
Citation: Wang, S.; Ji, H.; Du, R.;

Ping, W.; Ge, J.; Zhao, D. The

Purification and Biochemical

Characterization of a Weissella cibaria

F1 Derived β-Mannanase for Its Use

in the Preparation of Konjac

Oligo-Glucomannan with

Immunomodulatory Properties.

Fermentation 2022, 8, 468.

https://doi.org/10.3390/

fermentation8090468

Academic Editor: Odile Francesca

Restaino

Received: 14 August 2022

Accepted: 15 September 2022

Published: 18 September 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

The Purification and Biochemical Characterization of a
Weissella cibaria F1 Derived β-Mannanase for Its Use in the
Preparation of Konjac Oligo-Glucomannan with
Immunomodulatory Properties
Shuo Wang 1,2, Hairui Ji 1,2, Renpeng Du 1,2, Wenxiang Ping 1,2, Jingping Ge 1,2,* and Dan Zhao 1,2,3,*

1 Engineering Research Center of Agricultural Microbiology Technology, Ministry of Education,
Heilongjiang University, Harbin 150500, China

2 Key Laboratory of Microbiology, School of Life Sciences, College of Heilongjiang Province,
Heilongjiang University, Harbin 150080, China

3 Guangxi Key Laboratory for Polysaccharide Materials and Modifications, School of Marine Sciences and
Biotechnology, Guangxi University for Nationalities, Nanning 530008, China

* Correspondence: gejingping@126.com (J.G.); zhaodan4u@163.com (D.Z.); Tel.: +86-0451-86609106 (D.Z.);
Fax: +86-0451-86608046 (D.Z.)

Abstract: Mannanase with a molecular weight of 33.1 kDa was purified from Weissella cibaria F1.
The F1 mannanase contained 289 amino acid residues and shared 70.0% similarity with mannanase
from Bacillus subtilis (P55278 (MANB_BACIU)). The optimum reaction conditions of F1 mannanase
were 50 ◦C and pH 6.5. After incubation at pH 4.5–8.0 and 30–60 ◦C for 2 h, the enzyme activity
remained above 60%. The effects of metal ions on mannanase enzyme activity were measured, and
Mn2+, Mg2+, and Cu2+ increased enzyme activity. The Km (16.96 ± 0.01 µmol·mL−1) and Vmax

(1119.05 ± 0.14 µmol·min−1) values showed that the enzyme exhibited high affinity for locust bean
gum. Mannanase was used to hydrolyze konjac glucomannan to produce konjac oligo-glucomannan
(KOGM). KOGM increased the proliferation and phagocytosis of RAW264.7 macrophages and en-
hanced nitric oxide, and cytokine production in macrophages, which showed potent immunostim-
ulatory activity. In this study, the advantages of mannanase derived from lactic acid bacteria were
utilized to expand the application of KOGM in the medical field, which is helpful to explore the
broad prospects of KOGM in functional food or medicine.

Keywords: Weissella cibaria; β-mannanase; purification; characterization; immunomodulatory

1. Introduction

Endo-beta 1,4-mannanase (EC. 3.2.1.78, also known as β-1,4-mannan hydrolase, hereinafter
referred to as mannanase) randomly hydrolyzes the β-1,4-mannan bonds on the backbone [1].
Many bacterial mannanases, such as those derived from Bacillus [2], Streptomyces [3], and Kleb-
siella [4], have received attention due to their properties, economical production costs, and
abundance of the mannan-rich substrates upon which they act. In recent years, mannanase
has been increasingly focused on due to its high safety applications, in food processing to
clarify fruit juices [5], in feed to improve their digestibility, as a powerful natural immune
system stimulant, and in prebiotics to promote gut microbiota health [6,7].

