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1 BRITMREE

LNt S T Ak, iz 2
R4 R e, Akisin . RS E g
HSAE. 20004/ )5, 2T T2 ffl(Hematopoie-
tic stem cells, HSCs) 1) J& A J& PE X HSC T Ui tH 41 i
BEVRBEAT 2 FIU R T e 20 M 1035 13 P b 7,
ST YR B ARG, B BRI A R i
1% 2 5 A 1 32 2 B Oyl I+ 40 e (HSC). B
1%-41. Z A0 41 il (Megakaryocyte erythroid progenitors,
MEP). ZL40 il & /& ¥ Ji% ¥ A7 (Burst forming unite-
rythroid, BFU-E). 41 40 Jfil 42 7 J& i 5. 17 (Colony
forming unit-erythroid, CFU-E). JRZL40/0. ARZL4H
FL A1, B AR % RS 2 ) 4 Y 2 T 4
ARG AR JE 5 B, HSCH ifi. it (HSC pool) )
SEBUR T A AL THSC, HoA A R 2 A JE 1
HSCHMIHHSCE#Z AN BEARER . HARAZF L
TERRE N %2 BEAH 41 (Multipotent progenitor cell, MPP),
SRR AR N — MR R S PR As"

1 2838 1M K B R 3 ] 73 N4t I (Primi-
tive wave)fl /X 2 it Ifl (Definitive wave)#§ 1~ B B .
TERE SN BE £ P 70 R BN, W08 i AR T
JE A A VR 22, ELFE HT AR AT JZ (Anterolateral meso-
derm, ALM)F J&5 ll # # JIE JZ (Posterolateral meso-
derm, PLM)F 45 il # 7 AE M i R i, =
2 1E£ 27 18hpf (Hours post fertilization)l & & ¥ i
BT g L 342 B9 5 3 A4 b (8] 40 i [4] (Inner cell mass,
ICM)”e ICMIX 358 3 BT AT 4 21 5 40 Jf 358 43
8 R4, D9 A a4t S IR i R4 A i is 1)
feani" . W12 i B A AEHSCIR R (R4, 38
I B TE RO 241 R NS R A 4 e AR B )
Fa AR L 3R A 3 o ek R B 4 bk
HSCHR 1) Ik 9 3¢ ifil Bl BUAR o IR 2tk I By 72 26 1)
i I 51 44 41 B (Hematopoietic stem and progenitor
cells, HSPCs){E JIJif B B4 v o4k 7= A2 B A 15 2 I
an (& 1),

TEIR S LB B, 16 i 40 B2 Y8 T35 = 3h ik
(Dorsal aorta, DA)I I B¥, B 3 3 Jhik - It - ' X
(Aorta-gonad-mesonephros, AGM)"'”. [ 24hpfig ,
AGM X H5 73 P9 B 240 4 A T AR 1 P9 B 240 i (Hee-
mogenic endothelial cells, HECs), £ P J7 -1 IflL 4% 4t
(Endothelial-to-hematopoietic transition, EHT) & 4=

Zebrafish primitive erythrogenesis

\
, Hemangioblasts

| scl,lmo2 [

Mesoderm
pax2a,tbx6
! ! EMPs

! gatala
| \ =
1

—————— |

Dy Q N

PLM/ICM
Erythroid Erythrocytes
Progenitors
gatala
/\ CMPs
gatala
Erythrocytes ﬁ
. T Erythrocytes
N e
HSCs g )

~ e (8 | N
> > l-\ /f ~~._ runxl,cmyb (| -/
: ey N CMPs -
Hemogenic HSCs o~ gatala - ~ HSCs
endothelium runx l,cmyb S~~-°S___-7 runxl,cmyb
PBI AGM CHT Kidney marrow

Transient wave

K1
Fig. 1

Zebrafish definitive erythrogenesis
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Erythropoiesis during fish embryogenesis

21 Z A Al il erythro-myeloid progenitors (EMPs); i Ifil T4/l hematopoietic stem cells (HSCs); +4 [H] % £ 141 fficommon myeloid progen-
itors (CMPs); i #MIlH it Ethe posterior lateral mesoderm (PLM); H [8] 41 g ] intermediate cell mass (ICM); J5 Ifil & posterior blood island
(PBI); =E Bl k-1 fiR- ' aorta-gonad-mesonephros (AGM); J& i 1fl 2H £{ caudal hematopoietic tissue (CHT)
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RN T A A A, T B B I8 B 26 I R A 4
(HSPCs), J& 1L #% 2 1 35 2 5 e M8 B8 B 1fn 42
41 (Caudal hematopoietic tissue, CHT)"""", 5 43 41
ST A B i i A BT 2 40 . HSPCsTECHTH:
AT E Y 14 )5, M3 dpf (Days post fertilization) -
ih, s B ENE, 2T HSPCsFE I 4k 47 B &) £ [ 2%
i I T BN 1) BET f T 40 B O BRI R T
W R Rk B, b, M &R)TZ
(¥ Tg (gatal: DsRed)"”, Fiilit gatal (GATA bind-
ing protein 1)J& 3l R IK B £ 4,7 't H I DsRed )
#ik, Tg (drl: EGFP)HI Tg (ler2: EGFP) ™25 4% 3¢ iy
F R WL LT B R S AR IC R (O

2 BT MAE ARAD LS

21 EREFBFIEERT

RGN ARG KB RAHEMERET5ES
10 B L [E] VE FH OR U 7 1), Hesh A RS B T A 2k
TEW & M, scl (T-cell acute lymphocytic leukemia
DFImo2 (LIM domain only 2)% DK J2& 4% 4] 94 3& I
50048 S AR i ek R TP L A sl R R B BE
kg, B B K L E bR DR 2RI = D,
FUIL 1) LA S B TRk, 2904834 R YR 20 e 2k
M Imo 23 [K] ) R B 2 5 B PLMIE 1ML T e 1) 5 4= 3%
%, WIERIA L RAN R R BhAh, sE AL T A
N B2 4l Bl B 7T (Fli-1 proto-oncogene) Rl LA S
scly Imo2fFiE™ . RN B IER k] (kinase insert
domain receptor like 1) % 38 IR 7440 o 1) & A=
ATl §E B B S K1 emyb (v-myb avian myeloblas-
tosis viral oncogene homolog)frunxl (RUNX family
transcription factor 1)RE £k ML B RAE™
155 3 A R T IR, 8 2R IR IR 75 24—48 hpfif emyb
Srunx IFEAGMIX 3 ik, bRic i i R4 ™.
emyb TE IR 2% 38 I WP 4% B B4R J 1 runx I 0] /2
AGMHHSPCSTE BT 44 75 ) 5 5 R 77 A i
TR, gatal Mpu.1 (Spi-1 proto-oncogene b))
WA IE I AT ARG 190 21 R AR R 204k, FEAE B4
H™ Lmo2/ B SclflGatal 45 & it 5 oS H &
A, 3k Rk I 21 2R JE R
22 FSEE

B T & ) R4 R, Wt/B-catenin FIBMP

5T PR SR AE SR AL R R E o A R i
FEE ZREE .

Whnt/B-cateninif % Wnt/B-cateninid & i
IR Z MY 2R, BFEEOE R R . %
A KRN A 20 Wntl B i FL7E TG R 5
AR PR R B A A S R R e 4%

] VR - AL 40 B 1) 1 3 R A 38 R SR R E IR
A % & AR E R

Wnt/e — K W15 5 & A, 845 A Friz-
zZled i 4/ 25 #4358 A6 LR Pl 1% A4 11 56 i Wi 1% 4411 i
WAME 5465 . 7EEWntfE 51, Axin/GSK-3/APC
S & W 3t 41 g A B-Catenin£x F i FR1L f5 12 R 1L,
T #% & B AR BR A, 1% W #% 5% B F TCF5 Grou-
cho 7t X Wt B [K] (1) ¥ Sk L BHEY) . T Wntfs 5
TEAE I, B MR X 1 LPRILE DI #il] B-Catenin & [
F% fig , 33k T B-Catenin N #% , HUAX. Groucho%h & TCF,
R o Wnt B 226 [R] 1) 3% S ] o AT 98 i B # SR HSPC
(7 HH T4 61 T- Wnt/B-cateninf3 Sl ¥ . Wntd 4t
7 Dkk 13t & R I8 2 T 2 36hpfHf cmybBH 14 HSPCs
90, T Wnt8 1) it fE I8 25 U2 #EHSPCsI 4™
#5Y Axine 5 AR I 0 R4y, R ANy TS
AxinFILRP6 % % 1% 422 DL Il Wntid % 5 ] W 42 2|
cmybBA T HSPCs % & 4 1. B-Catening 25 45
2 I TCF#% 5 K- (dntcf) 7% 125 75 3 S04 M IS 25 ) |97
Wntf= 5 M 1T % B H HSPCs# & /b Y. 7E VEC-
Cre/) 53R BB 9 5z 41 i, B-Catenindl 2k 2 52 1
AGMIX [P Ifl N J2 e 45 1 FE, 73 A0, Wne39R7% ™
Wb T % FEHSPCs 7 A e

Wntii 4 5 20 40 A AE 2 B R 2 e p T
AR 21 A1 iz s I SR SR IR TR, 2
TEHSPCH M 4L A1 R AL R KEWIEIEH . W
FOR B Wntf5 5 7] LL N HSPCH 4a i PU. 11 Sfpil,
BETT G BRHSPCIZL 23k R 6. VR [ 0 B 22 1
JRUE T 2 AH 40 . (EryP-CEC) A 46 HH Wnt3i 4% 1) 22 F
B85 4F /N BG4 i (Embryonic stem cells,
ESCs) & #5577 5256, B-Catenini 7% 5 41 R 1% R
FRICYIGATAT L, 3t T ) 5 46 21 40 B 1 R 1
™. WNT/B-Cateninfs 5 1% 5 th [ 5% 3 5 1
TCF4 W] 454 5 5y £ F Rl scl M Imo 21 J5 3l 1 I
Feeas™, FE RIS o R T WatfS SRR
ZLZM P AR BRI A, Wintd (1) B2 1T BE 25 5 2l Wnt/B-
Cateninfll 3F 28 $ Wnt{5 5 (1) h g8 18 2F 1my FH. & 21
AR . X AT R, G WntfE 5 1F
A KA. B KL, Wntfs 5 7818 I &k A
S AR DA i P 7 X 52 S HSPCsil & 4046

BMPi# & B IA K B H(BMP)J2E TGF-
BRI R B, 7E AGMIX HSPCs ) 5 5 4k £ i F2
v R RS AR AE ] . BMPRRAA 5 H 52 4k 45 & f#iR-
Smad (#1257 ¥)Smadl. Smad5F1 Smad9)#% i FiR
k., WE FIR-Smad 5 7 9 Co-Smad ) Smad44h 4 J
A%, 18 it 5 BMPHi B G £ (BMP responsive ele-
ments, BRE)Z A K U #E L R 3% 5% . BMP& 4>
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PR IR 2R B B0 75 B, Rt BMPIE B8 B A
Dy JE AN A R B B R S R R 2R ) O I
Bt Lt BMPIE & 1 bmp2 (swirl)f1bmp7 (snailhouse)
Al G RAAR TR K E B 40 i, B35 B A g
™, somitabun® (sbn)m]*ﬂcaptain hook (m169)[46]
5 Smad i B AH 5% 5 A8 1 o 253 ] WL 5 A [ 12
JEAMZH K BB /N R Bmp4 R T3 BN
Jifs e R AN 804 5 i i 2 43 £ ) SR, ESCs
[P AR 1 52585 ) 2 BHBMP4 ] DA 5 AR A1 & ik &
A, AL, B SAES R T R B, BMP
SIS TR RO G N A RRKE B REEN
#: 35K T, WGatal. Gata2. Scl. Lmo22&™ it B
BMPii #% i i R-Smad s 3, B 42 5 7] 2 1 45 40 &
KRB ORI, E R LA AR R, HEAETERE
B B S 5 BRI 22 AR A
2.3 RTWEE

T IBAL 4 € LN A DNAKL H IR FF 71
SR FEE TR BT 7, S 5 R
SRR Iz A R M, T SR T 4 AL
() FE AU TR . A B R R A % 1) i
ML S 428 0 2, X AN I E A T v T £
ey N1 5 5 T 4B W R s L F 2
5, DR ik sl e R A

A e 5T HDNAFIAH S A B . 2 3L
17 DR B 4 ) R A A 4 B R R R S s 1
(st AL, OB SR A S KR EUZ
N R DT S B A L R R A 1) R 4% . NuRD
(Nucleosome remodeling and deacetylase)& & 4 &
— 2 IIREM R AL T E Ak, EA S T3
0 BN R X WA D RE, Sl s
BN AT R ot e 5 )5 S5 4, TR I BE PR e 5. 40
A 2 4 B4 B (Histone deacetylase, HDAC)7& $H
NuRDE &R % WAL v, liEid LA E A
H3FTHARZ FRTRAE b (1 LB HA A 5% . HDAC
77 (VPA) AT BLAR il NuRDYE 14, 78 JE 91 TS J7
J¥ IR AT A Ak 38 2 BHL 1B 2 4T 48 B AR i S B R
F 045 25 B, T NURD R 3 F) 3k B 26 3 4 14 DR
Iy i R G P sl Imo2 ) 32355 . 41 1 F R AL 12
TR OC R 32 2253 N IS B AT (1) 4 B P R i 7%
B (Histone methyltransferases, HMTs)F1#% R A2 11 1]
2H A X AL EE(Histone demethylases)##. LSD
(Lysine demethylase) & [ Kk & HE M HEH EH
HALEE, TAL1 (SCLYALSD1E & ¥ FIHDM A 55 5
H BB FE0E+ B, LSDIE &Y K EH
FEALE P 2 FR 4 I H3K4me2 [ F AL B 11 22 Bk,
1M FALSD1 ] 8 3 EH3K4me2 [¥13 I fi H3K 4me |

(98> HE T A6 T TALL R H AR 2SR 3Rk,
T 4020 R R Y. ik 4h, LSD1H s & 31 AT
H5GATA2MTALUEE G 34 HH3K4mel
)22 FR AL, DUIHR M4 h GATAT IR AD,
R A b — THOR R (18 5 [ 388 A% O e 9T 2 R L T
15N TR AR 20 SR AR A ML A B R 5~ A1 2941 77
ARAFHAMEEHRH 7, ZEROFTH TS5
SWI/SNFAIISWIZL (4 )57 85 % . SET1H B 44 7% i |
CBP-p300-HBO1-NuA4 Z % F2 . HDAC-NuRD
i 2. 1 Bt A Polycomb 11 5 & 4 kE 50,

XL RS A S B I R R e 4
AR HL WA I B 2B M P, L m] AR Dy 1
kN2 5IiE M. WEZH2 (Enhancer of zeste
homolog 2)+& % #it #1 il & A ¥ 2 (Polycomb repres-
sive complex 2, PRC2){]—~/M L4, Hl i SET4 1)
I 42 H3K 2 Tme3 & i, 3 1M 5 B 3 PR I 3R 5% 1
2N BT £ ezh 2 S5 1 o A 5 e T 0 %
FILL RGN, T BE D A0 ezh 240 5 S8
I ) RN IR 3 I 32 43 R 1Y, EZH2 8 R A N
e N1 LG H 31 EE-box i i ick (Iympho-
cyte cell-specific protein-tyrosine kinase)i3t ¢ 3k 1E
s 1

BRI R G 2141, DNA F B0 121
AR A AE 3 0L 0 i Ay 3 R E A 2R ) v B R
TR/ . DNAHZEHEEEDNMT3afIDNMT3b
751 CpG &y LI H 4L, TIDNMTI/£EDNAK
il J5 (R FYDNA F (A . DNMT3 A/ i i
A b 3 Z R MCKDNAHE R R2 i, I HDNMT3B
A DNMT3L 2 78 24 ££ 45 LU 58 DNMT3A ) 7%
PN A, A et 5 EE I A A 18 AR
PEO ML E, ISMARCAE N ATPH i1 e
R EIBA -, Kk 38 scl. gatalMhbbe3 (hemo-
globin beta embryonic-3)72i% M & T,

3 &KL YRR BB RY S IR N

3.1 EEMBSEREH

1 A AR /K T 3 4 (Dissolved oxygen,
DO), #DOJ& 7K /™ F5 58 H 1) 3 ZE I 85 R i 8] 21 A s
MHEHE™ . Sy B EE R SRS R . A R
SO NN EAR- 4 S Ra st/ k05" A0 K - AR i1} O a = R TE
kB TRAS S A R Ul A o1, AL
FRIAH, T RE EER, KA DO FEDR, /K
PRAEFR AN F] fie T 08 SR8 O, 72 AR A Bk
SR, 12K 5 R AR S . K2
1 28 B — 8 IR EUE ML RE 7J, (™ B R AU R 4 42
FEAEN SR R EINT:, PR 2f0d I 3 hn 2140 i
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185 AU B 70 NI N 21 240 1 K, E T A S5 ae
20

& m

REMETE LT MPPIERENET i
BHEEWAE LA FPBREARY, Kb maEs
FEA AR R S mIaE ™. 5B RhEk
U SR HESH AR b, i 20 5 B2 R0 5 5T 2 1)
WA & Ak, o 2 S i 1 B 2 M D Re A
[A] #1121 25 A (Hemoglobin, Hb)V %Y ) By 1] 22 1 ok
A G 5B B SRS R S T Hb 4 S A
T4 LA MR e ), AR S B RR K
HbAL Y 7 5t 14 2 P A ) T 9 70 45 R 3R A Ok
TE4: 4 (Carassius auratus) ™« WIEZFi(Poecilia la-
tipinna) ™. K FE W (Scophamus maximus). Wi (Spa-
rus aurata)” SRR EE E (K U A N HbSESE
177 B F 3325 7K 15 0 B 3 o) 87 AR A oy a2 A
SERI YDA 22 7 o RN, K 20 HOhes B £ 78 i 2 40
Jf HR RS 2R 2 A S R AN R R HD R TR, HF G #%
ST 2 A%, Bhah, e T AR R
AR R A2 8 AT 22 A B, X AR
R 2 A KA 52 B B A 55 18 B A b sl A
Wom gz R, v R Y, Y2 R 208 (Ha-
plochromis ishmaeli)[m\ e 2K

REIB T &R M5 LA N TN
X A 2 AR WA RIS, T AR ST A H
SR T T REH LURZ RN A & &2, W
mTOR. ERK. NF-xB%"™, fE4HM/AKF I, K4
% 5 [ ¥ (Hypoxia-inducible factor, HIF){F 2y & %
M KRB T2 5 2 0S5, &S
VAT A AR S PR R 32 P T s R, e K ) R R
FEARAELNML . AR 1) J 380 4 B i B R S 3 R
R E MY HIFE A BB 5 RIRERE,
P 480 VR T R S [ HITF -0 56 A0 20 o 8 3K 5K (¥ HIF -
BV 20 ik, 178 ¥ 1 SRR A UK, 1T S Y R

Hematopoietic

cells Inner cell mass

WNT

o —e

BMP K
gy L 7 Gatal " ,
Yyl emogenic
o @) /(BMP endothelial cells
Mesoderm Hemangioblast FGF N
¥ ()
\ /

Angioblast

AR KSR e, WAL A i AR 2 . e IE
WA ST, HIF-oHH il 2 5 72 1L B (Prolyl hyd-
roxylases, PHD)#/l(Factor inhibiting hif, FIH)#% 31t
J& 454 pVHL (Von Hippel-lindau), ¥ 52E372 %% #%
fig & 4 & (VHL, Elongin B, Elongin C, VBC)Tfi /I &
E A ARERTY . eSS T, PHDYE 132 5
0, HIF-o8 A 2 5HIF-BIE i — A&, 341
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Fig.2 Regulating mechanisms of embryonic erythrogenesis
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Tab. 1  Stress regulation of pattern recognition receptors in erythrocytes in fish
PR 2 ki P FUs
PRR Antigen Species Reference
Toll#: 524 (TLR) tr2 W KA T Y [106]
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T ME R VEE 2 o [107]
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5 B H A i [108]
(Paralichthys olivaceus)
fig I A G 2 i [109]
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FE e IR AR IR B0 5, A VHSV T i [110, 111]
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o IE T A A0 2 Kt i [114]
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tr5 W 7K S T 0 [106]
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tIr9b fig S B K] £ [109]
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tr21 i I ER] R I i il [109]
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975 i M ) I MR o 9 05 T 4 [112]
nlrx1 975 5 M ) I e R O S . i [112]
nlre3 375 75 ) I e MG O 9 0 0T i [112]
nlre5 975 i M ) I e MR o 9 0 T 4 [112]
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12 4 V= e e e S AR - SRS AR RN A ST i 4 2141

IEH KT R R 408 40 R 0 AU RRAIE 1
BCZT 2 PR AN TS 5 0 SR A A A B ) S P s (2) il
GIBUE s SRARA ) A1 R RS T R Py e AU VA e ) S e
(T i o
4.1 ERREFHANATEIEFHFHREIF

FEAREUE T I, H T CA LI 7T R 7 5
AR E SPREMIRE R 2 1] 1 e &1,
B4, hif3a” Bt S a4 K Mgatal . hbael. hbael™
LR R E W bR 2 DR 2Rk T R, 2040 e A= ek
b, RIHATHE A B RS ORI, HIF3A
W 25 AT gatal |3 51 b A BREE SN T6 81T
WOE gatal T3k, TG L0 g0 2R Y, SRR S
HIF3alf) T 58 58 B VE A2 S 2R PR R S HU MR T il
HOCER S s - 1 N P ey 7P A Y G e N T =)
i . BE T fcoxl 7 R BA TE H R B 3 (60hpfLl
BOZR I T 8 1 Wntf5 5% 5 A0 1 P95 82
# (Endoplasmic reticulum stress, ERs), gatala /i i
1 [f) B-Catenin & 2 98 />, I H TCFATEsclfl Imo2JH
¥ EEEEERE D, EREKE F 2
VIR R OPAR )i 0, &= K ER N TR0 512 R <Y
Hh, eafl/28k K G B TCFALE sclflimo2Ja 5T L K 45
B L WD, 2T B24hp i RAR A sel
Imo2) 3R IA 1 35 PEA%, HL G 46 20 41 g 28 plc i 72
eaf1/238 1 471 2 M 8L A% 12 1 2 1 H3K27me3, 1M
WOE gatalaBE iR AR & (HEEE vl
T s ok 2 P R 2 ™, I xR
AU X BER T2 AR o e s R 2R AL
4 o K 7 RN A B ) B L 4 2 IR RN oA R R T
TR Bl 1) B B S A . FErp, R A
4 Mo R 7 RN AR B I [ 8t A R B AR WS 5 I 2D
RE R SR 5 B0 2R 20 A0 i A il 32 BHL, AT AR, B8R
AN BRI S8 i A8 H s 2 o T R 4 40 A AR R
B FIAE B B ) Y 4% R A2 AR, R B T IRR
% IR o TR, 5 AR I £ 200 BT FR S A1) )
Hh R R 95 o Bl DR D e R 2R G AR B R 2k T 3R
1377 AR T 22 2140 M, BSOS B A AN BRURR, BRI
M) IS AEK: S PBIR AL P 8 SR o o

7995 i 038 77 T, 30 B — T s R B, N2
FISARS-CoV-2H it J&, MMk H FTFN s 37 56 - 51
S 821, 35 A A 9 S R 3 R e f B AR
IR Y= DUl el P YR S AR
il BRI 24k A E S B, SR kL
HOAE S0 B 0l . A s A T R L A A
W e b AR R T s A — 0K 20 40 i A U DNA
PETH S H AR 0% (5 S ks s ™ 2 5o w
PR B B o 55 T e 10 35k R4 R AT T 2R

TFNAE 5 3 7, T 66 26 £ 400 M 206 o J o
H V2 IENE, B 7 2040 MO AR S f0 993 28 1 Ho i
F18) L L DA %o g i SR % 3 0 A VA I A G B T
WHFT, T LA S e ) — DT IT W
Ab, A — T I R I T N R G BAT fo % 1
REAE R A LT AN A R, 2D B A N &
A A LA 02, FERE 78 204 5 0 S5 e
(6] PRI AH ELAE FH B A% 20 40 1) 4 22 1 45 T g B bl
HARS . DR, T £ S50 1% 21 20 B 5 i T Jolh e [
(IR ELAE B 3 S s A% ThRE R 72, HIR A 7
FH EL A FH Gk 42 o 0 200 P A R - o 4 L 45 ) 6 S 1
P RIARH S S BAT T AN o 7 % 1) 258 DR 2 B U
LR B AR 7 1 2 Mt RO B 70 7 L
R S R L PR, S ABLAE fr KL AL o T k)
AL RSB 7, 45 2 AU T BUG
Je £ IS 21200 D G 22 D) REAIE 0 FRD i 0TI, [ IS 42 41 7D
81 28O JE P A A N PR I 1) B A7 ) 1 45 R
W B R B PRk 1 A 48 DR -1 R R P T 5k DR g,
1T B 1) 21 200 B AN 25 5 s S A= ) ks ) el A, B
AR YR ) TR e N ) i A e R ol A
PR B #2288 S b, e AR R AR S, D A] R 2 R
G BRI A 15 VR R B R, el e 2 b ) | £ 6
Hrh s o
42 BRREEHEED FHRICHEANATE L
Fh R sk

fEGE I 70 t ik F R IR B AR KR AR
R Z . M s o . AR 0 R MR I i Ao
VERSEAR, FF— BELIE S (PSR ANk & Fn v T 2R 47
HARPEE. XLEFRHAEE IR, IR 2 /a2
T A Fh R SR A K B 3 N B B ) 104 AR S O
TRE, XL R B IR I T2 O IAE 2 M &2 3 f 5E
a5 B e b 2 d = B IR 8 K TR  hifTod
AT Y58 A, H 1 5 R 2L 52 o) <R R O\ Dy 2 LA AT
BRI 2SS B8 0 SR A S 4, R DY K K
HH B (Ctenopharyngodon idella) F1i th(Mylopha-
ryngodon piceus), J& T KRR K M, H1E 7] 4%
B R K/NIPIMZE R HE R, PIM1. PIM2. PIM3%
KA T KBS G T SR R R ]
HP WA RER S AR F9% SOV 55 AH I 1) 5
PRI 2H A% 7 R R AR A 257 A KA i SR B 2K,
9IE B HARSE IS, A E N ML EA S &2
0 T S X e BT R, — e R T AT
21 fif 4% AU e 7 BRI 20 2 1 P oA AR S
R R R 428 7 A — LS B T 21 20 i 4 R A W RE ) B
B IR - 23 WA B 0 B PUR G MR 1) R 45 1, Atk
B IR I AL 3, (HAA R 0 280 T B b



2142

KR W)

Eird 48 %

FHIFZHE -

FEARRPURA S DU SRR G (0 S8 it ik
R T LR A T e AR SR L P 23 R A A
2% (T UL RN ) 705 A RS B P28, mT S
ARG 1) 0 1 i R B T f S0 BB 5 1 5
Heo Fioh, Wl EECRRRH T, S5 S AR E
K350 YA 72 P 28 T T 285 2R, i 2 R S0 L B T S
IR Gt R rh 5 2GR B AN A ORI SR 3 1R 4R
T, % E AT B SR LU A0 A R D RE
HLiR], (RIS 4 R AR SR A AT G B e e o )
FEDNRE, K ML 20 A B A 0 A P2 55 SEAR 4
R R B B B R BOR S LA, P
R R A TIE ) 73 FARig

H AT A AR B — e AR (KR . &
i RS BRI SR T Rt SR i 5
FERIRIT T, (AR L0 PRI o (0 77 FE 8 A AT (R B 1 W A2
2 TS5 B 2 P TR R, < #8150 AR - A 5
[ (28 XA FH e e 2 2 P RT3 AN (] 193 I G
LR LT A0 3 LA R 5 S U4 1 5T e,
DR A A 52 56 2 3 B P O e #8158 2 R 7 3B B 72 ]
RE S8 A F T B HLH 17 & A S BB i . L0
R R TR IE N R A U 52 A1 5 S 18
SO, FLAE — R B AT DS R TR FE A 85 1) 3
K-, AT BE IR R T ALK AR 2 T R AN A
W WA IR P K R G TRE e PR B
WA
(TR P AR SCRT & AR AR B EEK)

SECHk:

[11 FAO. The State of World Fisheries and Aquaculture
2022: Towards Blue Transformation [R]. Rome: FAO,
2022.

[2] China Fishery Law Enforcement, National Fisheries
Technology Extension center, China Society of Fishe-
ries. 2023 China Fishery Statistical Yearbook [M].
Beijing: China Agriculture Press, 2023: 17-38. [k &
AT 8 vt b e R S R, A K R HE)T Sk, i
K= E 2. 20239 B G AR 4 (M. db st R ER
b AL, 2023: 17-38.]

[31 Zhang W B, Ma X Z. Sustainable supply of aquatic food
in China [J]. Journal of Shanghai Ocean University,
2022, 31(5): 1304-1316. [3K C 1, EM. H E K72
B P R B2 (0], L K AR, 2022, 31(5):
1304-1316.]

[41 Lul, LiS, He X, et al. An in-pond tank culture system
for high-intensive fish production: Effect of stocking
density on growth of grass carp (Ctenopharyngodon
idella Valenciennes, 1844) and blunt snout bream
(Megalobrama amblycephala Yih, 1955) [J]. Aquacul-

(3]

(e

(7

[8]

]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

ture, 2022(549): 737808.

Ji P, Murata-Hori M, Lodish H F. Formation of
mammalian erythrocytes: chromatin condensation and
enucleation [J]. Trends in Cell Biology, 2011, 21(7):
409-415.

Gotting M, Nikinmaa M J. Transcriptomic analysis of
young and old erythrocytes of fish [J]. Physiology,
2017(8): 316978.

Ahmed N, Turchini G M. The evolution of the blue-
green revolution of rice-fish cultivation for sustainable
food production [J]. Sustainability Science, 2021, 16(4):
1375-1390.

Fiange R. Blood cells, haemopoiesis and lymphomyeloid
tissues in fish [J]. Fish & Shellfish Immunology, 1994,
4(6): 405-411.

Traver D, Paw B H, Poss K D, et al. Transplantation and
in vivo imaging of multilineage engraftment in zebrafish
bloodless mutants [J]. Nature Immunology, 2003, 4(12):
1238-1246.

Dzierzak E, Philipsen S. Erythropoiesis: development
and differentiation [J]. Cold Spring Harbor Perspectives
in Medicine, 2013, 3(4): a011601.

Laurenti E, Gottgens B. From haematopoietic stem cells
to complex differentiation landscapes [J]. Nature, 2018,
553(7689): 418-426.

Cheng H, Zheng Z, Cheng T. New paradigms on
hematopoietic stem cell differentiation [J]. Protein &
Cell, 2020, 11(1): 34-44.

Lieschke G J, Oates A C, Crowhurst M O, et al.
Morphologic and functional characterization of granulo-
cytes and macrophages in embryonic and adult zebrafish
[J]. Blood, 2001, 98(10): 3087-3096.

de Jong J L O, Zon L 1. Use of the zebrafish system to
study primitive and definitive hematopoiesis [J]. Annual
Review of Genetics, 2005(39): 481-501.

Galloway J L, Zon L 1. Ontogeny of hematopoiesis:
examining the emergence of hematopoietic cells in the
vertebrate embryo [J]. Current Topics in Developmental
Biology, 2003(53): 139-158.

de Bruijn M F, Speck N A, Peeters M C, et al. Defini-
tive hematopoietic stem cells first develop within the
major arterial regions of the mouse embryo [J]. The
EMBO Journal, 2000, 19(11): 2465-2474.

Bertrand J Y, Kim A D, Violette E P, et al. Definitive
hematopoiesis initiates through a committed erythrom-
yeloid progenitor in the zebrafish embryo [J]. Develop-
ment, 2007, 134(23): 4147-4156.

Jagannathan-Bogdan M, Zon L I. Hematopoiesis [J].
Development, 2013, 140(12): 2463-2467.

Yan S Y, Zhang X R, Zhang R J, et al. Construction of
zebrafish models for screening intracranial hemorrhage
associated genes [J]. National Medical Journal of China,
2022, 102(33): 2619-2623.


https://doi.org/10.12024/jsou.20220703927
https://doi.org/10.12024/jsou.20220703927
https://doi.org/10.1016/j.tcb.2011.04.003
https://doi.org/10.1007/s11625-021-00924-z
https://doi.org/10.1038/ni1007
https://doi.org/10.1038/nature25022
https://doi.org/10.1182/blood.V98.10.3087
https://doi.org/10.1093/emboj/19.11.2465
https://doi.org/10.1093/emboj/19.11.2465
https://doi.org/10.1242/dev.012385
https://doi.org/10.1242/dev.012385
https://doi.org/10.1242/dev.083147

12 MRET S R R AR & SHul MR s i 5t i 2143
[20] Tzung K W, Lalonde R L, Prummel K D, ef al. A 52(4): 414-424.

(21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(311

[32]

[33]

median fin derived from the lateral plate mesoderm and
the origin of paired fins [J]. Nature, 2023, 618(7965):
543-549.

Caulier A L, Sankaran V G. Molecular and cellular
mechanisms that regulate human erythropoiesis [J].
Blood, 2022, 139(16): 2450-2459.

Zhen F, Lan Y, Yan B, et al. Hemogenic endothelium
specification and hematopoietic stem cell maintenance
employ distinct Scl isoforms [J]. Development, 2013,
140(19): 3977-3985.

Patterson L J, Gering M, Eckfeldt C E, et al. The tran-
scription factors Scl and Lmo2 act together during deve-
lopment of the hemangioblast in zebrafish [J]. Blood,
2007, 109(6): 2389-2398.

Liu F, Walmsley M, Rodaway A, et al. Flil acts at the
top of the transcriptional network driving blood and
endothelial development [J]. Current Biology, 2008,
18(16): 1234-1240.

Tamaoki J, Maeda H, Kobayashi I, et a/. LSD1 promotes
the egress of hematopoietic stem and progenitor cells
into the Dbloodstream during the endothelial-to-
hematopoietic transition [J].
2023(501): 92-103.

Frame J M, Lim S E, North T E. Hematopoietic stem

cell development: Using the zebrafish to identify extrin-

Developmental Biology,

sic and intrinsic mechanisms regulating hematopoiesis
[J]. Methods in Cell Biology, 2017(138): 165-192.

Chen M J, Yokomizo T, Zeigler B M, et al. Runx1 is
required for the endothelial to haematopoietic cell transi-
tion but not thereafter [J]. Nature, 2009, 457(7231): 887-
891.

Xu H, Tan S, Zhao Y, er al. Lin PU. 1""GATA-1"
defines haematopoietic stem cells with long-term multi-
lineage reconstitution activity [J]. Cell Proliferation,
2023, 56(11): €13490.

Yamada Y, Warren A J, Dobson C, et al. The T cell
leukemia LIM protein Lmo2 is necessary for adult
mouse hematopoiesis [J]. Proceedings of the National
Academy of Sciences of the United States of America,
1998, 95(7): 3890-3895.

Moon R T, Bowerman B, Boutros M, et al. The promise
and perils of Wnt signaling through beta-catenin [J].
Science, 2002, 296(5573): 1644-1646.

Cabrera C V, Alonso M C, Johnston P, et al. Pheno-
copies induced with antisense RNA identify the wing-
less gene [J]. Cell, 1987, 50(4): 659-663.

Chen Y, Xiang J, Qian F, et al. Epo receptor signaling in
macrophages alters the splenic niche to promote eryth-
roid differentiation [J]. Blood, 2020, 136(2): 235-246.
Richter J, Traver D, Willert K. The role of Wnt signal-
ing in hematopoietic stem cell development [J]. Critical
Reviews in Biochemistry and Molecular Biology, 2017,

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Goessling W, North T E, Loewer S, et al. Genetic inter-
action of PGE2 and Wnt signaling regulates develop-
mental specification of stem cells and regeneration [J].
Cell, 2009, 136(6): 1136-1147.

Wang S, Yin J, Chen D, et al. Small-molecule modula-
tion of Wnt signaling via modulating the Axin-LRP5/6
interaction [J]. Nature Chemical Biology, 2013, 9(9):
579-585.

Grainger S, Richter J, Palazén R E, et al. Wnt9a is
required for
hematopoietic stem cells [J]. Cell Reports, 2016, 17(6):
1595-1606.

Luis T C, Weerkamp F, Naber B A E, ef al. Wnt3a defi-

ciency irreversibly impairs hematopoietic stem cell self-

the aortic amplification of nascent

renewal and leads to defects in progenitor cell differentia-
tion [J]. Blood, 2009, 113(3): 546-554.

Burda P, Laslo P, Stopka T. The role of PU. 1 and
GATA-1 transcription factors during normal and leuke-
mogenic hematopoiesis [J]. Leukemia, 2010, 24(7):
1249-1257.

Yang Y, Mumau M, Tober J, et al. Endothelial MEKK3-
KLF2/4 signaling integrates inflammatory and hemody-
namic signals during definitive hematopoiesis [J]. Blood,
2022, 139(19): 2942-2957.

Tarafdar A, Dobbin E, Corrigan P, et al. Canonical Wnt
signaling promotes early hematopoietic progenitor
formation and erythroid specification during embryonic
stem cell differentiation [J]. PLoS One, 2013, 8(11):
¢81030.

Liu Y, Huang D, Wang Z, et al. LMO2 attenuates tumor
growth by targeting the Wnt signaling pathway in breast
and colorectal cancer [J]. Scientific Reports, 2016(6):
36050.

Heinonen K M, Vanegas J R, Lew D, et al. Wnt4
enhances murine hematopoietic progenitor cell expan-
sion through a planar cell polarity-like pathway [J].
PLoS One, 2011, 6(4): €19279.

Yu H, Gao R, Chen S, et al. Bmil regulates Wnt signal-
ing in hematopoietic stem and progenitor cells [J]. Stem
Cell Reviews and Reports,2021(17): 2304-2313.

Schmid B, Fiirthauer M, Connors S A, et al. Equivalent
genetic roles for bmp7/snailhouse and bmp2b/swirl in
dorsoventral pattern formation [J]. Development, 2000,
127(5): 957-967.

Hild M, Dick A, Rauch G J, ef al. The smad5 mutation
Bmp2b
dorsoventral patterning of the zebrafish embryo [J].
Development, 1999, 126(10): 2149-2159.

Solnica-Krezel L, Stemple D L, Mountcastle-Shah E, et
al. Mutations affecting cell fates and cellular rearrange-

somitabun  blocks signaling during early

ments during gastrulation in zebrafish [J]. Development,
1996(123): 67-80.


https://doi.org/10.1038/s41586-023-06100-w
https://doi.org/10.1182/blood.2021011044
https://doi.org/10.1242/dev.097071
https://doi.org/10.1182/blood-2006-02-003087
https://doi.org/10.1016/j.cub.2008.07.048
https://doi.org/10.1038/nature07619
https://doi.org/10.1111/cpr.13490
https://doi.org/10.1126/science.1071549
https://doi.org/10.1016/0092-8674(87)90039-0
https://doi.org/10.1182/blood.2019003480
https://doi.org/10.1080/10409238.2017.1325828
https://doi.org/10.1080/10409238.2017.1325828
https://doi.org/10.1016/j.cell.2009.01.015
https://doi.org/10.1038/nchembio.1309
https://doi.org/10.1016/j.celrep.2016.10.027
https://doi.org/10.1182/blood-2008-06-163774
https://doi.org/10.1038/leu.2010.104
https://doi.org/10.1182/blood.2021013934
https://doi.org/10.1371/journal.pone.0081030
https://doi.org/10.1371/journal.pone.0019279
https://doi.org/10.1242/dev.127.5.957
https://doi.org/10.1242/dev.126.10.2149

2144

KR R

48 %

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

Winnier G, Blessing M, Labosky P A, et al. Bone
morphogenetic protein-4 is required for mesoderm
formation and patterning in the mouse [J]. Genes &
Development, 1995, 9(17): 2105-2116.

Nakayama N, Lee J, Chiu L. Vascular endothelial
growth factor synergistically enhances bone morpho-
genetic protein-4-dependent lymphohematopoietic cell
generation from embryonic stem cells in vitro [J]. Blood,
2000, 95(7): 2275-2283.

Aragon J W, Hirschi K K. Endothelial cell differentia-
tion and hemogenic specification [J]. Cold Spring
Harbor Perspectives in Medicine, 2022, 12(7): a041164.
McReynolds L J, Gupta S, Figueroa M E, ef al. Smadl
and Smad5 differentially regulate embryonic hemato-
poiesis [J]. Blood, 2007, 110(12): 3881-3890.

Marchione A D, Thompson Z, Kathrein K L. DNA
methylation and histone modifications are essential for
regulation of stem cell formation and differentiation in
zebrafish development [J]. Briefings in Functional
Genomics, 2021, 20(6): 378-393.

Shah R R, Koniski A, Shinde M, et al. Regulation of
primitive hematopoiesis by class I histone deacetylases
[J]. Developmental Dynamics, 2013, 242(2): 108-121.

Li X, Jia S, Wang S, et al. Mta3-NuRD complex is a
master regulator for initiation of primitive hematopoiesis
in vertebrate embryos [J]. Blood, 2009, 114(27): 5464-
5472.

Hu X, Li X, