 galactose andβ-gentiobiose, B. velezensis ST03 and ST32 and
B. amyloliquefaciens ST06 and ST109 lactose, B. amyloliquefaciens ST06 and ST109 and B. subtilis
ST08 melibiose and D-turanose, and B. subtilis ST08 inulin (Table 2).
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Table 2. Carbohydrate fermentation profile recorded for B. velezensis ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B.
velezensis ST32, and B. amyloliquefaciens ST109 based on API50CHB (BioMerieux).

Carbohydrates ST03 ST06 ST08 ST32 ST109

control (no carbohydrate) − − − − −
glycerol, L-arabinose, ribose, D-xylose, D-glucose, D-fructose, D-mannose, inositol, mannitol, sorbitol,
α-methyl-D-glucosamine, amygdalin, arbutin, esculin, salicin, cellobiose, maltose, saccharose, trehalose, D-raffinose,
amidon, glycogen

+ + + + +

L-xylose, α-methyl-D-mannoside − − − − +
galactose, β-gentiobiose − + − − +
lactose + + − + +
melibiose, D-turanose − + + − +
inulin − − + − −
erythritol, D-arabinose, adonitol, β-methyl-xyloside, L-sorbose, rhamnose, dulcitol, N-acetylglucosamine, melezitose,
xylitol, D-lyxose, D-tagatose, D-fucose, L-fucose, D-arabitol, L-arabitol, gluconate, 2-keto-gluconate, 5-keto-gluconate − − − − −

+ Bacterial growth, evidence for fermenting the evaluated carbohydrate; − no bacterial growth.

Expression of different enzymes (alkaline phosphatase, esterase (C4), lipase esterase
(C8), acidphosphatase, naphthol phosphohydrolase, α-galactosidase, α-glucosidase, and β-
glucosidase) were recorded for the studied strains (ST03, ST06, ST08, ST32, and ST109) (Table 3).

Table 3. Enzyme production profile recorded for B. velezensis ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B. velezensis
ST32, and B. amyloliquefaciens ST109 based on APIZym (BioMerieux).

Target Enzymes ST03 ST06 ST08 ST32 ST109

Control 0 * 0 0 0 0
alkaline phosphatase 5 3 3 3 3
esterase (C4) 4 4 4 5 3
lipase esterase (C8) 5 4 4 5 3
acid phosphatase 0 0 1 0 3
naphthol phosphohydrolase 3 3 3 3 3
α-galactosidase 0 0 1 0 0
α-glucosidase 3 3 5 3 3
β-glucosidase 1 3 4 4 4
lipase (C14), leucinearylamidase, valinearylamidase, cystinarylamidase, trypsin,
α-chymotrypsin, β-galactosidase, β-glucuronidase, N-acetyl-β-glucosaminidase,
α-mannosidase, α-fucosidase

0 0 0 0 0

* 3–5: Strong enzymatic activity, 1–2: Weak enzymatic activity. 0: No evidence for enzymatic activity (interpretation was performed in
accordance with the manual provided by BioMerieux).

3.3. Detection of Bacteriocin and Other Antimicrobial Genes

DNA samples obtained from the studied strains (ST03, ST06, ST08, ST32, and ST109)
generated positive results for the presence of lichenicidin in B. subtilis ST08, iturin in
B. velezensis ST03, B. amyloliquefaciens ST06 and B. amyloliquefaciens ST109, subtilosin in
B. velezensis ST03, B subtilis ST08 and B. amyloliquefaciens ST109, and surfactin in all studied
bacillus strains. No evidence based on the PCR reactions wasrecorded for the presence of
Class IIa bacteriocins thuricin, coagulin, orpediocin PA-1 (Table 4).

Preliminary results evaluating bacterial growth and production of bacteriocins sug-
gested that Luria–Bertani (LB) and nutrition broth can support bacterial growth; however,
bacteriocin production was recorded only at 200 AU/mL or lower for the studied strains.
Higher levels of expressed bacteriocins, between 800 and 1600 AU/mL, were recorded
when strains were cultured in MRS broth. Based on these observations, MRS was selected
as the growth medium for evaluation of bacteriocinogenic properties of B. velezensis ST03,
ST32, B. amyloliquefaciens ST06 and ST109, and B. subtilis ST08. The selected strains were
found to produce antimicrobial metabolites at an activity level of 800 AU/mL for B. velezen-
sis ST03, B. amyloliquefaciens ST06, and B. velezensis ST32, and 1600 AU/mL for B. subtilis
ST08 and B. amyloliquefaciens ST109, as determined against L. monocytogenes ATCC15313.
Moreover, the spectrum of activity of these antimicrobial metabolites produced by strains
ST03, ST06, ST08, ST32, and ST109 was determined against selected test organisms obtained
from different collections (Table 1).
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Table 4. Spread of antimicrobials, virulence- and vancomycin-resistant related genes in DNA obtained from B. velezensis
ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B. velezensis ST32, and B. amyloliquefaciens ST109.

Bacillus
velezensis ST03

Bacillus
amyloliquefaciens ST06 Bacillus subtilis ST08 Bacillus

velezensis ST32
Bacillus

amyloliquefaciens ST109

Antimicrobials related genes

Class IIa bacteriocins − − − − −
Lichenicidin − − + − −
Thuricin − − − − −
Surfactin + + + + +
Iturin + + − − +
Coagulin − − − − −
Subtilosin + − + − +
Pediocin PA-1 − − − − −
Virulence genes

hblA − − − − −
hblB − − − − −
hblC − − + − −
nheA − − − − −
nheB − − − − +
nheC − − + − −
Vancomycin resistance genes

vanA − − − − −
vanB − − − − −
vanC − − − − −
vanD − − − − −
vanE − − − − −
vanG − − − − −

+ Detection of targeted gen; − absence of targeted gene.

All tested strains in this study (ST03, ST06, ST08, ST32, and ST109) remained partially
active after proteolytic enzyme treatment, albeit with reduced inhibition zones compared
to the controls (non-treated supernatants) suggesting that antimicrobial activity may be
related to a combination of antimicrobial protein (bacteriocin) in a combination with a
non-proteinaceous antimicrobial molecular structure, or partial resistance of bacteriocins
(antimicrobial peptide) to the effect of applied specific proteolytic enzymes. PCR analysis of
the DNA from strains ST03, ST06, ST08, ST32, and ST109 showed evidence for the presence
of a surfactin-related gene in all tested Bacillus spp. strains in this study.

3.4. Stability of the Antimicrobial Substances—Effect of pH, Temperature, and Chemicals

Antimicrobials produced by the strains ST03, ST06, ST08, ST32, and ST109 generally
presented stability of the activity after being exposed to the effect of different pH levels
(pH of 2.0, 4.0, 6.0, 8.0, and 10.0) and temperatures (30, 37, 45, 60, 80, and 100 ◦C, respectively,
up to 120 min, and at 121 ◦C for 20 min). In addition, their stability was not affected
notably in the presence of 10 mg/mL of Tween 20, Tween 80, NaCl, SDS, EDTA, milk,
or glycerol, respectively.

3.5. In Vitro Hemolytic Activity and Presence of Genes Related to Hemolysin and Non-Hemolytic
Enterotoxin Virulence Factors; Gelatinase and Biogenic Amine Production

Strains ST03, ST06, ST08, ST32, and ST109 generated different results and were evalu-
ated for their hemolysis behavior on blood agar plates. ST03, ST09, and ST32 were tested
positive for β-hemolysis. On the other side, results from PCR analysis targeting hblA, hblB,
hblC, nheA, nheB, and nheC showed that strains B. subtilis ST08 could carry hblC and nheC
and B. amyloliquefaciens ST109 was positive for nheB (Table 2).

From the tested strains ST03, ST06, ST08, ST32, and ST109, only ST109 generated posi-
tive results for gelatinase activity. However, for strains ST03, ST06, ST08, ST32, and ST109
we recorded production of all 4 tested biogenic amines, histamine, tyramine, putrescine,
and cadaverine, derived from histidine, tyrosine, ornithine, and lysine, respectively.

3.6. Antibiotic Resistance

Based on PCR analysis, no evidence for the investigated vancomycin resistance genes
(vanA, vanB, vanC, vanD, vanE, and vanG) could be recorded in the studied Bacillus strains
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(Table 2). Based on the in vitro test with vancomycin, all tested Bacillus strain were sus-
ceptible with cut-off values of 0.5 µg/mL, suggesting their susceptibility according to the
recommendations of CLSI (≤4 µg/mL) and EFSA (4 µg/mL) (Table 5).

Table 5. Antibiotic susceptibility for B. velezensis ST03, B. amyloliquefaciens ST06, B. subtilis ST08, B. velezensis ST32, and B.
amyloliquefaciens ST109.

Antibiotics
Experimental MIC (µg/mL) Values for Strains CLSI Cut-Offs (S, I, R) for

Bacillus spp. (µg/mL)
EFSA Cut-Offs for

Bacillus spp. (µg/mL)ST03 ST06 ST08 ST32 ST109

ampicillin 128 16 ≤0.25 128 64 ≤0.25, -, ≥0.5 n.r.
vancomycin 0.5 0.5 0.5 0.5 0.5 ≤4, *, * 4
gentamycin 0.5 0.5 2 0.5 0.5 ≤4, 8, ≥16 4
kanamycin 2 2 8 4 16 ≤1, 2, ≥4 8

streptomycin 8 8 64 8 2 n.r. 8
erythromycin 2 2 2 2 2 ≤0.5, 1-2, ≥4 4
clindamycin 0.5 ≤0.25 1 0.5 0.5 ≤0.5, 1-2, ≥4 4
tetracycline 4 4 4 8 ≤0.25 <4, 8, >16 8

chloramphenicol 4 2 4 1 2 ≤8, 16, ≥32 8
ciprofloxacin ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤0.25 ≤1, 2, ≥4 n.r.

S: Sensitive; I: Intermediate; R: Resistant; * no set values; n.r.: Antibiotic not listed in the recommendations of cited agency.

Results of the performed in vitro tests for determination of interaction of the studied
Bacillus strains and selected antibiotics are summarized in Table 5. All tested Bacillus
strains (ST03, ST06, ST08, ST32, and ST109) were susceptible to vancomycin, gentamycin,
chloramphenicol, and ciprofloxacin according to breakpoint values recommendations of
CLSI and EFSA (Table 5). The other tested antibiotics showed different interference with
activity of the studied Bacillus strains. Only strain ST08 showed susceptibility to ampicillin
with MIC value of≤0.25 µg/mL, while the other Bacillus strains were resistant to ampicillin.
All strains were resistant to kanamycin according to EFSA (with a cut-off value of 8 µg/mL),
however, intermediate for ST03 and ST06 according to CLSI (with cut-off of 2 µg/mL).
Based on the EFSA recommendations, only ST109 was susceptible to streptomycin and
the other strains were resistant. In addition, according to the recommendations of EFSA,
the studied strains were susceptible to clindamycin and tetracycline, but according to
CLSI, ST08 was intermediate to clindamycin (with cut-off of 1–2 µg/mL), and ST109 was
intermediate to tetracycline (with cut-off of 8 µg/mL). All tested strains were classified as
intermediate to the effect of erythromycin (with cut-off of 1–2 µg/mL) (Table 5).

4. Discussion

Preliminary screening of bacterial strains with anti-listerial activity resulted in selec-
tion of 21 isolates. Selection of L. monocytogenes as principal test organism in screening for
producer(s) of antimicrobial metabolites strains was based on relevance of that food-borne
pathogen for human and other animals’ health. L. monocytogenes is highly contagious mi-
croorganisms, able to survive in low pH and under refrigeration, and was listed as having
“zero tolerance” for different food products and by several countries [6,32,35]. All selected
potential bacteriocin producers were pre-identified as Bacillus spp. Different Bacillus strains
are well known as producers of an arsenal of antimicrobial metabolites, including bacte-
riocins, antibiotics, and enzymes [13–19,36–39]. These features are frequently explored
for industrial microbiological applications, and different Bacillus strains are used for large
scale production of antibiotics and enzymes [13,15,16]. Despite the fact that bacteriocin
production by Bacillus spp. is well documented [18,19,36–39], industrial production of such
bacteriocins has not been explored yet. On the other side, Bacillus starter cultures are well
known and applied in the production of different fermented food products in different
regions of Asia and Africa, including soybean paste [40], bikalga, an alkaline fermented
food [40], lanhouin, a traditional fish-based condiment from West Africa [41], kimchi and
chongkukjang from Korean Peninsula [42], and natto, soybean products from Japan [43,44].
Some of these Bacillus starter cultures are described as producers of bacteriocin [18,19] and
antibiotics [15]. On the other hand, application of antimicrobial metabolites produced by
Bacillus spp. in the control of spoilage or pathogenic organisms is well explored in the food
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industry. However, scientific questions are related to the identification and characterization
of the produced antimicrobials and their role in the effective control of spoilage organisms
and pathogens.

From 21 initially selected potential bacteriocin producers, 12 isolates with confirmed
production of antimicrobial metabolites were differentiated based on fingerprinting gener-
ated by RAPD-PCR, grouped in 5 distinct clusters (Figure 1) and were identified as Bacillus
velezensis ST03, Bacillus velezensis ST32, Bacillus amyloliquefaciens ST06, Bacillus amyloliquefa-
ciens ST109, and Bacillus subtilis ST08. Strains belonging to B. velezensis and B. subtilis subsp.
subtilis were previously isolated from kimchi [25,45], even if their role in the production
of this fermented cabbage product is still not very well established [25]. Bacillus spp. are
generally described as soil-related organisms, and their presence in kimchi may most prob-
ably be the consequence of low hygienic practices in the preparation process. On other
side, Bacillus spp. were described as important microbial cultures, taking part in the fer-
mentation processes of traditional fermented food products of plant origin [25,40,45,46].
Still, the putative role of Bacillus strains in the fermentation process of kimchi merits more
precise scientific evaluation.

The ability of the studied Bacillus strains to metabolize different carbohydrate sources
was evaluated based on the API50CHB test (Table 2). These results represent additional rel-
evant information for confirmation differences between the evaluated strains. Furthermore,
the carbohydrate fermentation profile can be applied as important information in the de-
sign of effective and low-cost growth-production media for the production of bacteriocins
in future potential biotechnological applications.

Expression of different enzymes were recorded for the studied strains by APIZym test
(Table 3). Bacillus spp. are known for their biologically active molecules, including enzy-
matic production abilities, and this is well explored by biotechnological industry [13–17].
Specific enzymatic activity can be discussed both as a positive and negative feature. Mon-
tel et al. [47] pointed out that aldehydes, alcohols, and acids derived from the breakdown
of some amino acids (leucine, valine, phenylalanine, and methionine) have a minimal
effect on the sensory quality (i.e., taste and smell) of the fermented products, but can be
more relevant in the reduction of allergenic characteristics of some proteins, and, related
to this, can be considered as beneficial. El Mecherfi et al. [48] suggested the production of
proteolytic and lipolytic enzymes is to be beneficial in the reduction of allergenicity in dairy,
meat, and even gluten in cereal-based products. Park et al. [49] evaluated the production
of lipolytic enzymes of Bacillus strains with regard to their potential application in the de-
velopment of anti-obesity probiotics. George [50] pointed to the fact that β-glucuronidase
is a carcinogenic bacterial enzyme that exerts negative effects on the liver and that such
enzymatic activity needs to be considered with special attention to the safety evaluation of
bacterial cultures.

Based on the bio-molecular approach, studied strains (ST03, ST06, ST08, ST32, and
ST109) generated positive results for the potential production of lichenicidin in B. subtilis
ST08, iturin in B. velezensis ST03, B. amyloliquefaciens ST06, and B. amyloliquefaciens ST109,
subtilosin in B. velezensis ST03, B subtilis ST08, and B. amyloliquefaciens ST109, and surfactin
in all studied Bacillus strains (Table 2). An overview of the literature showed that Bacillus
spp. can be multi-antimicrobial producers. Yang and Chang [51] reported on two bacteri-
ocins of 2.4 and 4.5 kDa produced by B. subtilis MJP1, isolated from meju. Wu et al. [52]
investigated two bacteriocins produced by B. subtilis JM4 isolated from soil in Korea, and
found a molecular mass of 1422.71 and 1422.65 Da, respectively, and differences only in the
seventh amino acid, as determined after purification, mass spectrometry, and amino-acid
sequencing. Salazar et al. [53] reported on two bacteriocins produced by B. amyloliquefaciens
ELI149 isolated from soil in Mexico.

The most widely studied bacteriocins produced by different representatives of the genus
Bacillus are subtilin [54,55] and subtilosin A [56,57]. Some reports focused on the application of
bacteriocins in the control of food spoilage and pathogenic organisms, with producing strains
belonging to B. subtilis, B. cereus, B. thuringiensis, and other Bacillus spp. [58,59]. Most bacte-
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riocins produced by Bacillus spp. strains were classified as class I (lantibiotics), with some
exceptions of a class II pediocin-like bacteriocin, such as coagulin [60].

The ability to produce and express antimicrobial metabolites, including antimicrobial
peptides, needs to be evaluated as an adaptive process, giving selective benefits for better
survival and colonization opportunity to the producing strain. This adaptive ecological
specificity also applies to representative strains of Bacillus spp. Generally, as part of
the soil–plant ecosystem, Bacillus spp. have to compete with several other groups of
organisms, and an arsenal of different antimicrobial metabolites can provide competitive
benefits to a producing strain, resulting in domination in a mixed culture. However, from
a metabolic point, additional research needs to be performed in order to clarify which
specific antimicrobials are expressed and/or in what proportions, based on purification
and mass spectrometry identification and/or following the specific RNA expression related
to appropriate genes involved in the production of reported antimicrobials. Thereby,
it should also be considered that environmental conditions may play a regulatory role in
the expression of these genes, as well as investigating how these processes are regulated.
As suggested by Chikindas et al. [6] investigations should also be directed to information
on activation of these genes either by inhibitory metabolites or whether these bacteriocins
play an additional role in the life cycle of the producer organism(s).

Studied strains were able to express bacteriocins between 800 and 1600 AU/mL when
cultured in MRS broth at 30 ◦C for 24 h, as determined against L. monocytogenes ATCC15313
and against some other test organisms obtained from different collections (Table 1). Most of
the studied antimicrobials showed a narrow spectrum of activity, generally inhibiting only
a few of the test strains. The specificity in the spectrum of activity is one of the principal
differences between these two classes of antimicrobial agents [61,62]. Therefore, these
results suggest that the evaluated strains are expressing bacteriocins rather than antibiotics.

The protein nature is a primary characteristic of bacteriocins, and by definition they are
considered as polypeptides [6,7,32]. However, while some classes of antibiotics are proteins
by nature as well, their final formation is by additional posttranslational modification [61].
In addition, they are characterized as peptides with significantly higher molecular mass
compared to other bacteriocins. Taking into consideration that preparation of the cell-free
supernatant was also included, heat treatment for 10 min at 80 ◦C by larger proteins was
supposed to be inactivated. Thus, the antimicrobials produced by strains ST03, ST06, ST08,
ST32, and ST109 may be considered as typical bacteriocins. However, all tested strains in
this study (ST03, ST06, ST08, ST32, and ST109) remained active after proteolytic enzyme
treatment, albeit with reduced inhibition zones compared to the controls (non-treated
supernatants) pointing that antimicrobial activity may be related to a non-proteinaceous
molecular structure, or partial resistance of bacteriocins (antimicrobial peptide) to the effect
of applied specific proteolytic enzymes. PCR analysis of the DNA from strains ST03, ST06,
ST08, ST32, and ST109 showed evidence for the presence of a surfactin related gene in
all tested Bacillus spp. strains in this study. Most probably the set strains may express
surfactin, a substance that has been previously shown to have antimicrobial activity [29].
Moreover, this is not surprising, since Bacillus spp. are known for their ability to produce a
variety of bioactive metabolites [13–17].

For scientific and technological information, the stability of antimicrobial compounds
at different temperatures, levels of pH, and in the presence of chemicals is a relevant prop-
erty in the characterization of newly isolated metabolites. Interactions with surfactants and
chelating agents can provide information related to the structures of proteins. Moreover,
interaction with common chemical additives applied in the food industry can provide
information about the relevance of application of specific antimicrobial metabolites in food
systems. Thereby, pH and temperature stability are important parameters for the practical
application of such antimicrobials as food additives and preservatives, and are important
characteristics in the development of antimicrobials for human and veterinary applica-
tions. Antimicrobials produced by the strains ST03, ST06, ST08, ST32, and ST109 generally
presented stability of the activity after being exposed to the effect of different pH levels
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(pH of 2.0–10.0) and temperatures (30–100 ◦C, respectively, up to 120 min, and at 121 ◦C for
20 min). In addition, their stability was not affected notably in the presence of 10 mg/mL
of Tween 20, Tween 80, NaCl, SDS, EDTA, milk, or glycerol, respectively. Stability in the
presence of different chemicals, exposure to temperatures, and various levels of pH has
been reported for numerous bacteriocins produced by LAB and Bacillus spp. [54–57].

Only ST03, ST09, and ST32 tested positive for β-hemolysis. Moreover, results from
PCR analysis targeting hblA, hblB, hblC, nheA, nheB, and nheC showed that strains B. subtilis
ST08 can carry hblC and nheC and B. amyloliquefaciens ST109 was positive for nheB (Table 4).
However, in order to be considered as positive for expression of hemolysin, a strain needs
to be positive for hblA, hblB, and hblC. For expression of non-hemolytic enterotoxin(s),
a strain needs to carry nheA, nheB, and nheC genes. Safety evaluation is a priority in the
evaluation of beneficial organisms. As part of these tests, hemolytic activity is considered as
an important virulence factor and a key in the safety evaluation of newly isolated bacterial
cultures towards their characterization as beneficial organisms. Hemolytic activity can play
a role in pathogenesis of harmful bacteria and was associated with anemia or edema in the
host based on facilitating acquisition of iron to the pathogen [63].

Only ST109 from all five tested strains generated positive results for gelatinase activity.
Production of the gelatinase enzyme is considered as a virulence factor in the evaluation
of safety of beneficial organisms, being related to the ability to hydrolyze collagens and
thereby maybe directly involved in the initiation of inflammatory responses [64]. Barbosa
et al. [64] reported in a study evaluating 76 enterococcal cultures that high numbers of them
(26%) were gelatinase producers. Franz et al. [65] previously reported similar observations
in the evaluation of safety for different beneficial cultures.

Biogenic amines are typically formed as decarboxylation products of amino acids.
For strains ST03, ST06, ST08, ST32, and ST109, we have recorded production of all 4 tested
biogenic amines, histamine, tyramine, putrescine, and cadaverine, derived from histidine,
tyrosine, ornithine, and lysine, respectively. Production of biogenic amines is an important
safety concern, and is frequently associated with the presence of food spoilage organ-
isms [66,67], but are also commonly produced during fermentation [68,69]. Uptake of high
levels of biogenic amines, and especially of histamine and tyramine, can result in health is-
sues and be associated with severe symptoms such as abdominal pain, diarrhea, headache,
hypertension, migraine, and possibly other neurological complications [70]. Characteri-
zation of the strains ST03, ST06, ST08, ST32, and ST109 as producers of biogenic amines
may compromise their application as beneficial cultures. On the other hand, appropriate
detection and quantification of the levels of biogenic amines need to be clearly assessed
in the products (kimchi) from where these strains were isolated in order to compare levels
of the produced biogenic amines in the fermented food products with the international
safety standards.

Biogenic amines are considered as toxic compounds and their levels in food prod-
ucts should not exceed specific levels (histamine, 100 mg/kg; tyramine, 100–800 mg/kg;
β-phenylethylamine, 30 mg/kg; total biogenic amines, 1000 mg/kg) [71,72]. Some polyamines
such as putrescine and cadaverine were reported to potentially have toxic consequences when
present in food [71], especially for sensitive persons. The ability of the specific strain to produce
biogenic amines is genetically determined; however, it is dependent on the specific growth
conditions and presence of precursors for this production. Levels of expression of specific
genes by studied strains and levels of accumulation of biogenic amines in the food products
need to be evaluated in the future to confirm if this will generate a concern issues related to
safety of studied strains.

Protein metabolism and formation of different free amino acids and/or small peptides
were intensively studied in different groups of microorganisms and their role as spoilage
or beneficial processes were evaluated [73–75]. Atanasova et al. [73] reported on the role
of starter cultures in the formation and free amino acids and different bioactive peptides
in cheeses fermented with Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus
thermophilus; Stribny et al. [74] detailed the evaluated role of Saccharomyces spp. in the

166



Fermentation 2021, 7, 56

production of aroma-related higher alcohols and acetate esters in metabolism of amino acid
precursors; Perea–Sanz et al. [75] investigated the involvement of Debaryomyces hansenii
in the production of volatile sulfur compounds from sulfur amino acids and the related
metabolic pathway in different strains from food origins. Different bacterial cultures can
play an essential role as starters in the formation of organoleptic characteristics of the final
products; however, they can be stated as spoilage, when they were leading to formation of
unpleasant or toxic metabolites, including different sulfur compounds or biogenic amines.

Some of types of kimchi can contain additional ingredients, and high levels of proteins
and free amino acids can be recorded, and as consequence of fermentation processes,
accumulation of biogenic amines may occur during kimchi preparation [76]. Kimchi is a
highly popular side dish in the Korean Peninsula and, besides different beneficial properties,
its safety evaluation has been the subject of different studies, including the presence of
biogenic amines and their quantification in the final, ready-to-eat products [77–80].

No evidence for the presence of vanA, vanB, vanC, vanD, vanE,or vanG was recorded in
the studied Bacillus strains (Table 4). Based on the in vitro test with vancomycin, all tested
Bacillus strains were susceptible with cut-off values of 0.5 µg/mL, suggesting their sus-
ceptibility according to the recommendations of CLSI (≤4 µg/mL) and EFSA (4 µg/mL)
(Table 5). Moreover, additional results regarding the interaction of the studied Bacillus
strains and selected antibiotics are summarized in Table 5.

Kang et al. [81] reported on the isolation of LAB from kimchi and the identification of
high levels of tetracycline resistance. Ten out of 50 different batches of kimchi were sources
of isolation of antibiotic-resistant LAB with MICs of tetracycline ranging between 25 and up
to higher than 100 µg/mL, in addition to the identification of specific genetic determinants
as well [81]. Kang et al. [81] even alarmed that “kimchi can be considered as a potential
vehicle for the spread of antibiotic-resistant lactic acid bacteria along the food chain to
the consumers”. Antibiotic resistance is a highly relevant topic in the safety evaluation of
beneficial organisms. The possible spread of antibiotic-resistant genes between beneficial
organisms and pathogens or other inhabitants of the gastro intestinal tract (GIT) is a justified
argument in discussing the safety features of probiotics and starter cultures. However,
Suvorov [82] pointed out that scenarios of horizontal transfer of antibiotics resistance genes
in Enterococcus spp. are most probably somewhat exaggerated, and deeper studies on this
topic need to be conducted. On the other side, present knowledge is pointing to the fact
that strains carrying antibiotic resistance factors need to be considered as a potential hazard,
and according EFSA and CLSI recommendations, such strains should not be recommended
for application as starter cultures or as live probiotics.

