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RELEY), B B0 0w R AR ] A s A 40
B AR D) SRIE AR 22 R, AT BT R AR
B R HOR R S A A
Wi JRE - £ 4 8538 Ak 14 70 7 L i AT A . AT
FELAAEBE b (R AT B, 0 S8 5 I I aa
(R AL LR S50 RS SR EA T T HURT ST, H1
RITAR AP0 0] B E TRt 5 #0142 56 R GE RSN,
W B S AR S LR B2

B AR AL AL T BRI % 200 H 3
i, IR AR AR R K™ SR B I Bk R A
o bl DABE S i A o A T e S
I, FRG FCT T MR e AL B T 22 55 2R 1 5R Bi
SRR, AR E TN IRIEAN A o W M £ S A B
RGRITRAWIFT , 30 A 574 0 P RO A 2
SR B 2R BNE RS2 B S TS T 1]
ALRERS Sy Fie g #1024 ol s A 4R R 2R 0
i 1 g N X SR AR R 2K 7 IR B R Ry A
PR R R IT 5

1 MRS IE

1.1 Egrel

SLU6 B FHBRE S 4 ( Danio rerio) B 7E 525 & h
FRIEE 1010, B A G 7EIR K, 2911
], B R MR 2 AR B, B R T Y
4% FEHH A H (28.0+0.5)°C, S BRI [a] 45 K
12 hEHE 12 h ARG

B[R] — X SE ARG ) e AR AT AR S 5, IR Bk
TE A PEEE A0 0l 5 22900 A . SRR H AR
T(6.5+0.2) mg/L 5% 3 M, 43 S g 2 5 %t
MRZH . X BRAH AR e W AT o B S 2
TR B AT AR Y i I 48RS (R VDA i 1 B
oyal) L NSRS 2 T 1Y O, W, B H
B FH Y ST Pro20 #5803 (& &) HE A 77K A4 5 ik Sl
FE B ORI AU BE 0 KRS SR (1.540.2) mg/
L. JET R R0, %440 1.5 mg/L i)
JE LG | & A0 2 1 f 3 A B R, HLBE S A e KA
WE M (1.520.2)mg/L 254 il I AAE oA
SZEGRFH (1.5£0.2) mg/L AR E Y FEBE S f21

FEMCE YIS , BRIEEALBE 6 AR SA BE S fa, ST
RPERCEE AF N 7 3R ORS8RI, 6 R IRAE T
1E #5480 (6.5+0.2) mg/L H 1 B 2 fa 4 Sy BRI X
MR S e RS ) ) 0 )2 B R R 2 51 4
S A S 3 B0 4 BRI FH A B ) e A )
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1.2 EWHE
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KSR MErE R SRR F S EZ —.
LSRR SN BRE B f0KE S 20 SR 52, 3] Bk
S A SR A R B T £ 5L, 0 A T L S U
U . B S, 0 PBSIE MG VRS AL, I
4% 2 5 F VA TR 11 58 12~24 e JBEKFIBEK S
VTR HLEZAD) 7 R 6 pm) W R HERE DT R
FH AR IS 8 B T RS 52K L IR AR A 21
0 B EEORT K W IR B rh A R B
e AR R AR Z 5 AT ISR IR
122 G RNA SN SR 500 e

fii H TRIzol i 7| (Invitrogen, Carlsbad, CA)
FEHUE RNAC 15 1% SHUIRHEEEES L I RNA [
i AG GO0 o B U S8R JEE (1.5+0.2) mg/L il
IEH A (6.5+0.2) mg/L T AY 3K LREA L
6 > FE A HEAT SCHE M o 7 K% 4% IVAHTS
Stranded mRNA-seq Library Prep Kit for
lumina®” {4158 W HEAT 5 25 1 508 A A S 6
123 ZE5aRBHE A

TEIFSEHL I & JRUR B 5, % Bl o gk
FrivAl, 1t v i RO B . AR5 L E Linux &
GEIRIE Tl Trinity #0025 BRPHEEORE . £l
Pr5E US , FIH] DESeq " A A7 AN [F] A A []
22 S HE PR FEE A3 B, 7 2 HE AN ()R A i) 2 S 3k
LB, I 0t 22 S Rk B R R AT W 25 M (P<0.05) 43
Bro
124 ZRRBEENE £

FI A GOseq "> X fifi 1 1 1) 25 57 3R 3k B
PE47 3 A K12 (Gene ontology , GO) & % 43
Mro Tk 55 5E P<0.05 A BIME , i AL 1% 45 1F B
ik E AR GO, X GO ey ¥ E
S3HT B E A TRl 2R B DR Y B AR ) DR .