Lactic acid bacteria (LAB), which are generally regarded as safe (GRAS), are ideal
mannanase sources, providing a guarantee for direct application of mannanase in food
and medical industries [8]. So far in the literature, there are only four LAB species; six
strains produce mannanase directly, including Lactobacillus casei HDS-01 [9], Pediococcus
acidilactici M17 [10], Lactobacillus plantarum M24 [11], Lb. plantarum ATCC 14917TM [12],
Lb. plantarum RI 11 [13], and Weissella viridescens LB37 [14]. These reports focused on
purification, biochemical characterization, and application in clarifying fruit juices. There
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have been no further results reported about the protein identification of LAB mannanases
and immunomodulatory aspects of Konjac oligo-glucomannan (KOGM) [15]. In particular,
mannanases have been used to hydrolyze konjac glucomannan (KGM) to produce KOGM,
which shows good functional characteristics of improving immune functions and scav-
enging free radicals in vitro and in vivo. Higher requirements for biosafety of mannanase
application have been proposed [16–18]. KOGM is a functional oligosaccharide composed
of 2–10 monosaccharide units [17]. Antioxidant activities of KOGM and KGM have been
confirmed in vitro and in vivo; meanwhile, KOGM with low molecular weight has stronger
antioxidant capacity than KGM with high molecular weight [19]. In recent years, it has been
understood that KOGMs differ in biological effect. KOGM has good hypoglycemic effects
in mice [20], and also has widespread pharmacological action, including anticoagulant,
antitumor, and immunomodulation [21].

In a previous study, the mannanase-producing strain Weissella cibaria F1 was obtained.
The yield of F1 mannanase was optimized, and its potential application of crude man-
nanase in juice clarification was studied [22]. In this study, F1 mannanase was purified,
and its biochemical characteristics were preliminarily studied. KGM was hydrolyzed by
mannanase to produce KOGM, which acted on immune cell RAW264.7, evaluated the
proliferation and phagocytosis of RAW264.7, and allowed exploring its potential effects
in the secretion of NO and other related cytokines. The results of this study explore the
potential role of KOGM in human immunity, which can lay the foundation for KOGM to
develop functional foods or alternative drugs.

2. Materials and Methods
2.1. Bacterial Strains, Cultures and Cell Line

W. cibaria F1 (GenBank Accession Number: MW011786.1), isolated from the liquid of
fermented tomato, has been preserved in the Microbiological Lab of Heilongjiang Univer-
sity [22]. The strain stored at −80 ◦C in 30% C3H8O3 was added to deMan, Rogosa, Sharpe
(MRS) medium for transfer and storage. The strain was cultured in konjac power-MRS
medium for the production of mannanase. The RAW264.7 murine macrophage cell line
was provided by the Harbin Veterinary Research Institute, Heilongjiang Province.

2.2. Material and Reagents

Konjac powder was purchased from Jinxing Konjac powder factory (Chengdu, China).
Pectin, locust bean gum, and guar gum were purchased from Sigma Aldrich (Shanghai, China;
CAS No. 9000-69-5, 9000-40-2, and 9000-30-0, respectively). The protein marker was purchased
from Beyotime (Shanghai, China, CAS No. P0060M). Dulbecco’s modified Eagle’s medium
(DMEM) was purchased from cytiva (Shanghai, China, CAS No. SH30022.01). Fetal bovine
serum (FBS) was purchased from Tianhang (Zhejiang, China, CAS No. 11011-8611). Lipopolysac-
charide (LPS) was purchased from Biotopped (Beijing China CAS No. 93572-42-0). Penicillin–
streptomycin solution was purchased from HyClone (Shanghai, China). Cell Counting Kit-8
(CCK-8) was purchased from Beyotime (Shanghai, China). Enzyme-linked immunosorbent
assay (ELISA) kits for nitric oxide (NO), mouse tumor necrosis factor-α (TNF-α), mouse mono-
cyte chemoattractant protein-1 (MCP-1), mouse interleukin-6 (IL-6), mouse interleukin-8 (IL-8),
interleukin-10 (IL-10), and interleukin-1β (IL-1β) were purchased from Mlbio (Shanghai, China).

