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JACE I KA, Horb it 5 5258 O B SR Y SR AR
AW R R, R S 58 B IR
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RIAG A PN 1.5 kg/m®, WIE T RALAEER K 3551
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R 1R AR R R S R T REREAIR, TR &L,
PR IR A I A S R, A R LR
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ST, G APUAE AR S LA K g S e R g 0 R 2,
R A SR T R O RBe LAY . EH
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FEHZK IR 10~20 cm. FEFH RGN BEERIME 1, &
4t rh K S B G RO R 5055, 202146 Hh
AR, 11 A AcE] . KREREFP 40 d )5, JitAE
FEE R B R AR 25 1 7R 60 d JR iR AR — VK .

SCHTF AT 7 H 30 H, KT BRI T gk
AR A BRA T (BES 1 S5 R) o PRk A+

<& Ay
& & Al
& & A )

vy A

K1 - R goR A

Fig. 1 Schematic diagram of rice-bass ecosystems
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1.2 EWHE

1.2.1 MEAERNE B 0.1 g JLALLL,
A 0.9 mL AEFHEEK(0.86%), HIEL 10% M LA 2]
Ko PrEfbisbr EEARE DPTELRE J1(T-A0C) .
AR ALY B AL EF(SOD) . i JF A5 B H AR (GSH)

P B (MDA) | i S fb S (CAT) A4 e H kst 4
1LY B (GSH-Px), T-AOC. SOD Hl GSH 7| &
e F e ot A AR ) T RIS I, MDA Fil CAT I F
i R RAEYFAA RS A, GSH-Px 2 H 75
M EUR AR A A . A FE b R &
VLI HEATI A

1.2.2 SEBMEMBARNE 2R ERA
T R FH B2 7K i 36 0F L PR A it A 3L, SRR
6 mol/LERMZ T 110 "C/Kf# 22 h, & il 25 /K it ik
JE HC 1.0 mL P8R 8 T4 A D i S e SR
BRI, BORESIN 20 mmol/L £5 BV fift iE 45,
TG AL AT AL BN 5 AR 2.5 mL £ 20 mmol/L 1)
e 1.5 mL, 345 H 20 mmol/L #hfR E &5 it
U&. (I H A H S LAS0S0 &AL [ 8/ Hr X
HEATII 5 (GB5009.124-2016), J KK 570 nm #l
440 nm, FEREIRFR 20 pL, (AT o i iR Y BH 2 1
BG4y B4, ROVIREE 135 C. JMile & i
Agilent7890A “AH (A I (GB5009.168-2016),
FE S 2K AR BOR R AR A B A ARG . SAR
RN EFESHC A% HP-88 (100 mx0.25 mmx
0.20 um); FHEFEF N 100 CHEFF 13 min, LU
10 C/min B R TR ZE 180 CHEHF 6 min, LU
1.0 ‘C/min HFRTHE 192 CHEE 9 min, 1 3.0 ‘C/min
HORTHE 230 CHEFF 2 min; SN Ny, W
1.0 mL/min, 433kt 40 @ 1, S8R . B IR & i
DL E T,
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A 0.5mL 1 80%H BE/K¥EW, T 4 °C 15000 r/min
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3.5 kV, B 35 psi, FBIHE 10 L/min,
TR 320 C, BF S ASHHE- 60, D)
SNSRI 350 °C, HTER M/Z 25 100-1500,
B R B EHE S A Compound Discoverer 3.1
o, BEATUEXT S . MRS . mBUE E . BUEE
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W) PR AR N T A SR T B
(KEGG . HMDB ., LIPIDMaps)i#t 174 F¢ . Fl metaX
XoFHSCHE AT A fe /N ATk F 43 BT (PLS-DA), i
AR MU R VIP (., 5T  REiHE %
R B 40 18] S 2 M (P-value) K 22 53 475 % (fold
change, FC). 2= 5% Q¥ i i 14 BR A A5 U
VIP>1, P<0.05 H FC=12 5{ FC<0.83, fiiJ{
KEGG HCH FEHE A7 Q5 B & AR A0 HT o A
G326 KB AR 4 M b G 0 AR SO R 0y A BR
Sl Bh 5 AR
1.24 EREANFZH  HH TRIzol K5 H2H
WL H B RNA, K904l | iR S oeiatt, [
Oligo (dT)RE 2k & 4 . polyA [ E A% mRNA, ¥ H:
J BHALJ £ M-MuLV 3 5% SR 2 P A il cDNA
—&, BfiJ5 F%f# RNA 5%, 7 DNA polymerase I {£&
Z T L ANTPs MJEEHS B cDNA 4, 2lifk 3k
&5 A PR IS Fl AMPure XP beads i1 cDNA #47
PCR 4" 34 I Bk lifb AR A5 SO, iE A7 5% S 4 D)
J¥ o R fastp 1 38 T HLE LG B (raw data) 35 A
OB (clean data), | HISAT2 #4Fik 75 % 5
HFHHEXF, H] Stringtie #/F A R AR &
W R IR Ge i L R 2, B RSEM B4 T8
FEAR LN 235, UL FPKM /R, (il DESeq2
B D 25 A8 logo FC =2 HL P<0.05 SRR e ik
)2 R IRHER, IR HYS GO M KEGG %l
FESEAT XS, 1T GO B4 HrFl KEGG 38 I &
LT AR S50 FOEHE A B ER ) il B A
YRR AT FRA R B 58 Ao
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R T B E A SE A IT or Hr 4 R AT SE M, B
PBLERZE T 6 4~22 R 1T qRT-PCR ik, fifi
FEHEAYHEH AL A RAFR RNAiso Plus
AN HE B RNA, DL primeScript™ RT 5] &