5. Conclusions

Different bacteriocinogenic Bacillus strains were isolated from kimchi. Bacteriocin
production is generally considered as a beneficial property by which starter cultures
may have selective advantage in a mixed population for conquering an ecological niche.
This may also include inhibition and elimination of sensitive pathogenic bacterial strains.
However, when bacteriocinogenic strains are characterized to carry virulence or antibiotic
resistance determinants, or found to possess virulence characteristics, then production
of antimicrobial peptides may be considered as enhancing factors of virulence potential.
The presence of strains with hemolytic activity in kimchi needs to be regarded as undesired
and a potential health hazard to the consumers. On other side, antimicrobial properties
of the strains may serve as basis for the development of appropriate biotechnological
processes, and for exploring the application of the expressed antimicrobials.
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Abstract: Although results of recent studies suggest that fermented foods strongly affect the gut
microbiota composition and that they relieve inflammatory bowel disease symptoms, some reports
have described that fermented foods increase some inflammation markers based on differences
in fermented food materials. This study evaluated the effects of fermented plant extract (FPE) on
dextran sulfate sodium (DSS)-induced colitis in mice and the effects on fecal microbiota composition
in humans. Mice fed 5% FPE with 3% DSS (FPE group) showed no body weight loss, atrophy of
colonic length, or bloody stool, similar to mice fed a basal diet (negative group), whereas mice
fed 3% DSS (positive group) exhibited those effects. Concentrations of inflammation markers IL-6
and TNF-α were not significantly different between FPE and negative groups; however, those
concentrations became higher in the positive group. 16S ribosomal RNA gene sequencing was used
to characterize fecal microbiota in healthy women before and after 3-month FPE supplementation.
The FPE supplementation induced increases in Firmicutes phyla and in Clostridiales order, which play
a central role in inflammation suppression. These results suggest that FPE enhances Clostridiales
growth in the gut and that it has an anti-inflammatory effect.

Keywords: fermented plant extract; microbiota; dextran sulfate sodium; inflammatory; Clostridiales

1. Introduction

Inflammatory bowel disease, as typified by diseases such as ulcerative colitis and
Crohn’s disease, affects the gastrointestinal tract. No satisfactory treatment has been
found because its causes remain unidentified. Moreover, the Japanese Ministry of Health,
Labor, and Welfare has specified these diseases as intractable diseases. The number of
patients with these diseases has been increasing in Japan [1,2]. Lack of dietary fiber and the
consumption of western foods are implicated as reasons. Actually, dietary changes alter gut
microbiota composition. In fact, dysbiosis and disruption of immunological homeostasis
have been associated with inflammatory diseases [3–13] because the gut microbiota affects
immunologic, nutritional, and metabolic processes of the human body [14], indicating that
diet strongly affects inflammatory bowel disease.

Functional foods are part of the human diet. They have been demonstrated to provide
health benefits and to decrease the risk of chronic diseases beyond those provided by
adequate nutrition [15]. Functional foods include naturally occurring bioactive substances,
supplemented bioactive substances, and derived food ingredients. Especially, specialized
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ingredients in functional foods promoting the growth or activity of specific bacteria, such
as Lactobacillus and Bifidobacterium genera, have been specifically examined as prebiotics.
Recent scientific advances show that modifying the bacterial composition of the intestinal
ecosystem induces functional changes such as the host physiology [16–19]. A diet with
greater amounts of dietary fiber increases the composition of Clostridiales in mice. This
is a dominant class of commensal microbes that produces butyric acid to induce colonic
regulatory T (Treg) cells, which play a central role in suppressing inflammatory and allergic
responses [20–22]. Therefore, it is crucially important to evaluate foods to ascertain whether
they increase the composition of bacteria that produce bioactive molecules.

Fermented foods have been a fundamentally important part of the human diet for
centuries in most parts of the world. Fermented foods of many types are produced from
animal and plant materials, some of which have the potential to provide additional health
benefits through fermentation as functional foods [23,24]. Some fermented foods have
beneficial immune, glycemic, and anti-inflammatory activities [25–28], whereas other
fermented foods increase some inflammation markers [29]. These results indicate the
necessity for assessment of each fermented food to assess its health-promoting activities
because of differences in the materials and microbes used for fermentation.

For this study, we used a fermented plant extract (FPE) produced from whole plants
to examine the effects on dextran sulfate sodium (DSS)-induced colitis in a mouse model.
Bloody stools and atrophy of colonic length were not observed. The TNF-α and IL-6 con-
centrations were suppressed by FPE supplementation. Subsequently, 16S rRNA amplicon
sequencing revealed that the composition of Clostridiales order had increased significantly
in the fecal samples of young women after 3-month FPE supplementation with daily diet.

2. Materials and Methods
2.1. Preparation of Fermented Plant Extract

Whole fruits and vegetables with peels and seeds were minced and extracted using
muscovado sugar in separate barrels (Table S1). For animal experimentation, the extracts
were mixed with mushroom, pulse, cereals, seaweed, and decoction of loquat leaves, to
make a starting material of 75 kinds, consisting of 50.0% of sugar, 23.9% of fruits, 15.6% of
vegetables and wild herbs, 2.0% of mushrooms, 1.8% of seaweed, and 6.7% of pulse and
cereals. Lactic acid bacteria, Lactiplantibacillus pentosus, L. plantaru, Pediococcus pentosaceus,
P. acidilactici, Lacticaseibacillus paracasei, L. casei, Lactococcus lactis, Latilactobacillus curvatus,
Leuconostoc mesenteroides, and Levilactobacillus brevis were added to the starting material
and fermented at room temperature. After three year-fermentation and maturation, the
fermented extract was strained and heated at 80 ◦C for 10 min to obtain FPE. pH, water
content, and brix of were 3.8–4.8, 33–39%, and 59–65%, respectively. For microbiota
analyses, the materials, which were acceptable for exporting to international countries,
were mixed to make a starting material of 40 kinds, consisting of 42.0% of sugar, 24.6%
of fruits, 19.4% of vegetables and wild herbs, 5.0% of mushrooms, 3.0% of seaweed, and
6.0% of pulse and cereals. The mixture was fermented using the same lactic acid bacteria
and method as that described above. pH, water content, and brix of the fermented extract
were 3.8–4.5, 34–42%, and 57–62%, respectively. As an FPE package, 5 g of the mixture,
consisting of 40% of FPE, 59% of apple extract, and 1% of plum juice, was packed in an
aluminum bag. The mixture was prepared to consist of 43.8% of apple juice, 26.3% of sugar,
29.0% of dextrin, and 0.9% of caramel color. Then, 5 g of the mixture was packed in an
aluminum bag as a placebo package.

2.2. Animals

Male BALB/c mice were purchased from CLEA Japan, Inc. (Tokyo, Japan). They were
kept under standard conditions in a room at 21–24 ◦C with a constant 12 h light/dark cycle.
The ethics committee of Sonoda Women’s University approved the experiments, which
were performed in accordance with relevant guidelines and regulations.
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2.3. Induction of Colitis

Five-week-old mice were divided into three groups: a negative group (n = 8), a positive
group (n = 8), and an FPE group (n = 8). The positive group was fed diet with 3% dextran
sulfated sodium 5000 (DSS) solution. The FPE group was fed diet containing 5% FPE
with 3% DSS solution. The negative group was fed diet with water for 7 days. The diet
composition provided to each group is presented in Table S2.

2.4. IL-6 and TNF-α Assays

IL-6 and TNF-α concentrations in mouse sera were found using Mouse IL-6 Assay
Kit (Immuno-Biological Laboratories Co., Ltd., Gunma, Japan) and Quantikine ELISA
Mouse TNF-α Kit (R&D Systems, Minneapolis, MN, USA), respectively, according to the
instructions of the manufacturers.

2.5. Dietary Supplementation and Fecal Collection

We recruited 20 healthy women (age of 20–24 years, 21.4 ± 1.2 years) from the School
of Human Sciences, Kobe College. All participants gave written, informed consent before
participating in the study. This study was approved by the review board of Kobe College.
Participants were assigned randomly into two groups. Participants in the FPE group were
administered one FPE package three times after meals every day for 3 months in addition
to their habitual diet. Participants in the placebo group were administered one placebo
package in the same way as that of FPE group. No dietary restriction was instructed on
participants. Participants collected fecal materials before and after 3-month administration.
The materials were suspended in a solution (DNA/RNA ShieldTM; Zymo Research Corp.,
Irvine, CA, USA).

2.6. Microbial DNA Extraction

Total microbial DNA was extracted from each fecal suspension using a kit (Quick-
DNATM Fecal/Soil Microbe Miniprep; Zymo Research Corp., Irvine, CA, USA) according to
the manufacturer’s instruction. The DNA samples were examined using a spectrophotome-
ter (Nanodrop ND-1000; Thermo Scientific, Waltham, MA, USA) by measuring absorbance
values at 260 and 280 nm.

2.7. 16S rRNA Gene Sequencing

The V3–V4 region of the microbial 16S rRNA gene in each DNA sample was ampli-
fied by PCR using the universal primer set 341F/806R according to a protocol described
elsewhere [30]. A dual-indexing amplification and sequencing approach was used. The
resulting amplicons were purified and subjected to sequencing with 2 × 301 bp paired-end
reads on the MiSeq systems (Illumina, Inc., San Diego, CA, USA) using MiSeq v3 reagent kit
(Illumina) according the protocols described by Illumina (https://jp.support.illumina.com/
content/dam/illumina-support/documents/documentation/chemistry_documentation/
16s/16s-metagenomic-library-prep-guide-15044223-b.pdf, accessed on 5 April 2021). The
raw sequence data quality was checked using the FastQC quality-control tool (Babraham
Bioinformatics, Cambridge, United Kingdom; http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/, accessed on 5 April 2021). The datasets were analyzed with QIIME
1.9.1 pipeline (Quantitative Insights Into Microbial Ecology; http://qiime.org, accessed on
5 April 2021) using GreenGenes 13.5 [31].

2.8. Statistical Analysis

Data analysis was performed using the analysis of Bonferroni’s multiple comparison
test and Student’s t-test, with a statistical significance set at p < 0.05.
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3. Results and Discussion
3.1. Anti-Colitis Effect of FPE in Mice

Plant materials of fermented foods, such as asparagus, garlic, chicory, onion, wheat,
barley, rye, soybean, peas, beans, banana, tomato, seaweeds, and microalgae, contain
lactulose, galactooligosaccharides, fructooligosaccharides, inulin, maltoorogosaccharides,
and resistant starch, known as ‘’prebiotics”, adversely affect the growth and activity of
specific bacteria producing immunomodulatory products, particularly a short-chain fatty
acid such as butyric acid. In addition, fermentation of these materials produces novel
bioactive compounds working as prebiotics [25–28,32]. Therefore, we specifically examine
the potential of plant materials and the produced FPE. FPE produced from extract of
75 kinds was rich in phytochemicals such as dietary fiber and polyphenol, and physiological
function such as anti-oxidative, anti-inflammatory, and anti-allergy activities [33].

To assess the anti-colitis effects of FPE, acute colitis was induced by DSS feeding
for 7 days to evaluate the effects of FPE on gut inflammation. The daily dietary intakes
of negative group, positive group, and FPE group, which were, respectively, 2.1 ± 0.2,
1.8 ± 0.2, and 2.0 ± 0.3 g/day, were not found to be significantly different. The positive
group was found to have significantly reduced body weight after 7-day DSS administration
(21.9 ± 0.31 g) compared with results found for the negative group (24.6 ± 0.48 g), although
the FPE group was found to have no significant difference in body weight (23.5 ± 0.41 g)
compared with the negative group (Figure S1). The bloody stool appeared at 5 days after
DSS administration in the positive group. Its color was brown. It progressed at 6 and 7 days.
The color was red. In contrast, the bloody stool found in the FPE group was not observed
as it was in the negative group, whereas the fecal color of the FPE group was black (Table 1).
The colon length in the positive group (5.9 ± 0.17 cm) was significantly shorter than that
in the negative group (8.3 ± 0.24 cm), but the FPE group exhibited no difference in the
colon length, which was 7.7 ± 0.21 cm compared with the negative group (Figure 1 and
Figure S2). The concentrations of IL-6 and TNF-α, inflammatory cytokines, and markers of
inflammation were increased significantly, five-fold and four-fold, respectively, compared
with the negative group after 5-day DSS administration. However, those in the FPE group
were not significantly different from those in the negative group (Figure 2). These results
demonstrate that our FPE has an anti-inflammatory effect on DSS-induced mouse colitis.

Table 1. Blood stool score of feces.

Day after DSS
Administration Negative Group Positive Group FPE Group

4 - - - (BK)
5 - + - (BK)
6 - ++ - (BK)
7 - ++ - (BK)

-, normal; +, brown bloody stool; ++, red bloody stool; BK, black color.
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3.2. Change of Gut Microbiota Composition in Human

To investigate changes of gut microbiota composition attributable to dietary supple-
mentation of FPE, FPE was produced from extracts of 40 kinds, of which plant materials
were included in those of 75 kinds and total content of fruits, vegetables, and wild herbs,
which are sources of prebiotic [34], was 44% in extract of 40 kinds and dietary fiber was 4.6
g/100 g extract in FPE from extracts of 40 kinds, while total content of them in extract of
75 kinds was 39.5% and FPE from extract of 75 kinds contained 1.9 g dietary fiber/100 g
extract. FPE from extract of 40 kinds contained same kinds of nutritional compounds
such as amino acid and organic acid as FPE from extract of 75 kinds (Table S3). Each of
20 participants supplemented one FPE package or placebo package was administered three
times after meals every day for 3 months. The changes of body weight, body fat mass,
muscle mass, and body mass index (BMI) of the FPE group after 3-month administration
were not significantly different from those of the placebo group (Figure S3). Based on data
collected through a questionnaire, the scores of health conditions of both the FPE group and
the placebo group after 3-month administration were not significantly different compared
with those before administration. These results indicate that FPE supplementation did not
affect health or physical condition.

Microbial DNA was isolated from fecal samples collected from FPE and placebo
groups before and after 3-month administration. The DNA sequencing of the V3–V4 am-
plicons from 40 samples revealed 5,295,873 paired-end sequence reads with an average
of 132,397 reads per sample. After filtering to eliminate poor quality sequences, finally
4,890,551 sequences with an average of 122,264 reads per sample were generated. The
composition of bacterial phyla in feces of the FPE group before supplementation was not
significantly different from that of the placebo group, of which Firmicutes was the most
abundant, followed by Bacteroidetes and Actinobacteria. After 3 months of supplementation,
the composition of Firmicutes in the FPE group increased along with reduction in Bac-
teroidetes. It was found to be significantly different from that in the placebo group (p = 0.001)
(Table 2, Figure S4). Reportedly, dietary fiber can be designed to favor beneficial bacterial
groups; certain Firmicutes access insoluble matrix fibers and resistant starch [35,36]. Plant
materials in FPE, which contain fiber, starch, and oligosaccharides, can induce Firmicutes
phyla in the gut. At the bacterial order level, the composition of Clostridiales, 39.0 ± 1.8%,
increased significantly to 43.6 ± 2.5% after 3-month administration (p = 0.03) in the FPE
group, whereas those in the placebo group before and after 3 months were 37.8 ± 1.6%
and 38.0 ± 2.1%, respectively (Figure 3, Table S4). Clostridiales order in FPE group after
3-month administration consisted of 49% of Lachnospiraceae family and 33% of Ruminococ-
caceae family, which produce butyric acid [37,38]. Clostridiales induces colonic Treg cells
and generates short-chain fatty acid, butyric acid, by fermentation of dietary fiber [39,40].
Butyric acid promotes to increase the expression of IL-10 in Treg cells and inhibits the
activation of the transcription factor, NF-κβ, in gut cells. Increase of IL-10 in Treg cells
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and decrease of NF-κβ lead the intestinal immune homeostasis, suppressing systemic
and mucosal immune activation to control intestinal inflammation and contributing to
maintaining tolerance towards gut microbiota [20–22,41]. Taken together, results show that
FPE enhances Clostridiales growth in the gut and show that it has an anti-inflammatory
effect on colitis.

Table 2. Microbiota composition at the phyla level in feces of placebo and fermented plant extract
(FPE) groups before and after 3 month-administration (%).

Phyla Placebo Group FPE Group

0 Month 3 Months 0 Month 3 Months

Actinobacteria 16.3 ± 1.7 15.8 ± 1.7 16.8 ± 1.8 15.5 ±1.1
Bacteroidetes 36.1 ± 1.3 35.7 ± 1.5 32.2 ± 2.6 31.3 ± 1.2
Cyanobacteria 0 0 0.1 ± 0.1 0

Firmicutes 43.1 ± 1.5 42.6 ± 2.1 46.7 ± 1.5 50.2 ± 1.5 **
Fusobacteria 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1

Lentisphaerae 0 0.1 ± 0.1 0.3 ± 0.2 0
Nitrospirae 0 0 0 0

Proteobacteria 3.7 ± 1.6 2.2 ± 0.4 3.7 ± 0.9 2.7 ± 0.5
Spirochaetes 0 0 0 0
Synergistetes 0 0 0 0

TM7 0 0 0 0
Tenericutes 0 0.3 ± 0.3 0 0

Verrucomicrobia 1.5 ± 1.4 3.2 ± 2.1 0 0
** p < 0.01, assessed using Student’s t-test.
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Inflammatory bowel disease is generally treated with medicine. Lifestyle habits, par-
ticularly diet, have been implicated in the pathogenesis of inflammatory bowel disease [42].
Dietary therapy is assumed to lack life-threatening and severe side effects. However, a
low-fat diet or a rich-fiber diet takes time and effort to prepare. Our study demonstrated
that the daily diet supplemented with FPE directly prevented inflammation and changed
the microbial composition in the gut, especially the increase of Clostridiales order, which
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plays a central role in suppressing inflammation, suggesting that FPE could improve the
quality of human life against inflammatory bowel disease.

4. Conclusions

The daily diet was supplemented with FPE. Mice fed FPE with DSS for 7 days showed
no body weight loss, atrophy of colonic length, or bloody stool. The concentrations of
inflammation markers IL-6 and TNF-α did not increase in the mice, demonstrating that
FPE supplementation suppressed inflammation. The microbiota composition in feces from
humans eating a diet supplemented with FPE for 3 months showed increased Clostridiales
order, which produces short-chain fatty acids to suppress inflammation. These results
indicate that FPE supplementation could enhance Clostridiales growth in the gut and
indicate that it can have anti-inflammatory effects on colitis.
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10.3390/fermentation7020055/s1. Table S1: Materials of FPE for animal and human. Table S2:
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FPE produced from 40 kinds of extracts. Table S4: Microbiota composition at the order level in feces
of placebo and FPE groups before and after 3 month-administration (%). Figure S1: Body weight
of mice after 7-day administration. The values are expressed as means ± SEM (n = 8). * p < 0.05,
assessed using Bonferroni’s multiple comparison test. Figure S2: Colon length of mice after 7-day
administration. Figure S3: Change of body weight (A), fat mass (B), muscle mass (C), BMI (D), and
health condition (E) of FPE group or placebo group. Values are expressed as means ± SD (n = 8)
assessed using Student’s t-test. Figure S3: Microbiota composition at the phyla level in feces of
placebo and FPE groups before and after 3-month administration.

Author Contributions: M.S.: Conceptualization, Formal analysis, Investigation, Methodology,
Writing—original draft, review and editing. T.W.: Conceptualization, Formal analysis, Investigation,
Methodology, Writing—review and editing. M.T.: Conceptualization, Formal analysis, Investigation,
Methodology, Writing—review and editing. K.S.: Formal analysis, Investigation, Methodology. T.M.:
Resources, Writing—review and editing. N.M.: Resources, Writing—review and editing. S.S.: Re-
sources, Methodology. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study. It
was conducted according to legally established internal rules based on research ethics recommenda-
tions and with the informed consent of all study participants.

Informed Consent Statement: Informed consent was obtained from all study participants.

Data Availability Statement: The data described as a result of this study are available in the article
and Supplementary Materials.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Okabayashi, S.; Kobayashi, T.; Hibi, T. Inflammatory bowel disease in Japan—Is it similar to or different from Westerns? J. Anus

Rectum Colon 2020, 4, 1–13. [CrossRef]
2. Japan Intractable Diseases Information Center. [Ulcerative Colitis (Designated Intractable Disease No. 97)]. Available online:

https://www.nanbyou.or.jp/entry/62 (accessed on 5 April 2021). (In Japanese).
3. Bäckhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.F.; Gordon, J.I. The gut microbiota as an

environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004, 101, 15718–15723. [CrossRef]
4. Wang, J.; Linnernbrink, M.; Künzel, S.; Fernandes, R.; Nadeau, M.J.; Rosenstiel, P.; Baines, J.F. Dietary history contributes to

enterotype-like clustering and functional metagenomic content in the intestinal microbiome of wild mice. Proc. Natl. Acad. Sci.
USA 2014, 111, 2703–2710. [CrossRef]

5. Willing, B.; Vörös, A.; Roos, S.; Jones, C.; Jansson, A.; Lindberg, J.E. Changes in faecal bacteria associated with concentrate and
forage-only diets fed to horses in training. Equine Vet. J. 2009, 41, 908–914. [CrossRef]

6. Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R. Changes in gut microbiota con-
trol metabolic endotoxemia-induced infammation in high-fat diet-induced obesity and diabetes in mice. Diabetes 2008, 57,
1470–1481. [CrossRef]

178



Fermentation 2021, 7, 55

7. Delzenne, N.M.; Cani, P.D. Gut microbiota and the pathogenesis of insulin resistance. Curr. Diab. Rep. 2011, 11,
154–159. [CrossRef]

8. Turnbaugh, P.J.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, C.A.; Ley, R.E.; Sogin, M.L.; Jones, W.J.; Roe, B.A.; Affourtit,
J.P.; et al. A core gut microbiome in obese and lean twins. Nature 2009, 457, 480–484. [CrossRef]

9. Belkaid, Y.; Hand, T.W. Role of the microbiota in immunity and infammation. Cell 2014, 157, 121–141. [CrossRef]
10. Cani, P.D.; Osto, M.; Geurts, L.; Everard, A. Involvement of gut microbiota in the development of low-grade inflammation and

type 2 diabetes associated with obesity. Gut Microbes 2012, 3, 279–288. [CrossRef]
11. Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C.; et al.

Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761–1772. [CrossRef]
12. Fecteau, M.E.; Pitta, D.; Vecchiarelli, B.; Indugu, N.; Kumar, S.; Gallagher, S.C.; Fyock, T.L.; Sweeney, R.W. Dysbiosis of the Fecal

Microbiota in Cattle Infected with Mycobacterium avium subsp. paratuberculosis. PLoS ONE 2016, 11, e0160353.
13. Ley, R.E.; Bäckhed, R.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut microbial ecology. Proc. Natl.

Acad. Sci. USA 2005, 102, 11070–11075. [CrossRef] [PubMed]
14. Sommer, F.; Backhed, F. The gut microbiota—Masters of host development and physiology. Nat. Rev. Microbiol. 2013, 11, 227–238.

[CrossRef] [PubMed]
15. Grajek, W.; Olejnik, A.; Sip, A. Probiotics, prebiotics and antioxidants as functional foods: A review. Acta Biochim. Pol. 2005, 52,

665–671. [CrossRef]
16. Backhed, F.; Ley, R.E.; Sonnenburg, J.L.; Peterson, D.A.; Gordon, J.I. Host-bacterial mutualism in the human intestine. Science

2005, 307, 1915–1920. [CrossRef]
17. Manson, J.M.; Rauch, M.; Gilmore, M.S. The commensal microbiology of the gastrointestinal tract. Adv. Exp. Med. Biol. 2008,

635, 15–28.
18. McCracken, V.J.; Lorenz, R.G. The gastrointestinal ecosystem: A precarious alliance among epithelium, immunity and microbiota.

Cell Microbiol. 2001, 3, 1–11. [CrossRef]
19. Lievin-Le Moal, V.; Servin, A.L. The front line of enteric host defense against unwelcome intrusion of harmful microorganisms:

Mucins, antimicrobial peptides, and microbiota. Clin. Microbiol. Rev. 2006, 19, 315–337. [CrossRef]
20. Furusawa, F.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.; Kato,

T.; et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 2013, 504,
446–450. [CrossRef]

21. Atarashi, K.; Tanoue, T.; Oshima, K.; Suda, W.; Nagano, Y.; Nishikawa, H.; Fukuda, S.; Saito, T.; Narushima, S.; Hase, K.; et al. Treg
induction by a rationally selected mixture of Clostridia strains from the human microbiota. Nature 2013, 500, 232–236. [CrossRef]

22. Atarashi, K.; Tanoue, T.; Shima, T.; Imaoka, A.; Kuwahara, T.; Momose, Y.; Cheng, G.; Yamasaki, S.; Saito, T.; Ohba, Y.; et al.
Induction of colonic regulatory T cells by indigenous Clostridium species. Science 2011, 331, 337–341. [CrossRef]

23. Marco, M.L.; Heeney, D.; Binda, S.; Cifelli, C.J.; Cotter, P.D.; Foligné, B.; Ganzle, M.; Kort, R.; Pasin, G.; Pihlanto, A.; et al. Health
benefits of fermented foods: Microbiota and beyond. Curr. Opin. Biotechnol. 2017, 44, 94–102. [CrossRef] [PubMed]

24. Bell, V.; Ferrao, J.; Fernandes, T. Nutritional guidelines and fermented food frameworks. Foods 2017, 6, 65. [CrossRef]
25. Moussa, L.; Bézirard, V.; Salvador-Cartier, C.; Bacquié, V.; Lencina, C.; Lévêque, M.; Braniste, V.; Ménard, S.; Théodorou, V.;

Houdeau, E. A low dose of fermented soy germ alleviates gut barrier injury, hyperalgesia and faecal protease activity in a rat
model of inflammatory bowel disease. PLoS ONE 2012, 7, e49547. [CrossRef]

26. Bondia-Pons, I.; Nordlund, E.; Mattila, I.; Katina, K.; Aura, A.M.; Kolehmainen, M.; Orešič, M.; Mykkänen, H.; Poutanen, K.
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Abstract: Although high-fat and high-salt diets are considered risk factors for hypertension, the
intake of salty soybean-based fermented foods has beneficial effects. This study explored the potential
of Chinese traditional fermented soy sauce (CTFSS) in preventing hypertension by analyzing its
effects on adipogenesis and the renin-angiotensin-aldosterone system (RAAS). Male Sprague-Dawley
(SD) rats were divided into four groups (n = 6): normal diet (ND), high-fat diet (HD), high-fat diet
with saline (HDS, NaCl-8%), and high-fat diet with Chinese traditional soy sauce (HDCTS, NaCl-
8%). Each group is administrated 12 weeks by oral gavage as 10 mL/kg dose, respectively. CTFSS
supplementation resulted in significantly lower body weight, epididymal fat weight, and systolic
blood pressure. Additionally, it decreased the serum total cholesterol (TC), triglyceride (TG), alanine
aminotransferase (ALT), aspartate aminotransferase (AST), renin, angiotensin II (Ang II), angiotensin-
converting enzyme (ACE), and aldosterone levels. It also increased the urinary volume and improved
sodium and potassium ion balance. The gene levels showed significant enhancements in the mRNA
levels of renin-angiotensin-aldosterone system-related and adipogenesis-related genes. In addition,
CTFSS may prevent hypertension-associated kidney injury. Therefore, this study demonstrates that
CTFSS has no harmful effects on hypertension. In contrast, the beneficial effects of CTFSS intake in
ameliorating hypertension were shown.