F I KOBAS (2.0) - E $)A5 1Y 22 S e 3k
SRR R R R L N S R AR
(Kyoto encyclopedia of gene and genomes,
KEGG) ¥dls b, & 20 i i 3% PTITIRMIE S
GO A Hr 2l 38 a3 X KEGG i # 1 & 4 404
) 7 AN (] 2 35 6 DR 7 R i1y 3 2 A g A i i
HUE 55 i %
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125 Z5AEK RT-gPCR

Bl AL 3 B 22 S KGR FE K rh iy 6 SR DA
GAPDH {E & RT-qPCR BN S I N, FE K 1 5149
WA 1R . BUE A AR & (1.540.2 )mg/
L FYI4E 34~ A e B o £, 3R EBORS $141 240

T1 OWHE

1Y 6 RNA L # B8R i sl ) & 4 Ik 1 20 3R
RNA S 5% 5% i cDNA, Ll cDNA N # A7 17 RT-
qPCR 25, I HURs B A5 55 k4 70 e it Ze o7
FIIH 2722 A A A FEA B AR X FRA 1

EPCR3|#

Tab.1 RT-qPCR primers

FeHZPx S1MFF(5-3")

R 7NN S

Gene

Primer sequence(5'-3")

Product length/bp

pgam?

CACCTGGCGTCTGAATGAAC
ACCTGCTCCTCTCCATGTTTG

87

aco?

TCGACAAGGGTCTCAAGTGC
AAGGTCCACAGGCATTAGCC

141

idh3b

ACCGCTATGCTCCTTAGTGC
CCCTGGTGAACTCGTCGTTT

157

dusp27

ACCCAGAGTTTACGATGGCG
TGCGAGACGAGTAGCTCAAC

209

aldoaa

GGAGAGGGGCATGGTAGTTG
AGGGGTTGTGGGAGTGATCT

181

syep3

o m|®™ m|®™ @W|® W|® W|® T

GAAGGCGTTTGACTTCACCG
AACCTCATTCCCCACACCAC

157

2 HRES

2.1 ALYR

ARA YL 3 A H 5 155 R TR A T
PR BT 2 £ KK S0 SR AT X LL , A 20 I R
G I 4TI BE X R SR SR 2 e . AN 1
R, H R B R A SR i 2 R RS/ NE (ST)
G T8) 5 0 28, 2B RS /N REORS I 40 B (Sg) )
GRS BE A (Ps) LR GOKG B 41 g (Ss) FIAE 4 A
(St) 5N IR & & B 0 0 AR R /DN B e o rh
o JH I A P S RO 7R A v e ok
Fb A I G G020 R o SR A B 1 RS SR 418U
Jei B, K M e SN BT £ K R PN 45 40 i
DS ET SR ONEE A I (e RN =R R S
BRMZES  FERAR D AR TREL .
HEAT 25 5 ORG Ji 200 B B P T 408, 5 4 A 1A =2 ] i)
B S0 5 T AU 4 30 2 1 RS - K0 B Sl el K
JE A i HES B A (B 1) o BT 0L KR AR AR 7S
V18 A e 1 B e LA B R B 32 B R A,
A ARGIRA

22 EREFEMTGIE

BRI A D5 I H AW E T B
K A2 2 R R IB LR AT o . T
A B FE N BN 36 2124, B L KA &
A2 A A B s R 2485 DA, P<0.05 IS RAE R
25 FIRFEH (B 2a) o IRIRTE BT ol 0 AR
5 H AR DA A 139322 R 3Rk
PR, 683 /> 3 [A] 7 1% 40KG S8 v b 3% R 98 (181 2b,
W), 710 R AR E R b Rk B3 B
(& 2b,41).
23 RESEEREERREIEAN GO EE
ST