(TaKaRa, RRO47A)& % cDNA, {ifi il gPCR IR &
(TaKaRa, RR820A) i Il #H 5¢ &£ K ) K18 . DA
B-actin fE NS RN (F 1), KA 2285 H
i i PRI A G 235

£ 1 qRT-PCR3|#
Tab.1 Primers used for qRT-PCR analysis

FE K gene E M 514(5'-3") forward primer sequence (5'-3") JZ I 514 (5'-3") reverse primer sequence (5'-3")
mylpf GCTGATCCCGAGGACGTTAT CAAGGGGGAGTGAGTAGATGG

alas? GGGAGAAATCCTACTTCGGCA TATGAAAGTGACCGGTGTGC

esrrb AAGGTGCCCATGCACAAACT GGGTCTGCCTCTCCTGAGTA

hba GCCCACGGAAAGAAGGTCAT ATGGTCAAGAGCGGCAGAC

cebpb GCATGGAGTACCGACAGAGG AGGTATGTCTCCAAAAAGCTCAGT
cryl GCCGACTCTACCACGAGTTT TCTGATGTGGATTCGGACGG

p-actin AAAGGGAAATCGTGCGTGAC AAGGAAGGCTGGAAGAGGG

1.3 Zitsh

JE ARG 28 Excel BUFWIA B, ffi ] SPSS
27.0 FRAFHEAT 53 B 4 25 R KR Ry V- B E AR
W(X +SE). M MATHEA ¢ K50 53 BT A [F] 57 5 2
EZ MR, P<0.05 AEFEE, HAZRIT#
T il T Pearson K55 X RNA-seq $#i& Fll gPCR
BAEIEAT A0, P<0.05 MR EE . i
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Origin 2019 F1 GraphPad Prism 8.0 #X {44 4]
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90 d A, H 4l T-AOC BEMT L 4
(P<0.05), {H SOD .CAT .GSH-Px i ELL M MDA |
GSH 5 e 7E AN [F) 2% B 4 o i 25 22 57 (B 2)
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Fig. 2 Effect of stocking density on antioxidant capacity of Micropterus salmoides muscle
L: low density (40 g/m®); H: high density (120 g/m’); * indicates significant difference between different groups (P<0.05).
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22 SEBMERRSETN

KT BB L ARG 17 oK IR,
4G 7 b SR (EAA) ., 2 A ahiy 2 5L R
(HEAA)FI 8 FPE A TF 2 IETR(NEAA); LA 13 F
TS AR, 1E 2 PRk 2 MR (UAA) . 6 Fhif
TR ILR (SAA)FI 4 Fh i R Z AL IR (BAA) S . /K fit
RIEMR PR R & EAE H 4% FF(P<0.05),