2.3. Mannanase Activity and Protein Detection

Mannanase activity was measured using locust bean gum 0.5% (w·v−1) predissolved
in disodium phosphate–citric acid buffer (pH 6.0) as the substrate [23]. The reaction was
terminated by adding an equal volume of dinitrosalicylic acid (DNS) reagent and boiling
for 10 min after incubation at 55 ◦C for 30 min. With mannose standard solution as a
standard, the OD was verified at 575 nm by using a spectrophotometer. One unit of enzyme
was defined as the amount of enzyme that releases 1 mol of reducing sugar per minute. The
protein concentration was determined by the Bradford method [24] mentioned previously,
using bovine serum albumin (BSA) as a reference.
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2.4. Purification and Determination of Molecular Mass

The cell-free supernatant was obtained by centrifuging the F1 fermentation to prepare
extracellular mannanase. Total mannanase was extracted by 200% acetone at 4 ◦C. The
centrifuged precipitate was dissolved in 50 mL 20 mM sodium citrate (pH 6.0) and dialyzed
overnight with the same buffer at 4 ◦C. After concentration with polyethylene glycol (PEG),
the proteins loaded onto a DEAE-cellulose column were eluted with a 0–1.0 M gradient of
chloride ion buffer at a flow rate of 1 mL·min−1. Sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) was used to verify the purity and molecular mass of the
purified enzyme.

2.5. Enzyme Identification by Liquid Chromatography–Tandem Mass Spectrometry (LC-MS/MS)

The enzyme protein bands on SDS-PAGE gel were cut after coomassie brilliant blue
R-250 staining, and the samples were tested for protein spectrum analysis and identification.
After reduced alkylation and enzymolysis, the polypeptides were identified by the Ekspert
NanoLC TripleTOF 5600-plus instrument (AB Sciex, Framingham, MA, USA).

2.6. Biochemical Characterization

To have access to the activity of the purified enzyme under different conditions, locust
bean gum (0.5%, w·v−1) was used as substrate in 20 mM sodium citrate buffer (pH 6.0). The
optimal temperature was tested between 10 and 90 ◦C at intervals of 10 ◦C, and thermal
stability was determined after the mixture was incubated for 0 to 72 h. The optimal pH was
determined in the pH range from 3.0 to 11.0 at intervals of 0.5 pH unit. At the same time,
pH stability was tested after incubating the mixture for 0 to 3.5 h. The purified enzyme was
incubated in the presence of various metal ions (K+, Na+, NH4+, Mg2+, Mn2+, Zn2+, Fe2+,
Cu2+, and Ni2+) at three concentrations (5.0, 15.0, and 50.0 mM) to determine the enzyme
activity, which was conducted at 55 ◦C for 1 h. Similarly, the effects of urea were tested at
1 to 6 M at intervals of 1.0 units. The effects of surfactants, including DTT sodium dodecyl
sulfate (SDS), ethylenediaminetetraacetic acid (EDTA), hexadecyltrimethylammonium
bromide (CTAB), glutathione (GSH), and TritonX-100, on mannanase activity were tested
at 1.0, 5.0, and 25.0 mM. Organic solvents, including dimethyl sulfoxide (DMSO), ethanol,
methanol, isopropanol, n-hexane, ethyl acetate, acetonitrile (ACN), and benzene, were
examined by measuring enzyme activity at 5% (v·v−1), 10% (v·v−1), and 20% (v·v−1).

2.7. Enzymatic Preparation KOGM

The purified mannanase was added to PBS buffer containing 0.6% konjac powder to
obtain KOGM at 50 ◦C for 6 h. After that, KOGM hydrolysate was centrifuged to obtain
the supernatant. KOGM sample with a final concentration of 10 mg·mL−1 was prepared
for subsequent tests.

2.8. Immunomodulatory Activity Detection
2.8.1. Cell Culture

The RAW264.7 macrophages were maintained in DMEM supplemented with 10% FBS
and 100 U·mL−1 penicillin and streptomycin as complete medium at the condition of 37 ◦C
in a humidified atmosphere containing 5% CO2 (v·v−1).

