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BE: AFREAAHEGEE RNA WFHEAR, X6 (Channa maculata) 2388 (C. maculata Q@ x C. argus 3)TE
13 dph F1 43 dph PIJCHE R B Be i 2t R IL P AH 23 SR AL EAT T L33 AT, B PR 4R /R 2 58 8 W AR AR 35 43
FHLH . 450 SR, 76 13 dph BB, JL%EH] 721 4> DEGs, fU4E 427 4~ LA 294 A~ PSR, 78 43 dph By
B, %€ 385 1 DEGs, @04 168 I BB 217 A~ PN, MR 23 AHE &K DEGs. GO UIfigs
3T 7R, DEGs F2 W 5 T AR | Rl e AR iRE ML Bl . KEGG w4 HrkWl, 13 dph Bt
BtiY) DEGs F %5 IH [ B A e &4 A €, 43 dph By BEW) 205 4 F 05 i . ok ik &9~ A 5 55 Sl
%o I HE G DI RE T RN PPL 45 5317 B2 qPCR S0iiE, ASTFSRLEE H 10 S 2c 8 AR K AR S b ] R R #E % O E
BRI IE K (npy . slc25a5. ugp2. obscn. ache. corolca. tuba. Imod2. nrdal. trim33), XYEFHN FES 5z
BT . WA IR AT KAem A SO HAE W2 8 o AT 5T GG S22 1 P T e se il A= R AR 38y 43
TR, HIRAMEMT I OE BB 7 T 42 S B8 T 56a, IF RoKF=shi 04> F 8 R 4 T 51 22 19 BRI K 4 Fn e

prie ISE LY

KR BEOE; Jeachl, RUNER; Fakd; WA, Zeseids
XEHS: 1005-8737—(2025)12—1717—17

hESES: S917 CERARAERD: A

Bifi 5 43K K 7 7 B PR e R DA K T 3%
PLBK = mhd KM H s 354, 248 /AP s 48
T 00245 37 58 20 g LA B BT 9 IR 9 1% 0 SR i =2
— REARE L EAS AR R, BT
GE AR . PURRE I . B R
(AT o, DT S 3 B R T 22 P R B A0 2 Y 3R B
PRSP A U Ho, 24 52 i (Channa
maculataxC. argus)Bll &8 i3 3238 B Fh o7k B & L
IR PERE AR IR K 2 T 2

T S A B A T RGE R AR, 5
AR (C. maculata) 588 (C. argus)FH L, TEA

Kt B H: 2025-06-18; f&ITHHA: 2025-08-27.
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HAE R IR R B LR e A ) T
AU AeoKr=shir, il 2 ss R S SEA M
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Eestdl, © e B HE(Oreochromis niloticus)'™
8 (Cyprinus carpio)m]\ ¥ At (Ctenopharyngodon
idella)"™ . 4 (Siniperca chuatsi)'™ . F O 5 fii
(Micropterus salmoides)"' #l | W) fifi (Leiocassis
longirostris)' V4 AW Fh, S 5K AR
TR A2 5 G BHE P DR R DG 1 366 DR R i . X
SERFFEUESE, e s o B 2 4R s 2 S L 3 o 1 4
WA RGER, NARPEFEER AL 1 S0 Y 38 HE Al
MG k2%,

LA 2 2 2 mT 1 A, HAE KO
IR S A P P RE AL D IR R LA Y
A dE— U S G B o . R BUE R e
A AN 23 W 5 () 2 A B2, b DA J B Z A
H: K A ¥ (insulin like growth factor, IGF)4#i At 5%
{5 5 100 B Ay T 0 R B € 1020 R P e
HEEHR, TFFE N RAEBERT | Sk i (Megalobrama
amblycephala)? FF> 4402 v o4 48 1
PR AR PR SR S i . BRI, XTLA
ZH LUFEA T I s A 53 W S il e 4 S 8 A A P340 5
BL] A BRAR T A S