EAIR T NEAR . AR H A58 R E TR
(P<0.05), H&ER . RAER . AR S5 Y UAA

BEWIN(P<0.05), N EELAH Y SAA>Y BAA>
Y UAA (% 2).
22 3R IR, RIT B PLARAINE] 15 FhK

fENR IR, 46 3 PP FIAR iR (SFA). 5 FhER
M FG 5 R (MUFA) DL K 7 Fl 2 A0 0 g 7 iR
(PUFA), H#%%1 Y PUFA>YMUFA>Y SFA, 5 L
HAI L, H 4N G RERR(C14 ¢ 0) FEHIFR(C16 : 0),
PEREVHAR(CL6 = 1), fEASMR(CL8 : 0). JHIFR(CIS :
In9¢)., MEIHAR(C18 : 2n6¢c). o-AFRAR(C18 : 3n3).
TEAEMIR(C20 + DI ik R (C20 : 2) & hELA
K Y SFA. SMUFA. YPUFA. Y n-6 PUFA &4
JI(P<0.05), Tfi n-3 PUFA/n-6 PUFA LG {E AR
23 MARIEEZESH

ER BN, LA H AL (7] 5 55 1o M, %
W L A7 AE 22 SR (R 3a), TR A28 1 7 46 56

R2 ARAFEZEETRKOBHIANSERIERAN

Tab.2 Content and composition of amino acids in muscle of Micropterus salmoides at different stocking densities

n=3; X +SE; g/100 g

oK il LR TR R i 2 B A Ui s A R % A i B A

hydrolyzed amino acid low density high density free amino acid low density high density
A2 Glu 2.64+0.03 2.5620.04 KEHR Asp® 0.010.002 0.03+0.006"
NZIR Ala 1.04+0.01 1.06+0.01 %4 Glu® 0.16+0.003 0.19£0.003"
HZ % Gly 0.84+0.01 0.91+0.02 H& /i Gly** 0.65+0.003 0.69+0.009"
REZIR Asp 1.80+0.01 1.75+0.03 WA Ala"® 0.38+0.003 0.34+0.006"
HEAR Met” 0.32+0.06 0.23+0.08 2R Ser™® 0.03+0.003 0.03+0.008
SIEER e’ 0.81+0.01 0.77+0.02 i &R Pro”” 0.84+0.054 0.75+0.003
iR Lys" 1.63+0.02 1.60+0.03 MR Lys”* 0.32+0.060 0.22+0.068
SLER Leu” 1.49+0.04 1.3840.03 IR Thr* 0.33£0.015 0.24+0.091
45 % FR Val® 0.94+0.01 0.88+0.02" A Val* 0.05+0.005 0.06£0.009
KA Phe” 0.80+0.02 0.76+0.01 Ik &R Cys 0.01 0.02+0.012
AR Thr* 0.81+0.01 0.80+0.01 SILAER le* 0.02 0.02+0.002
225 R Ser 0.65 0.64+0.01 TEER Leu® 0.07+0.014 0.11£0.011
Jifi% & Pro 0.59+0.02 0.64+0.01 HA TR His® 0.84+0.023 0.65+0.012"
M2 Cys 0.04+0.01 0.04+0.01 AR B Y TAA 3.70+0.164 3.33%0.116
i 2 % Tyr 0.51+0.04 0.43+0.02 BEDR LR X UAA 0.17+0.003 0.210.008"
&R Arg” 0.94+0.01 0.93+0.01 EHR AR X SAA 2.56+0.128 2.26+0.157
&R His™ 0.46+0.02 0.45+0.01 IR AR Y BAA 0.97+0.041 0.84+0.028
AHLR MR Y TAA 16.31£0.19 15.83+0.29
DT EILTR Y EAA 6.81£0.12 6.42+0.18
AT ILER Y HEAA 1.40£0.01 1.37+0.01
TR IR Y NEAA 8.10+0.08 8.03+0.10
EAA/TAA 41.75% 40.56%
EAA/NEAA 84.07% 79.95%
HEAA/TAA 8.58% 8.72%
NEAA/TAA 49.66% 50.73%

TR # TR, el T M, ABIREIERR; A ATIIREIER; &tk &R, *F /R 4110 25 7 2.3 (P<0.05).

Note: # indicates essential amino acid; ## indicates half essential amino acid; A indicates umami amino acids; A Aindicates sweetness

amino acid; & indicates bitterness amino acid; * indicates significant difference between different densities (P<0.05).
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Tab.3 Content and composition of fatty acids in muscle of Micropterus salmoides at different stocking densities

n=3; x £SE; g/kg

sz 5% Bl A gz K B = 5 B

fatty acid low density high density fatty acid low density high density
NTEREM Cl4: 0 0.23+0.055 0.50+0.039" FFER €22 : 1n9 0.16+0.060 0.10+0.004
EfHER C16 : 0 5.25+0.173 7.75+0.357" EPA C20 : 5n3 0.08+0.011 0.14+0.019
FEMRIMER C16 : 1 0.44+0.086 0.84+0.049" TR C24: 1 0.12+0.030 0.09+0.004
BEASIR C18 : 0 1.67£0.129 2.03+0.061" DHA C22 : 6n3 1.43£0.383 1.3840.116
MR C18 : In9c 6.18+0.848 10.43+0.461" Y SFA 7.14+0.135 10.28+0.455
WiHR C18 : 2n6c 6.54+0.473 10.18+0.618" ¥ MUFA 7.234+0.878 11.35+0.519"
o-WFRAZ C18 @ 3n3 0.36+0.050 0.65+0.056" Y PUFA 9.07+0.114 13.11+0.808"
AR C20 ¢ 1 0.3240.035 0.49+0.015" Y EPA+DHA 1.51£0.393 1.51+0.134
AR TR C20: 2 0.30+0.003 0.39+0.014" > n-3 PUFA 1.86+0.343 2.17+0.178
B4 = J&iR €20 : 3n6 0.13+0.008 0.1420.005 ¥ n-6 PUFA 6.90+0.418 10.55+0.637"
LA VLA IR C20 : 4n6 0.24+0.049 0.23+0.020 n-3 PUFA/n-6 PUFA 0.27 0.21

TE: SFA {0 FIIg i fR; MUFA SRR A AR PUFA 2 NIRRT RR; * 3R IRl 22 R 3 (P<0.05).
Note: SFA means saturated fatty acid; MUFA means monounsaturated fatty acid; PUFA means polyunsaturated fatty acid. * indicates significant
difference between different densities (P<0.05).
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Fig. 3

Differential metabolites in the muscles of Micropterus salmoides at different densities

a. PLS-DA score plots; b. Response ranking test; c. Volcano plot; d. Enrichment metabolic pathways.
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EBAHERE A th B B4 (R>0° H 07 Tl
&5 Y JhiEE<0, 1B 3b), FoR BN T St
AT o R RS LA AS A 1 494 MRS,
IR E SR 186 2= R, Hi 136 4
3, 50 AU E 3e)

IR HMDB 4328 X0 48 22 2| AR kA 71
FE, ANIRl 500 % B 22 S A E 8 S R s &
KRR 22 Fh, R LAGAED 8 Fh, ALK K
Ty 24 B LLABACH 26 Fi o KHR Lipidmaps
B RSN H 0 B B R AT TR, AR E A
$5: 19 FH B AE (glycerophospholipids, GP), 14
FRR Bt (fatty Acyls, FA)., 3 F[# B2 (sterols, ST)
F1 1 FH i EEZE (glycerolipids, GL),

KEGG 731 /s 14 D22 AU B & W A T
4 FARIEE B, 43000 S AN AR D5 R A A= A
(biosynthesis of unsaturated fatty acids). #& N %R
{1} (phenylalanine metabolism) ., & FAH kR AL
W (nicotinate and nicotinamide metabolism)L) Az J%

Y 7R ) 280 AR T 12 79 A % 4K (pentose and glucuro-

x4

nate interconversions)([&l 3d). 5 L ZHAH L, H 414
T A 105 R A G A% v 22 S AR R T TR
SR8 B, RN ERAERE T 4R IR R |

HEE R R R, 2R DN R R RN I R T 53 4b,
WREERE . — RN BB . D-5-BE R A% EHE T M, o-
P S R L5 (3R 4).

