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1.2
( , 2022) AB
, 201 ,
0 24d 270
, (0.019+0.003) g , 3 ,ZF0
, pH ( , )y ZF5 ( +10° CFU/mL
, ( ) ZF7 ( +10" CFU/mL
,2022) ), 3 2
(Srisapoome et al, 2017; Shi et al, 2020): 1) (09:00  15:00), 48 h 172
;2) , 33d (27.5+£1) °C
; 3) ; 4) pH 7.3~7.8 14 h:10 h
1.3
) , 24 h
, (11 000) ,
(Danio rerio) , 20
, ) EP
(Qin et al, 2017, , 2020): 1) , —80°C ,
, ; 3
2) , , 4%
; ;3) )
) 4 14
3 4) , 14.1 :
) (Survival) = N, /N,x100%, (D)
: (weight gain rate, WGR) = (FBW — IBW) /
(Qin et al, 2017); Wy x100%, 2)
, (specific growth rate, SGR) = 100 x
(Wang et al, 2020); , (InFBW — InIBW) /¢t x100%, 3)
s (Castro et , IBW FBW
al, 2023) : , s No M
s ’ !
1.4.2
1 (T-AOC) (SOD);
1.1 (AKP)
(ACP) (GOT) (GPT);
(Lysinibacillus ,
sphaericus) -80 °C
, Luria-Bertani (LB) 1.4.3 4%
, 37°C 180 r/min ODygoo
( , 2020), , Image-Pro Plus 6.0 ,
, (mm) (mm), 5
10° 10’ CFU/mL ,
1.4.4 -80 °C
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, ProteoWizard mzXML ,
DNA XCMS
Illumina Novaseq 6000 ; XCMS
/ S Feature, Feature ,
; 1.5
QIIME2 Alpha Beta Excel 2019 SPSS
1.4.5 —80 °C 26.0 , P<0.05 , P>0.05
s +
, UHPLC (Thermo) 2
, Q Exactive (Thermo) ,
) 2.1
( 10 ppm , ppm
part per million) 1 ,
, (P>0.05), ZF7
, ZF0
F1 KEBERFEAEMNHEIENEEKERENZ N
Tab.1 Effects of L. sphaericus on growth performance of juvenile zebrafish (D. rerio)
P
ZF0 ZF5 ZF7
Survival/% 0.84=0.04 0.880.02 0.80£0.03 0.32
IBW/g 0.018+0.002 0.022+0.001 0.016+0.001 0.25
FBW/g 0.07£0.16 0.07+£0.05 0.08+0.02 0.26
WGR/% 2.270.18 2.0240.22 3.01£0.39 0.11
SGR/% 0.04+0.003 0.03+0.001 0.04+0.003 0.06
(P>0.05), (P<0.05)
2.2 (P<0.05); ZF7
(P<0.05);
2 ,ZF5 ZF7 GPT ZF0 (P>0.05)
(P<0.05), ZF5  AKP 2.5
(P<0.05); SOD T-AOC GOT ACP
(P>0.05) 2.5.1 Alpha
2.3 (Alpha )
Ace Chao
3 , ZF7 s 5 )
ZF0  (P<0.05); ZF7 (Ace Chao) ,ZF5 ZF7 Ace
ZF5 (P<0.05) (P<0.05); ZF7  Chao
2.4 (P<0.05) Simpson Shannon
, Simpson ,
4 , / ; Shannon ,
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R2 KEBERFANAMHIENEFERENERENNEIE

Tab.2  Effects of L. sphaericus on liver antioxidant and immune ability of juvenile zebrafish (D. rerio)

P
ZF0 ZF5 ZF7
SOD/(U/mg prot) 1.57+0.163 1.21+0.164 1.19+0.009 0.15
T-AOC/(U/mg prot) 0.08+0.01 0.11+0.04 0.20+0.06 0.22
GPT/(U/g prot) 3.05°+0.94 13.09°+2.81 12.51°£2.01 0.02
GOT/(U/g prot) 1.59+0.99 3.04+0.98 0.79+0.04 0.22
ACP/( /g prot) 1.75+0.17 1.53+0.60 1.61+0.18 0.61
AKP/( /g prot) 1.244+0.22 4.38+0.15 0.99°+£0.25 <0.001
F3 HEHERFANEMNHEIEHERIEELIEEEZIE
Tab.3 Effects of L. sphaericus on intestinal digestive enzyme activity of juvenile zebrafish (D. rerio)
P
ZF0 ZF5 ZF7
/(U/mL) 2.61°+1.11 1.95°+0.46 7.18°+£0.41 0.01
/(U/g prot) 0.05°+0.011 0.07°+0.011 0.19°+0.006 <0.001
/(ng/mL) 63.32"+3.19 87.24%+15.08 90.95°+7.41 0.03
F4 HKEBERFHEABENHRDELYEREHRASHZN
Tab.4 Effects of L. sphaericus on intestinal structure of juvenile zebrafish (D. rerio)
P
ZF0 ZF5 ZF7
/um 111.48+3.64 73.96°+6.73 161.04°+£9.88 <0.001
/um 22.20°+1.28 22.48'+1.52 16.78"+1.25 0.01
/ (V/C) 5.09°+0.33 3.35°40.36 10.01°+1.26 <0.001
1) 5.20+0.80 4.40+0.92 4.40+0.748 0.73
, (P<0.05) R
Coverage , ) ’
B 5 s 33 > >
Coverage 1, (Proteobacteria)
(Fusobacteriota) (Actinobacteriota)
2.5.2 Beta 1 , , Others 1%
(PC1, 83.39%) , )
; (PC2,
8.34%) , ( 3b) ,
2 (Cetobacterium),

(Plesiomonas)
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#£5 Alpha ZHMESH
Tab.5 Alpha diversity analysis

P
ZF0 ZF5 ZF7
Ace 108.33%+22.42 192.33°£3.18 210.67°£15.76 0.008
Chao 101.00°+19.22 188.33%+1.20 207.33%13.91 0.03
Coverage 0.999 8+0.000 05 0.999 5+0.000 09 0.999 7+0.000 1 0.14
Shannon 1.56°+0.02 2.99°+0.03 3.02%+0.04 <0.001
Simpson 0.268*+0.005 0.095°+0.005 0.099°+0.002 <0.001
3000+ o ZFO a
tZFs 100 puupuey = == . proteobacteria
* ZF7 -
= Fusobacteriota
2000k = ZF5-1 = Actinobacteriota
= Others
r 80
® zFo-1 2F5=2" zF5-3
__ 1000f a
% ZF0-3 i
] 3 -
) i
[$) 1
* B
-1 000 < 40+
ZF0-2
° ZF7;3 ZF7-2
-2 000+ *»
ZF7-1 20
-3000 | | | I
—-10 000 -5000 0 5000 ol
PC1 (83.39%) ZF0 ZF5 ZF7
1 b 100 [ — = Cetobacterium
e princ . = e
Fig.1 Principal Component Analysis = Gordoni
= Citrobacter
ZF5-2 80+ = Microbacterium
= ILDe/fson/a
= Paracoccus
ZF5-3 = Enterobacteriaceae_
unclassified
ZF5-1 ® 60 = Shinella
@ = Tsukamurella
ZF7-3 W a Allorhizobium—Neorhizobium-—
~{ = Pararhizobium-Rhizobium
ZF7-2 o = Enterobacter
< 40F o frucelil)a ¢
= Leucobacter
ZF7-1 = Phreatobacter
= Stenotrophomonas
ZF0-3 = Others
—E 20
ZF0-1
ZF0-2
0 L
r T T T T ) ZF0 ZF5 ZF7
0.5 0.4 0.3 0.2 0.1 0.0
3
2 Fig3 Map of community structure components
Fig 2 Clustering tree diagram :a. ; b.
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(P>0.05) ZF0 ZF5 270 updow1n10 0 b
oup
, ZF0 |, ZF5 172 o down 73 _ °
o No significant dlfference"o o o
5 98 ( 4a) ZFO ZF7 6l 5 M379T223
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110 , 73 © M292T257
il
( 4b) ZF7 ZF5 231 a 4f - T4
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2.6.2 OPLS-DA
(variable importance for the projection, VIP)
0+
, VIP>1 -10 -5 0 5 10
OPLS-DA log, Fold change (ZF7_vs_ZFQ)
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o up 67 % o
, ZF5  ZF7 - down 164 o o
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5 ( 6) ZF5 ZF7 6l M203T341_1 ® o °
Lipoxin a4
Prostaglandin g2  11-dehydrothromboxane b2, MZIST268. 4, 89 87;;"3‘;87;242
M
5'-phosphoribosyl-5-amino-4- a4 ngfniég:T:T
imidazolecarboxamide (aicar) ZF5 , ZF7 0_5,
|
Sulfobacin b 5- 03 M116T162
2+
Hydroxytryptophan;
11-dehydrothromboxane b2  Prostaglandin i2 o dyo oo o o

2.6.3 KEGG KEGG ol T ‘

KEGG : 10 -5 0 5 10

log, Fold change (ZF7_vs_ZF5)
P P 4
5 , ABC (ABC transporters) Fig.4 Volcanic plot of differential metabolite between control

and treatment groups
s b. ZF7 vs. ZF0

ZF5

s ¢. ZF7 vs.
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x6 HEERFTIERHEM TOPS (HiBETFRAT)
Tab.6 TOP 5 metabolites were differentially expressed between groups (neg)

P
ZF5 vs. ZF0
Up-regulated
Acadesine (drug) 1.35 182.29 <0.001
Lipoxin a4 4.76 86.03 <0.001
Prostaglandin f2.beta. 2.11 70.83 <0.001
11-dehydrothromboxane b2 3.15 53.20 0.003
Prostaglandin g2 1.55 49.79 <0.001
Down-regulated
5'-phosph0ribosyl-5-amin-0-4-imidazolecar 1.42 0.09 <0.001
boxamide (aicar)
Phenylpyruvate 8.21 0.14 <0.001
Hetisine 2.77 0.17 <0.001
5-Hydroxytryptophan 4.81 0.18 <0.001
7-ethyl-10-(4-n-aminopentanoic
acid)-1-piperidino)carbonyloxycamptotheci 1.63 0.20 <0.001
n
ZF7 vs. ZF0
Up-regulated
2'-Deoxy-D-ribose 12.70 584.79 <0.001
Prostaglandin i2 1.36 21.43 0.03
Lipoxin a4 1.97 11.32 <0.001
Prostaglandin g2 1.01 9.32 <0.001
11-dehydrothromboxane b2 1.00 5.01 0.033
Down-regulated
Cetirizine 1.02 0.09 <0.001
N-tris(hydroxymethyl)methyl-z-aminoetha 2.70 020 <0.001
nesulfonic acid
5'—phosphoribosyl—5'—amin_0—4-imidazolecar 1.70 021 <0.001
boxamide (aicar)
(Z)-9,12,13-trihydro?(yoctadec-15-enoic 251 0.29 <0.001
acid
D-turanose 2.05 0.31 0.003

ZF7 vs. ZF5
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P
Up-regulated
Sulfobacin b 2.38 6.17 0.02
5-Hydroxytryptophan 4.06 4.05 <0.001
Val-Ile 8.74 3.73 <0.001
Ng,ng-dimethyl-l-arginine 11.7 3.48 <0.001
Leu-Leu 8.96 3.46 <0.001
Down-regulated
11-dehydrothromboxane b2 3.30 0.09 0.005
Prostaglandin i2 3.45 0.11 0.01
13-cis-retinoic acid 1.75 0.13 <0.001
Prostaglandin f2.beta. 2.17 0.14 <0.001
Sepiapterin 11.1 0.16 <0.001
Alanine, aspartate and glutamate metabolism - L]
Neuroactive ligand-receptor interaction
-lg P&
Taurine and hypotaurine metabolism ! 6
5
@ 4
= — ;
8 Arginine biosynthesis | [ ] 2
¢
W ML (=
o e 10
Aminoacyl-tRNA biosynthesis ® 20
® 30
ABC transporters
Biosynthesis of amino acids H
0i3 014 0|.5 0|.6
EERF
5 KEGG
Fig5 KEGG enrichment pathway diagram
( P value 20 ),
R ; P ( , -lg P-value),

P
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aspartate and glutamate metabolism)

(biosynthesis of amino acids)

E

3
3.1
(Li et al, 2019; Sumon et
al, 2022) )
s Padeniya (2022)
, Snega Priya (2021)

PG
, ZF5  ZF7

ZF7 WGR ZF0 , ,

3.2

(Midhun et al, 2019b)
(ROS) ROS
SOD GPx GR CAT

(Ramos
et al, 2015) Giri  (2013) ,
(Labeo rohita) 30 d
SOD , 60 d
10* CFU/g SOD ,
, SOD
(GPT)

(GOT) 2 :

, GPT GOT
) ( ,2022)
, ZFS ZF7  GPT (P<0.05),
(AKP)
( ,2020) ,
ZF5 AKP
(P<0.05) Wang (2021) 72
(Cyprinus carpio) AKP s
33
(Giri et al, 2013)
( ,
2020)
(Nedaei et al, 2019) ,
(
) (Wang et al, 2021) ,
(HAP) (Rutilus
rutilus caspicus)
(Tarkhani et al, 2020) , ZF7
(P<0.05),
( , 2016)
HGA4C (Oreochromis
niloticus)
(Midhun et al, 2019a) , ZF7

ZF7 v/c ,

34



274 55
( ,
, 2004) (Proteobacteria)
( , 2022) (Fusobacteriota) (Roeselers et al, 2011)
( , ,
,2021) (Actinobacteriota)
, ( , (2022)
,2003) (Amphiprion ocellaris)
, ) (
, 2020) , ( ,2018) ,
> ; ) ) (Gordonia)
, s (Microbacterium) (Leifsonia)
( ,2007) , (Paracoccus) Sheikhzadeh
, V/IC , s (2017) (Oncorhynchus
ZF7 v/c (P<0.05); mykiss)
ZF7 ZF5 (P<0.05), (Suo et al, 2017)
(2023) , , ,
) ( )
, 2015) ( ) ,
, , Zhang  (2020)
( , 2005)
, (2015)
, 3.6
3.5
Lipoxin a4 (LXA4)
(Egerton et al, 2018) s ZF5 ZF7
, ZF0 86 11 LXA4
(Fatty Acyls) (Eicosanoids),
Alpha  Beta
(P<0.05), (2019) (Burns et al, 2018) Sepulcre (2016)
(2023) , ,
Beta LXA4, LXA4
PCA )
, LXA4 ,

, (2023)
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(Penaeus monodon)

ZF5 , ZF17 Sulfobacin b
( B), ZF5  6.17
(Fatty amides),
Maeda (2010) , B
Ips >
TNF-a , B
5-Hydroxytryptophan (5-
) ZF5 4.05 5- (5-HTP)

(indoles and derivatives)

(tryptamines and derivatives) S5-HTP

(AA), , 5-HTP
) ) 5-
Liu  (2021)
ZF7 ZF5  5-HTP
5-HTP ZF5 , ZF7
11-dehydrothromboxane b2
(11- B2), Prostaglandin i2 (
12), 0.09 0.11
11- B2
(11-dhTXB2) A2
(Takasaki et al, 1991) Lukianets (2022)
, 11-dhTXB2
12 (PGI2)
, (Norlander et al,
2021) PGI2
(Toki et al, 2013) , PGI2 treg
, , , treg
PGI2 (Tamosiuniene et al, 2018)
Norlander  (2021) , PGI2
treg treg R
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AKP ZF7
KEGG ABC -
ABC

ATP R
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Xia  (2020)
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EFFECTS OF LYSINIBACILLUS SPHAERICUS ON GROWTH, INTESTINAL
FLORA AND METABOLISM OF JUVENILE ZEBRAFISH (DANIO RERIO)

WANG Han-Ying', ZHANG Xin-Yue?, PENG Huai-Yun®’, YANG Jun-Ye?, QIU Hao-Yu?,
HUANG Ling®>, TAO Chen-Zhi’>, WANG Ping’

(1. National Marine Facility Breeding Engineering Technology Research Center, Zhejiang Ocean University, Zhoushan 316022, China;
2. College of Marine Science and Technology, Zhejiang Ocean University, Zhoushan 316022, China)

Abstract The purpose of this study was to investigate the effects of Lysinibacillus sphaericus added to cultured water
on the growth, antioxidant immunity, intestinal flora and metabolism of juvenile zebrafish. 270 juvenile zebrafish with an
initial body weight of (0.019+0.003) g were randomly divided into 3 groups: ZF0 group (the control group, the basic diet),
ZF5 group (the basic diet +10° CFU/mL L. sphaericus) and ZF7 group (the basic diet +10” CFU/mL L. sphaericus). The
experiment period was 33 days. The results showed as follows: (1) There were no significant differences in the final body
weight, weight gain rate and specific growth rate among all groups (P>0.05). (2) The GPT activity of ZF5 and ZF7 groups
was significantly higher than that of ZFO0 group (P£<0.05), and the AKP activity of ZF5 group was significantly higher than
that of other groups (P<0.05). (3) The activities of trypsin and lipase in ZF7 group were significantly increased compared
with those in ZF0 and ZF5 groups (P<0.05). (4) Villus height and V/C in ZF7 group were significantly higher than those in
ZF0 and ZF5 groups (P<0.05); The crypt depth of ZF7 group was significantly lower than that of the other two groups
(P<0.05). (5) In terms of intestinal flora composition, ZF5 and ZF7 groups significantly decreased the abundance of
Clostriobacteria and significantly increased the abundance of Actinobacteria. On the genus level, the abundance of
Gordonia, Microbacterium and other beneficial bacteria significantly increased in experimental group (P<0.05). (6) Intestinal
metabolites of ZF5 and ZF7 groups were significantly different from those of ZF0 group, Lipoxin a4, Prostaglandin g2 and
11-dehydrothromboxane b2 were significantly upregulated (P<0.05) and 5' -Phosphoribosyl-5-amino-4-imidazolecarboxamide
(aicar) was significantly downregulated (P<0.05). Differential metabolites were mainly concentrated in ABC transporters,
neuroactive ligand-receptor interaction, alanine, aspartate and glutamate metabolism pathways. In conclusion, the addition
of L. sphaericus in cultured water can improve the intestinal digestive performance, microbial diversity and metabolites of
juvenile zebrafish.

Key words Lysinibacillus sphaericus; juvenile zebrafish; growth performance; antioxidant and immunity;
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