ARG IS E  RNA M FHR, B bT
HATHE A KA o FIFE M 4 . ik, AT
BT A58 5 BESE AR WIS OB U & A I, B
13 dph (#4k )5 KEL, days post-hatch) 4= 4l 43 dph
(I JILPR ZH GG S 20 o 30k R A B ] 5 ) 3 B 5 5
LK IR DI TR BN TRC A iR e 4 1
KARIRTT: 13 dph Ab T 58 SR AR |
AL Sl N AR B B, HC G S 2 B0 B S B
WG TE 1 A4 BRER AR, A B T8 /R e s il &
BAFTESE R B 43 dph WITE i 58 T
N THCA RIS W 2 J5, A sk 40 8 R e 48
PR TE T AL . B SR AL A A= 55 D T
XF N Ak () A S0 o 1 25 S, 2 R D 4 5 B
A8 A Ak S B R A A A T HILA Y G B g
X 3 A4 B S0 5 R TR | ) R A T Y 22
SO AT, AWEIE B TR L IT S AL O R R A
W FE 25 JL0s S 4 7R B8R} 0 28 A A 35 IE b3
SEAEE WL, JF N TR B E ARt RN S
A

1 HR5HE

1.1 SR

FEASBEAE AN B8 T R AR T E R IR K
KA R R AL W A T ol mexd 25, 7615
TN AR iFhBEEE (C. maculata 9xC. maculata
d, i8N BB)MA 2L (C. maculata Q<C. argus &,
08 BW), SE5G e WEfb s BRIP4 8 2 250 L 57
B KA T A%, FRAE S AR R A I AE DL Y L
KiR(26x1) C, pH 7.0~7.5, HffEHE =6.0 mg/L,
HAWE<0.5 mg/L, WHHARAMKE<0.05 mg/L,
JEIEJE B E N 12 h YEHRE 12 h 2 . 5206 fh A5
H 8:00 1 17:00 4244 T 11 3%~5%$5% ML R ity el Ak (0
SEH BRI )
1.2 HREE&E

AWFFEHEHL 13 dph F11 43 dph PN (] 45 65 ik
FTHURE, 7E 13 dph B il AL £t 5 179 BRE 68 RN S 52
a4 9 R, M3 NEYFEEREY, RELA
FEAR , S206 28 MS-222 BRI, S RIE TR A
R, BB ZE-80 CUkF{-FE4 M. 7 43 dph
i, [ Bt A L H e BRE 114 B A se il A 1 45 9 2,
SR 3AEWEEE A, SL 02 MS-222 R
J&, TETCH AT TV g ) O O A SR L P 4 2,
S HVE WA R, BEE R E-80 C VKA IR
e
1.3 RNA #E. cDNA XEHZEFNF

i F TRIzol i 7] (Invitrogen, FZE )M 13 dph
)4 faEAS R 43 dph LA 21 4R LR RNA
PEHUY S RNA Jrimid il Agilent 2100 A4 453Hr
{Y% (Agilent Technologies, 3% )5 J& RNase B/l Hi
EERC UK AT VAL . BEJSE L Oligo(dT) Wik
£ B RNA H 1 mRNA, Fff ] 5 BoAb 22 il =
H£ME M mRNA #H17 R Bifbib B, 25, U
NEBNext Ultra RNA S il #5151 & (NEB #7530,
K E K R Bk mRNA 555584 cDNA. A hi
cDNA ZARuEE . HkEH A PCR Y M5, 14
T S0 P SR o S 2R A I T ST e
J7 M g B8 AR R A RN FIFE 1llumina Novaseq
6000 -5 #4730 T .
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14 HREAAESIE

R AR A 1 o e 2 B (clean reads), & Al
fastp (A 0.18.0)%) J5 4R 12 Bt (raw reads)i#E 1T
i, GG EBR & $23k (adapten) Y . & N HfR T
10%019 . 23T A BREELL A DA S 50% A 1 BT
FH Q<20 1 reads™, FHJ5, WEALALIE clean
reads ) Q20. Q30 Fl GC ¥ i, Jiifs G451 clean
reads {8 ] HISAT2 24, 5 C. maculata 27 5 H
4 (GCA_020496755. 1) HEAT L X1 B ARE A Y
il B 152 B (mapped reads)#| ] StringTie #4-(iAs
v1.3. D) ST S I AL ik e T a1 %, If
i e R SE R R
1.5 BEREREKPESERSH

Xt F AR R X IR, i F RSEM fifi1H44

FPKM (fragments per kilobase of transcript per
million mapped reads)f, LA& b H3EF A

ARBT L A 52 3 5% SR A AT 5 v 4 A R
X AR A 8] A B8 HEA T AH DGR 40 B, IR EAH R
B, A R B4 precomp (http://www.r-project.
org/) 4T 1537 BT (principal component analysis,
PCA), VL7~ A [A] 4k PRAH 0] 09 S B4 o A
DESeq2 RAEAE P AS [V 20 500 ] 6 A 7 22 S e ak 2k
ST
1.6 E&ESH

MR ¥ [loga(Fold Change)| =1 H. FDR (false
discovery rate, fiiR &I #H)<0.05 KEEF LI
SN FE A . 7 GO /b)) g 2R3k
FL[H (differentially expressed genes, DEGs )4 ikt
B 3 5 R A AR B4 J2E (http://www.geneontology.org/)
GO ARifir, B Bl GOseq # AT 58 WL
b, #EfERED GO R, H5RFAY SAHL
FHH B B DEGs B, w4 WM
b LT R 30 8 47 H . DEGs MR 55
3 ) L KEGG B PEHEAT 430", KOBAS
BTG DEGs 78 KEGG i 44 &
SRS, P{AZ T FDR KE, JfLL FDR<0.05 1
ORTE A ]
1.7 ZEBJRE{E(protein-protein interaction, PPI)
W & B 44 22

HARSE DEGs % fith 85 11 ] 19 A ELAE OG5,

AT AL A5 F STRING (https://string-db.
org/)F % PPI M %% . Kf0fi ik i Y) DEGs %1 #4238
% STRING ¥l g, J2k HIHh 45 # {5 E (medium
confidence score > 0.4/ NI EAEBI{E , 1 %
W28 S FNAS R Y o3 AT, M H % 5 B R4 ST Y
R %0 8 1 (Hub-proteins)
1.8 SERFIE qPCR 3EiE

Ry I A s 2H I R 45 R ) T AR, AR S
T S o3 B vh 19 236K 7 e HAE KEGG 18
MZHEE, ik T 10 MNP T qPCR k.
PEHT B-actin AE RSN, FF 5 i 52 46 A A
THAEARIREA MY FRIFEENE . qPCR SIMI(ER 1)
ik NCBI Primer i&%if, qPCR JZJiifE Applied
Biosystem 7300 SEHJ%¢ % 5 PCR A i f7, fiff
H SYBR Green PCR Master Mix (Roche, San Diego,
K)o

F1 ELHWRAEE=Z PCREIMFT

Tab.1 Primer sequence of real-time quantitative PCR
el R FIIFEI(5-3")

primer name primer sequence (5'-3")
ache-F GAGGTGCTGCTTGGCATAAA
ache-R CATCGCTCCAGTCTGTGTACTG
obscn-F ACTGATGAGGATGGATTGATGGA
obscn -R GTGCTCTGCATGAAATGGGC
npy-F AGGCAGAGGTATGGGAAGAGA
npy-R ATCTTGACTGTGGAAGCGTGT
corolca-F TGTAGCAAGTTCGGCTCTGAC
corolca-R TTTTCCTGTTGCCTGAAGCC
sle25a5-F GGTAACCTGGCATCTGGTGG
sle25a5-R TCACCAAGCAATCTCCCAGG
ugp2-F TCGATCCAGCCCTACGAGAA
ugp2-R AGTTTGACCACAGCGAGCTT
tuba-F ACGTTCCAAGAGCCATCTTCA
tuba-R AGCGTCCTCCTTCCCTGTAA
Imod2-F CTGTGCTCAGCAGACATTGC
Imod2-R AGGGGTCAGTCTCACAGGAT
nrd4al-F TACAGGTTGGCCTCCCATAA
nrd4al-R ATGGAGTCGATCCAGTCACC
trim33-F CCAAGGGAAATCAACTGAAGAAG
trim33-R CTATAAGATGTTGAACACGCTCCT
B-actin-F GCAAGCAGGAGTATGATGAG
p-actin-R TTGGGATTGTTTCAGTCAGT