Keywords: soy sauce; salt; hypertension; adipogenesis; renin-angiotensin-aldosterone system

1. Introduction

Hypertension is a growing public health challenge worldwide. It affects approximately
40% of the world population over the age of 25, and by 2025, the global prevalence of
hypertension will increase by 60%, and cardiovascular disease (CVD) is becoming an
increasingly common health problem worldwide [1]. Hypertension can induce more than
half of the coronary heart disease burden, leading to premature death [2]. A high-salt and
high-fat diet is an important risk factor for hypertension, atherosclerosis, and coronary
heart disease [3]. The World Health Organization (WHO) recommends less than 5 g/day
salt intake, whereas the Chinese Nutrition Society (CNS) recommends a salt intake of
less than 6 g/day. However, the daily salt intake in Chinese population is approximately
10.5 g/day. Long-term intake of large amounts of sodium can easily lead to the retention
of sodium and water, leading to increased blood pressure [4]. Obesity is a metabolic
syndrome, which accounts for hypertension in approximately 72% of men and women [5].
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High-fat diet may increase lipid levels and promote angiotensinogen (AGT) produc-
tion by adipocytes, leading to renin-angiotensin-aldosterone system (RAAS) activation [6,7].
High-fat diet-fed mice showed increased expression of angiotensin II (Ang II), angiotensin-
converting enzyme (ACE), and aldosterone in the kidney, indicating increased RAAS
activity [8]. High sodium intake leads to RAAS dysfunction, and hypertension is associated
with activated RAAS [9]. High salt sensitivity has been shown to lead to obesity and
vascular dysfunction via RAAS activation [10]. Salt increases the metabolites involved in
the RAAS, such as aldosterone synthase (Cyp11b2) and mineralocorticoid receptor (MR),
and promotes rising serum aldosterone levels, sodium retention and volume expansion,
renal disease, and elevated blood pressure [11,12]. High-salt diets accelerate hypertension
and renal inflammation/injury in male rats such as low-grade renal histological injury,
glomerular hyaline casts, interstitial fibrosis (peritubular), glomerular sclerosis, tubular
atrophy [13].

Soy sauce originated in China over 2500 years ago. Presently, soybean-fermented foods
are popular worldwide, especially in most East Asian countries [14]. Soybean fermentation
can increase the content of isoflavones in aglycones, thereby increasing the bioavailability
of isoflavones [15]. Koji is made from wheat and soybeans fermented with Aspergillus
oryzae and is essential for the production of Chinese traditional fermentation soy sauce
(CTFSS) [16]. A placebo-controlled double-blind trial showed that supplementation with
koji decreased systolic and diastolic pressure significantly in patients with hypertension [17].
Other than just a seasoning, soy sauce is also a potential functional food with anti-obesity
and anti-hypertensive effects. In previous studies, soy sauce intake was found to alter the
fat metabolism of Caenorhabditis elegans [18]. Traditional Korean soy sauce can ameliorate
hypertension in rats [19].

The RAAS is a hormonal cascade that functions in the homeostatic control of arterial
pressure, and the imbalance of the RAAS is crucial in the pathogenesis of cardiovascular
and renal disorders [20]. Salty fermented soybean foods, such as Japanese soy sauce, can
effectively inhibit ACE activity, thereby regulating blood pressure [21]. Korean soy sauce is
manufactured using meju, unlike its Chinese counterpart. Although there are differences in
the manufacturing methods of Chinese soy sauce and Korean soy sauce, the fermentation
bacteria are similar, and all the fermented metabolites contain lactic acid bacteria and
Bacillus [22,23]. Chinese soy sauce and Japanese soy sauce were prepared using the same
method [24]. However, consumption of Japanese soy sauce does not increase the blood
pressure [25]. Most studies on Chinese soy sauce have focused on analysis of aroma and
composition content. However, research on the functionality of Chinese fermented soy
sauce is limited. We hypothesized that the intake of Chinese traditional soybean-fermented
foods has a regulatory effect on high-fat and high-salt diet-induced hypertension. Therefore,
in this study, the antihypertensive effects of CTFSS were investigated in Sprague-Dawley
(SD) rats.

2. Results
2.1. Metabolic Characterization, Na+ and K+ Ion Concentration, and Serum Chemistry

The results are shown in Table 1. The initial body weight was insignificantly different
between all the groups. The final body weight significantly decreased in the HDCTS group
compared to that in the HD and HDS groups. The epididymal fat weight of the HDCTS
group was significantly lower than that of the HD and HDS groups. Diet intake in ND, HD,
and HDCTS groups compared to the HDS group were significantly different, while same
was insignificantly different between the ND, HD, and HDCTS groups. Results of the 24-h
metabolic cage experiment showed that urine metabolism significantly increased in the
HDCTS group compared to the other groups. No significant difference in fecal excretion in
all groups. Water intake was significantly increased in the HDS and HDCTS groups than
in the ND and HD groups.
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Table 1. Metabolic characterization, Na+ and K+ ion concentration, and serum chemistry.

Group ND HD HDS HDCTS

Metabolic characterization

Initial body weight (g) 116.23 ± 3.18 116.98 ± 8.33 117.22 ± 7.06 116.12 ± 5.63
Final body weight (g) 454.52 ± 6.94 c 556.69 ± 28.14 a 547.65 ± 33.82 ab 534.98 ± 35.78 b

Epididymal fat weight (g)/BW (g)% 1.84 ± 0.25 c 3.64 ± 0.48 a 3.46 ± 0.26 a 2.82 ± 0.38 b

Food intake (g/day) 17.22 ± 0.19 a 17.05 ± 0.10 a 16.51 ± 0.39 b 17.14 ± 0.07 a

Water intake (mL/day) 16.33 ± 1.18 c 17.71 ± 1.48 c 25.08 ± 2.16 a 21.65 ± 2.50 b

Urinary volume (mL/day) 9.58 ± 1.88 c 9.63 ± 0.77 c 13.50 ± 1.22 b 15.08 ± 0.66 a

Fecal excretion (g/day) 3.31 ± 0.14 3.24 ± 0.15 3.16 ± 0.19 3.32 ± 0.14

Na+ and K+ ion concentration in urine and feces (ppm)

Urine
Na+ 2130.33 ± 698.16 b 1844.92 ± 620.88 b 9314.08 ± 978.00 a 8778.68 ± 354.74 a

K+ 9292.65 ± 2594.60 ab 10,084.34 ± 1359.43 a 6837.20 ± 459.40 b 7046.87 ± 1079.26 ab

Feces
Na+ 722.82 ± 317.74 796.94 ± 339.65 1116.71 ± 200.52 603.91 ± 283.51
K+ 6387.93 ± 1357.67 6232.49 ± 756.63 4734.04 ± 246.97 4795.09 ± 708.70

Serum chemistry

TC (mg/dL) 66.44 ± 6.09 c 95.33 ± 4.35 a 91.16 ± 8.97 a 78.28 ± 5.83 b

TG (mg/dL) 51.52 ± 4.19 d 116.91 ± 4.66 a 97.83 ± 5.90 b 60.44 ± 7.03 c

AST (IU/L) 39.41 ± 2.43 d 56.42 ± 2.93 a 52.59 ± 1.70 b 42.68 ± 1.29 c

ALT(IU/L) 11.10 ± 1.28 b 18.66 ± 1.65 a 17.70 ± 0.74 a 11.34 ± 1.67 b

Values are shown as the means ± standard deviation and statistical difference from each other at p < 0.05 by Duncan’s multiple range test
(a > b > c > d). ND: normal diet; HD: high-fat diet; HDS: high-fat diet + saline; HDCTS: high-fat diet + Chinese traditional soy sauce.

Compared to the ND and HD groups, urine concentration of Na+ was significantly
increased in the HDS group, whereas the HDCTS group showed a downward trend in
the concentration of urine Na+ compared to the HDS group, although this difference was
statistically insignificant. The concentration of urine K+ was significantly higher in the
HDCTS group than in the HDS group. In feces, the HDCTS group when compared with
the HDS group shows the Na+ and K+ to be statistically insignificant.

In HD and HDS groups showed significantly higher levels of serum TC, TG, AST, and
ALT compared to the HDCTS group.

2.2. Systolic Blood Pressure

The alterations in systolic blood pressure (SBP) are shown in Figure 1. The initial
SBP did not differ significantly between the groups. At six weeks of experiments, in the
HDCTS group, blood pressure was significantly attenuated compared to the HD and HDS
groups. SBP was significantly higher in the HD and HDS groups than in the other groups
at 12 weeks. However, the final SBP was significantly attenuated in the HDCTS group.
(Supplementary Figure S1).

Figure 1. Changes in SBP during the experiment. Values are shown as the means ± standard
deviation, and statistical differences are expressed in letters (a > b > c > d). ND: normal diet; HD:
high-fat diet; HDS: high-fat diet + saline; HDCTS: high-fat diet + Chinese traditional soy sauce.

183



Fermentation 2021, 7, 52

2.3. Renin, Ang II, ACE, and Aldosterone Levels in Serum

The test results are shown in Figure 2. The serum levels of renin, Ang II, ACE, and
aldosterone were significantly higher in the HD and HDS groups than in the ND group,
and a significant increase was observed in the HDCTS group.

Figure 2. Renin-angiotensin-aldosterone relative levels in serum. (A) Renin level of serum; (B) Ang
II level of serum; (C) ACE level of serum; (D) Aldosterone level of serum. Values are shown as the
means ± standard deviation. Values with different superscripts letters (a > b > c > d) are significantly
different among groups. ND: normal diet; HD: high-fat diet; HDS: high-fat diet + saline; HDCTS:
high-fat diet + Chinese traditional soy sauce.

2.4. Histopathology of Kidney

Histological examination confirmed significant glomerular hypertrophy and slight
hyaline degeneration in the kidney sections from rats in the HD and HDS groups compared
to the ND group. The glomerular area and hyaline degeneration in the HDCTS group were
significantly lower than the HD and HDS groups (Figure 3).

Figure 3. Histological analysis of kidney tissue. (A) Histological examination (20×) in kidney; (B) Glomerular area; and
(C) Glomerular wall thickness. Values are shown as the means ± standard deviation. Values with different superscripts
letters (a > b) are significantly different among groups. ND: normal diet, HD: high-fat diet, HDS: high-fat diet + saline, and
HDCTS: high-fat diet + Chinese traditional soy sauce.
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2.5. Expression of Adipogenesis-Regulating and RAAS-Related Genes in Liver Tissues

The mRNA expression of adipogenesis-related genes, leptin and PPARγ, significantly
increased in the HD and HDS groups compared to the ND group. However, the levels
of these genes in the HDCTS group were lower than those in the HD and HDS groups.
The mRNA level of adiponectin was significantly higher in the HDCTS group than in the
HD and HDS groups. The expression of the RAAS-related gene AGT was significantly
increased in the HD and HDS groups compared to the ND group, and was downregulated
in the HDCTS group (Figure 4).

Figure 4. The mRNA expression of adipogenesis- and RAAS-related genes in the liver tissue. Values are shown as the
means ± standard deviation. Values with different superscripts letters (a > b > c) are significantly different among groups.
ND: normal diet; HD: high-fat diet; HDS: high-fat diet + saline; HDCTS: high-fat diet + Chinese traditional soy sauce;
PPARγ: Peroxisome proliferator-activated receptor gamma; AGT: Angiotensinogen.

2.6. Expression of RAAS-Related Genes in Kidney Tissues

The mRNA expression of RAAS-related genes, renin, ACE, and AT1 was significantly
overexpressed in the HD and HDS groups compared to the ND group, whereas the HDCTS
group significantly downregulated the expression levels of these genes. In the HD and
HDS groups, Cyp11a1, Cyp11b2, Hsd3b1, Star, and MR levels were significantly increased
compared to the ND group, and in the HDCTS group, these genes were significantly
decreased. Notably, the expression of Rnls was significantly reduced in the HD and HDS
groups compared to the ND group, and increased in the HDCTS group (Figure 5).

Figure 5. The RAAS-related mRNA expression levels in the kidney tissue. Values are shown as the means ± standard
deviation. Values with different superscripts letters (a > b > c > d) are significantly different among groups. ND: normal
diet; HD: high-fat diet; HDS: high-fat diet + saline; HDCTS: high-fat diet + Chinese traditional soy sauce; ACE: Angiotensin-
converting enzyme; AT1: Angiotensin type 1 receptor; Cyp11a1: Cholesterol side-chain cleavage enzyme; Cyp11b2:
Aldosterone synthase; Hsd3b1: 3β-hydroxysteroid dehydrogenase type 1; Star: Steroidogenic acute regulatory protein; MR:
Mineralocorticoid receptor; Rnls: Renalase.
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3. Discussion

The occurrence of high blood pressure is related to changes in lifestyle, such as
increase sodium intake, decreased potassium intake, and decreased vegetarian diet [26].
High-fat diet consumption, which causes increases the risk of hypertension [27]. The high
sodium intake and the increase in SBP levels are related to water and sodium retention and
modification of sympathetic activity [28]. Some evidence suggests that soybean-fermented
foods, such as Korean paste, soy sauce, and Japanese miso, can regulate obesity and blood
pressure [19,29,30]. In this study, we demonstrated that the intake of CTFSS for 12 weeks
prevented body weight gain, epididymal fat weight gain, and increased blood pressure.

Salty soybean fermentation food supplementation is related to decreases in serum
lipid levels, which may be partially due to the higher content of soybean isoflavones in
soybean fermentation food [31,32]. In this study, the serum levels of TC, TG, ALT, and
AST levels significantly decreased in the HDCTS group than in the HD and HDS groups.
The amount of renin in the serum is the key rate-limiting step determining the level of
ACE [33]. Increased aldosterone levels in serum are a risk of hypertension [34]. In this
study, CTFSS supplementation significantly lowered the expression of serum renin, ACE,
Ang II, and aldosterone.

Early manifestations of renal injury caused by hypertension include structural changes,
such as glomerular hypertrophy, followed by thickening of the glomerular walls and
hyaline degeneration [13]. Numerous studies have demonstrated that Ang II induces
glomerular hypertrophy and glomerulosclerosis by activating its specific receptor [35]. In
the present study, significant hypertrophy and slight hyaline degeneration of glomeruli
were observed in the HD and HDS groups. However, significant prevention of glomerular
hypertrophy and hyaline degeneration was observed in the HDCTS group. Therefore, in
this study, we demonstrated that CTFSS may prevent hypertension-associated renal injury.

High leptin and low adiponectin levels are characteristic of obesity. PPARγ plays a
vital role in the early stage of adipose differentiation [36]. In this study, CTFSS suppressed
leptin and PPARγ gene expression, and increased adiponectin gene levels. Therefore,
the results of our study showed that CTFSS exerts lipid-lowering effects. Liver-derived
AGT is the precursor to all angiotensin and is converted via renin to form angiotensin I
(Ang I) and induces RAAS activation, thereby increasing blood pressure [37]. Previous
studies have shown that the expression level of AGT in obese mice increased significantly,
and AGT knockout showed lower blood pressure regulation [38]. Increased leptin and
PPARγ can modulate the local production of AGT, thereby increasing blood pressure
by activating the RAAS [39]. Decreased adiponectin expression causes an increase in
angiotensinogen, thereby increasing blood pressure [40]. Salt intake has an inappropriate
augmentation of AGT, which may contribute to hypertension [41]. In this study, AGT levels
were significantly increased in the HD and HDS groups compared to the ND group, and a
significant downregulation of AGT levels was observed in the HDCTS group.

The renin activity may be a marker of CVD risk in hypertensive patients [42]. ACE
can generate the vasoactive peptide Ang II by cleaving 2 amino acids from the C-terminus
of the inactive precursor Ang I [43]. Obese subjects, significant increases in ACE activity,
and Ang II, thereby induced elevated SBP [44,45]. High-salt diet-induced hypertension in
rats and renin and ACE levels increased significantly [46]. However, miso sauce intake has
potent angiotensin-converting enzyme inhibitory effects and can reduce nighttime blood
pressure [47]. In this study, CTFSS supplementation decreased the gene expression of renin
and ACE.

The high-salt diet stimulates glomerular oxidative stress, which leads to AT1 receptor
upregulation, subsequently causing sodium retention and hypertension [48]. Ang II may
activate Cyp11b2 and Star expression and promote aldosterone secretion [49,50]. Cyp11a1
catalyzes the side-chain cleavage of cholesterol, and Cyp11b2 catalyzes the final steps in
the biosynthesis of MR [51]. Increased levels of Hsd3b1 and Star genes may upregulate
blood pressure via changes in aldosterone [52,53]. Furthermore, MR-mediated changes in
the cardiovascular system are potentiated by activation of AT1 receptors [54]. A previous
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study reported that Korean soy sauce might decrease AT1, aldosterone, and MR levels,
and downregulate the expression of Na+/K+ ATPaseα1, and improve Na+ reabsorption,
thereby decreasing blood pressure [19]. The present study demonstrated that CTFSS
supplementation significantly decreased the mRNA levels of AT1, Cyp11a1, Cyp11b2,
Hsd3b1, Star, and MR. In the HDCTS group, the balance of sodium and potassium ions
also showed an adjustment, and urine volume increased significantly.

Previous studies have shown that sympathetic nervous system activity is heightened
by the activation of brain regions controlling autonomic function due to a high-fat diet, salt,
and Ang II [55]. Inappropriate activation of intrarenal RAAS may not contribute directly
to the decreased expression of renalase (Rnls) in the rats that received a high-salt diet.
However, activated RAAS promotes sympathetic nervous activation, which may decrease
the renal Rnls expression [56]. Our research found that the expression level of Rnls was
significantly reduced in the HD and HDS groups and increased significantly in the HDCTS
group. In the present study, the results suggest that the consumption of CTFSS may have a
lower risk of hypertension (Figure 6).

Figure 6. Mechanism underlying the hypertension-regulating action of CTFSS. When compared to high-fat and high-salt
intake, adipogenesis and RAAS-relative levels were regulated with CTFSS. PPARγ: Peroxisome proliferator-activated
receptor gamma; AGT: Angiotensinogen; Ang I: Angiotensin I; Ang II: Angiotensin II; ACE: Angiotensin-converting enzyme;
AT1: Angiotensin type 1 receptor; Cyp11a1: Cholesterol side-chain cleavage enzyme; Cyp11b2: Aldosterone synthase;
Hsd3b1: 3β-hydroxysteroid dehydrogenase type 1; Star: Steroidogenic acute regulatory protein; MR: Mineralocorticoid
receptor; Rnls: Renalase. “T” bars: The inhibitory effect of Chinese traditional fermented soy sauce.

Chinese soybean fermented foods, such as soybean paste and soy sauce, are important
sources of salt intake [57,58]. The intake of a high-fat and high-salt diet is considered a risk
factor for hypertension [28,59]. However, the present study showed that CTFSS has no
harmful effects, such as elevated blood pressure. In contrast, the intake of CTFSS in rats
fed with a high-fat and high-salt diet might alleviate hypertension.

4. Materials and Methods
4.1. Preparation of Soy Sauce

The CTFSS was supplied by JiangCheng Brewing Group Co., Ltd. (Jilin, China).
Soybeans were washed and soaked overnight, then steamed at 121 ◦C for 10 min, cooled
to room temperature, mixed with bran-free raw wheat flour, inoculated with Aspergillus
oryzae, and kept at 30 ◦C for 48 h. Koji was mixed with 2.5 times volume of brine solution,
fermented and separated into liquid phases, and soy sauce was harvested (Figure 7). The
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salinity of the soy sauce was adjusted to 8% using distilled water by analysis using Mohr’s
method [60].

Figure 7. Procedure for manufacturing Chinese traditional fermented soy sauce.

4.2. Animal Experiment

Twenty-four male, five-week-old SD rats were purchased from DooYeol Biotech (Seoul,
Korea). After adaptation for 1 week, SD rats were divided into four groups (n = 6) by
non-significantly different blood pressure and body weight: normal diet (ND), high-fat diet
(HD), high-fat diet and saline (HDS, NaCl-8%), and high-fat diet and Chinese traditional
soy sauce (HDCTS, NaCl-8%). Wooden chips (JRS, Rosenberg, Germany) were used as
bedding in the cages. The animal room temperature was maintained at 23 ± 1 ◦C, and the
relative humidity was maintained at 65 ± 5%. The lighting was adjusted at 12 h light/dark
cycle. The rats had free access to food and tap water. Diet intake was recorded every 2 d.
All the rats were orally gavage administered by gastric intubation for 12 weeks, with the
dose 10 mL/kg body weight. (Supplementary Figure S2).

4.3. Measurement of Body Weight and Blood Pressure

During feeding, body weight was measured once a week, and blood pressure was
measured every 2 weeks using the tail-cuff method (BP-2000 series II blood pressure
analysis system, Apex, NC, USA) after 3 h of oral gavage.

4.4. Metabolic Cages Experiment and Urine and Feces Analysis

During the last 4 weeks of the experiment, rats were kept in metabolic cages for 24
h a week, all feces and urine were collected, and water intake was recorded. Concentra-
tions of sodium and potassium ions in urine and feces were analyzed at the Center for
University-wide Research Facilities (CURF) at Jeonbuk National University by inductively
coupled plasma-mass spectrometry (ICP-MS; 7500A, Agilent Technologies, Germantown,
MD, USA).

4.5. Sacrifice and Administration

After 12 weeks of the experimental period, the SD rats were sacrificed by anesthetiza-
tion after 12 h of overnight fasting. Blood was drawn from the abdominal artery, and the
serum was separated by centrifugation at 3000 rpm for 15 min at 4 ◦C. Collected epididymal
fat and examined the weight without testis. The tissue samples were snap-frozen in liquid
nitrogen and stored at −80 ◦C until analyzed.
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4.6. Analysis of Serum Biochemical Parameters

Serum total cholesterol (TC), triglyceride (TG), alanine aminotransferase (ALT), and
aspartate aminotransferase (AST) levels were analyzed by using commercial kits (Asan
Pharmaceutical Co., Seoul, Korea).

The serum concentrations of renin, Ang II, ACE, and aldosterone were analyzed by
using enzyme-linked immunosorbent assay (ELISA) kits (MyBioSource, San Diego, CA,
USA; Enzo Life Sciences, Farmingdale, NY, USA).

4.7. Kidney Histology

Kidney tissue samples were fixed with 10% formalin solution overnight and embedded
in paraffin. The tissue samples were then cut into 5-µm-thick sections and stained with
hematoxylin and eosin (H&E). Stained areas were viewed using a Leica Microsystems CMS
GmbH (Wetzlar, Germany) at 20× magnification, and images were analyzed using SIS 3.2
software (Soft-Imaging System), and glomerular area and glomerular wall thickness were
measured using Image J software (National Institutes of Health, Bethesda, MD, USA).

4.8. Gene Expression Analysis by Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from kidney and liver tissues using the RNAiso Plus reagent
(Takara, Japan). Total RNA was reverse-transcribed into cDNA using a cDNA synthesis kit
(Takara, Kusatsu, Japan). PCR was performed in a 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA) using SYBR Green PCR Master Mix (TOYOBO, Japan).
Relative gene expression was calculated using β-actin as an internal control. The primer
sequences used in this were obtained from PrimerBank. 4.9. Statistical analyses

The results are expressed as the mean ± standard deviation. Data significant values
(p < 0.05) were analyzed using one-way ANOVA with SPSS 23 (IBM, New York, NY, USA).
Differences among the groups were determined using Duncan’s multiple range test (a > b
> c > d).

5. Conclusions

CTFSS supplementation decreases body weight, epididymal fat weight, and blood
pressure in rats, as well as decreased serum renin, Ang II, ACE, aldosterone, and lipid
levels, and promotes sodium and potassium ion balance. In addition, the expression levels
of adipogenesis- and RAAS-related genes were improved in the tissues. The results of
this study suggest that improvement of RAAS-related mRNA levels and adipogenesis
mRNA levels might be an underlying mechanism involved in the amelioration of the
hypertension by CTFSS. In addition, CTFSS ameliorated hypertension-associated kidney
injury. Therefore, further experiments are needed to explore the beneficial effects of soy
sauce to beneficial value on hypertension.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/fermentation7020052/s1, Figure S1: Changes in rat’s heart rate during the experiment.
Figure S2: Experimental design schedule.
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Abstract: Alzheimer’s disease (AD) is a common neurodegenerative disease characterized by contin-
uous accumulation of β-amyloid (Aβ) in the brain. Deep ocean water (DOW) with rich inorganic
salts and minerals was proven to promote fungi growth and metabolism. Cordyceps cicada, a func-
tional food fungus, can produce higher anti-oxidant and anti-inflammatory compounds including
adenosine, polysaccharide, and N(6)-(2-Hydroxyethyl) adenosine (HEA). This study used DOW as
the culture water of C. cicadae NTTU 868 for producing DOW-cultured C. cicadae (DCC), and further
investigated the effects and mechanisms on improving the memory deficit and repressing risk factors
expressions in Aβ40 and streptozotocin (STZ)-induced Alzheimer’s disease rats model. In the results,
DCC including mycelium and filtrate had adenosine, HEA, polysaccharide, and intracellular Mg2+

after fermentation with DOW. DCC had more effect on the improvement of memory deficit because
it suppressed Aβ40 and streptozotocin (STZ) infusion caused BACE, pro-inflammatory factors ex-
pressions, and Aβ40 accumulation by increasing sRAGE expression in the brain. Furthermore, DCC
enhanced the MAGT1 expression due to high organic magnesium, which can reverse Aβ40-induced
cortex magnesium deficiency and further repress Aβ40 accumulation.

Keywords: deep ocean water; Cordyceps cicadae; Alzheimer’s disease; β-amyloid; polysaccharide;
N(6)-(2-Hydroxyethyl) adenosine)

1. Introduction

Cordyceps cicadae, a Chinese traditional food fungus, has antioxidation, anti-inflamma-
tion [1], blood sugar regulation (Li et al., 2018), renal function improvement [2,3], liver
protection [4], and neuroprotection [5] properties. The functional components of C. cicadae
are adenosine, N(6)-(2-Hydroxyethyl) adenosine (HEA), and polysaccharides [6,7], which
are proven to have antioxidation, anti-inflammatory, and anti-aging properties [8].

Researchers have verified that deep ocean water (DOW) can treat obesity [9] and
cardiovascular diseases [10] and can fight atherosclerosis [11]. Furthermore, when DOW
is applied to microbial fermentation, the nutrient content can promote the production of
Antrodia camphorata mycelium and increase the quantity and anti-oxidation effects of its
ingredients (triterpenoids, polysaccharides, and total flavonoids) [12], drive production of
the functional components in Monascus (monascin and ankaflavin), lower the content of
the toxin citrinin in kidneys and the liver [13], and increase the content of adenosine and
cordycepin in Cordyceps fermentation products [14]. It can also increase the therapeutic
effects of microbial fermentation products on diseases. Furthermore, the main ions in DOW
are absorbed by microorganisms during the microbial fermentation process and are then
converted to be better absorbed by the human body [15].