24 AABERRAZSH

R R B s o U8 IS AR A5 >99.3% A R E, P4
Bl SE T 7953 Qa0 ¥ITE 97.5% LA |, Qa0 347E 93.2%
ik, HPAESE GC LB EFIaEN, &
AIA I B v, AT TR 2200 (3R 5). R
i PCA 853 on, H41A L AT BEN
GIF, BRI Z BRI 688 ALK 2 73k
ik, 5 LA, HA SR 508 DN R FiE
180 AEEPR ik BT IR (E] 4).

GO HHEMMAREN, ERERNIES T
fiE(molecular function). ZI44H 4 (cellular com-
ponent) FlI4: 915 #2 (biological process) 44 71
(Bl 5). TEAY Y, 2R RN EFEEETHA

AEFEEZEETAARHIAEZRIFTRERRBEY

Tab. 4 Differentially expressed metabolic pathways and metabolites in muscle of
Micropterus salmoides at different stocking densities

- TS, ST
Heitt HMDB 4% Mg mwga, AnEEfUREE
metabolite HMDB classification low density  high density intergroup - matabolic
comparison  pathway
KRR palmitic acid fatty acyls 49435338.55 183849662.9 0.00219 1
165 U7 TR  arachidonic acid fatty acyls 193107895.9 506430604 0.00517 1 ARG TR
“ TR DUHS R adrenic acid fatty acyls 1373461.945 8599354.545 0.00592 1 HILEYI5 AL
— @K EPA fatty acyls 7266361.755 26883399.75 0.00959 1 blszz::g:;{: d"f
N HKiR DHA fatty acyls 790731185.3 1789355944 0.01076 1 fatty acids
AEIMAR linoleic acid fatty acyls 5929970.382 1989335.407 0.00880 J
4-FRILIEH R benzene and substituted derivatives  2431389.061 3187719.406 0.04939 )
4-hydroxybenzoic acid S
ZKABAER phenylpyruvic acid benzene and substituted derivatives  2756448.411 479646.3937 0.00326 ! phenylalanine
fi% 4% L-tyrosine carboxylic acids and derivatives 512103770.4 218065874.4 0.01496 ! metabolism
JEA R fumaric acid carboxylic acids and derivatives 24411290.37 50954262.41 0.02285 1
HEHH KR fumaric acid carboxylic acids and derivatives 24411290.37 50954262.41 0.02285 1 SR FIAH
MABERE nicotinamide pyridines and derivatives 9832934173 6078406219 0.04981 ! T et
— R organooxygen compounds 1912460514 73398671.14 000033 | ‘;‘fc‘g;;?fnfged
dihydroxyacetone phosphate metabolism
d:_:édm‘ Eﬂ@éﬁi’? _— organooxygen compounds 191246051.4 73398671.14 0.00033 ! AR
ihydroxyacetone phosphate R R AL,
D-5- B R A% b organooxygen compounds 406712522.4 226329366.4 0.02944 ! pentose and
D-ribulose 5-phosphate glucuronate
o-fllJ%. R alpha-ketoglutaric acid keto acids and derivatives 4833410231 9651355.977 0.00818 t  Interconversions
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Tab. S Statistics of sequencing data

i sample  JRAGEHE raw reads B REE clean reads Q20/% Q:0/%  GC % #/% GC content & L X] total mapped
p pPp
H-1 39496716 39249262 (99.37%) 97.78 93.80 50.98 37942893 (96.71%)
H-2 37647548 37411344 (99.37%) 97.84 93.91 50.71 36178221 (96.75%)
H-3 36717006 36484360 (99.37%) 97.87 94.00 50.77 35287027 (96.79%)
L-1 36778486 36539218 (99.35%) 97.67 93.55 50.76 35268721 (96.59%)
L-2 39912550 39664004 (99.38%) 97.56 93.27 50.62 38237824 (96.45%)
L-3 47822302 47540264 (99.41%) 97.87 93.94 50.71 46094495 (97.00%)