HE:F UREmTIY; R R AT

Note: F represents the forward primer; R represents the reverse primer.
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qPCR JZ W& % 20 uL: % 10 uL SYBR Green
qPCR THIEW . 1 pL cDNA #4z . 0.8 pL 1E 2[5
Y1 7.4 uL ddH20,qPCR S 1F4: 95 'C 60's,
B 45 MEF Y, BAEFRATE9S C 105,
60 C 10s,70 C 10 s, FRAHXS L E DL 2744C
PATE, BAFEARRE 3 MEAREEM 3 MY
A A R T R IE RT-qPCR )9
WA R SEPE . Bl A GraphPad Prism K14 (AiiAS
9.5) AT AT, il ¢ K A R 2 5
DL P<0.05 JJy 2= 5 i B PRI W bm o

2 ERE5HW

2.1 HRAFERE

Xof B A 1 2 <2 i 78 13 dph 1 43 dph JULIA £ 40
(1) 12 DNFEARDEA T LMY, 5333845 246496842
F 253582362 4% clean reads., & 54, B ke
A Q20 H A b T 97.72%, Q30 HArHL¥m
T 93.76%, GC % TE 46.68% % 50.23%2 0], J&
B GC/AT i1 o 25 FF i S 25 JE R 4 LX) %
1E 68.73% % 95.90%Z 8] (3 2). LA F & e M, &
YOy A T, AR TR, TR TR S
SRR

2.2 ERSSH

PCA S5 R, AR S 00 20 A REAS 1 5% SR 4
KB LR R 28 1), 18 13 dph, H—F
WA (PCOFERE T 54.70%00 848 5, FHEK BB 41
il BW A FEARARLX 43 FF(E] 1a); #£ 43 dph,
PC1 (Wt B & 88.80%, [RIFESCIL T MI4IAEAS
(R T 20 25 (18] 1b). A 4 N A= W~ F S R AR Y
BmRE, RULREEERLY, HANZERE
ERTHNER, NI B 1A,
23 ERRIESW

PA|logy(Fold Change)|=1 H FDR<0.05 A ijfii 1%
FRUE, TEARACHEARXT T HE8E (% b, 78 13 dph
I, e i 721 4 DEGs, H 427 A3EH -
i, 294 N FEF TR (E 2a), 7 43 dph B, Jhd
£t 385 1~ DEGs, HH 168 3L 1M, 217 4>
FE T (B 2b), T3 BB El(Venn diagram)i #4541
(Kl 2¢) .7, 23 /> DEGs (vtenl  npy . inip | trim33 .
tnfaip2-like . nrdal . ugp?2 . lyg2 . ache . c5arlobscn
dusp22b. asbl4. tuba. slc25a5. aldob. corolca.
cell , cmac_lg19g005800. sulticl . mki67 . bcl2l14
Imod2)JAFAE T I K B I

R (heatmap)(K] 3) 7~ T DEGs 7EA[H]

2 DWEEE5Z3EE7E 13 dph 0 43 dph WHER AN FHEREFEH ST
Tab. 2 Quality assessment statistics of transcriptome sequencing data of Channa maculata and hybrid
snakehead (C. maculataQ xC. argus?3) at 13 dph and 43 dph

FEAR A4 R ¥l Gl Q20/% Q30/% GC & /% HERE /%
sample name raw reads clean reads GC percent mapping rate
BB1 6136029300 5801697622 97.72 93.96 48.03 68.73
BB2 7203779700 6816666991 97.73 93.76 46.84 71.43
BB3 6310743600 5862141434 97.90 94.31 47.40 73.20
BWI 5458605300 5088813244 97.88 94.32 47.10 78.99
BW2 6212462100 5760262234 97.85 94.28 46.77 75.61
BW3 6084906300 5711377974 97.94 94.38 46.68 71.98
BB-M1 6317637600 6261623230 98.27 94.87 50.04 95.50
BB-M2 6640637100 6568208044 98.22 94.75 50.23 95.79
BB-M3 6371246700 6320321899 98.10 94.39 49.77 95.90
BW-M1 6760873800 6698188076 98.19 94.65 50.04 92.55
BW-M2 6406542000 6339710553 98.16 94.58 49.90 91.88
BW-M3 6788083500 6728601465 98.25 94.84 50.08 92.24