POR(ISE=Nin SERSHE =M RO P R e SN
AT GO BHEKM, 257 RIRHKKNES T I
RE EY R A It A s . RE
BRI T, AEE 81 GO Term &
£ (B 3a) . Ho R il 5 WU Lo Ak IR 4R
IR A R & B ARG H LA GO Term & 25 5 48,
LA 4 1534k (GO : 0045214) ™ “ Xt & 48 1k
SWRY R (GO: 1901700) " F1“ K5 £ & & (GO
0007286) "4 (&l 3a) .
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(a) #4840 Hypoxia group

> e ¢ . ,- y

(b) k44 Normal group

ST. A:K5/N& ;Sp. K5 F;Sg. KEIRANM ; Ps. IR FEANML ; Ss. RS FEANME ; St. KA.

ST. Seminiferous tubule; Sp. Spermatozoon; Sg. Spermatogonium; Ps. Primary spermatocyte; Ss. Secondary spermatocyte; St.

Spermatid.

E1 ES4A(a)FREA(b)HMEABEARES(HELRE)
Fig. 1 Hypoxia group(a) and normol group (b) histomorphology of the nest of Danio rerio (H.E staining)

20

-lg P

=20 =20 0 10 20
log, Fold change

(a) 225 AEHFRIL KN E

Differential gene expression volcano plot

740 ¢
1 Up

720 Bl ¥ Down

' 710
700 |
683
680 |
660 |
640 |
620 |
600 " )

LA Gene number

(b) 2SR PR AR A

Bar chart of differential gene regulation

ZL AN EE R AR AURT S R 38 LR/ IR 22 S R I 5 R 1) i 3R B0 B 2 e R IR IR I o ZDRE AN AL 20 ) s 1R A

RS 2 LR R AR

Red dots indicate upregulated genes, blue dots indicate downregulated genes, and gray dots indicate non-significant genes in hypoxic testes;

red and blue bars represent the counts of upregulated and downregulated genes.
B2 E=ZRREEFRNLE(a)F1ERERFFEETRE ()
Fig.2 Map of differentially expressed genes represented in a volcano plot(a) and histogram of differential gene
regulation(b)

M ZE S B GO & 5 nl 1, R IR i aa
& B O 52 SN S T B g A SR ARG
M LR IR O . I, R PITAT  AR A E
b, PRE 3 25 AT BE SRS B AR AT AR R 94K
FAE e, K R A PR R A
AOCHESED o 2 MK 3 730 5l B on 1 s 4R A9 34
GO L4t o731k (P& 3b) X5 S8 Ak & W S i (T
3¢) RS Sk & (18 3d) L4 HY SE A ik B 3k
R R SRR R S R SR AR
AR A Y A PR 0T RE 5 B B A0 AR 480 RS S5 AR FE D) fE
HEFF DI
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Bt &=

TEXTH AR S I A 25 R L Y KEGG & 4
AR, ZS5ENEESEE4DTER L
“Cytoskeleton in muscle cells JIL P 40 il & 42~
“Focal adhesion 40 ffi % % ~ “ECM-receptor
interaction ECM Az & 4 /£ Ff| ” “Biosynthesis of
amino acids =¥ & R " (Bl 4a) , Hir, 24>
KEGG {5 7 i (LA 40 i B 42 A ) &
TR A o ML A E 2040 5 36 R 1A At
FHHF 241K, 5 GO &g v L4 i
AR S ARST A
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WA R &Y
Troponin complex
20O R BT i
Cell-substrate junction
MR
Focal adhesion
Wi 2 4
Contractile fiber
XA A R S
Response to xenobiotic stimulus
Xof M WY SNE
Response to estradiol
RELILANIE 53Tk
Striated muscle cell differentiation
LA K
Striated muscle cell development
Z: 5B R A A 4 25
Cellular component assembly involved in morphogenesis
JilEyoy-a=)
Muscle cell development
WA stk
Muscle cell differentiation
Uit voas)
Spermatid development
0 5 10 15 20 25 30
FEHFUE Gene count
(a)
mybpcl ptgerda 2
cavindb esrl abhd2b I 1
mybphb i 0
rbpms2a sed am )
zcgafVZ_,}y 1 tet3 cfapl57 )
dusp2_7 p2rxdb_2
igf2a Lo L] slc2ala syep3
N1 N2 N3 HI H2 NI N2 N3 H1 H2 NI N2 N3 H1 H2
ilELyogigta X A AL AP SN it voas)
Muscle cell differentiation Response to oxygen-containing compounds Spermatid development
(b) (©) (d)