Fermentation 2021, 7, 39. https://doi.org/10.3390/fermentation7010039 https://www.mdpi.com/journal/fermentation193
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C. cicadae is known to have antioxidative, anti-inflammatory, and neuroprotective
effects, and DOW nutrients not only treat diseases but also effectively increase the content
of the functional ingredients in microbial fermentation products and thereby improve
disease treatment effectiveness. During the microbial fermentation process, DOW nu-
trients are absorbed and utilized effectively by microorganisms; this effect allows DOW
nutrients to have higher bioavailability, which endows microbial fermentation products
with greater synergistic health benefits. This study is an investigation of DOW-cultivated
C. cicadae products and their therapeutic effects on Alzheimer’s disease (AD) as well as
an investigation into whether MgCl2 in deep ocean water is the main functional mineral
increasing DOW fermentation of C. cicadae products. The study simultaneously explored
the main mechanism through which DOW, HEA, and polysaccharides have effects on
overall AD improvements.

2. Materials and Methods
2.1. Chemicals

N(6)-(2-Hydroxyethyl) adenosine (HEA) (>95% purity) and streptozotocin were pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA). Potato dextrose agar (PDA)
and potato dextrose broth (PDB) were purchased from Difco Co. (Detroit, MI, USA).
Ethanol (95%) was purchased from Taiwan Tobacco and Liquor Co. (Taipei, Taiwan). Aβ40
was purchased from Tocris Bioscience Co. (Ellisville, MO, USA). Mouse TNF-α protein
(50349-MNAE), mouse IL-6 protein (50349-MNAE), mouse IL-1β protein (50349-MNAE),
and rat iNOS protein (Q06518) were purchased from SinoBiological Inc. (North Wales,
PA, USA). Rabbit iNOS antibody (FNab04325) was purchased from Cloud-Clone Corp.
(Wuhan, China). Rabbit anti-mouse TNF-α polyclonal antibody (AB2148P) were purchased
from EMD Millipore Corporation (Temecula, CA, USA). Mouse anti-rat IL-6 monoclonal
antibody (sc-57315) and mouse anti-human IL-1β monoclonal antibody (sc-32294) were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Goat anti-rabbit IgG,
(H+L), peroxidase conjugated anti-body (31460) were purchased from Pierce Biotechnology
(Rockford, IL, USA)

2.2. The Source of DOW

The concentrated DOW provided from the Eastern Taiwan Deep Sea Water Innova-
tion and Research Center (Taitung, Taiwan) was pumped from a depth of 670 m in the
Pacific Ocean near the Eastern Taiwan and processed though the electrodeionization and
vacuum concentration. According to our previous study, DOW including 20.65 mg/L
Mg2+ was defined as onefold DOW. In this study, 15-fold DOW (including 309.75 mg/L
Mg2+) was prepared by the dilution of concentrated DOW (including 82,640 mg/L Mg2+)
with UPW. The concentrations of the trace elements and minerals in 15-fold DOW in-
cluded 309.75 mg/L Mg, 24.08 mg/L Na, 36.56 mg/L K, 104.95 mg/L Ca, 1.237 µg/L Zn,
2.436 µg/L Cu, 0.441 mg/L Sr, 0.375 µg/L Mo, 8.4 mg/L H2SiO3, 1.65 mg/L phosphate,
and 0.949 g/L chloride.

2.3. Sample Preparation

C. cicadae NTTU 868 fermentation product was obtained from 1.5-L of submerged
fermentation. C. cicadae NTTU 868 was cultured with potato dextrose broth at 23 ◦C for
3 days for the seed culture, and then inoculated (10%) into the fermentation broth (contain-
ing 2.4% potato dextrose broth powder and 0.2% yeast extract in 1.5 L ultra-pure water,
DOW, or MgCl2, pH 6.8) and cultured at 23 ◦C for 10 days. Whole submerged fermentation
product including mycelium and filtrate were homogenized for the preparation of animal
test sample.

The mycelium was separated from whole submerged fermentation product through
centrifugation. Next, the mycelium was dried by using the freeze dryer. The dried C. cicadae
NTTU 868 mycelium was extracted in ultra-pure water solution at 95 ◦C for an hour and
then centrifuged for 10 min at 8000× g to get the supernate. The filtrate was collected for
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the analysis of extracellular polysaccharides. The supernate and filtrate were treated with
3 times the volume of 95% ethanol and extracted at 60 ◦C for 60 min in order to deposit
intracellular and extracellular polysaccharides. The After centrifugation (8000× g, 10 min),
the polysaccharides depositions were collected for the use of animal test sample.

2.4. Extract and Quantitative Analysis of Adenosine, HEA, and Polysaccharides

Dried C. cicadae NTTU 868 mycelium were extracted using 10 volumes of 20% methanol
at 60 ◦C for 30 min and vortexed at every 10 min intervals. The supernatant was collected
by centrifugation at 8000× g for 10 min. The extract was stored at −20 ◦C overnight and
centrifuged at 8000× g for 10 min to remove polysaccharides [16]. Adenosine, HEA were
determined by high performance liquid chromatography (HPLC) with a reverse-phase
column (Mightysil RP-18 GP 5 µm C18, 250 × 4.6 mm, Kanto Chemical Co., Inc., Tokyo,
Japan) and diode array detector (DAD, L-2000 series, Hitachi, Japan). The mobile phase
(A solvent: methanol; B solvent: water) was eluted with 0.8 mL/min of flow rate and
gradient condition (A solvent: methanol; B solvent: water; 0–3 min, 10% A; 4–8 min, 0% A;
8–18 min, 0% A to 100% A; 18–25 min, 10% A, 28 to 30 min). A 20 µL sample was injected
each time. Absorption spectra of eluted compounds were recorded at 262 nm [1]. The
polysaccharide was resolved to a suitable concentration by distilled water. The polysac-
charide concentration of filtrate was analyzed according to the previous study [17]. The
magnesium ion of mycelium extract was determined by ICP-OES (Perkin Elmer Optima
2100 DV, Waltham, MA, USA)

2.5. Animals Grouping and Experiment Schedule

Male Sprague Dawley (SD) rats at 6-8 weeks of age were purchased from the BioLasco
Co. (Taipei, Taiwan). The animals were housed individually and allowed free access to a
standard laboratory chow (Ralston Purina, St Louis, MO, USA) and water. They were kept
in a temperature controlled room (23 ◦C) under a 12L:12D cycle (light on at 6:00) and were
given free access to food and water. In the experiment, the 48 rats were randomly divided
to 8 groups and fed standard chow (control group, NOR; 4.5% fat, 3.34 kcal/g).

Rats were infused with vehicle solution (Vh group) or Aβ40 and streptozotocin (STZ)
solution (Aβ group) by intracerebroventricular (i.c.v.) injection without administration of
test materials. Other rats with i.c.v Aβ40 and STZ infusion were administered DOW (0.0976
mL/kg/day, DOW group), Ultra pure water-cultured C. cicadae (UCC) (200 mg/kg/day,
UCC group), DOW-cultured C. cicadae (DCC) (220 mg/kg/day, DCC group), MgCl2
solution-cultured C. cicadae (MgCC) (137 mg/kg/day, MgCC group), N6-(2-hydroxyethyl)-
adenosine) (1.12 mg/kg/day, HEA group), or polysaccharides (1.5 mg/kg/day, PS group).
The recommendation dosage of homogenate of C. cicadae NTTU 868 fermented product
is suggested as 250 g/day for 60 kg adult. Wet UCC, DCC, and MgCC homogenate
(250 g) were freeze died, and obtained 1.93 g, 2.12 g, and 1.31 g dry products. The
doses of the test substances used in this study were calculated in accordance with Boyd’s
Formula of Body Surface Area as recommended by the FDA (Food and Drug Adminis-
tration) [18,19]. Therefore, UCC of 200 mg/kg B.W. /day, DCC of 220 mg/kg B.W. /day,
MgCC of 137 mg/kg B.W./day for animal dosages were corresponding to the human
dosage that a 60 kg adult daily intake 250 g homogenate of C. cicadae NTTU 868 fermented
product. The contents of DOW, HEA, and polysaccharide of DOW group, HEA group, and
PS group were equal to that in DCC group, respectively.

The experiment schedule of AD animal model was shown as follow. Aβ40 infusion
on 0th day was continued for 28 days and the test substance in suspension was orally
administrated to the rat from the 1st day to the 28th day. The behavioral test was started
on the 19th day. The passive avoidance task was carried out from 19th day to the 21st day.
Subsequent reference memory task, probe test, and working memory task were started on
the 22nd day, the 24th day, and the 25th day. On the 28th day, rats were sacrificed, and
the brain tissues were collected for the measurement of TNFα, IL-6, IL1β, sRAGE, p-tau,
BACE, sAPPα, Aβ40, and MAGT1 protein expressions.
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2.6. Surgery for i.c.v. Aβ40 Infusion

Rats were anesthetized with sodium pentobarbital (50 mg/kg BW i.p.). The left
skull was exposed and drilled (relative to the bregma; 0.8 mm posterior, 1.4 mm lateral)
according to the atlas of Paxinos and Watson [20] using a stereotaxic frame (Narishige,
Tokyo, Japan). Aβ40 was prepared in the vehicle solvent of 35% (v/v) acetonitrile plus 0.1%
(v/v) trifluoroacetic acid (pH 2.0). The osmotic mini-pump (2004, Durect Co., Cupertino,
CA, USA) used to result in an animal model of AD with impaired memory was filled with
AD solution (24.299 µg Aβ40 and 0.9 mg STZ in 180 µL) or the vehicle solution. The outlet
of infusion cannula was inserted 4.0 mm into the left ventricle and attached to the skull
with dental cement, and then the mini-pump was quickly implanted into the backs of the
rats. AD solution of 180 µL contained in the osmotic pump was continuously infused into
left ventricle by 0.28 µL/h for 28 days [21].

2.7. Apparatus of Water Maze

The Morris water maze task was used to evaluate the memory and learning ability
from the 22nd day to the 27th day [21]. A black circular tank (diameter: 140 cm, height:
45 cm) was used as the apparatus of water maze in which a movable escape platform
(diameter: 10 cm, height: 25 cm) was located inside the tank. The tank was filled to a
height of 27.5 cm with water of temperature approximately 23 ◦C; thus, the surface of the
platform was 2.5 cm below the surface of the water. The circular tank was divided into four
quadrants (I, II, III, and IV), and a position with equal distance from center and edge in
the middle of each quadrant was marked for the location of platform. The water tank was
located in a test room with many cues external to maze. The room had adjustable indirect
light, and camera was set at ceiling above the center of water tank. The position of the cues
remained unchanged throughout the water-maze task.

2.8. Morris Water Maze Task

According to the procedure of our previous study [21], reference memory test was
carried out from the 22nd day to the 24th day and included continuous 4 trials per day.
Probe test was immediately carried out after the 12th training trial of reference memory
task on the 24th day. Working memory test was performed from the 25th day to the 27th
day and consisted of five trails per day.

2.9. Preparation of Brains

After completing the behavioral studies, the rats were anesthetized with sodium
pentobarbital (65 mg/kg BW, i.p.), and the blood was collected; the cerebral cortex and
hippocampus were separated from the whole brain on ice, blotted gently with filter paper
to remove blood and extraneous tissue fragments, then flash-frozen with liquid nitrogen
and stored at −80 ◦C until use. Hippocampus and cortex tissues (100 mg) were crushed
with an amalgam mixer (UT-1600, Sharp, Osaka, Japan) and suspended in 1.0 mL of ice-
cold Tris saline (50 mM Tris-HCl, pH, 7.6, 0.15 M NaCl) buffer containing 1% (v/v) Triton
X-100 and protease inhibitor cocktail, and then sonicated for 30 sec. The homogenate was
centrifuged at 100,000× g for 30 min and the supernatant was used for magnesium analysis
using the commercial kit (Fortress Diagnostics Ltd., Antrim, UK). Regarding the protein
extraction for immunoblotting, the tissue (100 mg) was homogenated in 1.0 mL of lysis
buffer (1% Triton X-100, 20 mM Tris, pH 7.5, 100 mM NaCl, 40 mM NaF, 0.2% SDS, 0.5%
deoxycholate, 1 mM EDTA, 1 mM EGTA, and 1 mM Na3VO4) and brief sonication (10 s).
The homogenate was centrifuged at 100,000× g for 30 min and the supernatant was used
for immunoblotting assay.

2.10. Enzyme-Linked Immunosorbent Assay

TNF-α, IL-1β, and IL-6 were determined by self-coating ELISA kit (DY008, R&D
Systems, Inc., Minneapolis, MN, USA). TNF-α, IL-1β, and IL-6 recombinant proteins
were used as the standards. The standards or tissue homogenates were added to a 96-
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well plate at 37 ◦C for 90 min (using a microplate spectrophotometer) (Thermo Fisher
Scientific Inc., Waltham, MA, USA). After removing the standard or liver homogenates,
primary antibodies were added and incubated at 37 ◦C for 60 min and then aspirated
and washed 3 times by filling each well with 350 µL of fresh wash buffer. The secondary
antibodies were added and incubated at 37 ◦C for 30 min. After washing 6 times, color
subtract (30% H2O2 and TMB reagent 1:1) was added in each well and incubated at 37 ◦C
for 15 min. Subsequently, 2N H2SO4 as stop solution was added and the plate read at
450 nm immediately.

The other proteins including Aβ40 (ER0754, BACE (ER0756), sRAGE (MBS9338787),
were determined by commercial ELISA kits (Fine Biotech Ltd., Wuhan, China). sAPPα
(27419) were determined by commercial ELISA kits (Immuno Biological Laboratories Inc,
Minneapolis, MN, USA). MAGT1 (MBS9338787) were determined by commercial ELISA
kits (Mybiosource Inc., San Diego, CA, USA).

2.11. Statistical Analysis

Data are expressed as means ± standard deviation. Analysis of variance by Duncan’s
test and Pearson’s product-moment correlation coefficient test were determined using SPSS
version 10.0 software (SPSS Institute, Inc., Chicago, IL, USA). Differences with p < 0.05
were considered statistically significant.

3. Results
3.1. Effects of DOW and MgCl2 on C. cicadae and the Production of Functional Components

DOW is abundant in nutrients and minerals. Studies have verified that cultivating
Monascus, Cordyceps militaris, and Antrodia cinnamomea with DOW can effectively increase
their mycelium growth and functional component content [13–15,22]. Table 1 compares
the effects of UPW, DOW, and MgCl2 solutions on C. cicadae and the production of their
functional components on a 1.5 L cultivation scale. Compared with the other two groups,
UPW-cultivated C. cicadae has lower HEA but exhibits no significant differences in total
polysaccharides. However, DOW can significantly increase C. cicadae mycelium content
and HEA product even though the highest MgCl2 solutions content lowered biomass
and adenosine content while significantly increasing HEA content (p < 0.05). In addition,
Intracellular Mg2+ concentration of mycelium cultured by DOW or MgCl2 was more than
that by UPW, suggesting that the mycelium bio-absorbs the magnesium ions in DOW
or MgCl2 solution. Furthermore, Mg2+ may be converted into organic ions after being
absorbed in cells.

Table 1. Effect of DOW and MgCl2 solution on the production of dry mycelium and functional compounds of C. cicadae
NTTU 868 (fermented capacity: 1.5 L).

Culture Water Dry Mycelium
(g/L)

Adenosine
(mg/L)

HEA
(mg/L)

Intracellular
Polysaccharide

(mg/L)

Extracellular
Polysaccharide

(mg/L)

Intracellular
Magnesium

(mg/L)

UPW 7.27 ± 0.47 b 7.15 ± 0.94 b 0.88 ± 0.08 a 99.3 ± 8.7 b 548 ± 104 a 10.1 ± 0.9 a

DOW 8.07 ± 0.73 c 6.67 ± 0.48 b 1.04 ± 0.15 a 88.0± 12.0 ab 518 ± 141 a 161.4 ± 12.0 c

MgCl2 5.27 ± 0.59 a 1.58 ± 0.05 a 1.32 ± 0.15 b 74.7± 14.7 a 554 ± 131 a 132.0 ± 14.7 b

The data are presented as mean ± SD (n = 3). a,b,c Different letters indicate significantly different values according to a one-way ANOVA
using Duncan’s multiple test (p < 0.05). UPW: ultrapure water, DOW: deep ocean water, MgCl2: magnesium chloride. HEA: N(6)-(2-
Hydroxyethyl) adenosine.

3.2. Effects of DOW-Cultivated C. cicadae Fermentation Products on the Memory Tests and Spatial
Learning of Rats with Brain Infusions of Aβ40 and STZ

This experiment involved infusions of Aβ40 and STZ to induce memory loss in
rats and exploration of the effects of C. cicadae fermentation products cultivated with
DOW on brains infused with Aβ40 and STZ, to treat AD. The main effects of DOW and
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C. cicadae on AD improvements were explored through the comparison of water cultures
and ingredients.

The reference memory tests were conducted by placing a hidden platform in the IV
quadrant and recording the amount of time the rats spent searching the platform each
time. This was one of the approaches to evaluating the learning and memory of the rats.
The results are presented in Figure 1. On the first day, no significant differences were
present in the amount of time spent searching the platform by each group of animals
(p > 0.05), whereas the training results from the second and third day demonstrated that
compared with the Vh group, which had normal memory, the Aβ group spent more time
and exhibited significant differences (p < 0.05). Except the D group, which displayed a
downward trend, the groups with other test substances exhibited reduced time spent
on the reference memory test. The third day’s results indicated that the DCC group
exhibited the most satisfactory results, with significantly reduced time spent searching
the platform (p < 0.05), and therefore demonstrated the most satisfactory improvement of
long-term memory.
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Figure 1. Effect of various C. cicadae NTTU 868 fermented products on the searching escape latency
of rats with Alzheimer’s disease (AD) induced by Aβ40 and streptozotocin (STZ) i.c.v infusion in a
reference memory task. Rats were infused with vehicle solution (Vh group) or Aβ40 solution (Aβ

group) by i.c.v. injection without administration of test materials. Other Aβ40- and STZ-infused
rats were administered deep ocean water (0.0976 mL/kg/day, deep ocean water (DOW) group),
ultra-pure water cultured C. cicadae (UCC) (200 mg/kg/day, UCC group), DOW-cultured C. cicadae
(DCC) (220 mg/kg/day, DCC group), MgCl2 solution-cultured C. cicadae (MgCC) (137 mg/kg/day,
MgCC group), N6-(2-hydroxyethyl)-adenosine) (1.12 mg/kg/day, N(6)-(2-Hydroxyethyl) adenosine
(HEA) group), or polysaccharides (1.5 mg/kg/day, PS group). The Mg2+ concentration of DCC and
MgCC was 309.75 mg/L. Data are presented as mean ± SD; a,b Different letters indicate significantly
different values according to a one-way ANOVA using Duncan’s multiple test (p < 0.05).

After the reference memory test was completed, the platform was removed to conduct
the probe test. The swimming pathway is beneficial in identifying the authenticity of
the learning and memory of lab animals during spatial exploration tests. After removing
the hidden platform, the time and pathway distance of the animals roaming where the
platform was originally placed and the average swimming speed of the rats within the
space were viewed as the memory and learning indicators of the spatial exploration tests.
The results are presented in Figure 2a. The Aβ group searched for the target quadrant
without direction and without aim, and their swimming pathway covered the entire pool.
Conversely, the Vh, D, UCC, DCC, MgCC, HEA, and PS groups swam directly to the
target quadrant and spent considerable time moving back and forth in the target quadrant.
Furthermore, as Figure 2b demonstrates, the Vh, DCC, MgCC, and PS groups spent more
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time going back and forth in the target quadrant (p < 0.05) than did the Aβ group, by 64%,
54.7%, 29.9%, and 28.9%, respectively; the D, UCC, and HEA groups spent 8.17%, 20.85%,
and 11.92% more time.
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Figure 2. Effect of various C. cicadae NTTU 868 fermented products on the memory and learning of
rats with AD induced by Aβ40 and STZ i.c.v infusion in spatial probe traces. (a) Swimming track
(b) Time spent in the target quadrant (c) Swimming speed (d) Path length in the target quadrant
(e) Crossing numbers. Groups of rats were infused with vehicle solution (Vh group) or Aβ40 solution
(Aβ group) by i.c.v. injection without administration of test materials. Other Aβ40- and STZ-infused
rats were administered deep ocean water (0.0976 mL/kg/day, deep ocean water (DOW) group),
ultra-pure water cultured C. cicadae (UCC) (200 mg/kg/day, UCC group), DOW-cultured C. cicadae
(DCC) (220 mg/kg/day, DCC group), MgCl2 solution-cultured C. cicadae (MgCC) (137 mg/kg/day,
MgCC group), N6-(2-hydroxyethyl)-adenosine) (1.12 mg/kg/day, N(6)-(2-Hydroxyethyl) adenosine
(HEA) group), or polysaccharides (1.5 mg/kg/day, PS group). The Mg2+ concentration of DCC and
MgCC was 309.75 mg/L. Data are presented as mean ± SD; a,b,c Different letters indicate significantly
different values according to a one-way ANOVA using Duncan’s multiple test (p < 0.05).

In addition to swimming time, the speed, number of times entering the quadrant,
and swimming distances were analyzed. As can be observed in Figure 2c, no significant
differences were present in the swimming speed of the groups; accordingly, swimming
speed did not affect the length of the pathways lingering in the target quadrant. Figure 2d
presents the number of times the rats entered or passed through the target quadrant.
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Although the differences between groups were nonsignificant (p > 0.05), the Aβ group was
observed to have fewer entries into the target quadrant, whereas the DCC group exhibited
more entries. Compared with the Aβ group, the D, UCC, DCC, MgCC, HEA, and PS
groups had 20.5%, 5.88%, 17.6%, 20.5%, 17.6%, 20.5%, and 11.7% more entries.

The swimming pathways of the rats entering or passing through the target quadrant
are presented in Figure 2e. The Vh, DCC, MgCC, and PS groups had longer pathways
moving back and forth within the target quadrant, which were respectively 62.2%, 64.2%,
44.8%, and 40% longer than the Aβ group’s pathway (p < 0.05); the D, UCC, and HEA
groups had 17.9%, 13.9%, and 10.8% longer pathways. These results are similar to the
trend in Figure 2b, with the Vh, DCC, MgCC, and PS groups exhibiting significantly higher
results than the Aβ group (p < 0.05). Therefore, given the lack of significant differences in
swimming speed (p > 0.05), the time spent going back and forth in the target quadrant and
the length of the pathway were similar, verifying that being fed DCC, MgCC, and PS can
effectively improve the spatial learning and memory of rats with AD.

3.3. C. cicadae Fermentation Products and the Expression of Aβ40 and BACE Proteins in the
Hippocampus of Rats with Brain Infusions of Aβ40 and STZ

After being cleaved by BACE and γ-secretase, amyloid precursor protein (APP) trans-
forms into Aβ [23]. Increased BACE expression or enzyme activity in the brain drives Aβ

production in the brain and aggravates abnormal phosphorylation of tau proteins to form
neural tangles [24]. Therefore, in this study, the expression Aβ40 and BACE proteins in the
hippocampus of rats with AD were assessed.

Figure 3a,b present the amount of expressed AD factors Aβ40 and BACE. Brain
infusions of Aβ40 and STZ significantly increased the expression of Aβ40 and BACE
proteins (p < 0.05). Although DOW (D group) cannot reduce Aβ40 and BACE protein
expressions in the hippocampus (p > 0.05), the DCC group had the best results with
substantially suppressed Aβ40 and BACE content. This demonstrates that DOW-cultivated
DCC has the ability to reduce the expression of AD risk factors and has better results than
UCC, MgCC, HEA, or polysaccharides. This effect may derive from the additive effects
formed by various ingredients.

After α-secretase cleaving, APP produces sAPPα and C83. Particularly, sAPPα ele-
vates the formation of myelin, increasing the neurotransmission of the nervous system [25].
As Figure 3c demonstrates, infusions of Aβ40 and STZ slightly lower the expression
of sAPPα; of all the test groups, only the DCC group exhibited a slight upward trend
(p < 0.05).

The tau protein is a microtubule-associated protein of mature neurons. Excessive
phosphorylation produces neural tangles, resulting in impaired transmission of neural
signals and affecting learning and memory [26,27]. As Figure 3d indicates, p-tau expression
was significantly increased as a result of Aβ40 and STZ infusions (p < 0.05), but the D, UCC,
DCC, and HEA groups did not exhibit lower p-tau (p < 0.05). The MgCC group exhibited
significantly reduced p-tau expression (p < 0.05).
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sAPPα (c) and p-tau (d) protein expression of rats with AD induced by Aβ40 and STZ i.c.v infusion
in the hippocampus. Groups of rats were infused with vehicle solution (Vh group) or Aβ40 solution
(Aβ group) by i.c.v. injection without administration of test materials. Other Aβ40- and STZ-infused
rats were administered deep ocean water (0.0976 mL/kg/day, deep ocean water (DOW) group),
ultra-pure water cultured C. cicadae (UCC) (200 mg/kg/day, UCC group), DOW-cultured C. cicadae
(DCC) (220 mg/kg/day, DCC group), MgCl2 solution-cultured C. cicadae (MgCC) (137 mg/kg/day,
MgCC group), N6-(2-hydroxyethyl)-adenosine) (1.12 mg/kg/day, N(6)-(2-Hydroxyethyl) adenosine
(HEA) group), or polysaccharides (1.5 mg/kg/day, PS group). The Mg2+ concentration of DCC and
MgCC was 309.75 mg/L. Data are presented as mean ± SD; a,b,c Different letters indicate significantly
different values according to a one-way ANOVA using Duncan’s multiple test (p < 0.05).

3.4. Effects of C. cicadae Fermentation Products on the Expression of TNF-α, IL-6, and IL-1β in the
Hippocampus of Rats with Brain Infusions of Aβ40 and STZ

Excessive accumulation of Aβ in the brain activates stellate cells and macrophages to
produce large amounts of proinflammatory factors (TNF-α, IL-6, and IL-1β) and ROS. This
reaction results in damage to and inflammation of neuronal cells and even the apoptosis
of neurons [28,29]. Figure 4 presents the amount of TNF-α, IL-6, and IL-1β expressed in
the cortex and hippocampus. Expressions of TNF-α, IL-6, and IL-1β in the cortex and
hippocampus demonstrate similar trends—that Aβ and STZ can induce significantly higher
expressions of TNF-α, IL-6, and IL-1β (p < 0.05). DCC performs more favorably than UCC
and MgCC in reducing the expression of TNF-α, IL-6, and IL-1β. However, by itself, DOW
did not result in significant improvements (p < 0.05). This demonstrates that by itself,
DOW does not have a significant effect in resisting inflammation of brain tissue induced
by Aβ and STZ, but it does assist in increasing the anti-inflammatory effects of C. cicadae
fermentation products.
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Figure 4. Effect of various C. cicadae NTTU 868 fermented products on TNF-α (a,b), IL-1β (c,d), and IL-
6 (e,f) protein expression of rats with AD induced by Aβ40 and STZ i.c.v. infusion in the hippocampus
and the cortex. Groups of rats were infused with vehicle solution (Vh group) or Aβ40 solution (Aβ

group) by i.c.v. injection without administration of test materials. Other Aβ40- and STZ-infused
rats were administered deep ocean water (0.0976 mL/kg/day, deep ocean water (DOW) group),
ultra-pure water cultured C. cicadae (UCC) (200 mg/kg/day, UCC group), DOW-cultured C. cicadae
(DCC) (220 mg/kg/day, DCC group), MgCl2 solution-cultured C. cicadae (MgCC) (137 mg/kg/day,
MgCC group), N6-(2-hydroxyethyl)-adenosine) (1.12 mg/kg/day, N(6)-(2-Hydroxyethyl) adenosine
(HEA) group), or polysaccharides (1.5 mg/kg/day, PS group). The Mg2+ concentration of DCC and
MgCC was 309.75 mg/L. Data are presented as mean ± SD; a,b,c Different letters indicate significantly
different values according to a one-way ANOVA using Duncan’s multiple test (p < 0.05).