7 BB Al BW 23 BIMCE 13 dph BYBEGY A4 58 4 4> fa BE AR BB-M M BW-M 23 BI{C 3 43 dph B BRI AN 24 58 8 LA 4 GUREAR.
Note: BB and BW represent whole-body samples from C. maculata and the hybrid snakehead at 13 dph, respectively; BB-M and BW-M
represent muscle tissue samples from C. maculata and hybrid snakehead at 43 dph, respectively.
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5 a 441 group b \
o © BB Lor
. s BW e 1
o1l N o5t
X . X o,
& i &
& | = ol y
Sof 3] . ‘o
& o &
e ° © 05} o 7
" 44 group
b A % BB-M
. -1.0 s BW-M
-1 0 1 2 3 -3 2 -1 0 1 2 3
PC1 (54.7%) PC1 (88.8%)

1 RS Je 52 B s 2 32 o3 o BT 2R
a.13 dph 2 MFEAN PCA 4347 b. 43 dph JJLAZZREA Y PCA 4347

Fig. 1 Principal component analysis (PCA) of transcriptomes from Channa maculata and hybrid snakehead

(C. maculataQxC. argus3)
a. PCA of whole-body samples at 13 dph; b. PCA of muscle tissue samples at 43 dph.

13 dph 43 dph
15F — 30F P
a L b [
H vienl P
Cmac_LG19G005800 | i lvient
P sle25a5 R
 Nbeizirg et wp P hnrm
z 10 - mfaip2-like, \ pig7 | . tuba o il up 220 i oS aglééjn
a R . a Do
g nrdal Dl e, | e TR nodiff & | omac LG19G00ss00 | | o
= P s npy T4 down 2 imfaip2-like} | ) sle25a5
8 trim33 % obsen o : dusp22b)
[ S Fsulticl " corolca h10+ Sultlcl - corolea
. . wim33 © &2 " AN uba npy
csarl o L dusp22b . H / “ ugp?
Iyg2 . :.ldozb mki67 ~inip
------------ & TR e Y no b2l
0 ] L 0
20 10 0 10 20 10 0 10
log, (FC) log, (FC)

13 dph 43 dph

K2 Bl 2 52 il 7 AN [ % 5 B Be i) DEGs 23 #r
a. 13 dph FBIAY DEGs ‘kILIE; b. 43 dph BB DEGs kILE; c. FIABBidtf DEGs #9345 BUAL.
Fig. 2 DEG analysis between Channa maculata and hybrid snakehead
(C. maculata?xC. argus?) at different developmental stages
a. Volcano plot of DEGs at the 13 dph stage; b. Volcano plot of DEGs at the 43 dph stage;
c. Venn diagram of common DEGs between the two stages.

o L up
o LE R nodiff
T down

A AR BB AE 13 dph 642 43 dph, 2.4 FARHBEEZSEERSF
BB 1 BW ZH 5 80 M e B %) 4 ] 55 25 S M R R T RS B 5 2 A8 8 45 O T A S 4y
Y ZH PN ek — 2ok TIEEEALR, 5 13 dph 1 43 dph BN I A 1Y
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Bl 3 BEES 5 e lAE DA KB W B 2 5 R Tk S H R A
a. 13 dph FrBtiY) DEGs K5 K b. 43 dph BBt DEGs FRik# Al

Fig. 3 Heatmap clustering of differentially expressed genes between Channa maculata and hybrid
snakehead (C. maculataxC. argus3) at two developmental stages
a. Heatmap of DEGs at the 13 dph stage; b. Heatmap of DEGs at the 43 dph stage.

23 /|~ DEGs #1770 Hr A B R 501 (B 4) 45 R &
MILFRBIEA R R AR E I BRr =M. 1 13
dph B (&l 4a), BW 41 npy. ugp2. ache 5Ht
IR 23k K8 F BB 41, 1M bel2114 . nrdal 553
BKINTE BB 2 i & 3A (EAIE 42, & 43 dph
B (1] 4b), #4036 1 RIK B K E T A2,
Imod2 N nrdal TEZ22CHE T ) RINH 13 dph U4H
XN EEAR Jy B B, R ARfE R, X it
H ¥) DEGs 4428l (AR & & B BV e Rk #55
AFEEY 2= DI6E
2.5 DEGs B GO BEE&EN

R T RS B N 2 52 8 AE AN R B B
SEYL2#FIE ) DEGs (1 IfiE, 13 dph 1 43 dph £
Arp g 3 E R R A DEGs 43 39 F GO oh