(a) Z5FN GO & EEH A ; (b) AL 7K (GO:0045214) R E ZIEFE; (o) X5 EALE WY N (GO : 1901700) H

BIEAE 5 (d) A5 HL F il (GO :0007286) Hh H L PR HAA]

(a) GO enrichment analysis of differentially expressed genes; (b) Heatmap of key genes in muscle cell development pathway (GO:

0045214) ; (c) Response to oxygen-containing compounds pathway (GO: 1901700) ; (d) Heatmap of key genes in testis development

pathway (GO:0007286).

E3 GO@EEHRILEHRE S
Fig. 3 Heat map analysis of GO pathway

EAS — A0 7 A A R SR 7 i
o E AR T SR T IR R AL aco2 A
idh3b(F£3) . AWFRSEM, aco2 HHAMMERIL
SR T IE S B IE A DG T idh3b 1Y B S 8 ] B S
FONRHEHEART . S5XF M, aco2 FEHFE K
O A8 B ) ook 5 b 1 Rk o 25 LA T idh3b
HHEMEAEMER DA RPRLIBRET
JH (] 4b 12 3) X T RE SR R BE D ks 7 &
B 2SS, BRIt Ah, HoAh 5 R &A= oA 5
B Z AL (A : pgam? (aldoaa .aldoab) TEARE T
K frp ik it 2 L (& 4b) , X R BIL A TR

P =N=N= =g

T AR AT BB = Y RE R 0K
2.5 HFREAHIRN RT-qPCRIGHE

FE TR S 43 B 45 5%, At 53 BE AL 6 B
6 125 5 RIKFE M, R H RT-qPCR £ A X H AR B
ks B0 U R HEA TR UE . A&l 5 T
N, QPCRAG TN 25 5L il 7 ik SE JL R () ik i 4
RNA-seq Bl A — 5, #F— DR T 55 524 43
Bres R a5tk . SEIR I UE LS R SR I AR 5T
TEARAG I 22 7 AR IR B R B 8w i HERf M, s
SLUIRERFR PR TR REAY SR AT

http://www.shhydxxb.com



1340

N G

(LN

34 4%

R2 MAARBESUMEAENEEZEERREER

Tab.2 Summary of some differentially expressed genes that regulate testicular differentiation and development

GO i it HEH log FC P ke
GO Term Gene & Regulation

ptgerda 1.715 4 9.18x10° AR
esrl 1.407 9 0.000 4 i
o8 AL A M N scd 1.907 8 0.000 1 i
Response to oxygen-containing compound tet3 1.030 8 0.000 1 A
p2rxdb 2 -4.127 8 0.000 7 T
slc2ala -3.4839 0.000 2 T
amh 1.8830 3.41x10% |

KREH ;
Spermatid development ofap157 50295 00011 i
sycp3 -1.1198 0.000 2 TR
mybpcl -1.2204 0.000 1 TR
cedc78 -2.599 9 4.942 6x102° T
mybphb 33391 0.001 7 A
WLARL 4L rbpms2a 1138 1 5.04x10° i
Muscle cell differentiation cavd 5.1922 0.000 4 =]
igf2b_1 6.021'5 2.03x10° o]
dusp27 3.030 8 1.05x107° e
igf2a 1.256 4 3.64x10° |

S, . 2
SRR A=) G I pgam?2 1
Biosynthesis of amino acids aco2. 1 01
ECM-%MS*ELEL’T/FHEJ aldoaa -2
ECM-receptor interaction
aldoab
MMRTE

Focal adhesion

JULE A 2

Cytoskeleton in muscle cells

0

5 10 15 20 25 30 35 40
LR Gene count

(@)

N1
RILFRI1) 4914 1 Biosynthesis of amino acids

(b)

gapdh
acol

idh3b
N2 N3

H1l H2

B4 KEGGERE&ENI

Fig. 4 KEGG pathway enrichment analysis

K3 EYAREERERPHERREIER

Tab.3 Differentially expressed genes in the biosynthetic amino acid pathway

N AR low FC » i i
Gene €2 Regulation Function

pgam? 1.774 68 3.918 5x107 EH 2 S
aco2 6.745 4 3.080 2x107# i 25 TCA IR, aco2 HIAMIRERIE SHE 11 J1 2 EAHICY