2.8.2. Cell Viability Assay

The cell viability of macrophages treated with KOGM was determined by the CCK-8
assay. Cells were cultured in 96-well plates for 24 h and then treated with complete medium
as negative control, lipopolysaccharide (LPS, 1 µg·mL−1) as positive control, and KOGM at
different concentrations (10, 50, 100 200, and 400 µg·mL−1) for 24 h. Ten percent (v·v−1) of
CCK-8 reagent was added to each well and further incubated for 2 h [25]. The absorbance
was measured at 450 nm using a microplate reader, and all of these were expressed as a
percentage versus the negative control group.
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2.8.3. Phagocytosis Measurement

The phagocytic uptake activity of RAW264.7 cells was investigated by using the neutral
red uptake method described previously with some modifications [26]. The RAW264.7
cells were preincubated in a 96-well plate for 24 h and then treated with different reagents
as 2.7.2. After adding 100 µL of 0.075% (m·v−1) neutral red to each well, the cells were
incubated at 37 ◦C for 1 h. Then, 100 µL of the cell lysate was incubated at 25 ◦C for 30 min,
and the optical density was measured at 540 nm.

2.8.4. NO Assay

Griess reagent, as described by the manufacturer, was used to measure NO levels in
the cultured supernatants. The cells were stimulated with various reagents for 24 h. The
collected supernatants were treated by the manufacturer’s instrument.

2.8.5. Cytokine Detection

According to the manufacturer’s instructions, the concentrations of TNF-α, MCP-1,
IL-10, IL-8, IL-6, and IL-1β in the culture supernatant of the cell from different treatments
were measured by using commercial ELISA kits.

2.9. Statistical Analysis

Three independent tests were carried out for all tests in this study, and the data are
expressed as the mean ± standard deviation. JMP software (9.0.2, SAS Institute Inc.) was
used for the statistical analysis of the data. Analysis of variance and Tukey’s test identified
significant differences at p < 0.05 and extremely significant differences at p < 0.01.

3. Results
3.1. Purification and Identification of W. cibaria F1 Mannanase

The specific activity of the purified mannanase from W. cibaria F1 was 902.69 U·mg−1,
and the protein content was 1.41 mg·mL−1. The final enzyme preparation was purified
2.46 folds with a yield of 19.35% (Table 1). The SDS-PAGE (Figure 1) showed a clearly single
protein band with the molecular mass of the protein between 25 and 35, which is close to
the molecular weight of other mannanases from Lb. casei HDS-01 37 kDa [9], P. acidilactici
38 kDa [10], and Weissella viridescens 36.5 kDa [14], while the exception is Lb. plantrum [12],
which consisted of two subunits of 36.4 kDa and 55.3 kDa.

Table 1. Purification process of mannanase from W. cibaria F1.

Enzyme Fraction Volume
(mL)

Activity
(U·mL−1)

Total Activity
(U·mL−1)

Protein
(mg·mL−1)

Recovery
(%)

Specific Activity
(U·mg−1)

Purification
Fold

Crude extract 1000 20.68 20680.0 107.00 100.00 193.27 1.00
Acetone extraction 100 65.77 6577.0 17.90 24.47 367.43 1.90

DEAE-Sepharose FF 10 127.28 1272.8 1.41 19.35 902.69 2.46
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(GH) family 26 by amino acid sequence alignment. It had the highest coverage with B. 
subtilis mannanase protein (P55278 (MANB_BACIU)), and its similarity reached 70.7%. 

 
Figure 2. Three-dimensional structural model of F1 mannanase. 

  

Figure 1. SDS-PAGE of purified W. cibaria F1 mannanase. Lane M: protein marker; Lane 1 and 2:
purified W. cibaria F1 mannanase.

