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Abstract: [Objective] To investigate the effects of nine polysaccharides on the proliferation
and enzyme production characteristics of Bacillus coagulans. [Methods]| B. coagulans was
co-fermented with inulin polysaccharide, Eleutherococcus senticosus polysaccharide, chitosan
oligosaccharide, Saposhnikovia divaricata polysaccharide, xylo-oligosaccharide, Astragalus
polysaccharide, D-mannose, Atractylodes macrocephala Koidz polysaccharide, and Yu Ping
Feng polysaccharide as the only carbon source in the medium, respectively. The optimal
polysaccharides were screened based on the strain growth, enzyme activities, and in vitro
anaerobic fermentation performance. [Results] B. coagulans could well utilize the
polysaccharides of Astragalus, S. divaricata, A. macrocephala, and Yu Ping Feng. The
significant differences in pH and protease activity (P<0.05) after fermentation were found
between 4% A. macrocephala polysaccharide and 4% S. divaricata polysaccharide. After in
vitro fermentation, the lactic acid content and total protease activity increased, which were the
highest in the 4% A. macrocephala polysaccharide group (P<0.05). The results of 16S rRNA
gene sequencing of intestinal contents fermentation liquid showed that B. coagulans fermented
with Astragalus polysaccharide, S. divaricata polysaccharide, and D-mannose significantly
reduced the relative abundance of pathogenic bacteria such as Aeromonas, a-Proteobacteria,
Streptococcus, and Shigella and improved that of Lactobacillus, Firmicutes, Lactococcus
lactis, and Acidobacteria compared with the control group. [Conclusion] B. coagulans
fermented with 4% A. macrocephala polysaccharide has good enzyme production and probiotic
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properties, which has a good potential for application in aquatic feed.
Keywords: Bacillus coagulans; prebiotics; polysaccharides; fermentation in vitro; intestinal flora
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1 EE TS HESE
2 EE LA %1 AMEBEROSHEE
Table 1 Polysaccharide content of the nine prebiotics
21 HmAERTZHESE Category Content (%)
9 ﬁﬁiﬁg%ﬁ%m% 1, gﬁ%ﬁ%j{] Yu Ping Feng polysaccharide 69.88+0.85
Xylo-oligosaccharide 99.00+0.26

69%-99%, MREANMIANTT ZEHE Ay 5 2L H 1A D-mannose 99.00+0.71
Eﬁﬁ%fﬁ%ﬁ%ﬁ%ﬁﬂ%ﬁ% s FIEER 1 ks Eleutherococcus senticosus polysaccharide 82.83+2.06

E"J@%%Hﬁ%}ﬁ%ﬂﬂ/\o Inulin polysaccharide 95.00+0.33
— 1 Chitosan oligosaccharide 94.10+0.31
g L 2 Th Y 4k e = Vi
2.2 E/g *Efm_'_:t Eht ﬂl' E25 5':?@ ﬂ: S £ k‘}r% Astragalus polysaccharide 79.77+2.37
'l‘i E"] 37 ﬂl'ﬂ] Saposhnikovia divaricata polysaccharide 73.44+1.20
WK 1 AR LN, BE4S F A Ere Atractylodes macrocephala Koidz polysaccharide 70.38+0.92
A
28 -=- Positive control
-=- Negative control
2.0 —+ Chitosan oligosaccharide
-= Yu Ping Feng polysaccharide
_ Saposhnikovia divaricata
g polysaccharide
g -+ Xylo-oligosaccharide
g Eleutherococcus senticosus
polysaccharide
—— Astragalus polysaccharide
- D-mannose
. Atractylodes macrocephala
Koidz polysaccharide
- Inulin polysaccharide
B
[ Positive control
1.0~ T [ Negative control
S 2] Chitosan oligosaccharide
5 05+ . .
s'c.;) III 5 m 1 Yu Ping Feng polysaccharide
; 0.0 == — [ — Saposhnikovia divaricata
o, g polysaccharide
05k Bl Xylo-oligosaccharide
— Eleutherococcus
1.0l \ | \ l \ l \ | \ | senticosus polysaccharide
{\60\ Q":‘Q\ %-ob@ rbbbe’ :&&‘é& é\b‘z‘é\b‘z‘ Qore?‘ ,§>&r§\& B Astragalus polysaccharide
U~ e . ~ e e R i ~ e
o @7 T P [ D-mannose
P FLTITIFITF T FSL
Q&\ & 0\\% Qé‘ & 0’\\"0 & & & & Atractylodes macrocephala
& (O W g Koidz polysaccharide
F KT e o7 g0 o
& e & oo Sl : :
o ‘i& 5 o g;d \\0\0 B Inulin polysaccharide
S &
(‘\\\&0 Ry 6{00
& &
¢ o
o
&
» Group

1 SUFhER S JT & BERREE IF FAT B X A K R ZR (ODgoo) F1 pH EEHIFZNT

Figure 1 Effect of nine prebiotics on the growth curve (ODggo) of Bacillus coagulans and pH difference of
fermentation broth. A: Growth curve of B. coagulans. B: pH difference of fermentation broth. The error bar
represents the standard deviation (n=3).
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t/h Concentration Concentration

2 BREFHRFESTERERK SHELLENE KL% (0D6). pH ZEFME QBTN
Figure 2 Effects of Bacillus coagulans fermented with Astragalus polysaccharide on the growth curves
(ODgoo), pH difference and protease activity. A: Growth curve of B. coagulans. B: pH difference. C: Protease
activity of fermentation broth. The error bar represents the standard deviation (n=3).
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3 REFATESTEREBARSHEL LB E KL (0Do). 1K pH ZEMEBEFEMHNFID
Figure 3 Effects of Bacillus coagulans fermented with Atractylodes macrocephala Koidz polysaccharide on
the growth curves (ODgg), pH difference and protease activity. A: Growth curve of B. coagulans. B: pH
difference. C: Protease activity of fermentation broth. The error bar represents the standard deviation (n=3).
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Figure 4 Effects of Bacillus coagulans fermented with Saposhnikovia radices polysaccharide sileris on the
growth curves (ODggo), pH difference and protease activity. A: Growth curve of B. coagulans. B: pH difference.

