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FARBIE & & A s L AN 28

AW T LA EE 1 1 2 (Sargassum hemi-
phyllum) £LEE1 T IR A2 IR 1] % (Asparagopsis
taxiformis) M1 20 2% (Gracilaria lemaneiformis) N SZ
OB KL, DUAADRL S EE 5% ) ok 2 ) s ok i s
B A b e MR B A8 24 H I VR S GCRV T UK
FLAG GCRVIE AR A A5 00 5 £ fi T8 1ot E W A0 o
MHHC5 CSafiC5aRE &, B FTiakl i s in K
T B ) B £ R YL GCRV I 18 B BE AN S R 2, A
R FC R AL FEAE D98 AE PUIW R IR TE 1 4 Rt T 42
HEELRIE i

1 #R5ERE

1.1 St

e PR R (91.50+0.66) gfidt Bt #1360 )2, it
1T7dF I . SR S5 K L BE ML 7 a2, £ 45 x) R
(C), TR IR B R T R HEA(S) AL
RIETTRHA) A (G). FHINEYHE
2, AN EE30EE M, XTI 100% 5 Al 4
Bl DREEA . KRR A. RISEANAEI5%
FERBAARHEC 7 b0 S NS Yo Xt N7 ) K Y IAE 8 5y (R
H BRVL = A g 380), 25 F R % FREC 7 FR & S
BEAT OB 16, FH 80 H i kAT i JE i 43, 78 0 IR S,
PR AL BRI o B 422.0 mm 50k, F-75°C 11
BT, AHERETACABMT &M Mg
3P R TR Y 8 17 77 o0 R T R R 3R LR A
TRRLE FRBC R 2.

K B M2 H S, IR TG I R ALY
HH 3 ) A o B U 7R A A R SR IR B, A A g
Hof FEZHL (G 540.5 mL PBSIR), ol 4% i U HE 47 9% 75
JI5 s v S M IR 21 (33 41 0.5 mL PBS+GCRVYR 7
). GCRV & HH BT AR 4 1 5 60 H If 7 R8s 0. 5)
Wb (3L L5 2 mL PBS:1 g 5 fa 441, iRk g
5 NGCRV-IX0901). KA 2H Hh 15 F i 1E A
A, FH SR A3 A DR A s i oK R i e I s GCRV (1)
T I RMAER A R IE R B AR R
1.2 E&FARMERRE

R LR AR BB AR A A PR A =) B 9T e 6 B4 K
ROAT SR, KR YEFE{E28—30°C . H AR R
MR 7K (9:00F116:00) 73t GCRV T, 37 B R A 5
149 IL37 A0 TE TAE PORE AR (B id N GO), 2 S5 43 73l
FKEGCRVIES G M1d. 4d. 7d. 21d (brid ANGI.
G4. G7. MIG2)HIMEA, R A VE I A& GCRVEY
PBSYR & fa21d (b id AU2D)IFEA . K& T

3 41 B AL P 30 3 52 5 f, MIS-222 JFR 184 Ji i IfmL, 4 1.
R F & (4°C, 30min), & »(3500 r/min, 15min)3k
A IE S BB T80 C IR A7 il 5 r A7
B A A, HCHE 0 S R R, 18 [R] SE G
Ja A7 T—80°C H T /5 1 i i A DN ASZ L .
1.3 BHERE16S rRNAEENFRAMAERNE
A S IR AR 1) B g T8 A, {3 ] PowerFe-
cal ™ DNAHEEUA 7 £ (MoBio, CA, USA)#2 B iz
W ZE YIDNA. {F F 40 1 16S rRNAJE K38 51
338F (5’-ACTCCTACGGGAGGCAGCA-3")#1806R
(5'-GGACTACHVGGGTWTCTAAT-3")§" 1 V3 —
VAX . 182 fE94°C AR 1 1.5min; 25 E 3R
)& FIPCRY ™ 14 (94°C 4% 14:45s, 58°C iR Kk 30s, 72°C
FEAH60s); Hx¢ J5 72°C ZE{H 10min, it & 4°CIRTE . F)
FH 1.2 % B S K8 B UK R PCR = W HE 4710 R 4tk
#£1 DEBE. SEEREISMEAHNR S R EAET L5
(%iBE)
Tab. 1 The composition and proportion of Sargassum hemiphyl-
lum, Asparagopsis taxiformis, and Gracilaria lemaneiformis (%

wet weight)

Kj{lm H Sagrﬁgiﬁm %s%j}}’:z{igsf GZ??};%M

tem hemiphyllum taxiformis _lemaneiformis

ﬁiﬁ Crude 7.75 13.98 17.22
FHAE Wi Crude lipid 0.08 0.38 0.51
iﬂrﬁﬁsh 42.8 44.0 36.5
ﬁffgﬁ;fis 0.11 0.09 0.18
JEH Starch 0 1.1 0.4
f«lﬂbigﬁcmde 44 5.8 5.9
F IR 4 K Amino acid composition
RITAE R Asp 0.78 1.60 1.59
71 R Thr 0.35 0.83 0.73
225 [ Ser 0.30 0.70 0.65
B R EGlu 0.85 1.48 1.61
H&HERGly 0.38 0.76 0.82
W Ala 0.45 1.03 0.89
S Val 0.40 0.91 0.82
HHA B Met 0.18 0.27 0.31
Aot AR le 0.32 0.73 0.68
SR Leu 0.54 1.12 1.04
% S B2 Tyr 0.26 0.49 0.64
RN Phe 0.34 0.78 0.70
H M2 His 0.10 0.07 0.17
Wi R Lys 0.35 0.66 0.70
Fi =R Arg 0.40 1.01 0.87
i % #2Pro 0.32 0.70 0.60
SRR A

Sum of amino acids 6.32 13.14 12.82
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FINEXTFLEX Rapid DNA-Seq Kiti#k 47 2 &, 4R 5
{E1llumina HiSeq 30009 /7~ & #E47 W ¥ (L35 5
EMIE R BR A ). it Fastpxt R 4G 0F 7
B3 47 I 2, 4 F UCHIME 8 3% 1 Uparse £ £,
VA3 5 25 3 77 410 R 1 R B Ak 9 ELRE DR T 971 AH A
£ R ) 7 51 € 2R N [A]—A~OTU (Operational taxo-