3.5. Effects of C. cicadae Fermentation Products on the Expression of sRAGE in the Hippocampus
of Rats with Brain Infusions of Aβ40 and STZ

An anti-inflammatory factor, sRAGE when binding with RAGE reduces the binding
of Aβ and RAGE and the production of proinflammatory factors [30,31]. As demonstrated
in Figure 5, after Aβ40 and STZ infusions, the expression of sRAGE was significantly lower
than in the Vh group (p < 0.05), and feeding DOW, UCC, DCC, and MgCC can effectively
increase the expression of sRAGE, with DCC having the most significant increases (p < 0.05),
followed by MgCC (p < 0.05). This result indicates that the sRAGE-enhancing effect of
DCC may originate from synergistic effects of the Mg2+ in DOW and other ions after
being involved in the cocultivation of C. cicadae to increase sRAGE expression and reduce
inflammation responses.
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Figure 5. Effect of various C. cicadae NTTU 868 fermented products on sRAGE protein expression
of rats with AD induced by Aβ40 and STZ i.c.v. infusion in the hippocampus. Rats were infused
with vehicle solution (Vh group) or Aβ40 solution (Aβ group) by i.c.v. injection without adminis-
tration of test materials. Other Aβ40- and STZ-infused rats were administered deep ocean water
(0.0976 mL/kg/day, deep ocean water (DOW) group), ultra-pure water cultured C. cicadae (UCC)
(200 mg/kg/day, UCC group), DOW-cultured C. cicadae (DCC) (220 mg/kg/day, DCC group),
MgCl2 solution-cultured C. cicadae (MgCC) (137 mg/kg/day, MgCC group), N6-(2-hydroxyethyl)-
adenosine) (1.12 mg/kg/day, N(6)-(2-Hydroxyethyl) adenosine (HEA) group), or polysaccharides
(1.5 mg/kg/day, PS group). The Mg2+ concentration of DCC and MgCC was 309.75 mg/L. Data are
presented as mean ± SD; a,b,c,d Different letters indicate significantly different values according to a
one-way ANOVA using Duncan’s multiple test (p < 0.05).

3.6. Effects of C. cicadae Fermentation Products on Mg2+ in the Blood Serum, Hippocampus, and
Cortex of Rats with Brain Infusions of Aβ40 and STZ

Studies have demonstrated Mg2+ imbalances in individuals with AD and lab animals
with induced AD and that moderate supplementation of Mg2+ can effectively improve
AD symptoms [32–35]. Therefore, moderate supplementation of Mg2+ is viewed as a key
indicator in AD improvement. The results are presented in Table 2. Brain infusions of Aβ40
significantly reduced Mg2+ content in the blood serum, hippocampus, and cortex (p < 0.05).
DCC significantly increases the concentration of Mg2+ in the hippocampus and the cortex
by 16.0% and 16.0%, respectively (p < 0.05). MgCC also increases the concentration of Mg2+

in the hippocampus and the cortex by 9.7% (p > 0.05) and 11.2% (p < 0.05), respectively.
This confirms that DCC can effectively treat Mg2+ imbalances in the brain.

Table 2. Effect of various C. cicadae NTTU 868 fermented products on Mg2+ concentration in the
serum, hippocampus, and cortex of rats with AD induced by Aβ40 and STZ i.c.v. infusion.

Group
Mg2+ Concentration

Serum (mg/dL) Hippocampus (µg/g) Cortex (µg/g)

Vh 5.08 ± 0.44 a 2.24 ± 0.06 c 1.45 ± 0.19 b

Aβ 3.92 ± 0.50 b 1.75 ± 0.15 a 1.25 ± 0.05 a

D 4.10 ± 0.49 b 1.87 ± 0.16 ab 1.32 ± 0.07 ab

UCC 3.83 ± 0.66 b 1.87 ± 0.22 ab 1.33 ± 0.07 ab

DCC 4.02 ± 0.74 b 2.03 ± 0.18 b 1.45 ± 0.11 b

MgCC 3.73 ± 0.30 b 1.92 ± 0.14 ab 1.39 ± 0.08 b

HEA 3.90 ± 0.33 b 1.88 ± 0.09 ab 1.32 ± 0.12 ab

PS 3.87 ± 0.40 b 1.74 ± 0.11 a 1.25 ± 0.08 a

Groups of rats were infused with vehicle solution (Vh group) or Aβ40 solution (Aβ group) by i.c.v. injec-
tion without administration of test materials. Other Aβ40- and STZ-infused rats were administered deep
ocean water (0.0976 mL/kg/day, deep ocean water (DOW) group), ultra-pure water cultured C. cicadae (UCC)
(200 mg/kg/day, UCC group), DOW-cultured C. cicadae (DCC) (220 mg/kg/day, DCC group), MgCl2 solution-
cultured C. cicadae (MgCC) (137 mg/kg/day, MgCC group), N6-(2-hydroxyethyl)-adenosine) (1.12 mg/kg/day,
N(6)-(2-Hydroxyethyl) adenosine (HEA) group), or polysaccharides (1.5 mg/kg/day, PS group). The Mg2+

concentration of DCC and MgCC was 309.75 mg/L. Data are presented as mean ± SD; a,b,c Different letters
indicate significantly different values according to a one-way ANOVA using Duncan’s multiple test (p < 0.05).
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3.7. Effects of C. cicadae Fermentation Products on the Expression of MAGTI Protein in the
Hippocampus of Rats with Brain Infusions of Aβ40 and STZ

MAGT1 protein on cell membrane carries Mg2+ outside the membrane into the cell,
increasing Mg2+ content inside the cell. Increased Mg2+ content in brain cells reduces the
expression of BACE, thus reducing the Aβ generation caused by the cleavage of APP by
BACE [32,33]. Related studies have also confirmed that Mg2+ in brain cells can reduce
hyperphosphorylation of p-tau protein by inhibiting GSK-3β expression (Gomez et al.,
2006). As in Figure 6, which illustrates MAGT1 in the hippocampus of rats with AD,
because brain infusions of Aβ40 and STZ reduce Mg2+ in the brain, MAGT1 levels drop
significantly (p < 0.05). UCC, HEA, and PS did not increase MAGT1 expression, whereas D,
DCC, and MgCC effectively increased expression of MAGT1 (p < 0.05). This indicates that
D, DCC, and MgCC of Mg2+ can reduce the generation of Aβ by regulating the expression
of MAGT1.
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Figure 6. Effect of various C. cicadae NTTU 868 fermented products on MAGT1 protein expres-
sion of rats infused with Aβ40 and STZ in the hippocampus. Groups of rats were infused with
vehicle solution (Vh group) or Aβ40 solution (Aβ group) by i.c.v. injection without administra-
tion of test materials. Other Aβ40- and STZ-infused rats were administered deep ocean water
(0.0976 mL/kg/day, deep ocean water (DOW) group), ultra-pure water cultured C. cicadae (UCC)
(200 mg/kg/day, UCC group), DOW-cultured C. cicadae (DCC) (220 mg/kg/day, DCC group),
MgCl2 solution-cultured C. cicadae (MgCC) (137 mg/kg/day, MgCC group), N6-(2-hydroxyethyl)-
adenosine) (1.12 mg/kg/day, N(6)-(2-Hydroxyethyl) adenosine (HEA) group), or polysaccharides
(1.5 mg/kg/day, PS group). The Mg2+ concentration of DCC and MgCC was 309.75 mg/L. Data are
presented as mean ± SD; a,b,c Different letters indicate significantly different values according to a
one-way ANOVA using Duncan’s multiple test (p < 0.05).

4. Discussion

Studies have argued that DOW can promote the growth of fungal mycelium and
regulate the production of functional components [15]. This study examined the cultivation
of C. cicadae using UPW, DOW, and MgCl2. Compared with using UPW, cultivating C.
cicadae with DOW increased mycelium growth and HEA content but reduced intracellular
and extracellular polysaccharide contents. Regarding the mycelium growth, C. cicada were
similar to other fungi such as Monascus purpureus, Antrodia cinnamomea, and Cordyceps
militaris can be significantly increased by DOW [12,14–16,36]. According to our past re-
search, different minerals in DOW may affect the growth of C. militaris and the production
of cordycepin [16]. MgCl2 was regarded as the most important compound in the DOW.
However, MgCl2 and DOW performed the opposite trend on the regulation of mycelium
production. MgCl2 largely reduced the production of mycelium and adenosine, increased
HEA content, and reduced the production of intracellular polysaccharides. The lower intra-
cellular polysaccharides production may result from the decreased mycelium production.
Although the polysaccharide content is reduced, it may also change the polysaccharide
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composition. The crude polysaccharides isolated from DCC still have the ability to slightly
improve memory deficit and anti-inflammatory effect. It shows that the polysaccharide
composition of DCC has an improvement effect on the development of AD.

Past studies have pointed out that the Cl− in DOW would reduce the production of
cordycepin and mycelium. C. militaris mycelium was increased by MgNO3 but not by
MgCl2 [16]. Therefore, in this study, the main factor that MgCl2 reduces the production of
C. cicadae mycelium and adenosine may not be caused by Mg2+, but by Cl−. It is the first
study to prove that DOW enhanced mycelium and HEA productions of C. cicadae. Although
the production of polysaccharides was slightly decreased (p > 0.05), the co-fermentation
product still performed the synergistic functional effect. This study also found that the
mycelium of C. cicadae can absorb Mg2+ in DOW and increase the content of Mg2+ in cells.
Mg2+ was absorbed in cells and converted into organic ions, and the absorbed Mg2+ should
be the important factor for increasing magnesium uptake in brain (Table 2).

Aβ40 is a neurotoxic protein generated by cleaved APP and leads to immense pro-
duction of inflammatory factors that cause damage to nerve cells and promote excessive
phosphorylation of tau proteins. As a result, neurofibrillary tangles continually form
and block the transmission of neural signals, which inhibits memory [26,27]. STZ causes
necrosis of pancreatic β cells, affecting the secretion of insulin and resulting in DM; as a
result, it has often been considered a drug that induces type 1 diabetes. STZ promotes the
accumulation of Aβ in the brain and causes the excessive phosphorylation of tau proteins;
this damages nerve cells and blocks the transmission of neural signals, affecting learning
and memory. In recent years, it has been considered a drug that induces AD [37]. In this
study, Aβ40 and STZ were used as drugs to co-induce AD; a mixture of Aβ40 and STZ
was infused into the brains of animals for 28 days to induce AD. The results demonstrate
that infusions of Aβ40 and STZ effectively impede the learning and memory of rats. An
analysis of AD risk factors and inflammatory factors indicated that infusions of a Aβ40 and
STZ mixture effectively increased the expression of AD risk factors Aβ, BACE, and p-tau,
decreased the expression of microglia cell receptor sRAGE, and increased the expression of
inflammatory factor TNF-α, IL-1β, and IL-6 proteins. This then increases the expression
of BACE and causes the continuous synthesis of Aβ, leading to hyperphosphorylation of
tau proteins and massive formation of neural tangles and senile plaques. This ultimately
affects memory and learning, inducing AD.

The water maze involves the observation of rodents searching for a hidden platform
submerged in a pool of water and recording the time and swimming trajectories of the
animals locating the platform. The records are then analyzed to deduce memory and
spatial awareness. The reference memory laboratory placed a hidden platform in quadrant
IV and recorded the time the rats spent searching for the platform each instance; this
was one of the methods employed to evaluate their learning and memory. Injections of
Aβ40 and STZ into the brain reduced memory learning in the reference memory test,
probe test, and working memory test. UCC had poor results in improving memory and
learning, but DCC and MgCC improved memory and learning considerably, with DCC
outperforming MgCC. This result may be related to the main functional components;
DOW, HEA, and polysaccharides are the main functional components in this study. In the
probe test, polysaccharides exhibited more favorable results in improving memory and
learning than did HEA. However, although UCC had the highest polysaccharide content,
it did not demonstrate significant effectiveness (Table 1). Therefore, the reason for DCC
exhibiting more satisfactory results in improving memory and learning is not its higher
HEA and polysaccharide content. Furthermore, MgCC also led to significant improvements,
indicating that the ions in DOW may be a main factor driving DCC improvement of
memory and learning capabilities. The effectiveness of DCC may be due to increases in
polysaccharide and HEA content in C. cicadae (for HEA after DOW cultivation) and the
content of Mg and other minerals in fermented C. cicadae mycelium. UCC contains only
polysaccharides and HEA; therefore, its effects are limited.
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Aβ is generated after the cleavage of APP by BACE and γ-secretase [23]. A result
of increased BACE expression or enzyme activity in the brain is the generation of Aβ.
Therefore, the expression of Aβ, BACE, and p-tau proteins were measured in this study
to determine whether the effects of DCC in improving memory and spatial learning
derive from regulating the formation of Aβ and the phosphorylation of tau proteins.
After inducements with Aβ and STZ, the expression of Aβ and BACE was increased
significantly (p < 0.05). DCC can significantly reduce the expression of Aβ and BACE
when their levels have been elevated, whereas UCC, MgCC, HEA, and PS can slightly
lower Aβ and BACE expression. This demonstrates that DCC can mitigate memory loss
by regulating Aβ-generation pathways, and this effect may be due to ions in DOW and
the synergistic effects of HEA and PS in C. cicadae. Phosphorylation of tau proteins is
then aggravated; hyperphosphorylation of tau proteins in the brain diminishes microtubal
organization and results in the formation of neural tangles. This impairs the transmission
of nerve substances, resulting in some neuronal components that are typically transported
between cell bodies and nerve endings (and are not rapidly degraded) accumulating
between normal neuronal cells. This ultimately leads to degeneration of the neuronal
cells [24,26,27]. Among the experimental substances, only MgCC significantly reduced
p-tau protein expression (p < 0.05); no significant differences in p-tau protein expression
were present between the other experimental substance groups and the Aβ group.

When Aβ is produced in massive quantities and accumulated in brain cells, the
excessive Aβ binds with RAGE receptors on microglia cells, which increases the expression
of inflammatory factors such as TNF-α, IL-1β, and IL-6 and induces massive release
of inflammatory factors. This leads to continuous inflammatory responses and results
in the apoptosis of many nerve cells [30]. The results of this study indicate that DCC
can significantly reduce (p < 0.05) the expression of TNF-α, IL-1β, and IL-6, elevated by
infusions of Aβ40 and STZ, in the hippocampus and the cortex.

As a protein that regulates RAGE, when sRAGE is synthesized with RAGE, it blocks
the synthesis of intracellular Aβ and RAGE. This suppresses the production of pro-
inflammatory factors and reduces the occurrence of inflammatory responses [31,38]. Feed-
ing DCC can increase the expression of sRAGE. Among its main components, HEA and PS
also slightly increase the expression of sRAGE. These results indicate that HEA and PS in
DCC increase expressions of sRAGE and reduce the expression of pro-inflammatory factors
TNF-α, IL-1β, and IL-6; this then reduces the production of inflammatory responses. These
effects may be due to the abundant minerals in DOW as well as the Mg2+ fermentation
product of the co-fermentation of DOW and C. cicadae and the effects of HEA and PS in
C. cicadae.

According to past research, although Cordyceps cicadae, C. Militaris, and C. sinensis
belong to Cordyceps species, the functional components produced are quite different. In
additoin to the fungi polysaccharides, C. militaris is a famous for higher production of
cordycepin. Cordycepin in Cordyceps militaris has been considered as one of the functional
components with neuroprotection in past studies [39]. Cordyceps cicadae has been gradually
discovered in recent years because its HEA was proven to perform liver protection [4],
renoprotection [2], and anti-diabetic effect [39,40]. Some studies have argued that HEA
in C. cicadae can limit NF-κB signal pathways and alleviate LPS-induced inflammatory
responses [1]. C. cicadae polysaccharides were also proven to perform anti-oxidation
and anti-inflammatory activities [2]. In AD prevention, anti-inflammatory should be an
important feature against Aβ-induced neurodamage. In this study, it was found that HEA
and polysaccharides of Cordyceps cicadae exhibit neuroprotection effects due to their anti-
inflammatory effects. In the analysis results of cortex and hippocampal tissue, HEA reduced
Aβ-induced IL-1β expression, and polysaccharides also significantly repressed IL1β and
IL-6. Therefore, HEA and C. cicadae polysaccharides still performed some potentials on
suppressing inflammatory responses in AD brain.

In addition, Cordyceps militaris and Cordyceps cicada have similar effects on DOW
fermentation. DOW can improve both of the biomass and health benefits. However, in
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particular, Cordyceps cicada can convert DOW minerals into a form that is beneficial to
biological absorption. In this study, organic Mg2+ of DCC was the important key factor
to achieve neuroprotective effects. Mg2+ is among the most abundant bivalent cations in
cells. It synthesizes with enzymes and related receptors in cells to regulate cell growth,
metabolism, and neurotransmissions. Past studies have demonstrated deficiencies in brain
magnesium content in AD animal models and feeding test subjects with experimental
substances containing magnesium can effectively supplement Mg2+ deficiencies in the brain
and improve AD symptoms [35]. Therefore, using magnesium content in the hippocampus
and cortex as the study basis, our experiments investigated whether feeding the subjects
with experimental substances containing magnesium can increase magnesium content in
the brain and thus suggest the possibility of treating AD. Rats infused with a mixture of
Aβ40 and STZ had significantly lower magnesium content in their hippocampus and cortex
than rats undergoing vesicle. Being fed DCC and MgCC effectively supplemented Mg2+

content in the hippocampus and the cortex. Feeding DOW alone only slightly increased
the Mg2+ content in the hippocampus and the cortex. Organic Mg2+ effectively mitigated
the Mg2+ deficiency in the brain. Feeding the DOW and Mg2+ fermentation products in
C. cicadae yielded considerably more satisfactory results, which can be attributed to the
co-fermentation of DOW and MgCl2 with C. cicadae producing organic state Mg2+ products
that are more conducive to absorption and use.

MAGT1 in the brain facilitates Mg2+ entering neuronal cells to suppress the expression
of BACE, reduces the formation of Aβ, and inhibits the expression of GSK-3β. This reduces
the phosphorylation of tau proteins [34]. The results of our experiment indicated that rats
infused with a mixture of Aβ40 and STZ have significantly lower expression of MAGT1
than rats undergoing sham operations (p < 0.05). This finding is consistent with those of
past studies in which mice with induced AD had significantly lower expression of MAGT1,
and their being fed experimental substances with Mg2+ significantly increased MAGT1
expression (p < 0.05); MgCC exhibited the greatest increase [32,33]. However, in our study,
feeding HEA and PS did not result in significant differences (p > 0.05), indicating that
the outcomes from DCC and MgCC were not due to the effects of HEA and PS but were
possibly due to the Mg2+ in the DOW and MgCl2 mixture. MgCC contains only single-
ion magnesium, which may be more easily used by C. cicadae to increase the expression
of MAGT1. DCC, possibly because it is restricted by other ions in DOW and its role in
maintaining ion consistency in the body, resulted in lower expression of MAGT1 than
that in rats fed with MgCC. These observations suggest that after DOW and MgCl2 were
co-fermented with C. cicadae, the resulting magnesium fermentation products assist with
replenishing magnesium deficiency in the brain and are also conducive to increasing the
expression of MAGT1 in the brain and improving AD.

UCC, DCC, and MgCC can reduce the synthesis of Aβ and RAGE by increasing the
expression of sRAGE. This results in the deactivation of a large quantity of microglia cells,
which lowers the expression of TNF-α, IL-1β, and IL-6 and reduces the occurrence of
inflammatory responses. Due to co-fermentation with DOW and MgCl2 to become fermen-
tation products containing magnesium, DCC and MgCC can effectively regulate MAGT1.
Summarizing these effects, UCC only improved inflammatory responses, and this effect is
due to the functional components HEA and C. cicadae polysaccharides already present in
C. cicadae. MgCC contains the inflammatory abilities of HEA and C. cicadae polysaccharides,
but it can also regulate MAGT1 expression due to its fermentation with MgCl2 producing
fermentation products containing organic magnesium. As a result, compared with UCC,
MgCC has more potential to improve AD. DCC contains C. cicadae HEA and C. cicadae
polysaccharides and has the ability to improve inflammatory responses; it also contains
organic fermentation products with DOW minerals and magnesium, enabling effective
MAGT1 regulation. Combined with the synergistic effects provided by its other ions, DOW
outperforms MgCC and UCC in treating AD.

This study investigated the effects of C. cicadae fermentation products on absorbing
ions and treating AD induced by Aβ 1–40 and STZ. C. cicadae absorbs Mg2+ in DOW at

207



Fermentation 2021, 7, 39

a high level, which increases its growth and the production of its active components as
well as the ion-absorption rate of organisms. The mechanisms were shown in Figure 7.
Studies on models of animals with AD have demonstrated that C. cicadae cultivated with
DOW contains the anti-inflammatory substances HEA and C. cicadae polysaccharides.
Furthermore, due to effects from its co-cultivation with DOW, C. cicadae can increase the
expression of MAGT1 and increase Mg2+ content in the cortex as well as effectively increase
the expression of sRAGE and inhibit the release of inflammatory factors by microglia
cells. This effectively reduces the occurrence of inflammatory responses, which lowers the
expression of BACE and reduces the generation of Aβ. In summary, C. cicadae cultivated
with DOW can treat AD through the effective supplementation of Mg2+ required by the
human body and the inhibition of inflammatory responses.
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Abstract: The control of the immune system of pigs after weaning is important in pig farming because
productivity depends on the survival of the post-weaned pigs. Previously, antibiotics would have
been administered in the case of infectious diseases to increase the survival rate of post-weaned pigs,
but now, the use of antibiotics is strictly restricted in order to prevent other problems such as the
occurrence of antibiotic-resistant pathogens. In this study, the effect of fermented kefir as a functional
feed additive as a replacement to antibiotics was evaluated in terms of the microbial profile in fecal
samples, immunological factors in the blood of pigs, growth performance measured as average daily
gain (ADG) and the feed conversion rate (FCR) of post-weaned pigs. In the kefir-treated group, the
number of lactic acid bacteria and Bacillus spp. in the fecal samples of the pigs increased with the kefir
treatments. Interestingly, the number of coliform groups as opportunistic pathogens was reduced
in the fecal samples of pigs treated with kefir. We found out that treatment with kefir enhanced the
innate immunity of post-weaned pigs though the reduction of IL-6 as a proinflammatory cytokine
and an increase in IgG as an immunoglobulin, enhancing immunological defense against pathogens.
Finally, after treatment with kefir, we observed that the ADG of post-weaned pigs increased to 135.6%
but FCR decreased to 92.2%. Therefore, this study shows that fermented kefir can be used as a
functional feed additive and an antibiotic alternative in order to improve both the innate immune
system and growth performance of post-weaned pigs.

Keywords: fermented kefir; post-weaned pig; innate immune system; growth performance; func-
tional feed additive

1. Introduction

In pig farming, it is important that the health of pigs is maintained and supported,
especially in the post-weaning period, when they are more susceptible to environmental
stresses and infection by pathogenic microorganisms [1]. Pathogenic microorganisms can
be lethal to piglets after weaning and treatment with antibiotics is usually increased [2].
However, the use of antibiotics in livestock accelerates the occurrence of antibiotic-resistant
pathogens, which is a major concern, like the emergence of antibiotic-resistant microor-
gansims [3]. Due to these concerns, the use of antibiotics is now strictly prohibited in pig
farming for the prevention of infection by pathogenic microorganisms [3]. Therefore, it is
now very important to find alternatives that can replace antibiotics.

Kefir is known to be milk fermented using a kefir grain with microbial complexes con-
taining kefiran as the biologically active exopolysaccharide [4]. These microbial complexes
in kefir grain possess probiotic characteristics [4]. Many microorganisms isolated from kefir
show high survival against the low pH and bile salts in the gastrointestinal tract, thereby
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adhering to intestinal mucus. In addition, these microorganisms can produce antagonistic
materials like organic acids and antimicrobial peptides to interfere with the adherence of
pathogenic bacteria to the intestinal mucus.

Kefir grain has been shown to confer diverse biological activities such as improved
digestion and tolerance to lactose, antibacterial effects, hypocholesterolaemic effects, anti-
hypertensive effects, anti-inflammatory effects, antioxidant activity, anti-carcinogenic ac-
tivity and anti-allergenic activity. It is thought that these diverse activities result from the
microbial complexity of the kefir grain’s composition [4,5]. In this study, we examined
whether fermented kefir could play a role as a functional feed additive for improvement
of the growth performance measures average daily gain (ADG) and feed conversion rate
(FCR) and the immune condition of pigs through a field trial.

2. Materials and Methods

The experimental protocol (TMCco-2019-01) describing the management and care of
animals was reviewed and approved by the Animal Care and Use Committee of Chungnam
National University, Daejeon, South Korea.

2.1. Preparation of Fermented Kefir

Based on the method previously reported, we carried out the preparation of fermented
kefir [6]. The kefir grain was inoculated in 4% (w/v) of whole fat milk medium and
cultivated at 30 ◦C for 2 d without agitation. For main fermentation of kefir, the medium
used in this study was developed based on De Man, Rogosa and Sharpe (MRS, KisanBio,
Seoul, Korea), yeast extract-peptone-dextrose (YPD, KisanBio, Seoul, Korea) and nutrient
broth (NB, KisanBio, Seoul, Korea) media. In order to determine the optimum conditions
for the main fermentation of kefir, we modified the composition of glucose, whey protein
and dipotassium phosphate and the inoculation size and chose the best compositions
of each factors to increase number of viable lactic acid bacteria, Bacillus spp. and yeast.
The main fermentation of kefir was carried out in 300 L of working volume of a 500-L
fermenter (JUNGHYUN PLANT, Hwaseong, Korea) at 30 ◦C for 1 d. For fermentation,
sterilized air was supplied at 2 vvm (volume/volume/minute) in the fermenter and mixing
rate was kept at 200 rpm through an impeller (JUNGHYUN PLANT, Hwaseong, Korea).
After fermentation, the total cells were harvested by continuous centrifugation (HANIL
SCIENCE MEDICAL, Daejeon, Korea) at 8000 rpm and the cell pellet was mixed with 20%
(w/v) of sterilized skim milk solution. After that, this mixture was lyophilized for 3 d.

2.2. Determination of Vible Colonies in Fermented Kefir

For determination of the number of lactic acid bacteria, Bacillus spp. and yeast in the
lyophilized kefir, viable colony counting was carried out. Briefly, the sample was diluted
by serial dilution to 0.85% with a sterilized saline solution and 100 µL of the diluted sample
was spread onto MRS agar for lactic acid bacteria, NB agar for Bacillus spp. and YPD agar
for yeast. After incubation at 30 ◦C for 1 d, colonies were counted.