A (A 5),

1£ 13 dph WrE2 (/8 5a), DEGs & E4E T 640
> GO Rif(P<0.05). 7EA Wit F (biological process,
BP) & il th, F EE R T 40 M i B2 (cellular
process) . i £ (metabolic process) A= ¥ &4
(biological regulation); 43 F I fi£ (molecular
function, MF)2& 7| & 22 & 4 T 45 & (binding) A1
1k 1 PE (catalytic activity); 4fl Jfl 41 43 (cellular
component, CC)Z& 1| M| 3= 5L & £ T 20 fitd fife 351 S {4
(cellular anatomical entity) fil &% & H & & W
(protein-containing complex), HiHr, 5L FE
SRS GO REAESC, P RERE 225
A YR T AT B .

1 43 dph WY, DEGs B & E &£ T 7151 GO
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a 13 dph

bcl2l14

nrdal

cSarl

trim33
mki67
Imod2
sultlcl

lyg2 I 2

slc25a5 1

L]
L
=
Il
L]
]
=

npy 0

asbl4 I -1

tuba

;_ obscn
ache
aldob
ugp2

corolca

vtcnl
ccll
inip
dusp22b

N ¥ DO OO
P K S

<,

Cmac_LG19G005800

b 43 dph

npy
ugp2
sle25a5
bcl2l14
vtenl
nr4al

inip

ache

tuba

obscn

corolca 0
dusp22b -1
Imod2

Cmac_LG19G005800

yg2
mki67

cSarl

sultlcl

\, ’\' O O OO
Sl

P4 BG5S 2 SR A B B B AT 1Y 23 28 SRR R R Y SR ik B AU R A

a. 13 dph I FRIKER L,

b. 43 dph HJHAIMYRIEERI.

Fig. 4 Clustering heatmap of expression patterns for the 23 common differentially expressed genes in
Channa maculata and hybrid snakehead (C. maculataQ xC. argus3) across two developmental stages
a. Clustering at the 13 dph stage; b. Clustering at the 43 dph stage.

RiE(P<0.05),
Ealth, K8
e 4= 3 #2 (multicellular organismal process)H &

AR B B 8 1L (8 5b). BP
1 F#(developmental process)FIZ 4l

RN, MF 2R 9 i, B s R TE
(transporter activity) il b H Y& £ N, CC 2R

1, DEGs 15 13 dph B B[R4 22 5 2 T 20 M A 1) <
TEHEARY
(protein-containing complex), IRy E 3L &
TLOK ) 22 40 i A= 3k PR RN e ds AR P, T T R 3
PRI T 22 b 5 % 7 I RN S DI REAE G o
2.6 DEGs i KEGG BB EES T
MIRAIRIE 22 57 2235 5L H (DEGs) S 5 1 K
fF ik, 4 KEGG il & %0t B (& 6),

& (cellular anatomical entity) Fll

7E 13 dph BrBt(/# 6a), DEGs BEHET 30 %&

KEGG il #% (P<0.05) . 3= % f0 45 4 & 4 1R 70 b
(collecting duct acid secretion) . 7 il #% {1 7 FF

A AL B 1R 1L (oxidative
phosphorylation) I 7 L {4 (phagosome) 553 % . H:
h, SEGAET R o DA [ S Y A e R DR AR L
R EM
1E 43 dph HrB2 (/& 6b), DEGs & &% T 24
% KEGG i#i#(P<0.05), EZE LS
SRR AOCHE R R . Horb, R8I0 40 Y B
i JE ¥ (regulation of lipolysis in adipocytes )i
0 B v ) B AR LSRR S 2 ML R I A L PR
{553 [ (adipocytokine signaling pathway) Fll 5 bl

(synaptic vesicle cycle) .
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H32%

BP

IR cellular process

{2 metabolic process

H 233 biological regulation

H )33 BB regulation of biological process

e % )4 response to stimulus

SE{i localization

2404 53372 multicellular organismal process

K B3 developmental process

{551£% signaling transdution

A=W BB IE [ 3% positive regulation of biological process
A W5 AR B4 £7 [ 358 negative regulation of biological process
WE R GE 112 immune system process

H: %5t biological adhesion

iz 3 locomotion

£ 4 Y53 multi-organism process

H:z%H reproduction

H:FE 47 reproductive process

Yy ) A AR i AE W30 72 biological process involved in interspecies interaction between organisms

CC

BP

H: K growth
4724 behavior
Fi1#14 % rhythmic process

£54 binding

HEALIEE catalytic activity

B2 G transporter activity

A FIhEE# molecular function regulator
R $5% 1 transcription regulator activity
ATPHK#i1E: % ¥ ATP-dependent activity
L5y FE M structural molecule activity

S FH 315 molecular transducer activity

ZHfFHSEA cellular anatomical entity
7 1 E &Y protein-containing complex

4R cellular process

A2 2 metabolic process

H: 248 biological regulation

A3 FR I P regulation of biological process

i 1% 34 response to stimulus

{5514 S signaling transdution

FEAiL localization

LY P13 72 multicellular organismal process

K FH 14 developmental process

H: W3 7R ) 971 18] #4455 negative regulation of biological process
H: 433 B2 B IE 7] 4% positive regulation of biological process
i R 4533 8 immune system process

%4 Y453 72 multi-organism process

Yy Fh ] AH HAE 94 933 72 biological process involved in interspecies interaction between organisms

CcC

&3l locomotion

H:F reproduction

H: %5t biological adhesion
H:FH 3378 reproductive process
K growth

%54 binding

PEALIEE catalytic activity

T molecular function regulator
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Fig. 5 GO functional enrichment analysis of differentially expressed genes in hybrid snakehead
(Channa maculata QxC. argus &) relative to C. maculata at the 13 dph and 43 dph stages

a. GO enrichment analysis of DEGs at the 13 dph stage; b. GO enrichment analysis of DEGs at the 43 dph stage.

Red bars represent GO terms enriched in genes up-regulated in the hybrid snakehead, and blue
bars represent those enriched in down-regulated genes.



%12 XML A Fre s 8 55 e i L 40 e 5 1) LU A2 Si 1 43 BT B A A AT 38 G B R R 1Y) i i 1725
13 dph
HEHERIII collecting duct acid secretion |- o 3% H gene number
RMFEUIEIR synaptic vesicle cycle |- ° ; ig
EALBERR 1L oxidative phosphorylation |- ° @® 60
WA phagosome | @ —logy,(Q value)
REFRAER Mk glutamatergic synapse [ o ‘31
g1 ¥ metabolic pathways | @ %
RFEHESA T necroptosis o
TN N 2 A R O AH L 5% B pentose and glucuronate interconversions |- o
S-F2 {0 HHEZ fih serotonergic synapse - o
U JUCHE cardiac muscle contraction |
AbAE DU TR/ arachidonic acid metabolism |- o
BT R4 circadian entrainment o
YIS T apoptosis - e
IR linoleic acid metabolism - °
X tight junction |- e
0.1 OI.Z OI.3
FEA H B gene ratio
43 dph
& fi 40 i P A B i 43+ R4 regulation of lipolysis in adipocytes | b P HNEH gene number
i 1 48 M R {55+ % adipocytokine signaling pathway |- ® ; i
SBEAH ZA 0 fructose and mannose metabolism |- e @
FHFRIK A M4 i, biosynthesis of amino acids |- ® ®:s
k28R galactose metabolism |- ° —logy, (Q value)
JRAEBEIR 42 pentose phosphate pathway |- ® 0.6
cAMP/5 518 % cAMP signaling pathway |- & g;
HIF-1{55-# % HIF-1 signaling pathway |- P
WEBER /MR glycolysis/gluconeogenesis |- °
WA carbon metabolism | @
VEHYFITEEBEAC T starch and sucrose metabolism | .
PRI AT RR (YA B 4454 pentose and glucuronate interconversions | o