LC-MS/MS identification of the sequences of W. cibaria F1 mannanase protein showed
a molecular mass of 33.1 kDa mannanase, consistent with the results of SDS-PAGE, and it
was composed of 289 amino acids. The 3D structure model of the protein was constructed
as shown in Figure 2. The protein belongs to the glycosidic hydrolase (GH) family 26 by
amino acid sequence alignment. It had the highest coverage with B. subtilis mannanase
protein (P55278 (MANB_BACIU)), and its similarity reached 70.7%.
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3.2. Effects of Temperature and pH on W. cibaria F1 Mannanase

The effects of pH on mannanase activity and stability were evaluated by assaying
the enzyme activity in the pH range of 3.5–11.0 (Figure 3). The pH profile revealed that
mannanase had over 60% relative activity between pH 4.5 and 8.0, which indicated that
mannanase possesses the ability to work under a wide pH range. Figure 3A also illustrates
that the optimum pH of mannanase was 6.5. This result was in accordance with the
mannanase of Streptomyces galbus [27] (pH 6.5), while was higher than the mannanase of
P. acidilactici [10] and W. viridescens [14]. Additionally, mannanase remained excellent pH
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stability, retaining 80% of activity after incubation for 3.5 h at pH 6.5. The pH stability was
better than Lb. casei [9] mannanase, retaining 50% activity after 3 h incubation.
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As shown in Figure 4, the optimal reaction temperature of the purified mannanase was
50 ◦C, which brings it into correspondence with mannanase from Lb. plantarum M24 [11].
Although that was different from the other two LAB strains Lb. casei HDS-01 (40 ◦C) [9] and
P. acidilactici M17 [10] (60 ◦C), the F1 mannanase retained favorable activity of about 60% in
the range from 30 ◦C to 60 ◦C. After 6 h incubation at 30 ◦C to 50 ◦C, the enzyme activity
still remained at 80%, which showed better stability of B. subtilis MAFIC-S11 [28]. So, the
optimal conditions and stability results related to temperature and pH of F1 mannanase
would be conducive to its easy application in fields requiring high biosafety and provide a
reference for technological parameters.
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3.3. Effects of Metal Ions and Chemical Agents on W. cibaria F1 Mannanase

LAB mannanase activities can be activated or inhibited by many metal ions. For
mannanase from Lb. plantarum ATCC 14917 [12] and Lb. plantarum M24 [11], Co2+ metal
ion had an activation effect on the enzyme with a ratio of 375.3% and 254.1%. Co2+ also
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had the effect of enhancing mannanase activity manifested by increasing it to 235.4% in
other species P. acidilactici M17 [10]. Besides that, both Mn2+ and Cu2+ could enhance the
LAB mannanase activities [10–12], which was in accordance with W. cibaria F1, for which
mannanase yield was increased at the rate of 124.5% and 112.4% at 5 mM concentration,
respectively. With increasing the concentration of Mn2+ having the most obvious enhancing
effect from 15 mM to 50 mM, W. cibaria F1 mannanase activity increased to 165.6% from
156.9%. Furthermore, Fe2+ was an inhibitor for W. cibaria F1 mannanase, and the same
suppression of mannanase activity was also found in Lb. casei HDS-01 [9]. However, Fe2+

had a positive effect on mannanase from Lb. plantarum M24 [11]. All the study results
showed that the same metal ion can exert differential effects. The enzyme activity of
W. cibaria F1 mannanase gradually decreased with the increasing concentration of urea
(Figure 5B). It could be that urea affected the active center of the mannanase, which in turn
affected the structure of the enzyme and led to the unfolding of and ultimately a change in
the properties of the enzyme. The inhibitory effect of urea on the enzyme was observed in
different species such as Aspergillus nidulans [29] and B. subtilis [30].
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The negative influence of several substances, including organic solvents, surfactants,
and inhibitors, on mannanase activity is illustrated in Figure 5C,D. The surfactant SDS
invaded the hydrophobic part of the enzyme and modified its three-dimensional structure
to decrease the mannanase activity of Bacillus sp., such as B. subtilis G1 [31], B. subtilis
CAe24, and B. subtilis HM7 [32]. In this study, SDS showed its obviously inhibitory effect
on W. cibaria F1 mannanase in 5 mmol·L−1, similar to Lb. casei HDS-01 [9], Streptomyces sp.
NRRL B-24484 [33], A. niger USM F4 [34], Paenibacillus thiaminolyticus [35], and Psychrobacter
pulmonis [36]. The other surfactants and inhibitors, such as EDTA, TritionX-100, DTT, and
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CTAB, inhibited W. cibaria F1 mannanase activity in the present study, similar to previous
reports [4,34,35]. Inhibition of enzyme activities also occurred in organic solvents, as
shown in Figure 5D. Organic solvents generally bound the outer surface of the enzyme
at low concentrations. As the concentration of the organic solvents increased, perhaps
a larger conformational change was induced that led to the unfolding and inactivation
of the enzyme [37]. Thus, the inhibitory effect of organic solvents depended upon their
concentration for the denaturation of mannanase.