2.3. Experimental Design of Animals

Ninety pigs regardless if sex (4 w of age, 7.66 ± 0.38 kg) were used in this experiment.
The weight of each pig at the start and end of this experiment and the amount of feed
consumed for 4 weeks was measured. To calculate average daily gain (ADG) and feed
conversion rate (FCR), we monitored the weight of each pig and feed consumed for 4 weeks.
The groups for this field trial were divided into three groups: the control, experimental I
and experimental II group. Each group consisted of 30 pigs. The control group was fed
the basic feed only. Experimental I and II groups were fed the basic feed containing 0.1%
(w/w) and 0.5% (w/w) of lyophilized kefir of the weight of basic feed, respectively. The
0.1% and 0.5% of lyophilized kefir contained 1 × 107 and 5 × 107 CFU/mL of lactic acid
bacteria, respectively.
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2.4. Analysis of Microorganisms in Fecal Sample of Pigs

For analysis of microorganisms (lactic acid bacteria, Bacillus spp. yeast and coliform
groups) in the fecal samples of pigs, fecal samples were taken from all of pigs at 0, and
the second and fourth weeks of the trial. After that, the serial dilution of samples was
carried out with sterilized 0.75% NaCl solution and 100 µL of diluted sample was spread
onto MRS agar for lactic acid bacteria, NB agar for Bacillus spp., OGYE agar for yeast and
MacConkey agar for the coliform group. Plates were incubated for 1 d at 30 ◦C and colonies
were then counted.

2.5. Analysis of Porcine TNF-α, IL-6, IgA and IgG in Serum of Pigs

Blood samples were collected from the jugular vein of each pig at the start and
end of the trial. Serum was collected using a vacuum tube (Becton Dickinson, Franklin
Lakes, NJ, USA) and centrifuged at 4000 rpm for 10 min at 4 °C before being stored at
−80 ◦C until immunological factors were quantified. Determination of TNF-α and IL-6
in the serum of pigs were carried out using the porcine TNF-α DuoSet ELISA (enzyme-
linked immunosorbent assay, R&D Systems, Minneapolis, MN, USA) and porcine IL-6
DuoSet ELISA (R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
instructions, respectively. Determination of IgA and IgG in the serum of pigs was carried
out using the Pig IgA ELISA Quantitation kit (Bethyl Laboratories, INC, Montgomery, TX,
USA) and Pig IgG ELISA Quantitation kit (Bethyl Laboratories, INC, Montgomery, TX,
USA) according to the manufacturer’s instructions, respectively. The concentrations of
porcine TNF-α, IL-6, pig IgA and IgG were then calculated from the standard curves.

2.6. Statistical Analysis

Statistical analyses were accomplished using SPSS 22.0 [7]. The obtained data were
analyzed using the paired t-test for evaluating the association and significance between
variables. A p-value <0.05 was considered significant.

3. Results
3.1. The Optimization of Culture Conditions for Kefir Fermentation

For the main fermentation of kefir, seed culture was carried out in sterilized 10% whole
fat milk medium for 2 days at 30 ◦C without agitation. Thereafter, we optimized the culture
conditions for kefir fermentation according to the concentrations of glucose as a carbon
source, whey protein as a nitrogen source and dipotassium phosphate as a phosphate
source. We optimized the innoculation size of the seed culture. As a result, the number
of lactic acid bacteria, Bacillus spp. and yeast increased by 123.6%, 115.4% and 113.4%,
respectively, when we used 2% of glucose. At 1% of whey protein, the number of lactic acid
bacteria, Bacillus spp. and yeast increased by 122.7%, 120.2% and 111%, respectively. At
0.02% and 0.1% of dipotassium phosphate, the number of lactic acid bacteria, Bacillus spp.
and yeast was not reduced, compared to other concentrations of dipotassium phosphate
(Figure 1a–c) [6]. The number of lactic acid bacteria, Bacillus spp and yeast reached its
maximum when 2% seed culture of kefir was inoculated, rather than 10% (Figure 1d) [6].
Based on these results, we finally confirmed the optimum concentration of glucose, whey
protein and dipotassium phosphate, and the size of inoculum (Table 1) [6].
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Table 1. The composition of optimized culture medium for kefir fermentation.

Component Composition (%, w/v)

Glucose 2
Whey protein 1

Dipotassium phosphate 0.02
Yeast extract 2

Ammonium sulfate 0.1
MgSO4 0.01
MnSO4 0.05

Inoculation size 2

3.2. The Effect of Fermented Kefir on Microflora in the Fecal Samples of Post-Weaned Pigs

To examine whether treatment with kefir can alter microorganisms in the gut of pigs,
we investigated the number of lactic acid bacteria, Bacillus spp., yeast and coliform groups
in the fecal samples before and after two and four weeks of treatment with kefir. An
increase in the number of lactic acid bacteria in the fecal sample was observed at the second
week in all groups supplied with kefir and kept on it by end of this field test, compared to
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the control group (Figure 2a). In addition, the number of lactic acid bacteria in the fecal
sample of the control group decreased by the end of this field test. This result indicates
that direct supplementation of lactic acid bacteria can lead to lactic acid bacteria-enriched
microflora. The number of Bacillus spp. in the fecal sample also increased in all groups
supplied with kefir, similar to the increase in the number of lactic acid bacteria (Figure 2b).
However, the kefir supplement did not affect the amount of yeast in the fecal sample
(Figure 2c). Interestingly, the kefir supplement reduced the number of coliform groups in
the fecal sample at end of this field test with statistical significance (Figure 2d). This result
shows the possibility of kefir as antibiotic alternative, because the supplementation of kefir
directly inhibited the growth of coliform groups. Therefore, these results indicate that
supplementation with kefir was able to directly make the microflora conditions beneficial
to the health of post-weaned pigs.
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Figure 2. Monitoring microorganisms in the fecal sample of pigs fed fermented kefir. (a) Change in the number of lactic
acid bacteria. (b) Change in the number of Bacillus spp. (c) Change in the amount of yeast. (d) Change in the number of
coliform groups. Fecal samples were collected before feeding of kefir, and on the second and fourth weeks. * p < 0.05 and **
p < 0.01, determined using a paired t-test.

3.3. The Effect of Fermented Kefir on Innate Immunity of Post-Weaned Pigs

It is known that post-weaned pigs are more susceptible to infection by pathogenic
microorganisms, compared to adult pigs [2]. One of the strategies to avoid the use of
antibiotics and minimize the damage by infection of pathogenic microorganisms in pig
farming is the enhancement of the innate immunity system of these pigs. The levels of
TNF-α and IgA in the blood serum were not changed after supplementation with kefir
(Figure 3a,c). However, the supplementation of 0.5% kefir dramatically reduced the level of
IL-6 as proinflammatory cytokine after the end of this field test (Figure 3b). The level of IgG
as immunoglobulin, participating in the defense system against pathogens, was increased
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in all groups treated with kefir (Figure 3d). This result shows that supplementation of kefir
can contribute to the enhancement of the innate immunity of post-weaned pigs.
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Figure 3. Monitoring cytokines and antibodies participating in innate immunity in the blood of the post-weaned pigs
fed fermented kefir. (a) The concentration of TNF-α. (b) The concentration of IL-6, (c) The concentration of IgA. (d) The
concentration of IgG. Each group consisted of 30 pigs. Blood was collected before and on the fourth week.

3.4. The Effect of Fermented Kefir on ADG and FCR as Growth Performance Measures in
Post-Weaned Pigs

We also determined the effect of fermented kefir on ADG and FCR, as well as the
innate immunity of post-weaned pigs. The ADG in the group supplied with 0.1% kefir was
not changed but increased in the group supplied with 0.5% kefir with statistical significance,
compared to the control group (Figure 4a). In the case of FCR, 0.1% kefir supplementation
had little effect for 4 weeks. However, 0.5% kefir supplementation induced a reduction in
FCR, compared to the control group (Figure 4b). Improvement of both ADG and FCR as
growth performances by 0.5% kefir supplementation implies that kefir supplementation
can contribute to the efficient conversion of nutrient intake to weight gain.
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4. Discussion

The use of antibiotics is now restricted for the prevention of microbial infections
because of antibiotic resistance; therefore, the need for functional feed additives as antibiotic
alternatives in animal farming has increased [8–11]. Indeed, functional feed additives
based on probiotic bacteria or natural products have been developed and used as antibiotic
alternatives [12–14]. In this research, fermented kefir was evaluated as a functional feed
additive for post-weaned pigs, which are relatively susceptible to infection of pathogens.

Firstly, we found that the supplementation with kefir induced an increase in the
populations of lactic acid bacteria and Bacillus sp. but a reduction in the number of col-
iform groups. These coliform groups, such as opportunistic pathogens like Citrobacter sp.,
Enterobacter sp., Hafnia sp., Klebsiella sp. and Escherichia sp., often damage the intestines
of pigs through toxin production, thereby leading to death [14,15]. The use of antibiotics
to eliminate these groups is paradoxically one of reasons why antibiotic-resistant bacteria
occur [16]. Therefore, it is important to control the number of coliform groups in the
intestine to maintain the health and improve the productivity of pigs without the use of
antibiotics. Previously, it was known that fermented kefir and kefiran as exopolysaccharide
show antimicrobial activity through in vitro and vivo testing [17]. In this study, we showed
that the antimicrobial activity of fermented kefir against coliform groups can indeed be
realized in weaned pigs through supplementation with kefir.

Such microflora changes to increase the number of beneficial microorganisms can lead
to modulation of the production of cytokines and antibodies, controlling the innate and
acquired immunity of pigs through interactions between microflora and the intestine, as
well as metabolites produced from microorganisms [18]. According to Wang et al., they
observed effects of probiotics on levels of inflammatory cytokines in the serum of pigs
supplied with Lactobacillus fermentum and Pediococcus acidilactici [18]. In particular, the
level of IL-6 as a pro-inflammatory cytokine was decreased in the probiotic groups. The
reduction of IL-6 through treatment with probiotics was also studied by Zhang et al. [19].
They demonstrated that treatment with L. rhamnosus GG attenuated the level of IL-6 in
the serum of piglets [19]. Other studies have also shown that treatment with probiotic
microorganisms induces the expression of IgG and anti-inflammatory cytokines like IL-
10 and suppresses the expression of proinflammatory cytokines such as IL-6, IL-8 and
TNF-α [20–22]. In agreement with these studies, we found out that the level of IL-6 was
reduced and that of IgG was increased in the serum of weaned pigs supplied with kefir,
compared to the control group. However, supplementation with kefir did not affect the
level of TNF-α and IgA in this study.

Finally, we found out that supplementation with fermented kefir improved both
ADG and FCR in post-weaned pigs. Similar to this result, it was previously reported that
the supplementation of beneficial microorganisms like probiotics can maintain a healthy
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intestine and improve conversion rate of feed to energy and nutrients, thereby improving
ADG and FCR as growth performances in swine [12–14].

Therefore, we have demonstrated that fermented kefir can be utilized as a functional
feed additive in order to improve ADG and FCR, as well as the immune system in pigs
through the alternation of microflora inhabiting in the intestines (Figure 5).
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Abstract: Probiotics and synbiotics are known to have beneficial effects on human health and disease.
Hirsutism, a disorder that is characterised by the presence of coarse terminal hairs in a male-like
pattern, is usually caused by elevated androgen levels in blood plasma. This disorder is usually
observed in PCOS women and it is linked to insulin resistance (IR). Although idiopathic hirsutism
(IH) is not shown to have excess androgen production from the ovarian and adrenal glands, increased
5α-reductase in peripheral tissues and insulin resistance are common observations. The effect of
probiotics and synbiotics have been recently studied on PCOS women; androgens were also included
in the hormonal groups that were investigated. Only a few studies focus on hirsutism and the
potential effect of the beneficial microbes mentioned, whereas the increasing interest on insulin
resistance and synbiotics indicate a potential beneficial effect on hirsutism through the management
of insulin resistance.

Keywords: probiotics; synbiotics; hirsutism; androgens; insulin resistance; PCOS

1. Introduction

Fermented food, such as yoghurt, bread, bear and wine, has been widely known
since ancient times, and some have been used since then, for therapeutic purposes [1–3].
Fermented dairy products (yoghurt, kefir) were used to treat diseases like diarrhea and
other infections of the intestinal tract [4,5]. Interaction between microorganisms and
human health was first reported in 1907, where yoghurt microflora was described by Elie
Metchnikoff [6]. Fermented food is still used as an additional treatment for disease, such as
wounds [7–9], gastroenteric disorders and infections [7,10], as well as an overall support
for health [7,8,10–12]. The term probiotic was introduced by Werner Kollath [13] and
according to the World Health Organisation (WHO), this term refers to the microorganisms
that ‘’when administered in adequate amounts, confer a health benefit on the host” [14].
Probiotics are found to have multiple beneficial roles on human health and disease, through
restoration of gut microbiota (GM) [15,16], symptom improvement on intestinal disease,
such as irritable bowel syndrome (IBS) [17], modulation of hormonal profile in animals
and humans [18–22] and skin infections and healing [23–25]. Along with the beneficial
microorganisms, prebiotics, which are fermented compounds that support and promote
modifications in the activity and composition of GM [26], have also been studied. It is
shown that a controlled combination of probiotics and prebiotics, called synbiotics, can
provide a more enhanced beneficial effect on human health and disease [16,27–29].

Although the effect of probiotics and synbiotics are extensively studied, there has been
limited research conducted on their effect on sex hormones and sex hormone imbalances,
such as hirsutism, a disorder that is mainly characterised by elevated androgen levels in
women. The aim of this review is to focus on the role of probiotics and synbiotics and their
metabolic process on hirsutism.

1.1. Probiotics

Lactobacillus, Streptococcus, Bifidobacterium, Lactococci and Saccharomyces are some of the
probiotic species that are known [30]. Microorganisms that are mostly used as treatments
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are Lactobacillus, Streptococcus, Bifidobacterium and Saccharomyces, whilst most of them are
naturally present in the human GM [31–37]. There has been an increase in research on the
effect of probiotics on health and disease, whilst they are shown to have both beneficial
effects on healthy subjects and therapeutic effect on various diseases and conditions,
such as intestinal disease [38–46], skin disease [10,24,47–52] and wound healing [53–57].
Probiotics have also been used for the restoration of disturbed GM [58]. Dysbiosis of gut
microbiota (DOGMA) is the alteration of gut microflora that can occur due to a variety
of reasons, such as antibiotic use [59,60] and diet [61,62]. The human gut, also described
as the “second brain” of the human body, plays an important role in human health and
disease [63,64]. The GM is known to have a significant role in the functionality of the
bowel, maintaining the gut mucosa through their role on gut homeostasis [63–65]. The
probiotic E. coli Nissle 1917 protects and prevents against inflammatory response via TLR-4
and TLR-2-dependent pathways, whilst lower counts of Firmicutes prausnitzii are linked
with potential inflammatory bowel disease pathogenesis due to its anti-inflammatory
effects [65,66]. The impact of the metabolic processing of the gut microflora in the gut is
extended outside of the bowel and can impact other functionalities of the human body,
reaching the skin [10,24,67–69]. L. casei is shown to reduce skin inflammation through
the regulation of CD8+T cells, which initiate inflammatory response [47]. The role of
probiotics on endocrinology has also been reported and GM was shown to affect the
production of hormones, such as leptin [62,70,71], stress hormones [72], insulin [73,74] and
sex hormones [75,76] in the intestinal tract. Additionally, the disturbance of gut microbiota
can affect the levels of endogenous hormones, such as estrogens, as well as administrated
steroids, such as megestrol acetate, medroxyprogesterone acetate, norethisterone and
others, suggesting that the use of antibiotics can cause hormonal imbalance and reduce the
absorption of contraceptive hormones, which are used as a method of birth control and/or
treatment for metabolic syndromes [75]. An altered microbiota during the early life of the
diabetic mouse (Type 1) can determine sex hormones and cause metabolic changes, such as
increased testosterone levels [76]. Administration of probiotics can restore the imbalanced
microorganisms that live in the human intestine and improve certain conditions through
their metabolic processes [58]. Additionally, DOGMA is also observed in patients suffering
from inflammatory bowel disease, colitis [77], Crohn’s disease, IBS [63], polycystic ovary
syndrome (PCOS) [78] and other conditions.

1.2. Synbiotics

Synbiotics are the controlled combination of probiotics and prebiotics and their sup-
plementation aims to provide a more enhanced health benefit on human health and disease.
Known prebiotics are fructans (e.g., inulin), complex polysaccharides, oligosaccharides
and sugar alcohols [16,79] and in combination with probiotics, they have been used for the
treatment of conditions and disease [18,27,28,80,81]. Synbiotics containing L. acidophilus
NCC90, oligofructose and acacia gum can have a preventive role on bone mineral loss after
ovariectomy in rats [16]. It has been reported that synbiotic treatments showed beneficial
effects on non-alcoholic fatty liver disease (NAFLD), reducing fibrosis and hepatic steato-
sis in humans [82,83], total necrosis factor α (TNF-α), total nuclear factor κ-B (TNF-κB)
and other NAFLD biomarkers, such as high-sensitivity C-reactive protein [83]. More-
over, synbiotics can bring improvements on Crohn’s disease through reduction in TNF-α
production [84], IBS [85] and delayed Alzheimer’s disease in Drosofila melanogaster [86];
improvement of thyroid function was observed after 8 weeks of synbiotic supplementation
in hypothyroid patients, decreasing thyroid stimulating hormone (TSH) levels and increas-
ing tri-iodothyronine (FT3), whilst overall increasing FT3/TSH ratio [18]. Bifidobacterium
Longum in combination with inulin, reduced levels of TNF-α and IL-1α in patients suffer-
ing from ulcerative colitis [77]. Another study on patients with ulcerative colitis showed
that B. breve and galacto-oligosaccharide (GOS)-containing beverage (Yakult) managed to
clinically improve the condition of the patients, through reduction of UC markers, such as
myeloperoxidase, and by lowering the faecal pH [87].
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1.3. Hirsutism

Hirsutism is a condition that appears in 5–10% of women and it is recognized by
the presence of coarse terminal hairs in a male-like pattern [88]. Excess hair growth that
consists of terminal hairs are present in areas were women normally have thinner hair.
The clinical diagnosis of hirsutism is completed based on Ferriman and Gallwey criteria
(Figure 1) [88] and the areas that are scored include the face, chest, thighs, upper arms,
abdomen and back. Scores (m-FG) from 1–4, with 1 describing minimal terminal hair and
4 describing frank virilization, are given to the mentioned areas whist total scores less than
8 are considered normal [88].
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A total score of less than 8 is considered normal, whereas higher scores indicate mild to severe hirsutism [88].

Hirsutism is a quite complex condition that can occur due to other syndromes or
disease, such as PCOS (Figure 2). Although the main reason for this condition is the
presence of excess androgens, such as testosterone (T) and dihydrotestosterone (DHT),
IH shows normal levels of androgens [89,90]. The most common reason for the excess
androgen levels is PCOS and 60–80% of PCOS women suffer from hirsutism [91]. The
diagnosis of this condition is conducted according to the Rotterdam criteria, by which
two of the three criteria have to be met: (a) evidence of hyperandrogenism, (b) oligo-
and/or anovulation and (c) polycystic ovaries [92]. Other clinical features are ovarian
enlargement and IR, which is found to be very common amongst PCOS women, whilst
the syndrome has also been linked with cardiovascular disease and inflammation. The
heritability of this disorder has been studied and it is possible that genetic changes on
the androgen receptor gene can lead to hirsutism [90]. During this study, a repeatability
of the trinucleotide CAG in exon 1 was observed and more frequent repeats in the N-
terminal domain of the androgen gene were linked with the development of the disorder.
However, other researchers have not shown a significant role of CAG in the pathogenesis
of hirsutism [93,94]. Hirsutism has also been linked with IR (Figure 3) [91,95–101], whilst
excess insulin production leads to hyperinsulinemia, which increases luteinizing hormone
(LH) through insulin receptor stimulation [97]. LH, along with follicle-stimulating hormone
(FSH), is a hormone that regulates androgen production through the secretion of them
from ovarian and adrenal glands. Moreover, high levels of insulin inhibit sex hormone-
binding globulin (SHBG), a hormone that binds with plasma T and is considered its major
determinant along with 17-β hydroxysteroids from plasma [102]. Consequently, both
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effects of IR are directly linked with hirsutism through excess androgen production. This
relationship between IR and hirsutism was studied in healthy women, where adipose
tissue was collected and in-vitro treatments with testosterone and/or anti-androgens were
conducted on insulin stimulated adipose cells [100].
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Figure 2. Hirsutism can originate from adrenal or ovarian disorders, or both. Various syndromes and disorders related to
the adrenal glands, such as Cushing’s syndrome, adrenogenital syndrome, 21-hydroxylase-deficient adrenal hyperplasia,
insulin-resistant acanthosis nigricans and androgen secreting tumour, show high levels of cortisol hormone and hirsutism.
Ovarian hirsutism is caused by PCOS that is characterised from high levels of free testosterone and/or polycystic ovaries,
insulin resistance and hyperandrogenemia. Idiopathic hirsutism is caused by peripheral increase of androgens, and women
that suffer from it show increased levels of 5α-reductase and insulin resistance, whilst they do not show any abnormalities
in their ovarian or adrenal function.

Adipose tissue contains adipocytes, also known as fat cells and are responsible for fat
energy storage. This study showed that the exposure of these cells to testosterone led to
insulin resistance, suggesting there is a link between hirsutism, androgen presence and
insulin resistance development.

Other disorders that are known for the increased production of androgens are hy-
perandrogenic insulin-resistant acanthosis nigricans syndrome [103,104], 21-hydroxylase-
deficient non-classic adrenal hyperplasia [90,105], androgen-secreting tumor [106], and
rarely androgenic drug intake [107]. On the other hand, the causes of IH are not well known.
However, when hormonal profiles of PCOS women and IH women were compared, IR
was found to be significant in both groups compared to the control group. IR and hyperin-
sulinemia increase the insulin-like growth factor (IGF) which affects hair follicles [95,96],
and therefore it is suggested that IR is potentially a cause of IH. This disorder is also
characterised as an increase in 5α-reductase in peripheral tissues, an enzyme that converts
T to DHT, and is generally responsible for the metabolism of steroids [95]. Potential causes
of IH include increased sensitivity of hair follicles to androgens, and androgen receptor
gene polymorphism [96].
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Figure 3. The relationship between insulin resistance and hirsutism. Hyperinsulinemia is caused when insulin resistance
is left unmanaged, causing an increase in LH and FSH, which regulate the production of ovarian and adrenal androgens.
This increase results in excess androgens, and eventually hirsutism. Moreover, insulin resistance reduces SHBG, which
leaves plasma testosterone unbound leading to increased free testosterone and hirsutism. Chronic androgen exposure
leads to adipose and skeletal muscle insulin resistance. The graph above presents the circular relationship between the two
conditions, leading to a vicious cycle of effects.

2. Therapeutic Index

Hirsutism treatments are usually combinational treatments, and they include periph-
eral androgen blockage, androgen suppression and cosmetic intervention. Cosmetic and
mechanical interventions are more effective and long lasting when used in combination
with either androgen suppression treatment or peripheral androgen blockage. Moreover,
alternative treatments have been investigated in recent years and naturally derived ad-
ditional treatments have been used for the improvement of hirsutism, as well as live
organisms that are shown to have a significant role in regulating and reducing androgen
production on PCOS women.

2.1. Chemically Derived Therapies

Current drug therapies for hirsutism include androgen suppression and peripheral
androgen blockage, also known as anti-androgens. For a more effective treatment these
drugs are usually administered in combination [108–112].

Androgen suppression treatments include insulin sensitisers, long acting gonadotrophin
releasing hormone (GnRH) analogue and estrogen-progestin oral contraceptive (OC)
pills [98,112–114]. OC action can differ in composition, but it is not shown to signifi-
cantly influence the effectiveness of the treatment. Their compositions can be monophasic,
biphasic or triphasic and the action of the OC is through the suppression of LH and FSH and
therefore a reduced androgen production from the ovaries [90]. Although this treatment is
shown to reduce SHBG and hyperandrogenemia in general, it does not have an effect in
low-grade inflammation and other hormonal disorders. Third generation OCs are not as
effective at reducing the levels of SHBG when compared to older combined OC [115]. OCs
containing sex hormones progestin and estrogen are shown to have significant effect on
the hormonal profiles of hirsute women, reducing the levels of androgens, such as T, dehy-
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droepiandrosterone sulfate (DHEAS) and DHT [116]. GnRH is a hormone produced in the
hypothalamus and it stimulates the production of LH/FSH which stimulates the ovaries to
produce androgens [97]. GnRH analogues are antagonists of GnRH and, when used on
PCOS women, were shown to reduce the total and free T, DHEAS and androstenedione sex
hormone. This treatment is usually combined with OCs. Moreover, the combination of in-
sulin sensitisers with OC has also been studied. Insulin sensitisers, such as metformin and
thiazolidenediones, are shown to reduce androgen production through the regulation of
blood glucose and the increase of insulin sensitivity [108,112,117,118]. Metformin has been
widely used, alone or in combination with other OCs or anti-androgens, for the treatment
of PCOS as it is shown to decrease levels of LH, testosterone, and androstenedione, and
improve the ovulation and decrease IR [108,109,112,113,119–122]. Metformin is shown to
be equally but moderately effective on reducing the hair diameter in PCOS women when
compared to anti-androgen combined with OC [112]. Although there was no decrease of
androgen levels, the effect is suggested to appear due to the reduction of hyperinsulinemia.
This suggests that managing insulin resistance and increasing insulin sensitivity might be
a better therapy treatment and approach, than administrating anti-androgens. Overall, the
combination of metformin with other drugs appears to be more effective on the treatment of
hirsutism, decreasing m-FG scores, levels of androgens and further drop of free androgens
through the enhancement of SHBG [109].

Peripheral androgen blockage drugs include cyproterone acetate, spironolactone,
flutamide and bicalutamide. 5α-reductase inhibitors, such as finasteride, have also been
used for the treatment of hirsutism [123]. These drugs bind to the androgen receptors in
selective tissues and therefore reduce the synthesis of androgens [124–126]. Cyproterone
acetate is shown to be effective in treating excessive hair growth and reducing androgen lev-
els [100,110,112,123,124,127,128], although side effects, such as weight gain, tiredness, loss
of libido and adrenal disfunction were reported [127–129]. The effect of this progestogenic
drug is through the inhibition of gonadotropin response to reduce T levels, decrease hair
growth and androgen levels [127,128,130]. Spironolactone was originally used as a diuretic
drug. However, it was shown to reduce T, through cytochrome P450 inhibition, without
having any effect on SHBG or free T [131]. It is shown to be an effective and tolerable drug
for the treatment of hirsutism, especially when combined with OC [132–134]. Flutamide is
reported to be a better choice of treatment for the disorder studied when compared to the
previously mentioned drugs [134]. It is shown to have a significant effect on hirsutism, acne
and male-pattern hair loss in hirsute women. However, severe side effects are reported,
such as embryotoxicity, thus it is suggested to use in combination with other drugs, such as
insulin sensitisers or OC [98,108,111,122,134]. Bicalutamide was shown to have similar
effectiveness with the above drugs on reducing m-FG scores and lower androgen levels,
although it did not have any effect on insulin resistance [135–137]. Despite the effectiveness
of these drugs, many subjects are sceptical when it comes to the administration of such
treatments due to the potentially severe side effects. Thus, the potential therapeutic effect
of naturally derived therapies is also studied.