0.02 0.03 0.04 0.05 0.06
FEA H A gene ratio

Pl 6 2% et BEBELE 13 dph Fl 43 dph B B (1 2 57 15 5L H (DEGs)KEGG 3 % 5 #4347
a. 13 dph BBt DEGs WFH®MEM KEGG i@#; b. 43 dph HrBt DEGs W& 4N KEGG i@ .
Fig. 6 KEGG pathway enrichment analysis of differentially expressed genes in hybrid snakehead
(Channa maculata @xC. argus &) relative to C. maculata at 13 dph and 43 dph stages
a. Significantly enriched KEGG pathways for DEGs at the 13 dph stage; b. Significantly

enriched KEGG pathways for DEGs at the 43 dph stage.
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a. PPI network of DEGs at the 13 dph stage; b. PPI network of DEGs at the 43 dph stage.
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Comparative transcriptomic analysis of Channa maculata and hybrid
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Abstract: Heterosis, or hybrid vigor, is a cornerstone of modern aquaculture; however, the molecular mechanisms
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underlying this phenomenon, particularly during the critical early developmental stages, remain poorly understood.
Hybrid snakehead (Channa maculata @ x C. argus &) displays marked growth superiority over its parents, making
it an ideal model for dissecting the genetic basis of heterosis. In this study, we aimed to identify key regulatory
genes and molecular pathways driving the early growth advantage in hybrid snakehead through comparative
transcriptomic analysis against its maternal parent, C. maculata. Specifically, we constructed 12 cDNA libraries
from whole-body samples at 13 days post-hatching (dph) and muscle tissues at 43 dph for both hybrid and parental
groups. High-throughput RNA sequencing yielded approximately 500 million high-quality clean reads, with Q30
percentages consistently above 93.76% and mapping rates to the C. maculata reference genome (GCA_020496755.1)
ranging from 68.73% to 95.90%, thereby confirming dataset reliability. Principal component analysis revealed
distinct transcriptional profiles between hybrid and parental groups at both developmental stages, with the first
principal component (PC1) accounting for 54.70% (13 dph) and 88.80% (43 dph) of total variance, indicating
significant, stage-specific transcriptional reprogramming in the hybrid. Differential expression analysis, using a
threshold of [log, (Fold Change)|=1 and false discovery rate<0.05, identified 721 differentially expressed genes

(DEGs; 427 up- and 294 down-regulated) at 13 dph and 385 DEGs (168 up- and 217 down-regulated) at 43 dph in
hybrid group. Venn analysis revealed 23 core DEGs shared between both stages, suggesting their sustained
importance in growth regulation. Gene ontology enrichment analysis highlighted a dynamic shift in biological
functions: at 13 dph, DEGs were predominantly enriched in foundational processes—such as “metabolic process,”
“cellular process, ” “binding,” and “catalytic activity”—suggesting an early metabolic priming for rapid growth in
hybrid group; at 43 dph, the functional landscape significantly shifted towards “developmental process”,
“multicellular organismal process”, and “transporter activity”, reflecting a transition to active tissue construction
and morphological development. Kyoto Encyclopedia of Genes and Genomes pathway analysis further
emphasized the enrichment of pathways associated with neuro-regulation, feeding behavior, muscle development,
and energy metabolism. Ten core candidate genes, including npy, slc25a5, ugp2, obscn, ache, corolca, tuba,
Imod2, nr4al, and trim33, were selected, and their expression patterns were successfully validated via qPCR.
Notably, the consistent upregulation of neuropeptide Y (npy), a potent appetite stimulator, suggests enhanced
feeding motivation. Moreover, the upregulation of genes involved in energy metabolism, such as UDP-glucose
pyrophosphorylase 2 (ugp2) and solute carrier family 25 member 5 (s/c25a5), indicates an optimized energy
supply chain for fueling growth. Concurrently, the downregulation of growth inhibitors—such as tripartite
motif-containing 33 (#rim33)—may relieve myogenic inhibition. Furthermore, genes crucial for muscle structure
and remodeling, including leiomodin-2 (/mod2) and coronin-1A (corolca), showed differential expression,
underscoring active muscle development. In conclusion, our findings demonstrate that early growth heterosis in
hybrid snakehead is not governed by a single master gene but constitutes a complex trait orchestrated by the
synergistic action of multiple genes across diverse biological pathways. We propose a model where enhanced
neuroendocrine-driven feeding motivation, highly efficient energy metabolism, and accelerated muscle
development collectively underpin growth superiority in hybrid group. Our findings provide novel insights into
the molecular basis of fish heterosis and establish a scientific basis for marker-assisted selection, genetic
improvement, and sustainable aquaculture of snakehead.

Key words: Channa maculata; Channa maculata QxChanna argus J3'; early development; transcriptome; muscle;
heterosis
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