1d 1.091 2 1.507 8x10~ k9
e , ‘ 255 ATP {2 WA = RIS
aldoab 5.194 1 7.372 8x10° EiH
gapdh 15533 1.549 1x107 i ZMEE AT, S5 TR A PG Ca® Jil i 1)

19 . P IRAS KA IE AEAF A AR 1B mRNA (1 BRI E 1
acol -1.707 3 2412 6x10°! A acol B4R S 719
S B4R RIA = TS fEFA =i Ay = 2

b 40574 0,000 § T S 5ERA =R (TCA) BRI, B SEBUN AT R T4

RN A AR T (117
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B RT-gPCR
[ RNA-seq

-7 Lpgam2  aco2  idh3b  dusp27 aldoaa sycp3

H A Gene
5 FERAHIEK RT-qPCRIEIE
Fig. 5 Validation of transcriptomic data by RT-qPCR

3 e

e SR B L f0 B SO A AR L A
TH 5 0 B b f00RS S 2 AL R ORTE RE LSBT
RIS R T AR R A 25 52 M B0 6 £ 1) 1 ) 43
fEMER , FEEBE D AN LR . AR
F I S 30 0 SR AR T B B e B
FORS SR T S LA AT, X 22 AR R Y
3B, DA 5 5 e (IR 4 BE S ok SR R b
(R S HEFE A

MRA S H AR D EERENNGO T
SR KIS E 8 T~ B 5 fa 7e < x5 A fk
G R RE B R BT B LA oy 4k 46
GO Term 5K 480 T K 5L 48 F5 1E # T 68 %5 U1 AH ¢
(F3f#E2).

e E X & A G YR N7 GO Term
A & T S sed FER (B 3 F13R2) o 7ERAUA
BiN  sed W fig s ik 8 7 B o4 s A 4 A R U 2
P, F Bl 20 e 2 5 D) R I A R 1 sed HEA
FEAIR EURS 5 TP i) 2 35 R B 1 B 5 £ IR A0 A
BEBIIE N o T3 Ab A XS AR A Y R R
GO Term U7 T 3L slc2ala, 1Z%FE AR A BE
Dfa kP RBEETHR(EIME2) .,
slc2al a & H A WSR2 8 A P 0L eI f 58
V7 5 26 W AL Y0 i 3 A0 AR TERE T
PG R TR Y BE R SRR A 2
IR B A S S 1) A2 kG S R AR ARU R slc2ala Y
I35 1T BB 23 2 MR BE 5 £20K 40 i A Ak, S 0RY
EREPIRN

EEENNEEL TGO Term AL E T 7
ICEBE S RS Srp ER Y amh LR (B3I 1) .
amh 5% 5 1 TGF-B #ZH , AL RELE

HEPE TG % 7 IS 2l B A R, R e FHLLE
MEPEAE ISR TR T . RS T EIEH
amh PR O T A M R 38 B o A R /N
YRR TN, JF4 126 RS Tt 248 P o) G ) B
B R 2 A K, amh EREVEE B 43
A T TR ), 1% 3k DR 2o 0 o300 B R 20 A 1
KB AT AL T DAL . amh (R3S EF RS
et BB el R IR Tk E
(1) T A T B P T e RIS 3 1) 25 01 £
KRR R, P ERA S REE ST
amh ()5 T, [ rf B AR 2 e B0 Pk
b R AR . XS AR A R 2 (A
3ME2) . WM TEREFENHEELET GO
Term A4S & T FEAR EBE S 20K S0 T I AY Syep3
FEP (B 3 2) . Syep3 PR 7 BE I £20Ks B 41
JL 53 Ak B v nT e B AR R R TEAR AR
IREE a8 R B AR R 8 1T BE SRS 7 450 U
WP

FA BT — R AE AR LA R 4y
671 GO Term HAL & T 8 L, Hi 6 4~ 3L A
FEAR BT ) RS S A0 S I B R Y SRR
(F3FER2) . FEXTIFL Y B xR, [ 4%
AR /N ] L) LR A B 5 A = & i L h 2
22 eI Rk S o A e b . A0
B T CR R LR 258 R R M o-
W& 48 WA TR, S 587 &
A= LUK N i TS . AR R B, A
I SAUBE ) o0k 5 e 2 LA I A3 fh S TR A e 3
T A, T R M B £ M R R A R IE R B AR
B T e I S R 114 35 17 AL

ATP 7RG 706 TPl 45 2 0 1
FH 400 i 2545 Ca? J& 2 505 116 19837 1Y
BAGS T BEEE R ORI A
Y F 2 38 46— 26 ] T 4k F5 K 7 15 91 10 ATP
TENE TR E AR B BRI A8 s 1 DA 1 £
SeAR R TCAMEIS o LR A5 %5 B DN TR 752 AR s
MR 38 1:F TCA 1 B B A 48 W W 2 W A2 RS - 448 i B
AR RE R TR IT AT M EARNIE b, it
Xf 22 5 H KA KEGG & - drh R 3L, & 41
YA BERR M FESEETEET 245,
TCA PG LA K86 3 Tl T A G R LR (R 3) . X
e 5 58 5 A A ¢ 19 3K A pgam? | aldoaa
aldoab TEARSENRS P R B0 0% 1, 2R
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TR T 0 BT REAT o B O AR K
4 NS

ABIEFE LABGAF B 5t g BIETERS B, % 4R
RSB 30 PR L Y 2H A AL RN S L AT T L
BT . MAEA IR AT LAE L RIS
102 S EON RS P2 40, OF S BRI R LR
INHE 48 5 (PR B8NS B ALY LI T R R B, 22
SR DILE WL AR oL N B RS
WIE L A )6 I R A AR . R
BIFTE 0 7s AR AR AT NS B R AL G BRI IR
S A T AR 5P DLAR I A i TR B e 2R L e
R R T B9 2R O RE R Y i oK, R BF ST f2
A FE R GRS W LR BES 5

Y% B A RA B0k R,

S 3k
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Study on the effects of long-term hypoxic stress on zebrafish testis

ZHANG Xinyue'*, WU Yuguo'?, LIN Yichuan'*, HU Ruigin®*, JIANG Shouwen™*, XU Qianghua'**
(1.College of Marine Living Resource Sciences and Management, Shanghai Ocean University, Shanghai 201306, China;
2. Key Laboratory of Sustainable Exploitation of Ocean Fisheries Resources, Ministry of Education, Shanghai 201306 ,
China; 3. International Research Center for Marine Biosciences, Ministry of Science and Technology, Shanghai 201306,
China; 4.Key Laboratory of Exploration and Utilization of Aquatic Genetic Resources, Ministry of Education, Shanghai
Ocean University, Shanghai 201306, China)

Abstract: To investigate the effects of chronic hypoxia on testicular development, this study employed
histological observation and transcriptome sequencing to compare the microstructural and transcriptomic
alterations in zebrafish testicular tissues under normoxic [ (6.5+0.2) mg/L ] and chronic hypoxic[ (1.5+0.2)
mg/L] conditions. Key findings revealed that chronic hypoxia induced disorganized arrangement of
spermatogonia and significant reduction in sperm quantity under light microscopy. Transcriptome analysis
identified 683 significantly downregulated (P<0.05) and 710 upregulated (P<0.05) genes in hypoxic testes.
GO (Gene ontology) and KEGG (Kyoto encyclopedia of genes and genomes) enrichment analyses
demonstrated predominant involvement of differentially expressed genes in pathways including muscle cell
differentiation, response to oxygen-containing compounds, testis development, and amino acid
biosynthesis. Notably, upregulated aco2 and downregulated idh3b expression patterns suggested their
potential roles in hypoxia-impaired testicular development. The significant upregulation of energy
metabolism-related genes (pgam?2, aldoaa, aldoab) implied elevated energy demands for spermatogenesis
under hypoxia. Furthermore, marked overexpression of muscle cell differentiation genes may represent an
adaptive mechanism of male gonadal development to hypoxic stress. This study reveals testicular
developmental regression in male zebrafish under chronic hypoxia and provides novel insights into the
molecular adaptation of fish testes to prolonged hypoxic conditions through transcriptomic profiling.

Key words: zebrafish; hypoxia stress; transcription analysis; reproductive system development
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