2.2. Naturally Derived Therapies

Many natural remedies have been studied and used for the management of hirsutism
and acne, however, extensive research has not been conducted for many of them [138–141].
Some of the naturally derived anti-androgens are spearmint tea, green tea, licorice, Chinese
peony, marjoram, and red reishi [141]. In a study where the effects of spearmint tea as an
anti-androgen were investigated, forty two patients were asked to consume two cups of
spearmint tea every day for thirty days [142]. Their gonadotrophin levels and androgen
hormones were tested before and after the treatment and a significant reduction of total and
free T was observed. Increased LH and FSH were also observed after short administration
with spearmint tea [140]. Marjoram is shown to significantly reduce levels of DHEAS
and improve IR, and therefore inhibit the production of androgens [143]. Diet has also
been investigated on the role of hormonal imbalances especially since the production of
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androgens is related to IR. Studies are still at early stages, looking at the potential effect
of dairy and starch on the hormonal profile of PCOS women [144–146]. Studies where
women were asked to follow a low starch and low dairy diet presented mixed results and
the role of these foods on hormonal profiles requires more research. In addition to plant-
based remedies and diet for the treatment of hirsutism and other hormonal imbalances,
live organisms have also been studied on their potential effect on the hormonal profile of
hirsute women [147–151].

2.2.1. Probiotics and Hirsutism

Microbes have been widely used for the production of various chemicals in the phar-
maceutical world. In a recent study, after metabolically engineering Rhodococcus ruber Chol-4,
it was shown to produce high amounts (61%) of testosterone through the conversion of
4-androstene-3,17-dione (AD) to the mentioned hormone [152]. There is increasing literature
on how probiotics can affect the hormonal profiles in animals and humans and how probiotic
supplementation can be used for the management and improvement of metabolic disorders
and conditions. When the GM taxa of boards and gilts was analysed, host sex hormones
were shown to significantly interact with the GM, which indicates the relationship between
hormones and microbes [20]. Another research study that presents the relationship between
the gut microbiota and the hormonal balance, is when the androgen levels of normal GM
mice were compared to germ-free mice and findings showed exceptionally low unconjugated
DHT detected in the later subject’s distal intestine in contrast with the former subjects [153].
Interestingly, in the same study, human male feces samples with normal GM were tested
and similar findings were observed compared to the normal GM mice samples. For the mice
samples, male and female subjects were included. It is therefore proposed that treatment with
probiotics could potentially affect the levels of DHT and T.

As mentioned earlier, PCOS is the most common cause of Hirsutism and most women
that suffer from this syndrome show symptoms of increased hair growth in a male-like
pattern. There is growing literature on the role of probiotics on PCOS and how the men-
tioned microbes are potentially involved in the management of this condition. Tremellen
and Pearce in 2012 presented a detailed hypothesis on the development of PCOS starting
from dysbiosis of gut microbiota (DOGMA) and how this causes a series of effects that
eventually leads to hirsutism along with other symptoms of PCOS [154]. More specifically,
it is hypothesised that the disruption of the balance of GM, and in combination with a diet
high-in- sugar and saturated fat, leads to increased gut mucosa permeability. This allows
the gram-negative bacteria to enter the systemic circulation and stimulate the immune
system causing mild chronic inflammation, leading to damage in insulin receptors that
further develops into IR and hyperinsulinemia in the long term. The latter condition
affects the ovaries to produce excess androgens and disrupts their normal function, causing
further disturbance in the development of follicles. Therefore, it is possible to hypothesise
that these conditions are less likely to occur if a well-balanced gut microbiota is maintained.
The above hypothesis was further investigated a few years later, where the potential gut
permeability, and the level of inflammation and GM in PCOS women was studied [155].
Even though the GM was indeed found to be altered, compared to healthy subjects, there
was no significant changes in gut permeability and function suggesting that “leaky” gut is
only potentially a symptom in women with PCOS. In another study where the relationship
of PCOS and gut microbiota was investigated, PCOS rats’ GM was compared to control
groups and a decreased number of Lactobacillus, Clostridium and Ruminococcus were de-
tected, whereas Prevotella, a gram-negative bacteria, was found in higher numbers than for
the healthy subjects [156]. The rat’s PCOS was induced using an aromatase inhibitor called
letrozole and the subjects showed increased levels of androgens along with symptoms
of abnormal hormonal levels and cycles with their ovaries morphologically altered. To
further investigate this relationship, faecal microbiota and Lactobacillus were transplanted
in the gut of PCOS rats and restoration of the gut microbiota was observed along with
improvement of PCOS symptoms. Interestingly, the androgen levels were reduced, and
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the ovaries’ morphology was improved. Such effects are in agreement with more recent
studies where androgen levels and hirsutism are shown to improve after supplementation
with probiotics [148,149,157]. Possibly the first investigation on hormonal profiles of PCOS
women after the supplementation of probiotics, was presented in 2018 in a study where
60 women participated [157]. Probiotics Lactobacillus and Bifidobacterium, two of the most
common species used in probiotic treatments, were supplied to the subjects for 12 weeks
after which time significant increase in SHBG was observed, whilst m-FG scores and total
testosterone were decreased. Combinational treatments of vitamin D and probiotics also
showed a significant response when it comes to androgen level reduction [149]. Although
this suggests that probiotics might be more efficient on managing hirsutism when combined
with vitamin D, other researchers have not shown any significant effect of the vitamin alone
to the referred condition [158–161], despite its significant anti-inflammatory and insulin
sensitivity effect [162–164]. Therefore, it is possible that the effects of the combinational
treatment are due to the improvement of IR from vitamin D, along with the probiotics ef-
fect [149]. It is also reported that PCOS-rats showed improvement in reproductive function
after the treatment with probiotics [165]. Although only a few studies have looked at the
effects of probiotics on hirsutism, the literature found on the role of the former on IR and
sensitivity has been explored in several studies [27,165–173]. Moreover, it is now well estab-
lished from a variety of studies that hirsutism is linked with IR [21,95–97,104,174–177]. As
described earlier IR and hyperinsulinemia enhances the production of androgens such as T
and DHT, whilst reduces SHBG levels leading to increased free testosterone levels [102].

Considering the above it is necessary to briefly present the role of probiotics on IR
through which a potential improvement of hirsutism can occur. Research has been con-
ducted on PCOS subject as well as prediabetics and healthy participants. In 2015, Shoaei
et al. studied PCOS women for 8 weeks while the subjects were under probiotic supplemen-
tation, observing decreased FBS, insulin levels and IR [173]. The same observations were
made in another study conducted on PCOS women where probiotics were supplemented
for 12 weeks [167]. Glucose levels decreased during pregnancy and insulin sensitivity
increased during the 12 month postpartum period, in a study where subjects were treated
with Lactobacillus and Bifidobacterium [168]. Lower glucose levels were also observed when
post-menopausal women were provided with Lactobacillus plantarum-containing bever-
ages [170]. It is reported that Lactobacillus salivarius UBL22, when supplemented on healthy
subjects, showed a significantly reduced fasting insulin compared to the control group
(placebo) [27]. Another study conducted on prediabetic participants showed a reduction in
fasting glucose and fasting insulin levels after treatment with probiotics (Table 1) [166].

Table 1. Probiotic treatments and the hirsutism-relevant outcomes.

Treatment Study Population Relevant Outcomes Reference

Lactobacillus PCOS 1 rats

Improvement on estrous
cycles, reduction of androgen
biosynthesis, normalization
of ovaries, GM 2 restoration,

reduction of Prevotella

[156]

L. acidophilus, L. casei,
B. bifidum PCOS women

Reduction of total
testosterone, increase of

SHBG 3, decrease of m-FG
scores

[157]

L. acidophilus,
L. reuteri, B. bifidum

and Vitamin D
PCOS women Reduction of total

testosterone and hirsutism [149]
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Table 1. Conts.

Treatment Study Population Relevant Outcomes Reference

E. faecali, L. reuteri,
Bifidobacterium PCOS rats

Improvement in
reproductive function and

GM restoration
[165]

L. acidophilus, L. casei,
B. bifidum PCOS women

Reduced fasting plasma
glucose, insulin

concentrations and insulin
resistance. Increased insulin

sensitivity

[167]

L. acidophilus,
L. casei, L. rhamnosus,
L. bulgaricus, L. breve,

B. longum,
S. thermophiles

PCOS women
Reduced FBS 4,

reduced insulin levels and
reduced insulin resistance

[173]

L. plantarum Postmenopausal women Reduced
glucose levels [170]

L. rhamnosus,
B. lactis

Postpartum period
women

Reduced blood glucose
concentrations, improved
glucose tolerance, reduced
insulin concentrations and

increased insulin sensitivity

[168]

1 polycystic ovary syndrome; 2 gut microbiota; 3 sex hormone-binding globulin; 4 fasting blood sugar.

2.2.2. Synbiotics and Hirsutism

In reviewing the literature, very few studies were found on the association between
synbiotics and hirsutism. A recent study looked at the effects of synbiotics on PCOS women
using a mix of pomegranate juice, inulin and Lactobacillus [178]. Testosterone levels were
significantly reduced after the treatment with synbiotics, compared to the control group.
These findings were accompanied with an increase in insulin sensitivity and improved
anthropometric measurements. Inulin is a prebiotic that has been shown to improve IR
and has a beneficial effect on SHBG [147,179,180]. In a 12 week study, Lactobacillus bifidum,
Lactobacillus acidophilus, Lactobacillus casei and inulin were used for the treatment of PCOS
women and their hormone levels were studied along with other biomarkers, such as
serum high sensitivity C-reactive protein [19]. Despite the statistical significance of the
decrease of m-FG scores, the clinical picture of the subjects showed little improvement and
longer treatment with prebiotic inulin was suggested. Selenium, known for its prebiotic
activities [181–183] was also used in a combinational treatment with probiotics on women
and the hormonal profiles were studied [150,184,185]. Although initial studies have not
shown an effect of the treatment on free [184] and total [185] testosterone, a decrease
on m-FG scores was observed [184]. On a 12-week study conducted two years later,
60 PCOS subjects were treated with Lactobacilllus, Bifidobacterium and selenium-containing
synbiotics and, in contrast with the above findings, a statistically significant reduction
of total testosterone and hirsutism was shown [150]. There is abundant room for further
progress in determining the exact effect of synbiotics on hirsutism, whilst there is an
increasing literature on the beneficial effects of synbiotics on IR on PCOS women.

Brief investigation of the role of synbiotics on IR is necessary to understand how
synbiotics could potentially improve hirsutism through the improvement and management
of IR. A year after Nasri et al. (2018) published their work as described earlier, Samimi et al.
(2019) investigated the effects of the same synbiotics supplementation on biomarkers of
IR and sensitivity along with cholesterol and triglycerides on PCOS women [180]. In this
study, it was shown that Lactobacillus bifidum, Lactobacillus acidophilus, Lactobacillus casei
and 0.8 g of inulin, significantly improved insulin metabolism markers but not FBS, after
12 weeks of treatment, suggesting that metabolic disorders can benefit from the mentioned
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treatment while managing symptoms. Longer treatment periods (24 weeks) were also
investigated and prediabetic adults were treated with Lactobacillus and Bifidobacterium in a
inulin-containing prebiotic [166]. There was no significant improvement on fasting insulin
levels and plasma glucose between the two studied time points, 12 and 24 weeks. The use of
a single probiotic along with inulin is found in a study that was conducted on diabetic rats
and their insulin markers were observed [80]. The synbiotic containing Lactobacillus plan-
tarum and inulin managed to increase insulin sensitivity. All the above studies described
were conducted on subjects that were either diagnosed as prediabetics or suffered from
conditions (PCOS) for which IR is known to be a symptom. However, the beneficial effect of
synbiotics was also observed when healthy subjects were treated with Lactobacillus salivarius
UBL S22 and FOS and the treatment was shown to improve insulin sensitivity significantly
more compared to the probiotics alone [27]. Interestingly, despite the higher variation
of probiotic bacteria in the synbiotic mix (Bifidobacterium breve, Lactobacillus casei, Lacto-
bacillus bulgaricus, Lactobacillus rhamnosus, Bifidobacterium longum, Lactobacillus acidophilus,
Streptococcus thermophilus), in combination with the fructo-oligosaccharide inulin on PCOS
women, it does not show a significant effect on the FBS and insulin sensitivity [179]. Lac-
tobacillus synbiotics and 200 µg/day selenium [186] were used for the treatment of PCOS
subjects for 12 weeks and it was found to improve IR and insulin levels, findings that were
not observed when selenium alone was used for the treatment of diabetic participants [187].
Other studies show similar observations on fasting plasma glucose [188] and insulin levels,
IR and insulin sensitivity (Table 2) [189].

Table 2. Synbiotic treatments and the hirsutism-relevant outcomes.

Treatment Study Population Relevant Outcomes Reference

Lactobacillus and
pomegranate juice PCOS 1 women

Reduced testosterone levels,
increased insulin resistance and

improved anthropometric
measurements

[178]

L. bifidum, L.
acidophilus, L. casei

and inulin
PCOS women Reduced m-FG scores but did not

affect the clinical picture of hirsutism [19]

Lactobacillus,
Bifidobacterium
and Selenium

PCOS women Reduced total testosterone and
hirsutism [150]

L. bifidum,
L. acidophilus,

L. casei and inulin
PCOS women Improved insulin metabolism

markers but did not influence FBS 2 [180]

Lactobacillus,
Bifidobacterium

and inulin
Prediabetics Decreased fasting insulin levels and

fasting plasma glucose [166]

L. plantarum
and inulin Diabetic rats

Improved insulin resistance,
hypothalamic levels of insulin and

leptin
[80]

L. salivarius UBL
S22 and fructo-

oligosaccharides

Healthy
participants Improved insulin sensitivity [27]
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Table 2. Conts.

Treatment Study Population Relevant Outcomes Reference

L. bulgaricus,
L. acidophilus,

L. casei,
L. rhamnosus,

B. longum, B. breve,
S. thermophilus

and inulin

PCOS women No effects on fasting insulin levels [179]

L. acidophilus,
L. reuteri,

L. fermentum,
B. bifidum

and selenium

PCOS women
Reduced insulin levels and insulin

resistance. Increased insulin
sensitivity

[186]

L. acidophilus,
L. casei, B. bifidum

and inulin

Gestational
diabetics

Decreased insulin levels and insulin
resistance.

Increased insulin sensitivity
[189]

1 polycystic ovary syndrome; 2 fasting blood sugar.

3. Conclusions

Probiotics and synbiotics have been widely used for the treatment of several conditions
and diseases [54,155,186,190–192]. The potentially healing properties of natural products
are presented more often in recent years and people tend to turn to more natural ways
of treating symptoms or even aiming towards them providing a reversing effect. On the
other hand, endocrinology is a very complex area of study. Although hirsutism, a disorder
characterised of excess terminal hair in a male-like pattern [88,193], has been generally
studied, not much research was conducted on the effects of probiotics/synbiotics on this
condition. The complexity of the disorder is also shown through its relationship with
lipid metabolism [194]. Main markers for the determination of lipid metabolism, such
as low-density lipoprotein (LDL), high-density lipoprotein (HDL) and triglycerides are
shown to be altered in women suffering from PCOS and other related disorders [195].
Elevated levels of triglycerides and lower levels of LDL, a group of lipoproteins that are
the main source of cholesterol, are observed in hirsute women. Moreover, insulin is known
to increase the activity of tissue lipoprotein lipases (LPL), an enzyme that takes part in
the metabolism of lipoproteins and is regulated by plasma hormones. IR, on the other
hand, can lead to the elevation of triglycerides, an observation that indicates an indirect
relationship of hirsutism with high levels of lipids through the increase of IR through the
elevated levels of androgens and vice versa. However, this complex connection between
hormones and lipids appears to be independent, as shown in a study where hirsute
women were treated with GnRH and, despite the unaffected IR and lipid metabolism of
the subjects, estrogens and androgens were decreased [195]. The vicious circle between
increased androgens and IR, as shown in Figure 3, supports the hypothesis that hirsutism
can affect the metabolic process of lipoproteins and the related enzymes, through the
enhancements of IR. Therefore, treatments that provide an overall improvement to IR and
steroid levels could potentially alter the metabolic process of lipids and enzymes. Although
there is an extensive research on the effects of androgens on cardiovascular disease risk
on men [196–199], not many studies exist on the effects of hirsutism on lipid metabolism.
There is a mixed association between the effects of elevated androgen levels on women and
their independent relationship with lipids and cardiovascular disease [200]. The purpose
of the current study was to investigate the role of probiotics and synbiotics on hirsutism.

The limited literature found on this topic, shows that probiotics can decrease the produc-
tion of androgens, and specifically total testosterone, and improve m-FG scoring on hirsute
women, increasing the levels of SHBG that bind and regulate free testosterone [102,153,201].
Moreover, synbiotics are shown to have a similar effect with probiotics but more enhanced [27].
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Therefore, it is suggested that a combination of probiotics and prebiotics can improve and
help on the management of hirsutism and other conditions. Additionally, considering the
direct relationship of hirsutism with IR [91,95,96,174], the effects of the beneficial compounds
on IR was also examined. Growing literature shows a reduction of FBS, insulin levels, insulin
resistance and insulin sensitivity after treatments with probiotics and/or synbiotics supports
the beneficial effects on hirsutism through the mentioned mechanisms [178–180,202]. Taken
together, these findings suggest a role for probiotics and synbiotics in reducing androgens
and decreasing m-FG scores, directly and through managing and decreasing IR. Moreover,
treatments with probiotics and/or synbiotics are shown to improve the lipid metabolism
in hirsute women, reducing serum triglycerides levels [27,167,203], reducing levels of LDL
and increasing HDL [27,186,203], although it is not clear whether hirsutism is independently
correlated with lipoprotein elevation. The majority of studies found in the literature refer
to research conducted on PCOS women, since most hirsute women also suffer from this
metabolic syndrome. Current drug therapies on hirsutism including insulin sensitisers, anti-
androgen monotherapies and OCPs, can have severe side effects [98,112–114] and a potential
therapeutic role of probiotics along with prebiotics, can be a significant relief for women
suffering from the disorder.

The effect of the studied microorganisms on the metabolic profile of women is shown
to be significant and interestingly, correlated with many abnormalities. The combinational
effect of them on IR, steroids and lipids profiles, shows a multifunctional character of
these treatments that could potentially support the metabolic processes to such degree that
conventional treatments with drugs could be replaced, especially when combined with
lifestyle changes, such as exercise and diet. Although there is evidence for the beneficial
role of probiotics and synbiotics on hirsutism and the related disorders, more studies need
to be conducted on their direct effects, mechanisms, length of treatment and dosage.
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162. Laganà, A.S.; Vitale, S.G.; Ban Frangež, H.; Vrtačnik-Bokal, E.; D’Anna, R. Vitamin D in human reproduction: The more, the
better? An evidence-based critical appraisal. Eur. Rev. Med. Pharmacol. Sci. 2017, 21, 4243–4251.

163. Monastra, G.; De Grazia, S.; De Luca, L.; Vittorio, S.; Unfer, V. Vitamin D: A steroid hormone with progesterone-like activity.
Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 2502–2512. [CrossRef]

164. Akbari, M.; Ostadmohammadi, V.; Lankarani, K.B.; Tabrizi, R.; Kolahdooz, F.; Heydari, S.T.; Kavari, S.H.; Mirhosseini, N.; Mafi, A.;
Dastorani, M.; et al. The Effects of Vitamin D Supplementation on Biomarkers of Inflammation and Oxidative Stress among
Women with Polycystic Ovary Syndrome: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Horm.
Metab. Res. 2018, 50, 271–279. [CrossRef] [PubMed]

165. Zhang, F.; Ma, T.; Cui, P.; Tamadon, A.; He, S.; Huo, C.; Yierfulati, G.; Xu, X.; Hu, W.; Li, X.; et al. Diversity of the gut microbiota
in dihydrotestosterone-induced PCOS rats and the pharmacologic effects of diane-35, probiotics, and berberine. Front. Microbiol.
2019, 10, 175. [CrossRef] [PubMed]

166. Kassaian, N.; Feizi, A.; Aminorroaya, A.; Jafari, P.; Ebrahimi, M.T.; Amini, M. The effects of probiotics and synbiotic supplementa-
tion on glucose and insulin metabolism in adults with prediabetes: A double-blind randomized clinical trial. Acta Diabetol. 2018,
55, 1019–1028. [CrossRef] [PubMed]

167. Ahmadi, S.; Jamilian, M.; Karamali, M.; Tajabadi-Ebrahimi, M.; Jafari, P.; Taghizadeh, M.; Memarzadeh, M.R.; Asemi, Z. Probiotic
supplementation and the effects on weight loss, glycaemia and lipid profiles in women with polycystic ovary syndrome: A
randomized, double-blind, placebo-controlled trial. Hum. Fertil. 2017, 20, 254–261. [CrossRef] [PubMed]

237



Fermentation 2021, 7, 10

168. Laitinen, K.; Poussa, T.; Isolauri, E. Probiotics and dietary counselling contribute to glucose regulation during and after pregnancy:
A randomised controlled trial. Br. J. Nutr. 2009, 101, 1679–1687. [CrossRef] [PubMed]

169. Andreasen, A.S.; Larsen, N.; Pedersen-Skovsgaard, T.; Berg, R.M.G.; Mller, K.; Svendsen, K.D.; Jakobsen, M.; Pedersen, B.K.
Effects of Lactobacillus acidophilus NCFM on insulin sensitivity and the systemic inflammatory response in human subjects.
Br. J. Nutr. 2010, 104, 1831–1838. [CrossRef] [PubMed]

170. Barreto, F.M.; Colado Simão, A.N.; Morimoto, H.K.; Batisti Lozovoy, M.A.; Dichi, I.; Helena da Silva Miglioranza, L. Beneficial
effects of Lactobacillus plantarum on glycemia and homocysteine levels in postmenopausal women with metabolic syndrome.
Nutrition 2014, 30, 939–942. [CrossRef]

171. Kocsis, T.; Molnár, B.; Németh, D.; Hegyi, P.; Szakács, Z.; Bálint, A.; Garami, A.; Soós, A.; Márta, K.; Solymár, M. Probiotics have
beneficial metabolic effects in patients with type 2 diabetes mellitus: A meta-analysis of randomized clinical trials. Sci. Rep. 2020,
10, 1–14. [CrossRef]

172. Ardeshirlarijani, E.; Tabatabaei-Malazy, O.; Mohseni, S.; Qorbani, M.; Larijani, B.; Baradar Jalili, R. Effect of probiotics supplemen-
tation on glucose and oxidative stress in type 2 diabetes mellitus: A meta-analysis of randomized trials. DARU J. Pharm. Sci. 2019,
27, 827–837. [CrossRef]

173. Shoaei, T.; Heidari-Beni, M.; Tehrani, H.G.; Feizi, A.; Esmaillzadeh, A.; Askari, G. Effects of probiotic supplementation on
pancreatic β-cell function and c-reactive protein in women with polycystic ovary syndrome: A randomized double-blind
placebo-controlled clinical trial. Int. J. Prev. Med. 2015, 6, 25–30. [CrossRef]

174. Azziz, R. The hyperandrogenic-insulin-resistant acanthosis nigricans syndrome: Therapeutic response. Fertil. Steril. 1994, 61,
570–572. [CrossRef]

175. Gulan, T.; Yeernuer, T.; Sui, S.; Mayinuer, N. A rat model of maternal polycystic ovary syndrome shows that exposure to
androgens in utero results in dysbiosis of the intestinal microbiota and metabolic disorders of the newborn rat. Med. Sci. Monit.
2019, 25, 9377–9391. [CrossRef]

176. Falcone, T.; Finegood, D.T.; Fantus, I.G.; Morris, D. Androgen response to endogenous insulin secretion during the frequently
sampled intravenous glucose tolerance test in normal and hyperandrogenic women. J. Clin. Endocrinol. Metab. 1990, 71, 1653–1657.
[CrossRef] [PubMed]

177. Tosi, F.; Negri, C.; Brun, E.; Castello, R.; Faccini, G.; Bonora, E.; Muggeo, M.; Toscano, V.; Moghetti, P. Insulin enhances ACTH-
stimulated androgen and glucocorticoid metabolism in hyperandrogenic women. Eur. J. Endocrinol. 2011, 164, 197–203. [CrossRef]

178. Esmaeilinezhad, Z.; Babajafari, S.; Sohrabi, Z.; Eskandari, M.H.; Amooee, S.; Barati-Boldaji, R. Effect of synbiotic pomegranate juice
on glycemic, sex hormone profile and anthropometric indices in PCOS: A randomized, triple blind, controlled trial. Nutr. Metab.
Cardiovasc. Dis. 2019, 29, 201–208. [CrossRef] [PubMed]

179. Karimi, E.; Moini, A.; Yaseri, M.; Shirzad, N.; Sepidarkish, M.; Hossein-Boroujerdi, M.; Hosseinzadeh-Attar, M.J. Effects of
synbiotic supplementation on metabolic parameters and apelin in women with polycystic ovary syndrome: A randomised
double-blind placebo-controlled trial. Br. J. Nutr. 2018, 119, 398–406. [CrossRef] [PubMed]

180. Samimi, M.; Dadkhah, A.; Haddad Kashani, H.; Tajabadi-Ebrahimi, M.; Hosseini, E.S.; Asemi, Z. The effects of Synbiotic
Supplementation on Metabolic Status in Women With Polycystic Ovary Syndrome: A Randomized Double-Blind Clinical Trial.
Probiotics Antimicro. Prot. 2019, 1355–1361. [CrossRef]

181. Yang, J.; Huang, K.; Qin, S.; Wu, X.; Zhao, Z.; Chen, F. Antibacterial action of selenium-enriched probiotics against pathogenic
escherichia coli. Dig. Dis. Sci. 2009, 54, 246–254. [CrossRef]

182. Nido, S.A.; Shituleni, S.A.; Mengistu, B.M.; Liu, Y.; Khan, A.Z.; Gan, F.; Kumbhar, S.; Huang, K. Effects of Selenium-Enriched
Probiotics on Lipid Metabolism, Antioxidative Status, Histopathological Lesions, and Related Gene Expression in Mice Fed a
High-Fat Diet. Biol. Trace Elem. Res. 2016, 171, 399–409. [CrossRef]

183. Molan, A.L. Antioxidant and prebiotic activities of selenium-containing green tea. Nutrition 2013, 29, 476–477. [CrossRef]
184. Razavi, M.; Jamilian, M.; Kashan, Z.F.; Heidar, Z.; Mohseni, M.; Ghandi, Y.; Bagherian, T.; Asemi, Z. Selenium Supplementation

and the Effects on Reproductive Outcomes, Biomarkers of Inflammation, and Oxidative Stress in Women with Polycystic Ovary
Syndrome. Horm. Metab. Res. 2016, 48, 185–190. [CrossRef] [PubMed]

185. Mohammad Hosseinzadeh, F.; Hosseinzadeh-Attar, M.J.; Yekaninejad, M.S.; Rashidi, B. Effects of selenium supplementation
on glucose homeostasis and free androgen index in women with polycystic ovary syndrome: A randomized, double blinded,
placebo controlled clinical trial. J. Trace Elem. Med. Biol. 2016, 34, 56–61. [CrossRef] [PubMed]

186. Shabani, A.; Noshadian, M.; Jamilian, M.; Chamani, M.; Mohammadi, S.; Asemi, Z. The effects of a novel combination of selenium
and probiotic on weight loss, glycemic control and markers of cardio-metabolic risk in women with polycystic ovary syndrome.
J. Funct. Foods 2018, 46, 329–334. [CrossRef]

187. Faghihi, T.; Radfar, M.; Barmal, M.; Amini, P.; Qorbani, M.; Abdollahi, M.; Larijani, B. A randomized, placebo-controlled trial of
selenium supplementation in patients with type 2 diabetes: Effects on glucose homeostasis, oxidative stress, and lipid profile.
Am. J. Ther. 2014, 21, 491–495. [CrossRef]

188. Asemi, Z.; Zare, Z.; Shakeri, H.; Sabihi, S.S.; Esmaillzadeh, A. Effect of multispecies probiotic supplements on metabolic profiles,
hs-CRP, and oxidative stress in patients with type 2 diabetes. Ann. Nutr. Metab. 2013, 63, 1–9. [CrossRef]

189. Ahmadi, S.; Jamilian, M.; Tajabadi-Ebrahimi, M.; Jafari, P.; Asemi, Z. The effects of synbiotic supplementation on markers of
insulin metabolism and lipid profiles in gestational diabetes: A randomised, double-blind, placebo-controlled trial. Br. J. Nutr.
2016, 116, 1394–1401. [CrossRef]

238



Fermentation 2021, 7, 10

190. Fitzpatrick, L.R.; Small, J.; Hoerr, R.A.; Bostwick, E.F.; Maines, L.; Koltun, W.A. In vitro and in vivo effects of the probiotic
Escherichia coli strain M-17: Immunomodulation and attenuation of murine colitis. Br. J. Nutr. 2008, 100, 530–541. [CrossRef]

191. Farnworth, E.R. Kefir a complex probiotic. Food Sci. Technol. Bull. Funct. Foods 2006, 2, 1–17. [CrossRef]
192. Serafini, F.; Turroni, F.; Ruas-Madiedo, P.; Lugli, G.A.; Milani, C.; Duranti, S.; Zamboni, N.; Bottacini, F.; van Sinderen, D.;

Margolles, A.; et al. Kefir fermented milk and kefiran promote growth of Bifidobacterium bifidum PRL2010 and modulate its
gene expression. Int. J. Food Microbiol. 2014, 178, 50–59. [CrossRef]

193. Sonino, N.; Faval, G.A.; Mani, E.; Belluardo, P.; Boscaro, M. Quality of life of hirsute women. Postgrad. Med. J. 1993, 69, 186–189.
[CrossRef]

194. Wild, R.A. Lipid metabolism and hyperandrogenism. Clin. Obstet. Gynecol. 1991, 34, 864–871. [CrossRef] [PubMed]
195. Wild, R.A.; Alaupovic, P.; Parker, I.J. Lipid and apolipoprotein abnormalities in hirsute women: I. The association with insulin

resistance. Am. J. Obstet. Gynecol. 1992, 166, 1191–1197. [CrossRef]
196. Laughlin, G.A.; Barrett-Connor, E.; Bergstrom, J. Low serum testosterone and mortality in older men. J. Clin. Endocrinol. Metab.