3.4. Kinetic Parameters of W. cibaria F1 Mannanase under Different Substrates

As Figure 6 shows, the kinetic parameters of F1 mannanase from W. cibaria were deter-
mined with four natural polysaccharides using double reciprocal (Lineweaver–Bark) plots. When
locust bean gum was used as substrate, the Km value was 16.96 ± 0.01 µmol·mL−1, and Vmax
was 1119.05 ± 0.14 µmol·min−1, indicating that W. cibaria F1 mannanase had the highest
affinity catalytic efficiency. This property was similar to HDS-01 mannanase, exhibit-
ing the highest affinity and reactivity for locust bean gum (Km 2.68 ± 0.02 mg·mL−1,
Vmax 400.03 ± 1.22 µmol·mL−1·min−1) [9]. Other microbial mannanases have re-
ported the affinity and reactivity for locust bean gum, including Bacillus nealsonii
PN11 (Km 7.22 mg·mL−1, Vmax 400.03 ± 1.22 µmol·mL−1·min−1) [38], B. subtilis BE-
91(Km 7.14 mg·mL−1, Vmax 107.5 µmol·mL−1·min−1) [39], Aspergillus fumigatus (Km
10.48 mg·mL−1, Vmax 948.4 U·mL−1) [40], and Aspergillus oryza (Km 2.77 mg·mL−1,
Vmax 1388.8 µmol·mL−1·min−1) [41]. The Vmax values of mannanase in W. cibaria F1 for guar
gum and konjac powder were 24.45 ± 0.33 and 45.24 ± 0.43 µmol·min−1, whereas in B. subtilis,
the WY 34 Vmax values of mannanase for guar gum and konjac power were 556.4 ± 15.2 and
435.3 ± 29.1 µmol·mL−1·min−1, respectively [42]. Comparing the kinetic constants of mannanase
from different microorganisms was limited by the lack of standardization in the substrates utilized,
a suitable method, and variations in the pH values and temperature during the assay [35].
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3.5. Immunomodulatory Activity of W. cibaria F1 Mannanase
3.5.1. Effect of W. cibaria F1 Mannanase on Cell Viability

RAW264.7 cells play a role in host inflammation and other immune processes by
increasing proliferation, phagocytic ability, NO production, and cytokine secretion. In this
study, RAW264.7 cells were directly treated with KOGM obtained by enzymatic hydrolysis
of konjac powder by mannanase. As shown in Figure 7A, compared with the control group,
there was no decrease in RAW264.7 cell viability. At the concentration of 200 µg·mL−1, the
cell viability was higher than other concentrations and LPS (p < 0.05). In general, KOGM
was nontoxic to the cells at the tested concentrations. Based on research by Jian [43], LO2
cell proliferation was not inhibited by KOGM at the concentrations of 0.005, 0.05, 0.5, and
even 5 mg·mL−1.
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3.5.2. Effect of W. cibaria F1 Mannanase on Macrophages Phagocytosis

Phagocytosis is an important index to evaluate the function of macrophages. As shown
in Figure 7B, the positive control LPS (1 µg·mL−1) obviously increased the phagocytosis
index of macrophages. The phagocytosis rate was similarly enhanced by KOGM. The
phagocytic rate of all the different groups treated by KOGM was significantly higher than
the negative control group (p < 0.05). The results indicated that KOGM activated RAW264.7
macrophages by promoting phagocytic ability, which was comparable to or better than the
positive control group.

3.5.3. Effect of W. cibaria F1 Mannanase on Production of NO

NO is a mediator of immune regulation and is well known to jumpstart the immune
system, where it plays a vital role in the host defense system [44]. In the current study, all
various concentrations of KOGM could promote high levels of NO production (Figure 8).
NO production reached the maximum value at a concentration of 100 µg·mL−1 KOGM
similar to positive controls. Yan et al. [45] showed that NO was induced by konjac oligosac-
charide (KOS) in a dose-dependent manner, and NO production reached 22.5 µmol·L−1

under 200 µg·mL−1 KOS, which was similar to that induced by the positive control of
1 µg·mL−1 LPS. Several previous studies have also indicated that oligosaccharides regulate
NO synthesis in vitro [46]. The increase in NO secretion revealed that KOGM could activate
the immunomodulatory activity of RAW264.7.
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3.5.4. Effect of W. cibaria F1 Mannanase on Production of Cytokines

Cytokines, including TNF-α, MCP-1, IL-10, IL-8, IL-6, and IL-1β, produced by activated
macrophages play a prominent role in immune responses [47]. Different concentrations
of KOGM for 24 h were used to induce macrophages to release cytokines. As shown in
Figure 9, KOGM markedly stimulated RAW264.7 macrophages to release TNF-α, MCP-1,
IL-10, IL-8, IL-6, and IL-1β. Cytokine production induced by KOGM was larger than
those untreated. When the concentration of KOGM was 200 µg·mL−1, the release of the
cytokines of TNF-α, IL-8, and IL-1β was the largest at different concentrations, while
MCP-1, IL-10, and IL-6 production of RAW264.7 cells were the highest at 100 µg·mL−1

KOGM. Many other reports have shown similar phenomena about the inhibitory effects
of polysaccharides at high concentrations, but the underlying mechanism is unclear. [48].
To summarize, KOGM could stimulate the production of cytokines TNF-α, MCP-1, IL-
10, IL-8, IL-6, and IL-1β in RAW264.7 cells. Among the cytokines secreted by activated
macrophages, IL-6, IL-1β, and IL-10 were the most important proinflammatory cytokines,
while IL-10 was the main anti-inflammatory cytokine, counteracting the negative effects
of the proinflammatory cytokines [49]. Cytokines are involved in the pathogenesis of a
variety of inflammatory and immunologic diseases and activate macrophages to enhance
various functional responses [50].
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in vitro (A–F). Different letters in superscript donate significant difference (p < 0.05).

As a prebiotic, KOGM had similar functional properties to some other common
oligosaccharide prebiotics. Relevant studies have shown that inulin [51], galactooligosac-
charide [52], fructooligosaccharide [53], and xylooligosaccharides [54] promote the secretion
of cytokines and participate in immune regulation. The biological activity of KOGM was
strongly correlated with their chemical composition, physical properties, Mw, chain confor-
mation, and structure configurations [55]. Therefore, the composition of KOGMs remains
very complex, and further studies are needed to elucidate specific immune mechanisms.

4. Conclusions

The extracellular mannanase (36.7 kDa) was purified from W. cibaria F1. This protein
contains 289 amino acid residues, belonging to the GH 26 Family. The enzyme had the
optimum reaction conditions at acidic to neutral pH (4.5–8.0) and moderate temperature



Fermentation 2022, 8, 468 12 of 14

and maintained relatively strong activity after long incubation periods. It was strongly
activated by Mn2+ and exhibited high affinity for locust bean gum. KOGM obtained by
mannanase hydrolysis of konjac powder activated RAW264.7 macrophages and stimulated
the secretion of nitric oxide and cytokines in macrophages, which showed potent immunos-
timulatory activity. So far, the relationship between KOGM structure and immunity has
not been fully understood. The relationship between the two will be further studied in our
laboratory and will be reported in future work.
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