a PC1 (97.1%), PC2 (1.7%) . ¢ 30F o : !
:! UP 1 DOWN nodiff || | |
10007, 600 down | |
508 _ b
< 500} 00T g2 b
&= 400 - g | 1%,
C P:/ I | oo
S of 300 F o : A
- 210 P
200 | 180 . L o®
=500} o . °
100 - o
! 0 ]
60000 61000 62000 63000 L-vs-H -5.0 -2.5 0 2.5 5.0
PC1 (97.1%) log,(FC)
K4 AS[R)E BEOR RS LY 22 5 Rk
a. BEASHICHE; b, 2R RBHE B ¢ Kl
Fig. 4 Differently expressed genes (DEGs) in the muscles of Micropterus salmoides at different densities
a. The correlation of samples; b. The number of differently expressed genes; c. Volcano plot.
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Fig. 5 GO enrichment analysis for DEGs
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Fig. 7 Gene expression verification by qRT-PCR and transcriptome sequencing
a. Differential gene expression; b. Correlation analysis between qPCR data and RNA-seq data.
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Effects of stocking density on the antioxidant capacity, muscle nutrient
composition and metabolism function of Micropterus salmoides in
integrated rice-bass farming systems

DING Chonghang', JIA Rui?, HOU Yiran?, LI Bing?, ZHU Jian'"-?

1. College of Fisheries and Life Science, Shanghai Ocean University, Shanghai 200120, China;
2. Key Laboratory of Integrated Rice-Fish Farming Ecology, Ministry of Agriculture and Rural Affairs; Freshwater
Fisheries Research Center, Chinese Academy of Fishery Sciences, Wuxi 214081, China

Abstract: The integrated rice-fish farming mode is an environment-friendly ecological cycle agricultural
production mode, which effectively improves the utilization rate of land and water resources. Stocking density is
an important factor affecting fish growth. Excessive stocking density has been found to cause eutrophication and
deterioration of the water quality, leading to abnormal physiological functions in fish. It also leads to competition
among cultured fish for feed and living space, which inhibits growth performance and immune function, and
increases the risk of disease outbreaks. However, it remains unknown whether high stocking density affects the
antioxidant status, nutritional composition, and metabolic function in the muscle of Micropterus salmoides during
rice-fish integrated farming. Therefore, the aim of the study was to investigate the effects of stocking density on
the antioxidant capacity, muscle nutritional composition and metabolic functions of Micropterus salmoides in
integrated rice-bass farming systems. The largemouth bass with an initial body weight of 40.63+0.13 g were reared
at low density (L, 40 g/m’) and high density (H, 120 g/m’) for 90 days. After culturing, muscle tissue was
collected to determine biochemical indexes and perform metabolome and transcriptome sequencing. The results
showed that muscle total antioxidant capacity (T-AOC) in the H group was significantly lower than that in the L
group. The catalase (CAT) activity decreased and malondialdehyde (MDA) content increased, but the differences
were not significant, indicating that a high stocking density caused moderate oxidative stress, and its effects may
be within the tolerance range of muscle antioxidant systems. The content of alanine and histidine free amino acids
decreased significantly, whereas the content of glycine, aspartic acid, glutamic acid, and umami amino acids
increased significantly. With respect to fatty acids, the content of X SFA, ¥ MUFA, X PUFA, and n-6 PUFA
increased significantly, whereas the ratio of n-3 PUFA to n-6 PUFA decreased. These results indicate that the
nutritional quality of largemouth bass muscle decreased under high density, and the flavor was affected.
Metabolomic results showed that 186 significantly different metabolites were detected between the L and H groups,
including 136 up-regulated and 50 down-regulated metabolites. These metabolites were mainly related to the
biosynthesis of unsaturated fatty acids, phenylalanine metabolism, nicotinate and nicotinamide metabolism,
pentose and glucuronate interconversions, which indicated that high density stocking may cause metabolic
disorders. Transcriptomic results showed that 688 significantly differentially expressed genes (DEGs) were
detected between the L and H groups, including 508 up-regulated and 180 down-regulated genes, which were
mainly enriched in cellular processes, metabolic processes, and protein digestion and absorption. Meanwhile, the
key signaling pathways, including ECM-receptor interaction and PI3K-Akt, were up-regulated in the H group. In
conclusion, high stocking density in integrated rice-bass farming systems affected antioxidant capacity, muscle
nutrition and flavor and metabolic functions of lipids, carbohydrates, and proteins in M. salmoides. Additionally,
M. salmoides could adapt to environmental stress by metabolic function regulation and intracellular signaling
pathway activation. The results of this study provide a new premise for the molecular mechanism for the response
of farmed fish to environmental stress in rice-fish integrated farming system.
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