2008, 93, 68–75. [CrossRef] [PubMed]
197. Araujo, A.B.; Dixon, J.M.; Suarez, E.A.; Murad, M.H.; Guey, L.T.; Wittert, G.A. Endogenous testosterone and mortality in men: A

systematic review and meta-analysis. J. Clin. Endocrinol. Metab. 2011, 96, 3007–3019. [CrossRef] [PubMed]
198. Corona, G.; Rastrelli, G.; Monami, M.; Guay, A.; Buvat, J.; Sforza, A.; Forti, G.; Mannucci, E.; Maggi, M. Hypogonadism as a risk

factor for cardiovascular mortality in men: A meta-analytic study. Eur. J. Endocrinol. 2011, 165, 687–701. [CrossRef] [PubMed]
199. Ruige, J.B.; Mahmoud, A.M.; De Bacquer, D.; Kaufman, J.M. Endogenous testosterone and cardiovascular disease in healthy men:

A meta-analysis. Heart 2011, 97, 870–875. [CrossRef] [PubMed]
200. Penn, C.A.; Chan, J.; Mesaros, C.; Snyder, N.W.; Rader, D.J.; Sammel, M.D.; Dokras, A. Association of serum androgens and

coronary artery calcium scores in women. Fertil. Steril. 2019, 112, 586–593. [CrossRef]
201. Diamondf, M.P.; Grainger, D.A.; Laudano, A.J.; Starick-Zych, K.; Defronzo, R.A. Effect of acute physiological elevations of insulin

on circulating androgen levels in nonobese women. J. Clin. Endocrinol. Metab. 1991, 72, 883–887. [CrossRef]
202. Kim, Y.A.; Keogh, J.B.; Clifton, P.M. Probiotics, prebiotics, synbiotics and insulin sensitivity. Nutr. Res. Rev. 2017, 31, 35–51. [CrossRef]
203. Raygan, F.; Ostadmohammadi, V.; Asemi, Z. The effects of probiotic and selenium co-supplementation on mental health

parameters and metabolic profiles in type 2 diabetic patients with coronary heart disease: A randomized, double-blind, placebo-
controlled trial. Clin. Nutr. 2019, 38, 1594–1598. [CrossRef]

239



fermentation

Article

Effects of Fermented Kefir as a Functional Feed
Additive in Litopenaeus vannamei Farming

Woosik Choi 1,†, Chi-Won Choi 1,†, Dang-Bao Son 1, Byeong-Chul Jeong 2, Hee-Chang Kim 3,*,
Hanki Lee 1,* and Joo-Won Suh 1,*

1 Center for Nutraceutical and Pharmaceutical Materials, Myongji University,
Yongin 17058, Gyeonggi-do, Korea; woos5051@gmail.com (W.C.); xlzhvxv1004@gmail.com (C.-W.C.);
baoson.dang@gmail.com (D.-B.S.)

2 Division of Biosciences and Bioinformatics, College of Natural Science, Myongji University,
Yongin 17058, Gyeonggi-do, Korea; bcjeong@mju.ac.kr

3 TMC Co., Ltd., Anyang 14057, Gyeonggi-do, Korea
* Correspondence: jeromekim@tmc.co.kr (H.-C.K.); hklee95@mju.ac.kr (H.L.); jwsuh@mju.ac.kr (J.-W.S.);

Tel.: +82-2-2663-2773 (H.-C.K.); +82-31-330-6799 (H.L.); +82-31-330-6881 (J.-W.S.)
† These authors contributed equally to this study.

Received: 18 November 2020; Accepted: 26 November 2020; Published: 27 November 2020 ����������
�������

Abstract: Litopenaeus vannamei, known as whiteleg shrimp, is susceptible to infection by pathogenic
microorganisms such as viruses and bacteria. Therefore, the prevention of infections in this shrimp is
important to regulate the outbreaks of pathogenic microorganisms. In this study, we investigated the
effects of kefir as a functional feed additive on innate immunity, survival against WSSV (White Spot
Syndrome Virus) and productivity of L. vannamei. As a result, the treatment of kefir could upregulate
six of seven genes crucial for innate immunity of L. vannamei. Also, the treatment of kefir directly
improved the survival rate of L. vannamei against WSSV infection. Finally, in order to determine
whether kefir can improve the productivity of shrimp, we carried out field tests in three aquaculture
farms in South Korea. The weight of shrimp fed kefir was increased by 120% as well as the length,
compared with that of the control group. These results demonstrate that kefir can be utilized as a
functional feed additive to improve both innate immunity and productivity of L. vannamei in shrimp
farming with no use of antibiotics.

Keywords: fermented kefir; Litopenaeus vannamei; innate immunity; survival rate against WSSV;
productivity; functional feed additive

1. Introduction

Litopenaeus vannamei, known as whiteleg shrimp, is an important aquaculture species in the
Asia–Pacific region because this region is the largest producer contributing to nearly 80% of the
value and volume of the global shrimp market [1]. This shrimp can resist poor farming conditions
such as enrichment of nitrogen sources, but it is susceptible to infection by viruses and bacteria,
including Vibrio sp. [2,3]. These infections cause the sudden death of shrimp; the prevention of these
infections is important to maintain the productivity of shrimp farming [2]. Antibiotics have been
effective in preventing these infections, but there has been growing concern of serious problems such
as the emergence of antibiotic-resistant microorganisms [4,5]. Therefore, the use of antibiotics in
aquaculture is strictly regulated to minimize their negative effects on the environment and human
health [4,5]. This has encouraged researchers to develop substances such as probiotics and identify
medicinal herbs, as alternatives to antibiotics, to control infections in shrimp [1,6–11].

Kefir is milk fermented by kefir grains and contains beneficial microorganisms such as lactic acid
bacteria, Bacillus spp., and yeast. These microorganisms have health-promoting and antimicrobial
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activities [12–14]. Furthermore, kefir as a nutraceutical has several beneficial properties such as
immunological, antimicrobial, antitumor, and hypo-cholesterolemic effects in animals and humans [15].
Also, Uluköy et al. found out that juvenile rainbow trout fed with kefir increased nonspecific immune
response and improved disease resistance against lactococcosis and yersiniosis [16]. However, there are
few studies on the effects of fermented kefir on L. vannamei. In this study, we investigated the effects of
kefir as a functional feed additive on innate immunity and productivity of L. vannamei without the use
of antibiotics.

2. Materials and Methods

2.1. Preparation of Lyophilized Kefir Cell Pellet

Kefir grain used in this study was collected in a private house, South Korea. Kefir grains
were inoculated in 4% (w/v) whole fat milk medium and cultivated at 30 ◦C for 2 days without
agitation. For main fermentation, we developed the medium based on de Man, Rogosa and Sharpe
(MRS); yeast extract-peptone-dextrose (YPD); and nutrient broth (NB) media. To determine the
optimum conditions for kefir fermentation, we modified the composition of glucose, whey protein,
and dipotassium phosphate in the medium, and inoculation size of seed culture. The main fermentation
of kefir was carried out in 300 L working volume of a 500 L fermentor at 30 ◦C for 1 d. For fermentation,
sterilized air was supplied at 2 vvm in the fermentor, and the mixing rate was maintained at 200 rpm
using an impeller. After fermentation, the total cells were harvested by continuous centrifugation
with 8000 rpm and the cell pellet was mixed with 20% (w/v) sterilized skim milk solution. Thereafter,
this mixture was lyophilized for 3 days. To determine the number of lactic acid bacteria, Bacillus spp.,
and yeast cells in the lyophilized sample, viable colonies were counted. Briefly, the sample was serially
diluted to 0.85% with sterilized saline solution, and 100 µL of the diluted sample was spread on MRS
agar for lactic acid bacteria, NB agar for Bacillus spp., and YPD agar for yeast culture. After incubation
at 30 ◦C for 1 day, the colonies were counted.

2.2. Monitoring the Expression Level of Genes Related to Innate Immunity in L. vannamei after Treatment
with Kefir

For this experiment, we prepared eight cages controlled by recirculating aquaculture system and
transferred 30 L. vannamei into each cage. Thereafter, feed was supplied at 3% (w/w) of the total weight
of shrimps in each cage three times per day. Furthermore, lyophilized kefir was supplied at 0.2% (w/w),
0.4% (w/w), and 0.8% (w/w) of the weight of feed supplied on 1 day. Lyophilized kefir was fed one time
per day. The treatment was carried out for 30 days. The number of lactic acid bacteria, Bacillus spp.,
and yeast in lyophilized kefir was 5.6 × 109, 6.9 × 109, and 4.8 × 109 CFU/mL, respectively.

After 30 days, hemolymph and hepatopancreas were isolated from all L. vannamei. To determine
the total hemocyte count, the hemolymph sample was fixed in 4% formalin in fixation buffer
(27 mM sodium citrate, 336 mM NaCl, 115 mM glucose, and 9 mM EDTA; pH 7.0). Subsequently,
the total hemocytes were counted using a Neubauer chamber. To monitor the expression level of
genes related to antimicrobial peptides and the immune defense system against major pathogens
(Table 1), we investigated the expression level of each gene by RT-PCR previously reported [17].
Briefly, the hepatopancreas was homogenized with liquid nitrogen, and then the total RNA was
extracted using the TRIzol® Plus RNA Purification System (Thermo Fisher Scientific, Carlsbad,
CA, USA). cDNA was synthesized by reverse transcription with oligo dT primer, and 0.1 µg/µL
cDNA, as a template, was amplified by PCR with primers, designed using those in GenBank
(https://www.ncbi.nlm.nih.gov/genbank)as described below. After PCR, the intensity of each PCR
product was analyzed using the Gel Documentation System (Bio-Rad, Hercules, CA, USA) after
running on 1% agarose gel. The intensity of the amplified cDNA was analyzed using ImageJ software
(National Institutes of Health, Betheda, MD, USA) for quantification.
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Table 1. Information of target genes and primers for monitoring the expression level of genes related to
antimicrobial peptides and the immune defense system against major pathogens.

Gene Primer Sequence GenBank No.

βGBP Forward 5′-CGTGAGGTTCCCCAGTATGG-3′
AY249858Reverse 5′-TTCGGTTTGGATGGCTAAAG-3′

proPO Forward 5′-GGAATTGTTTTACTACATGCATCAGC-3′
AY723296Reverse 5′-GGAACAAGTCATCCACGAGCTT-3′

Crustin
Forward 5′-ATTCTGTGCGGCCTCTTTAC-3′

AF430076Reverse 5′-ATCGGTCGTTCTTCAGATGG-3′

Penaeidin 3a
Forward 5′-AGCCTCACCTGCAGAGACCA-3′

Y14926Reverse 5′-AATCAGGATCRCAGKCTCTTCAC-3′

Lysozyme Forward 5′-TTCGGGAAGTGCGAATTCG-3′
AY170126Reverse 5′-AATGGAAACCCTTGGTGAC-3′

SOD
Forward 5′-GAGAAGAAGTTGGCTGAGCT-3′

AY486424Reverse 5′-ATGTTGGGTCCAGAAGATGG-3′

Hemocyanin Forward 5′-AATGCAGCCTACTTCCGTCAG-3′
X82502Reverse 5′-TTATCGGGGTACACGCCATG-3′

β-actin Forward 5′-TGTGTGACGACGAAGTAGCC-3′
AF300705Reverse 5′-TGGTCGTGAAGGTGTAACCA-3′

2.3. Monitoring the Effect of Kefir through WSSV (White Spot Syndrome Virus) Challenge Test

Two hundred and forty L. vannamei were used for this challenge test and it was confirmed that
these shrimps were specifically pathogen free by National Institute of Fisheries Science, Rep. of Korea.
We divided the total amount into four groups: negative, positive and two kefir-treated groups according
to kefir concentration. Each group was subdivided into three subgroups. Each 15 shrimps were tested
in a plastic aquarium (1 m × 1 m × 0.7 m). Average weight of shrimps for this experiment was 4.70 g.
Before infection of WSSV, all shrimps were acclimated for 7 days in plastic aquarium.

To prepare the WSSV filtrate, we obtained dead shrimps by infection of WSSV and homogenized
the infected organ of dead shrimp in TNE buffer (50 mM Tris-HCl, 0.1 M NaCl, and 1 mM EDTA,
pH 7.5). Next, the homogenate was centrifuged at 6000 rpm and 4 ◦C for 15 min and the supernatant
was centrifuged again at 12,000 rpm and 4 ◦C for 15 min for 30 min. The final supernatant was filtrated
by 0.45 µm syringe filter. To determine LD50 as the dose used for this experiment, we injected 0.1 mL of
10−2, 10−3, 10−4, and 10−5 diluted filtrate in the dorsal body part of one shrimp and checked that LD50
of filtrate was 10−4 diluted filtrate. The infection of WSSV was carried out by the injection of the 0.1 mL
of 10−4 diluted filtrate into the dorsal body of all shrimps without a negative control group. In the
negative control group, the buffer was injected instead of the filtrate. After injection, we monitored the
number of dead shrimp day by day for 15 days. The feeding for this experiment was carried out like
described above.

For this experiment, the temperature of all of aquariums had been kept at 28 ◦C and all
aquariums were aerated by air blower. The range of parameters of water quality like dissolved
oxygen, pH, total ammonium nitrogen, and nitrate was kept on according to Holmström (2003) [5].
Survival rate by kefir treatment was calculated by Kaplan–Meier survival analysis provided in Prism 8
(GraphPad Software, San Diego, CA, USA).

2.4. Monitoring Weight Gain in L. vannamei after Treatment with Kefir through Field Test

For the field test, three shrimp farms located in Taean-Gun, Chungcheongnam-do, South Korea,
were selected. The shrimp were treated with lyophilized kefir one time per week from May to October.
The amount of lyophilized kefir in a tank of 1 m depth was 10 kg/ha, and the number of lactic acid
bacteria, Bacillus spp., and yeast in lyophilized kefir was 5.6 × 109, 6.9 × 109, and 4.8 × 109 CFU/mL,
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respectively. To monitor the length and weight of the shrimp, we collected 100 shrimps before transfer
to the main farm, at July, and at the end of farming. We measured the length and weight of the shrimps
collected. The occurrence of significant differences in the average weight by treatment of lyophilized
kefir was tested using Student’s t-test.

2.5. Statistical Analysis

Statistical analyses were accomplished using SPSS 22.0 (IBM Corp., Armonk, NY, USA).
The obtained data were analyzed by the paired t-test for evaluating the association and significance
between variables. A p value < 0.05 indicated significance.

3. Results

3.1. Optimization of Culture Conditions for the Growth of Kefir

For the main fermentation of kefir, seed culture of kefir was carried out in whole fat milk medium
for 2 days at 30 ◦C without agitation. To optimize the conditions of the main culture, we tested several
parameters such as the content of glucose as a carbon source, whey protein as a nitrogen source,
and dipotassium phosphate as a phosphate source, and the size of seed inoculated. The colony forming
unit (CFU) of lactic acid bacteria, Bacillus spp., and yeast increased at 2% of glucose, 1% of whey
protein and 0.02% and 0.1% of dipotassium phosphate, compared to other concentrations of nutrients
(Figure 1A–C). In addition, we examined how the CFU of these microorganisms changed according to
the size of inoculation of seed culture. Interestingly, the CFUs were the maximum with 2% inoculation
of seed culture, rather than 10% (Figure 1D). Based on these results, we finally chose the optimal
content of glucose, whey protein, and dipotassium phosphate, and size of inoculum (Table 2).
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Figure 1. Proportion of lactic acid bacteria, Bacillus spp., and yeast in kefir according to culture
conditions. (A) The proportion of lactic acid bacteria, Bacillus spp., and yeast in kefir by glucose content.
(B) The proportion of lactic acid bacteria, Bacillus spp., and yeast in kefir by whey protein content.
(C) The proportion of lactic acid bacteria, Bacillus spp., and yeast in kefir by dipotassium phosphate
content. (D) The proportion of lactic acid bacteria, Bacillus spp., and yeast in kefir by inoculation size.
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Table 2. The optimized medium condition for kefir fermentation.

Component Composition (%, w/v)

Glucose 2
Whey protein 1

Dipotassium phosphate 0.02
Yeast extract 2

Ammonium sulfate 0.1
MgSO4 0.01
MnSO4 0.05

Inoculation size 2

3.2. Effect of Kefir on the Innate Immunity of L. vannamei

To monitor the effect of kefir on the innate immunity of L. vannamei, we treated lyophilized kefir
with different doses. After 30 days of treatment, the total hemocytes in the hemolymph of L. vannamei
were counted. Next, we examined the expression level of immune-related genes such as beta-glucan
binding protein (βGBP), prophenoloxidase (proPO), crustin, peaneidin 3a, lysozyme, superoxide
dismutase (SOD), and hemacyanin in the hepatopancreas of L. vannamei. The treatments of kefir did not
change the number of total hemocytes (Table 3). However, the expression of immune-related genes was
substantially upregulated after treatment of kefir (Figure 2). The expression of βGBP was upregulated
fourfold in the group treated with 0.8% lyophilized kefir compared with that in the control group
(Figure 2). Moreover, the expression of proPO, lysozyme, and SOD was substantially upregulated by
lyophilized kefir treatment in a dose-dependent manner (Figure 2). The treatment of lyophilized kefir
strongly induced the expression of genes encoding crustin and penaedin-3a by threefold compared
with the control (Figure 2). These results indicate that kefir can contribute to the enhancement of
the immune system in L. vannamei by upregulating the expression of immune-related genes and not
cellular immunity by increasing hemocytes.

Table 3. The number of total hemocytes in L. vannamei by treatment of fermented kefir.

Kefir Treated (%) Number of Total Hemocytes (×107/mL)

0 7.53 ± 0.30
0.20 7.46 ± 0.11
0.40 7.40 ± 0.2
0.80 7.6 ± 0.2

3.3. Effect of Kefir in L. vannamei against WSSV Infection

After infection of WSSV filtrate, the number of dead shrimps immediately increased and the
survival rate at the end of this experiment was calculated to be 33.33% in the positive group (Figure 3).
In the case of the 0.2% kefir-treated group, the death rate was retarded early, compared to the positive
group. However, the survival rate was the same at the end of the experiment (Figure 3). Meanwhile,
in the case of the 0.8% kefir-treated group, the survival rate was dramatically improved and calculated
to be 56.8% at the end of this experiment. This result means that the enhancement of innate immunity
of L. vannamei by treatment of kefir can increase the survival rate against WSSV infection.

3.4. Effect of Kefir on Productivity of L. vannamei

In the development of a functional feed additive for shrimp farming, the improvement of shrimp
productivity is an important aspect. Therefore, to examine whether kefir can improve the productivity
of L. vannamei, we treated lyophilized kefir in three farms in South Korea after transfer to the main
pond for 6 months; we measured the weight of shrimp before transfer to the main pond, and at 3 and
6 months after transfer. The shrimps in the group treated with lyophilized kefir were longer than
those in the control group (Figure 4A–D). Furthermore, the average weight of L. vannamei in the group
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treated with lyophilized kefir increased by up to 120% compared with that of L. vannamei in the control
group (Figure 4E–G). The increase in both length and weight of shrimp in the group treated with
lyophilized kefir was observed in all three farms. These results indicate that the supplementation of
kefir can improve the utilization of feed to increase the length and weight of L. vannamei.
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Figure 2. Transcription level of genes related to innate immunity in L. vannamei after treatment with
kefir. (A) The amplified cDNA genes related to innate immunity in L. vannamei after treatment with
kefir. (B) Quantification of the amplified cDNA genes related to innate immunity in L. vannamei using
ImageJ. For quantification of the amplified cDNA genes, the intensity of the amplified cDNA in four
wells was averaged and normalized by dividing with amplified cDNA intensity of the non-treated
group. * p < 0.05 and ** p < 0.01, accessed using the paired t test.
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PC indicate negative and positive control group, respectively. Red arrow indicates the day when WSSV
filtrate was injected except for the negative control group.
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Figure 4. The growth of L. vannamei after treatment with kefir. (A,B) Representative images of the
length of L. vannamei in the non-treated group. (C,D) Representative images of the length of L. vannamei
in the kefir-treated group. Black arrows indicate the end of head of L. vannamei. (E) The average weight
of L. vannamei after treatment with kefir in shrimp farm #01. (F) The average weight of L. vannamei after
treatment with kefir in shrimp farm #02. (G) The average weight of L. vannamei after treatment with
kefir in shrimp farm #03. The average weight of L. vannamei was calculated by the average weight of
100 L. vannamei individuals. * p < 0.05, accessed using the paired t test.
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4. Discussion

The production of this shrimp is approximately 50 ton/ha/crop, which exceeds the production of
Penaeus monodon, another popular shrimp species [18]. It has been reported that L. vannamei is highly
tolerant to a wide range of salinity levels and requires a relatively low protein feed [18]. Furthermore,
this shrimp can grow with high stocking densities and at low temperatures of up to 15 ◦C [19].
Even with these advantages, L. vannamei is prone to be infected by viruses such as Taura syndrome
virus (TSV), white spot syndrome virus (WSSV), and yellow head virus (YHV), and pathogenic bacteria
such as Vibrio parahaemolyticus [19]. Moreover, high-density farming of this shrimp that produces
yields of 20,000 to 100,000 kg/ha/year results in the outbreak of infection by viruses and pathogenic
bacteria because of eutrophication by unconsumed feeds and lots of shrimp feces [4]. Treatment with
antibiotics is one of the approaches used to prevent these infections, but their use is strictly restricted
because antibiotics can cause the development of antibiotic resistance among pathogens [4,5]. Thus,
there is a need for alternatives to antibiotics in shrimp farming.

It has been reported that kefir consists of lactic acid bacteria, Bacillus spp., and yeast that play
a role as probiotics [20], and thus, it has various probiotic properties [21]. Furthermore, the effect of
probiotics as an alternative to antibiotics has been studied in shrimp farming [1,6,7]. Therefore, in this
study, we explored the effect of kefir as a functional feed additive in shrimp farming to improve the
immune system and productivity of L. vannamei with no use of antibiotics. We treated lyophilized kefir
and determined the number of hemocyte and expression level of genes related to the innate immune
system of L. vannamei. In L. vannamei, hemocytes play pivotal roles in pattern-recognition system,
phagocytosis, proPO-activating system, encapsulation, nodule formation, antimicrobial peptide release,
and lysozyme activity [2]. In this study, lyophilized kefir did not directly affect the count of hemocytes,
but it substantially upregulated the expression of the βGBP, proPO, crustin, peaneidin 3a, lysozyme,
and SOD genes. βGBP is a pattern-recognition protein and proPO participates in the proPO cascade [22].
Furthermore, crustin and peaneidin 3a are antimicrobial peptides [23]. Lysozyme and SOD are known
to participate in the post-phagocytosis process to remove toxic materials during phagocytosis [2]. Also,
in WSSV challenge experiment, we observed that the survival rate of L. vannamei-treated 0.8% kefir was
obviously improved, compared to positive control and the 0.2% kefir-treated group. So, it is shown
that the enhancement of innate immunity of L. vannamei directly can improve the survival of these
shrimp against WSSV infection.

In terms of economic status, the use of functional feed additive might increase the cost of
management; therefore, an improvement in shrimp productivity is one of the important factors when
choosing a functional feed additive [7]. In this study, we carried out a field test in three farms in South
Korea. During farming, we monitored the weight of shrimps before the transfer of shrimp to the main
pond and after 3 months of feeding and harvest of shrimp. After 3 months of feeding, the average
weight of shrimp was higher than that of the control group shrimp; at harvest, the average weight
of shrimp treated with lyophilized kefir increased by 120% compared with that of the control group.
This suggests that multiple bacteria in kefir can promote the growth of L. vannamei. Based on these
results, we conclude that kefir might be a promising feed additive for both enhancement of the immune
defense system and improvement of productivity of L. vannamei without treatment of antibiotics.
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