*2 EMARES RUFEBR(% TR
Tab. 2 Formulation and chemical composition of the basal diet
(% dry matter)

43¢0 Group

Tk} 50 Hngredient

Bk kHngredien c S A G
& [E ¥ A Ky American pork 500 500 500 5.00
powder
HfISoybean meal' 30.00 30.00 30.00 30.00
TS K Rapeseed meal’ 2550 2550 25.50 25.50
4xflg K MRice bran’ 930 930 930 930
L RS, hemiphyllum ultrafine 5.00
powder
BRICIRME 14 A. taxiformis 5.00
ultrafine powder
NG, lemaneiformis 5.00
ultrafine powder
5 A3 A Flour 24.00 19.00 19.00 19.00
il Soybean oil 3.00 3.00 3.00 3.00
A TR B Premix (1%)°  1.00 1.00 1.00  1.00
BilR — S45Ca(H,PO,), 200 200 200 2.00

SUALBBBHCholine chloride (50%) 020 020 020  0.20

A1t Total (%) 100.00 100.00 100.00 100.00
B 77 7KF (W 3£ {H)Chemical composition (determined value)
$H% A Crude protein 30.48 30.93 31.48 30.40
HLAE i Crude lipid 6.09 6.00 601 6.0l
#Calcium 090 094 1.05 1.03
f#Phosphorus 132 131 131 130
i FRLysine .71 172 175 1.70
FE & FiMethionine 048 049 049 048

VE: SLHI46% LR 1 AT SE R 36%6 M 28 F 5 A TR K
1A% HE 11 80 0 T B 149 ML 28 15 "8 4 1 R B (mg/kg):
gerE K A, 350; 442 D;, 80; 4E4EF E, 2500; 4E4: FK K, 320;
YA By, 400; 44 & B,, 430; 44 &K Bg, 420; 44K By, 3;
4R 2K C, 3500; D-iZ F& 45, 1250; ML, 2500; MR, 250; D-A
W, 6; ILEE, 3000; HiEREE, 600; BRELEE, 1800; iR, 1100;
R A, 1050; BRR TZ4k, 11000; BiERES, 120; BLAL AR, 90; JE4F
FRAN, 25; B FUR) ) AR IR AE A1 R A | S8 43, PR A0 T
VN

Note: 1Soybean meal 46% crude protein; 2Rapeseed meal
36% crude protein; *Rice bran 14% crude protein; “Flour 14%
crude protein; *Premix (mg/kg): Vitamin A, 350; Vitamin D3, 80;
Vitamin E, 2500; Vitamin K3, 320; Vitamin B,, 400; Vitamin B,,
430; Vitamin Bg, 420; Vitamin Bj,, 3; Vitamin C, 3500; D-
calcium pantothenate, 1250; Nicotinamide, 2500; Folic acid, 250;
D-biotin, 6; Inositol, 3000; MgSO,-H,0, 600; ZnSO,-7H,0, 1800;
MnSO,4-H,0,1100;CuSO,-5H,0,1050;FeSO4-H,0,11000;CoSO,-
7H,0, 120; KI, 90; Na,SeOs, 25; The main raw materials are
provided by Guangdong Nutriera Group Co. Ltd, the origin and
processing method are unknown

nomic units). & #E Silva 16S rRNAZE 227, ji it
RDP classifiert} OTUBEAT#)FhiE: %

AR, W Wi 31 ) B £ LTS B AR, SR ELISA
77 A I B Kb B A YRR BR A | 43 1)
MECS. CSafCsaRE HARKILE
14 ZitoHh

506 F B R B AT -, #lPJE S FEAROTU
#H23055%, fFH~F /5 OTUAMX FEE3R, 1
AR BN E R T84, %P BrAlpha 2 FE1E 454
£ SPSS 27.0 3K 4 1 47 B K 35 7 22 43 HT (One-way
ANOVA), .3 /KT AP<0.05, 2 51§ FlDuncan’s 2
T Z HEILR . T Bray-CrutisiE 2 5127 H1Beta
R, S AR AT AR R 2 Y R
4y BT (NMDS), 1 il Anosim A1 Adonis#: 4 [] £H [R] &
GURI AR G 1) I B A 22 5 ol 4 R K 4t
TH & 2R i 1 LA AR A OTU . SPSS27.0%1 1443
Mric RS HFEARRE R EEZRNY M. @it
MENA (http://ie-g4.rccc.ou.edu/MENA/)TE 2k V- & %}
R S B A R AT S 4 4 AT,
K H Gephi 0.10. 16 25 3k 47 /T M4 . 48 H Graph-
Pad Prism 8% £} %5 1 ifiL i 1 C5. C5afllC5aR %
8 B R FE AT B R T 22 73 1T (ANOVA), &
# KV 9 P<0.05, Z Ji f# J] Tukey %354T 2 H LL
Bo &YX AR A S AMA B H R AR
AT AH PR I B FE IR R 25 R 5 °F 65 (https://www.
genescloud.cn/home) 5. i FIFK 2 = °F & (https://
www.cloud.oebiotech.com)X§ PICRUSt 2 (i 45.0.4)
FE A A 0 A I 8 1 D e 2E AT O, G o
STAMP#E#E4T Welch’s e 56, 3K 75 4 5 218 &
FERINIREERER.

2 #£R

2.1 KRESEEXERE & FERNE RIS

Alpha ZFEMES 1T B, ABECT- X HEZH, KA i
AR A A E R B E (A o). SREERM
TR i 2 4 v T i 0 T R R JELRE B 1 A
Sof 4 (P<0.05; & 1d). 35 BRI 45 50T, $E v
ERR S T A E R A A R (B 1. AE
IR T JE KT A X 3 B R 1 11 i 3 A A A 1 R
TEXT FR 2 RN BE 4 10 R FR FE ( Le)o
22 KELGEXBEAGCRVERAE & FEMNE
s[EapA)

Shannon#I Simpson#5 £ % 1k 1 #f 2 #£ 14, LA
Pielow’s 18 HURAE B T3 2 B, LLACE RAE B # 1)
FEE. FREIR K E0—7d, &A1 Alpha®
FEMESR B3 A 3 22 5.(P>0.05), (E A REH 48 n
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R i 4 M 1) B # TR GCRV Ji5 O 1 1 B
Alpha 2 FVEF8 0w T0 B 20, Bl Sk G J5 1 (8] 1 15
TN, 2540 B3 1 B 2 RV e R 2 B R e P
I 3 (P>0.05; % 3). XHE YL GCRVET % 0K
(GO) 5 IEYL 5 4—7d (G4 & G7)H 4% 4 5t i it g 2E
YT 2 T Bray-Curits#E &5 [ 2 7 0 b . 45 R 5
TN, Ao 8 4 # i K YL GCRV G 4—7d i 18 T AE 0 B
BESE ) R A T B 3 MU (Anosim, Adonis P<0.05),
17 ¥ 38 2R R 2B R 25 AR (P>0.05; % 4). dE— b
S M B GLGCRV J5 4d 1 7d 7 & T AE VI 1) 2 R0 F,
TETTKE AR 17128 K B [ (Proteobacteria)
¥ AT | J(Fusobacteriota). AT [ J(Bacteroidota)+
JZE B | ] (Actinobacteriota). J5EE [ | J(Firmicutes)-
i #% AT B8 17 (Desulfobacterota) F1 ¢ 1l B [ (Verru-
comicrobiota; ] 2a). 1EJ&/KF, P GCRV 54—

20

T 4 AR Jigy T T TR X T BE A R AR U i
#F 1# J& (Cetobacterium)~ 9N J& (Vibrio)~ < H.}g
W & (Aderomonas) AT B JE R AR 732K 8 (g uncl-
assified f_Desulfovibrionaceae)~ 53> # J&(Myc-
obacterium). 1L T 18 J& (Bacteroides) g unclassi-
fied f Mycoplasmataceae. 1t 7% [X B J& (Dietzia)-
&34 6 J& (Macellibacteroides; &l 2b). &4 f54d,
L JFE T 2H AN e e 2 L g T TSI S A R
.3 [ i (Duncan’s; P<0.05; [&] 2¢), 45 7d, 5 2
e ZH HA) MR R A 1) M5ORT T R 0 R S 3 B2 A 3 PR A
(P<0.05; & 2dF12e), Mt 7401 J& i AH 3
JE 8 1 P<0.05; & 2f).
2.3 RRGCRVEES FEMEYHIMLE ST
T T BE LR B B (RMT) ) 77 V244 2 44
N T HEB ML (MENA) R A RBRM 2, ] T 1

g unclassified f RH-aaj90h05

B ERE R R R B g unclassified f Ruminococcaceae
Epulopiscium

g unclassified_o__Enterobacterales

a b o © 04

é ’ | Stress=0.072 o Cxi R

£ . . 03l o SLhREHEA

2 4t a < 15} o AAERARIGTAH

~§ -é b . a w02 s G

o 2 a a

Y U Lol @ €

E z =

B ool . & o6l SN

R m I]

P #® R

5 HI —0.1

pUSER S 03+ ’

3 #

& . -0.2

’Km 0 1 I 0 I I I " " " " " 3

C A C S A G -0.6 -04 -0.2 0 0.2 0.4 0.6
4L EEMNDS1

d €
% 1001 JEBE [ Firmicutes g unclassified [ Barnesiellaceae 1.0
e sl ZOR0006 I 0.5
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Fig. 1

K1

CSAG

BUAT V% # @ Romboutsia

BRI E AN 2 2 Emg unclassified f Desulfovibrionaceae
FHE2 WR R 2 gg unclassified f Erysipelotrichaceae

g unclassified [ Mycoplasmataceae

Akkermansia

WIAF & B Bacteroides

J&H ¥ i J@ Macellibacteroides

SN JEderomonas

25 B i @ Neisseria

AR R 5> 22 )& g unclassified [ Peptostreptococcaceae

G IR 21d (V2D ERE 2 R R B R 22 R i
Analysis of gut microbiota diversity and flora difference on day 21 (U21) of infection control group
a. FRIGHG b. SE W ARIBEG . NMDSZHT; d. I'IKFZ 750 e. JEKTFHEL £ OTUKF-F5 B K

a. Shannon index; b. Simpson index; c. NMDS analysis; d. Phyla level difference species; e. Genus-level heat map; f. Venn diagram of OTU
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Tab. 3 Differences in gut microbiota Alpha diversity before and after GCRV infection (mean+SD, n=3)

K Day Z FEE Alpha poyictiEle L REBEAS BRI T4 HA TG
GO Shannon 2.28+0.48 2.35+1.08 232+0.23 3.05+0.73
Simpson 0.82+0.06 0.74%0.15 0.79+0.07 0.90+0.06
Pielou’s 0.54+0.07 0.49+0.15 0.50+0.05 0.65+0.09

ACE 67.69+21.91 129.55+93.43 110.4+44.49 120.11+67.64
Gl Shannon 1.70+1.21 1.86+1.20 2.28+0.99 2.29+0.27
Simpson 0.59+0.38 0.68+0.39 0.73+0.22 0.78+0.08
Pielou’s 0.40+£0.24 0.43+0.24 0.49+0.15 0.52+0.04

ACE 63.1£38.49 75.56£38.31 127.15+63.44 86.1£15.53
G4 Shannon 2.5140.48 1.7120.58 2.47+0.48 2.2120.94
Simpson 0.82:0.06 0.64+0.18 0.82+0.10 0.73£0.23
Pielou’s 0.55+0.07 0.41£0.13 0.55+0.09 0.47+0.17

ACE 98.88+30.67 71.72421.86 97.97428.26 103.35+42.82
G7 Shannon 2.39+0.60 2.01+0.27 2.08+0.85 2.43+0.48
Simpson 0.79:0.08 0.73£0.05 0.69+0.28 0.81£0.07
Pielou’s 0.53+0.08 0.460.05 0.45+0.16 0.54+0.08
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Note: The data is the average of three replicates, and different superscript letters in the same row indicate significant differences

(P<0.05)
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Fig. 2 Relative abundance and difference of gut microbiota on days 4 and 7 after GCRV infection
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a. phylum level; b. genus level; c—d. day 4 of infection; e—f. day 7 of infection
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Tab. 5 Topological parameters of gut microbiota co-occurrence
network in grass carp after GCRV infection
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1B ERIE L5 A AL . TTTZOR0006+ [Anaerorhab-
dus]__furcosa__group- oY) g uncultured _
f__Barnesiellaceae- HH B Akkermansia
FParabacteroides" " 1 i th J 3 W RERR K AL & 405y
iR i B 2T 4 R B AL AL B A e . CSAICSal
RIL 5 THA I R KA 5 W) 0 R £ 21 24 1R A 1A
XF B BRI OC, 2 W] B AR ORE RS
TE LN K TA w i A Y0 AL 7 i K AL & A
i 2T 4 PR R B R A R i PR S AL
T A PR RS A2 08 5 AT DA 1 R GCRV R 1 J80E Y
P, A BT AR B

4 ZHip

TRRE R IR IR B g i P R A B R T W
T8 A 2 AR A A B R, A s T
GCRVI/BGL 1 d )5 1) . figy T8 o B 22 R 1 1 PRI, 46
/NT GCRVIEK Ye4—7d ¥ 4 figg 18 B B 10 41 18] 2 5,
H T B IRGCRVIER G 5| & i ip 18 A &AL, H
o, D AR AT > T R i T R A
FEONE B A X F R, D R it 1 o A B 40T B
JEBIFHATFEEE . eAh, KBS SR & T Rt iy
TH T DX 285 (1) B 2, S8R T i e R AR E
EARIALE R BN, D R i s Hh e 2 K+
A R A CSafy B 1Y N, T R 2505 U B I I3 A
CSalt) R BE, T 1) 28 0 1 7= A2 o 7 £ Rk e
GCRVI[\#ERI R C5. C5aflIC5aR7E MLiE F & =
55 1 v S0 TR B AR ) S R BN S A O, Sk
KUWEVFEEA4EE M ER 2 ARG, 5B A
WEFEHI A IR T DR A s i oK 2 i T DL 2% i
GCRV B GLnt LA iz i 1 #f AR R, R 1
R 2R g 3 0o [ e B AR SRR 1) I 4, AR FT R A
T o) Rk G B £ i TE AR D I S e B AR T R AR

f& o F Rk Z A R K TR i xR O B A
TEVEY SR BRI T, 38 /50— AR KR 0 2
A2 i 38 JORE ML -

(1 P WA SCRS 45 HH AR B R

SEHL:

[11 Wang D, Wu F X, Song D D, et al. China Fisheries
Statistical Yearbook [M]. Beijing: China Agricultural
Press, 2023: 25. [£F}, RRM&, KFHT, &, E LS
THESE M. Ab5T: A E AR AR, 2023: 25.]

[2] Zeng W, Bergmannc S M, Dong H, et al. Identification,
virulence, and molecular characterization of a recombi-
nant isolate of grass carp reovirus genotype I [J].
Viruses, 2021, 13(5): 807.

[3] Xiong L, He L, Luo L, ef al. Global and complement
gene-specific DNA methylation in grass carp after grass
carp reovirus (GCRV) infection [J]. International Jour-
nal of Molecular Sciences, 2018, 19(4): 1110.

[4] Chen G, Xiong L, Wang Y, et al. Different responses in
one-year-old and three-year-old grass carp reveal the
mechanism of age restriction of GCRV infection [J]. Fish &
Shellfish Immunology, 2019(86): 702-712.

[51 WuM, LiH, Chen X, ef al. Studies on the clinical symp-
toms, virus distribution, and mRNA expression of several
antiviral immunity-related genes in grass carp after infec-
tion with genotype I grass carp reovirus [J]. Archives of
Virology, 2020, 165(7): 1599-1609.

[6] Yang G, Jian S Q, Cao H, et al. Changes in microbiota
along the intestine of grass carp (Ctenopharyngodon
idella): community, interspecific interactions, and func-
tions [J]. Aquaculture, 2019(498): 151-161.

[71 Medina-Félix D, Garibay-Valdez E, Vargas-Albores F, et
al. Fish disease and intestinal microbiota: a close and
indivisible relationship [J]. Reviews in Aquaculture, 2023,
15(2): 820-839.

[8] Zhang B'Y, Yang H L, Cai G H, et al. The interactions


https://doi.org/10.3390/v13050807
https://doi.org/10.3390/ijms19041110
https://doi.org/10.3390/ijms19041110
https://doi.org/10.3390/ijms19041110
https://doi.org/10.1007/s00705-020-04654-y
https://doi.org/10.1007/s00705-020-04654-y
https://doi.org/10.1016/j.aquaculture.2018.08.062
https://doi.org/10.1111/raq.12762

6 3

Wi SREE: TRL A I oK R ST IR AL GCR VA 4 iy 30 T R G 5 7Y B2 ) 11

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

between the host immunity and intestinal microorganisms
in fish [J]. Applied Microbiology and Biotechnology,
2024, 108(1): 30.

Xiao F, Liao L, Xu Q, et al. Host-microbiota interactions
and responses to grass carp reovirus infection in
Ctenopharyngodon idellus [J]. Environmental Microbio-
logy, 2021, 23(1): 431-447.

Xiong J B, Nie L, Chen J. Current understanding on the
roles of gut microbiota in fish disease and immunity [J].
Zoological Research, 2019, 40(2): 70-76.

Dunkelberger J R, Song W C. Complement and its role in
innate and adaptive immune responses [J]. Cell Research,
2010, 20(1): 34-50.

Rittirsch D, Flier] M A, Nadeau B A, et al. Functional
roles for C5a receptors in sepsis [J]. Nature Medicine,
2008, 14(5): 551-557.

Magnadottir B. Innate immunity of fish (overview) [J].
Fish & Shellfish Immunology, 2006, 20(2): 137-151.
Holland M C H, Lambris J D. The complement system in
teleosts [J]. Fish & Shellfish Immunology, 2002, 12(5):
399-420.

Xu B, Su H, Chen C, et al. Pro-inflammatory regulatory
mechanism of C5a/C5aR pathway in GCRV-infected
grass carp (Ctenopharyngodon idella) [J]. Aquaculture
Reports, 2023(32): 101736.

Xu B, Lv L, Xiao T, et al. Cloning of the full-length
cDNA of the gene encoding complement C5 from grass
carp (Ctenopharyngodon idella) and its expression in
different tissues by following grass carp reovirus infec-
tion [J]. Aquaculture International, 2021(29): 2035-2048.
Rebours C, Marinho-Soriano E, Zertuche-Gonzalez J A,
et al. Seaweeds: an opportunity for wealth and sustai-
nable livelihood for coastal communities [J]. Journal of
Applied Phycology, 2014, 26(5): 1939-1951.

Siddik M A B, Francis P, Rohani M F, et al. Seaweed and
seaweed-based functional metabolites as potential modu-
lators of growth, immune and antioxidant responses, and
gut microbiota in fish [J]. Antioxidants, 2023, 12(12):
2066.

Gupta S, Abu-Ghannam N. Bioactive potential and possi-
ble health effects of edible brown seaweeds [J]. Trends in
Food Science & Technology, 2011, 22(6): 315-326.
O’Sullivan L, Murphy B, McLoughlin P, ef al. Prebiotics
from marine macroalgae for human and animal health
applications [J]. Marine Drugs, 2010, 8(7): 2038-2064.
Priyanka K R, Rajaram R, Sivakumar S R. A critical
review on pharmacological properties of marine macroal-
gae [J]. Biomass Conversion and Biorefinery, 2022: 1-25.
Wan A H L, Davies S J, Soler-Vila A, et al. Macroalgae
as a sustainable aquafeed ingredient [J]. Reviews in Aqua-
culture, 2019, 11(3): 458-492.

Edgar R C. UPARSE: highly accurate OTU sequences
from microbial amplicon reads [J]. Nature Methods,

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

2013, 10(10): 996-998.

Pruesse E, Quast C, Knittel K, ef al. SILVA: a compre-
hensive online resource for quality checked and aligned
ribosomal RNA sequence data compatible with ARB [J].
Nucleic Acids Research, 2007, 35(21): 7188-7196.

Deng Y, Jiang Y H, Yang Y, et al. Molecular ecological
network analyses [J]. BMC Bioinformatics, 2012(113): 1-
20.

Zhang H, Jiang F, Zhang J, et al. Modulatory effects of
polysaccharides from plants, marine algae and edible
mushrooms on gut microbiota and related health benefits:
a review [J]. International Journal of Biological Macro-
molecules, 2022(204): 169-192.

Zhang L, Xiong Y M, Dong L L, et al. Effects of seaweed
enzymatic hydrolysates on growth and intestinal
microflora structure of Larimichthys crocea [J]. Chinese
Journal of Animal Nutrition, 2024, 36(3): 1819-1833. [k
P, RETH, TRRARL, SE MR ERAE AR R B A KA
T8 T RE S5 A B2 [J]. B E IR AR, 2024, 36(3):
1819-1833.]

Rico R M, Tejedor-Junco M T, Tapia-Paniagua S T, et al.
Influence of the dietary inclusion of Gracilaria cornea
and Ulva rigida on the biodiversity of the intestinal
microbiota of Sparus aurata juveniles [J]. Aquaculture
International, 2016(24): 965-984.

Chen A, Liu Y, Zhang T, et al. Chain conformation,
mucoadhesive properties of fucoidan in the gastrointesti-
nal tract and its effects on the gut microbiota [J]. Carbo-
hydrate Polymers, 2023(304): 120460.

Ai C, Jiang P, Liu Y, et al. The specific use of alginate
from Laminaria japonica by Bacteroides species deter-
mined its modulation of the Bacteroides community [J].
Food & Function, 2019, 10(7): 4304-4314.

Wang S T, Meng X Z, Dai Y F, ef al. Characterization of
the intestinal digesta and mucosal microbiome of the
grass carp (Ctenopharyngodon idella) [J]. Comparative
Biochemistry and Physiology Part D: Genomics and
Proteomics, 2021(37): 100789.

Xu W, Lutz C G, Taylor C M, et al. Improvement of fish
growth and metabolism by oligosaccharide prebiotic
supplement [J]. Aquaculture Nutrition, 2022(2022):
5715649.

Beisner J, Gonzalez-Granda A, Basrai M, et al. Fructose-
induced intestinal microbiota shift following two types of
short-term high-fructose dietary phases [J]. Nutrients,
2020, 12(11): 3444.

Liu Z, Hu Y, Tao X, et al. Metabolites of sea cucumber
sulfated polysaccharides fermented by Parabacteroides
distasonis and their effects on cross-feeding [J]. Food
Research International, 2023(167): 112633.

Kong Q, Zhang R, You L, et al. In vitro fermentation
characteristics

of polysaccharide from Sargassum

fusiforme and its modulation effects on gut microbiota [J].


https://doi.org/10.1007/s00253-023-12934-1
https://doi.org/10.1111/1462-2920.15330
https://doi.org/10.1111/1462-2920.15330
https://doi.org/10.1111/1462-2920.15330
https://doi.org/10.24272/j.issn.2095-8137.2018.069
https://doi.org/10.1038/cr.2009.139
https://doi.org/10.1038/nm1753
https://doi.org/10.1016/j.aqrep.2023.101736
https://doi.org/10.1016/j.aqrep.2023.101736
https://doi.org/10.1007/s10499-021-00733-2
https://doi.org/10.1007/s10811-014-0304-8
https://doi.org/10.1007/s10811-014-0304-8
https://doi.org/10.3390/antiox12122066
https://doi.org/10.3390/md8072038
https://doi.org/10.1111/raq.12241
https://doi.org/10.1111/raq.12241
https://doi.org/10.1111/raq.12241
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1093/nar/gkm864
https://doi.org/10.1016/j.ijbiomac.2022.01.166
https://doi.org/10.1016/j.ijbiomac.2022.01.166
https://doi.org/10.1016/j.ijbiomac.2022.01.166
https://doi.org/10.1007/s10499-015-9964-x
https://doi.org/10.1007/s10499-015-9964-x
https://doi.org/10.1016/j.carbpol.2022.120460
https://doi.org/10.1016/j.carbpol.2022.120460
https://doi.org/10.1016/j.cbd.2021.100789
https://doi.org/10.1016/j.cbd.2021.100789
https://doi.org/10.1016/j.cbd.2021.100789
https://doi.org/10.1016/j.cbd.2021.100789
https://doi.org/10.1016/j.cbd.2021.100789
https://doi.org/10.1016/j.cbd.2021.100789
https://doi.org/10.3390/nu12113444
https://doi.org/10.1016/j.foodres.2023.112633
https://doi.org/10.1016/j.foodres.2023.112633

12

KR R

2025, 49(6): 062510

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Food and Chemical Toxicology, 2021(151): 112145.

Sun Y, Zhang C, Zhang P, et al. Digestion characteristics
of polysaccharides from Gracilaria lemaneiformis and its
interaction with the human gut microbiota [J]. Interna-
tional Journal of Biological Macromolecules, 2022(213):
305-316.

Rabesandratana T. ‘Poop vault’ of human feces could
preserve gut’s microbial biodiversity-and help treat
disease [J]. Science, 2018: eaav9276.

Zhu W G, Li X H, Rao L' Y, et al. Effects of reovirus
infection on the intestinal microbiota diversity of grass
carp (Ctenopharyngodon idella) [J]. Acta Hydrobiologica
Sinica, 2019, 43(1): 109-116. [ SCAR, 2= 52 ik, 196 5,
& RN W PIOR B X 7 2 FEE R ().
KA AR, 2019, 43(1): 109-116.]

Parshukov A N, Kashinskaya E N, Simonov E P, et al.
Variations of the intestinal gut microbiota of farmed rain-
bow trout, Oncorhynchus mykiss (Walbaum), depending
on the infection status of the fish [J]. Journal of Applied
Microbiology, 2019, 127(2): 379-395.

Li X, Zhou L, Yu Y, et al. Composition of gut micro-
biota in the gibel carp (Carassius auratus gibelio) varies
with host development [J]. Microbial Ecology, 2017,
74(1): 239-249.

Yao L, Yang P, Lin Y, et al. The regulatory effect of algi-
nate on ovalbumin-induced gut microbiota disorders [J].
Journal of Functional Foods, 2021(86): 104727.

Wang J, Zhang Z, Dai T, et al. The therapeutic effect and
possible mechanisms of alginate oligosaccharide on
metabolic syndrome by regulating gut microbiota [J].
Food & Function, 2024, 15(19): 9632-9661.

Praveen M A, Karthika Parvathy K R, Balasubramanian
P, et al. An overview of extraction and purification tech-
niques of seaweed dietary fibers for immunomodulation
on gut microbiota [J]. Trends in Food Science & Techno-
logy, 2019(92): 46-64.

Zeevi D, Korem T, Godneva A, et al. Structural variation
in the gut microbiome associates with host health [J].
Nature, 2019, 568(7750): 43-48.

Keating C, Bolton-Warberg M, Hinchcliffe J, et al.
Temporal changes in the gut microbiota in farmed
Atlantic cod (Gadus morhua) outweigh the response to
diet supplementation with macroalgae [J]. Animal Micro-
biome, 2021, 3(1): 7.

Cerezo I M, Fumanal M, Tapia-Paniagua S T, et al. Solea
senegalensis bacterial intestinal microbiota is affected by
low dietary inclusion of Ulva ohnoi [J]. Frontiers in
Microbiology, 2022(12): 801744.

Nag D, Farr D A, Walton M G, et al. Zebrafish models
for pathogenic vibrios [J]. Journal of Bacteriology, 2020,
202(24): ¢00165-20.

AftabUddin S, Siddique M A M, Habib A, ef al. Effects
of seaweeds extract on growth, survival, antibacterial

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

activities, and immune responses of Penaeus monodon
against Vibrio parahaemolyticus [J]. Italian Journal of
Animal Science, 2021, 20(1): 243-255.

Bakky M A H, Tran N T, Zhang M, et al. In vitro fermen-
tation of Gracilaria lemaneiformis and its sulfated
polysaccharides by rabbitfish gut microbes [J]. Interna-
tional Journal of Biological Macromolecules, 2023(246):
125561.

You L, Gong Y, Li L, et al. Beneficial effects of three
brown seaweed polysaccharides on gut microbiota and
their structural characteristics: an overview [J]. Interna-
tional Journal of Food Science & Technology, 2020,
55(3): 1199-1206.

Xie X, Chen C, Fu X. Modulation effects of Sargassum
pallidum extract on hyperglycemia and hyperlipidemia in
type 2 diabetic mice [J]. Foods, 2023, 12(24): 4409.

Shi S, Nuccio E E, Shi Z J, et al. The interconnected
rhizosphere: High network complexity dominates rhizo-
sphere assemblages [J]. Ecology Letters, 2016, 19(8):
926-936.

Boulangé C L, Neves A L, Chilloux J, et al. Impact of the
gut microbiota on inflammation, obesity, and metabolic
disease [J]. Genome Medicine, 2016, 8(1): 42.

Dai W, Sheng Z, Chen J, et al. Shrimp disease progres-
sion increases the gut bacterial network complexity and
abundances of keystone taxa [J]. Aquaculture, 2020(517):
734802.

Liu H, Yang X, Yang W, et al. Gut microbiota of fresh-
water gastropod (Bellamya aeruginosa) assist the adapta-
tion of host to toxic cyanobacterial stress [J]. Toxins,
2023, 15(4): 252.

Coyte K Z, Schluter J, Foster K R. The ecology of the
microbiome: networks, competition, and stability [J].
Science, 2015, 350(6261): 663-666.

Yuan M M, Guo X, Wu L, et al. Climate warming
enhances microbial network complexity and stability [J].
Nature Climate Change, 2021(11): 343-348.

Han R, Wang L, Zhao Z, et al. Polysaccharide from
Gracilaria lemaneiformis prevents colitis in Balb/c mice
via enhancing intestinal barrier function and attenuating
intestinal  inflammation [J]. Food Hydrocolloids,
2020(109): 106048.

Ye C T, Wei X, Zhang Y. Current status of research on
liver innate immunity [J]. Journal of Clinical Hepatology,
2014, 30(9): 846-850. [M1% ¥, Bk, KB FHE [ %
P RGFCIUIR (0], I AR AT HESR 4= 3, 2014, 30(9): 846-
850.]

Lv L G. Preliminary verification of C5/C5a/C5aR signal-
ing pathway and some related factors in grass carp [D].
Changsha: Hunan Agricultural University, 2020: 26. [ &
M. %48 C5/C5a/CSaR 15 5 38 #5873 MO IH - 1 4]
IRIE [D]. Kb MR KA, 2020: 26.]

Su H. Pro-inflammatory regulatory mechanism of


https://doi.org/10.1016/j.fct.2021.112145
https://doi.org/10.1016/j.ijbiomac.2022.05.172
https://doi.org/10.1016/j.ijbiomac.2022.05.172
https://doi.org/10.7541/2019.014
https://doi.org/10.7541/2019.014
https://doi.org/10.7541/2019.014
https://doi.org/10.1111/jam.14302
https://doi.org/10.1111/jam.14302
https://doi.org/10.1007/s00248-016-0924-4
https://doi.org/10.1016/j.jff.2021.104727
https://doi.org/10.1038/s41586-019-1065-y
https://doi.org/10.1186/s42523-020-00065-1
https://doi.org/10.1186/s42523-020-00065-1
https://doi.org/10.1186/s42523-020-00065-1
https://doi.org/10.3389/fmicb.2021.801744
https://doi.org/10.3389/fmicb.2021.801744
https://doi.org/10.1080/1828051X.2021.1878943
https://doi.org/10.1080/1828051X.2021.1878943
https://doi.org/10.1016/j.ijbiomac.2023.125561
https://doi.org/10.1016/j.ijbiomac.2023.125561
https://doi.org/10.3390/foods12244409
https://doi.org/10.1111/ele.12630
https://doi.org/10.1186/s13073-016-0303-2
https://doi.org/10.1016/j.aquaculture.2019.734802
https://doi.org/10.3390/toxins15040252
https://doi.org/10.1126/science.aad2602
https://doi.org/10.1038/s41558-021-00989-9
https://doi.org/10.1016/j.foodhyd.2020.106048
https://doi.org/10.3969/j.issn.1001-5256.2014.09.003
https://doi.org/10.3969/j.issn.1001-5256.2014.09.003

6 3

Wi SREE: TRL A I oK R ST IR AL GCR VA 4 iy 30 T R G 5 7Y B2 ) 13

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

C5a/C5aR pathway in response to inflammatory response
to GCRYV infection in grass carp [D]. Changsha: Hunan
Agricultural University, 2022: 17-22. [75 Bt. % fi C5a/
C5aRii # VT GCRV I 5 78 1 S 7 ) i 58 1 42 AL il
[D]. K¥b: Wi AR, 2022: 17-22.]

Kaufmann S H E. Immunology’s coming of age [J].
Frontiers in immunology, 2019(10): 684.

Colley C S, Popovic B, Sridharan S, et al. Structure and
characterization of a high affinity C5a monoclonal anti-
body that blocks binding to C5aR1 and C5aR2 receptors
[J]. mA4bs, 2018, 10(1): 104-117.

Cyprian F S, Suleman M, Abdelhafez 1, et al. Comple-
ment CS5a and clinical markers as predictors of COVID-
19 disease severity and mortality in a multi-ethnic popula-
tion [J]. Frontiers in Immunology, 2021(12): 707159.
Kohl J, Baelder R, Lewkowich I P, et al. A regulatory
role for the CS5a anaphylatoxin in type 2 immunity in
asthma [J]. The Journal of Clinical Investigation, 2000,
116(3): 783-796.

Lopez-Santamarina A, Sinisterra-Loaiza L, Mondragon-
Portocarrero A, et al. Potential prebiotic effect of two
Atlantic whole brown seaweeds, Saccharina japonica and
Undaria pinnatifida, using in vitro simulation of distal
colonic fermentation [J]. Frontiers in Nutrition, 2023(10):
1170392.

Long X, Hu X, Liu S, ef al. Insights on preparation, struc-
ture and activities of Gracilaria lemaneiformis polysac-
charide [J]. Food Chemistry: X, 2021(12): 100153.
Nielsen B V, Maneein S, Al Farid M M, et al. The effects
of halogenated compounds on the anaerobic digestion of
macroalgae [J]. Fermentation, 2020, 6(3): 85.

Lu S Y, Liu Y, Tang S, et al. Gracilaria lemaneiformis
polysaccharides alleviate colitis by modulating the gut
microbiota and intestinal barrier in mice [J]. Food Che-
mistry: X, 2022(13): 100197.

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Wang A R, Ran C, Ringe E, ef al. Progress in fish
gastrointestinal microbiota research [J]. Reviews in Aqua-
culture, 2018, 10(3): 626-640.

Takeuchi T, Nakanishi Y, Ohno H. Microbial metabolites
and gut immunology [J]. Annual Review of Immunology,
2024, 42(1): 153-178.

Yoo JY, Groer M, Dutra S V O, et al. Gut microbiota and
immune system interactions [J]. Microorganisms, 2020,
8(10): 1587.

Wang X, Luo H, Zheng Y, et al. Effects of poultry by-
product meal replacing fish meal on growth performance,
feed utilization, intestinal morphology and microbiota
communities in juvenile large yellow croaker
(Larimichthys  crocea) [J].
2023(30): 101547.

Zhang X, Akhtar M, Chen Y, er al. Chicken jejunal
microbiota improves growth performance by mitigating

Microbiome, 2022, 10(1):

Aquaculture  Reports,

intestinal inflammation [J].
107.

Liao X L, Chen Z F, Liu Q Y, et al. Tissue accumulation
and biotransformation of 6PPD-quinone in adult zebrafish
and its effects on the intestinal microbial community [J].
Environmental Science & Technology, 2024, 58(23):
10275-10286.

Lan K P, Wu G D, Wang J, et al. Effects of dietary
supplementation of inulin on survival, growth and intesti-
nal microbiota of juvenile golden pompano (7rachinotus
ovatus) [J]. South China Fisheries Science, 2022, 18(5):
55-65. [ 8RN, FOGHE, £, 5. TR g A 0 gy
TSR SE Bt A7 3E . A KA E W B2 [J]. B 7K
PR, 2022, 18(5): 55-65.]

Ikeda-Ohtsubo W, Loépez Nadal A, Zaccaria E, et al.
Intestinal microbiota and immune modulation in zebrafish
by fucoidan from Okinawa mozuku (Cladosiphon okamu-
ranus) [J]. Frontiers in Nutrition, 2020(7): 67.


https://doi.org/10.3389/fimmu.2019.00684
https://doi.org/10.1080/19420862.2017.1384892
https://doi.org/10.3389/fimmu.2021.707159
https://doi.org/10.1172/JCI26582
https://doi.org/10.1016/j.fochx.2021.100153
https://doi.org/10.1016/j.fochx.2021.100153
https://doi.org/10.1016/j.fochx.2021.100153
https://doi.org/10.1016/j.fochx.2021.100153
https://doi.org/10.3390/fermentation6030085
https://doi.org/10.1111/raq.12191
https://doi.org/10.1111/raq.12191
https://doi.org/10.1111/raq.12191
https://doi.org/10.1146/annurev-immunol-090222-102035
https://doi.org/10.3390/microorganisms8101587
https://doi.org/10.1016/j.aqrep.2023.101547
https://doi.org/10.1186/s40168-022-01299-8
https://doi.org/10.12131/20220082
https://doi.org/10.12131/20220082
https://doi.org/10.12131/20220082
https://doi.org/10.3389/fnut.2020.00067

14 K& A& Y ¥ 2025, 49(6): 062510

MACROALGAL SUPPLEMENTED DIET ON GUT MICROBIOTA AND IMMU-
NITY OF GRASS CARP DURING GCRYV INFECTION

CHEN Qiu', ZHU Wen-Gen’, AN Xing-Xing’, WEN Zhe-Yu', CHEN Lin’, WANG Yao-Hua', ZHANG Song’,
YANG Yong™*, HE Hou-Xiong’, YAN Qing-Yun’, XIAO Tiao-Yi' and XU Bao-Hong'
(1. College of Aquaculture, Hunan Agricultural University, Changsha 410128, China; 2. Southern Marine Science and Engineering

Guangdong Laboratory (Zhuhai), Zhuhai 519082, China; 3. Guangdong Nutriera Group Co., Ltd., Zhuhai
519100, China; 4. Guangzhou Nutriera Biotechnology Co., Ltd., Guangzhou 511400, China)

Abstract: The grass carp (Ctenopharyngodon idella) is one of the major freshwater aquaculture species in China,
contributing significantly to the aquaculture sector with a national production nearing 6 million tons in 2023. However,
viral hemorrhagic disease caused by grass carp reovirus (GCRV) poses a significant disease affecting grass carp farm-
ing, often resulting to substantial economic losses in the industry. Macroalgaes, characterized by their diversity, wide
oceanic distribution, and high productivity, harbor a wealth of natural bioactive compounds including algal polysaccha-
rides, alginates, algal polyphenols, and dietary fiber. These substances can regulate the nutrients metabolism and
absorption in animals and exhibit proven antiviral and antioxidant activities. Currently, macroalgae are used as natural
feed components in aquaculture to bolster fish disease resistance. However, the potential impact of incorporating
macroalgae on GCRV infection in grass carp via the modulation of gut microbiota and host immunity remains uncer-
tain. In this study, a dried powder comprising Sargassum hemiphyllum, Asparagopsis taxiformis, and Gracilaria
lemaneiformis was added to grass carp feed for two months, followed by intraperitoneal GCRV infection. High-
throughput 16S rRNA gene sequencing was used to analyze the gut microbiota, with subsequent quality control and
assembly of raw sequencing reads to obtain high-quality paired-end sequences. Chimerism sequences was identified
and removed, while sequences exhibiting a similarity above a defined threshold of 97 were clustered into Operational
Taxonomic Units (OTUs). These OTUs were annotated by using RDP classifier based on Silva 16S rRNA database.
Subsequently, species annotation was conducted, resulting in the acquisition of raw abundance data. Enzyme-linked
immunosorbent assay (ELISA) was used to detect the expression levels of complement component 5 (C5), C5a, and
C5a receptor (C5aR) in the serum to assess the host immune response. The results showed that macroalgae supplemen-
tation significantly increased the Shannon and Simpson indices of gut microbiota in grass carp. NMDS, Venn diagram,
and heatmap analysis indicated a significant restructuring of the gut microbiota following macroalgae supplementation.
This restructuring led to an increased presence of distinct bacterial species primarily associated with dietary fiber
fermentation and carbohydrate digestion. Furthermore, it contributed to a delayed decline in gut microbiota diversity
observed on the initial day post-GCRYV infection. Differential analysis, based on Bray-Curtis distance, was performed
for the gut microbiota before GCRYV infection (day 0, GO) and on days 4 and 7 post-infection (G4 and G7). The results
revealed a significant alteration in the gut microbiota structure of the control group between days 4 and 7 post-GCRV
infection, while no significant changes were observed in the macroalgae supplementation group. Specifically, the rela-
tive abundance of Vibrio in the intestinal tract reduced significantly in the groups fed with S. hemiphyllum and G.
lemaneiformis. In the S. hemiphyllum group, the relative abundance of Cefobacterium decreased, while that of
Bacteroides increased. Co-occurrence network analysis of the gut microbiota from the infected grass carp indicated that
macroalgae enhanced the network complexity of the microbiota, alleviating the impact of GCRV on their gut micro-
biota. Analysis of complement expression in the serum of infected grass carp revealed that S. hemiphyllum upregulated
C5a expression on day 1 post-infection, while G. lemaneiformis downregulated C5a expression. Spearman correlation
analysis suggested that after GCRV infection, macroalgae might influence the expression of C5, C5a, and its receptor
(C5aR) by regulating beneficial and pathogenic bacteria in the intestine. In conclusion, the addition of macroalgae alle-
viates the impact of GCRV on the gut microbiota of grass carp, with G. lemaneiformis contributing to the reduction of
inflammatory responses. These findings could pave the way for novel strategies in the prevention and management of
hemorrhagic disease in grass carp, offering significant practical implications for the aquaculture industry.

Key words: Grass carp hemorrhagic disease; Macroalgae; GCRV; Gut microbiota; Complement
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