C: Protease activity of fermentation broth. The error bar represents the standard deviation (n=3).
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Figure 5 Effects of Bacillus coagulans fermented with mannose on the growth curves (ODgq), pH difference
and protease activity. A: Growth curve of B. coagulans. B: pH difference. C: Protease activity of fermentation
broth. The error bar represents the standard deviation (r=3).
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Figure 6 Effects of Bacillus coagulans fermented with Yu Ping Feng polysaccharide on the growth curves
(ODgo), pH difference and protease activity. A: Growth curve of B. coagulans. B: pH difference. C: Protease
activity of fermentation broth. The error bar represents the standard deviation (n=3).
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Figure 7 In vitro fermentation growth of pH difference, lactic acid, a-amylase, lipase and protease level in the
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fermentation broth. The error bar represents the standard deviation (n=3).
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2.5 ZPEMEMHIEARITHE SRS
2.5.1 RINEABEGEE o F0 B ZHEMES
XA FEASBEA T, LB 4ds ,
BRI 70T . AP G 3 S Bk
T2 50, SRR 2. o ZREEFRECLE
3, HA Xt BRZH Observed features. Shannon 5%

x2 TFEEAENEKRER T LG T

S Chaol F5%12% 57 2 = T HAh 4 (P<0.05),
CT. N. NB., NF, NG #4 Simpson $§%(2 5+ .
FET NH. NP 4H(P<0.05).

XF T 1 18 N 25 W) A BE MR RE i, PCoA 43 Bt
GERFN 24 FABBR 36.8%[0 22 5%, PC1 1 PC2
SrRIREET 26.78%F1 10.02%11) 22 5 (F 8).

Table 2 Classification statistics of different groups at different levels

Group Phylum Class Order Family Genus

CT 20.67£2.6 45.67+7.4 102.67+14.2 133.33+22.9 169.00:£34.5
N 19.00+1.0 44.33+4.7 81.33+8.8 96.0049.5 109.67+9.4
NB 22.67£2.4 53.67+4.1 99.33+6.3 122.33+8.9° 134.00+10.5°
NF 21.33+0.6 50.67+3.9 97.67+6.3 124.67+9.2° 146.33+12.9°
NG 11.33+1.6 22.00+3.7 35.00+6.4 39.67+6.2 41.00+5.0
NH 4.00+0.0 5.00+0.0 8.67+1.4 12.00£1.7 13.00+1.7
NP 5.00+0.5 6.00+0.5 8.33+0.3 11.000.0 12.33£0.3

Different lower case letters indicate that there are significant differences between groups (P<0.05). The control group is
represented by CT; B. coagulans group is represented by N; The combination of B. coagulans and A. macrocephala Koidz
polysaccharide group is represented by NB; The combination of B. coagulans and Saposhnikovia divaricate polysaccharide group
is represented by NF; The combination of B. coagulans and D-mannose group is expressed as NG; The combination of B.
coagulans and Astragalus polysaccharide group is expressed with NH; The combination of B. coagulans and Yu Ping Feng

polysaccharide group is expressed as NP.

®3 o SHMERRITER
Table 3  Alpha diversity index statistics

Group Observed features Shannon Simpson Chaol

CT 546.33+149.0 7.48+0.5 0.99+0.00 570.67+165.1
N 334.33+38.1° 6.58+0.2 0.98+0.00 343.50+37.8°
NB 418.33+45.9° 6.92+0.1° 0.98+0.00 427.11+43.0°
NF 456.00+43.7° 6.97+0.1° 0.98+0.00 468.06+44.7°
NG 159.67+4.49 6.29+0.0 0.98+0.00 162.70+4.0¢
NH 51.67+1.6 4.96+0.0 0.96=0.00 51.67£1.6
NP 60.67+6.7 5.15+0.2 0.96=0.00 60.78+6.6

Different lower case letters indicate that there are significant differences between groups (P<0.05). The control group is
represented by CT; B. coagulans group is represented by N; The combination of B. coagulans and A. macrocephala Koidz
polysaccharide group is represented by NB; The combination of B. coagulans and Saposhnikovia divaricate polysaccharide
group is represented by NF; The combination of B. coagulans and D-mannose group is expressed as NG; The combination of B.
coagulans and Astragalus polysaccharide group is expressed with NH; The combination of B. coagulans and Yu Ping Feng

polysaccharide group is expressed as NP.
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Figure 8 PCoA analysis of bacterial diversity in
fermentation broth of intestinal contents. The 95%
confidence interval is plotted, the smaller the value
the smaller the area of the ellipse and the more
concentrated the points covered.
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Figure 9 Bacterial diversity composition of intestinal in vitro fermentation broth. A: Percentage of all groups
of intestinal bacteria at the phylum level. B: Percentage of all groups of intestinal bacteria at the genus level. C:
Abundance of species at the phylum level. D: Abundance of species at the genus level. E: Top four percent of
bacteria with differences at the phylum level. F: Top ten percent of bacteria with differences at the genus level.
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Figure 10 LEfSe analysis between groups. A: Branching evolution diagram of intestinal bacteria between
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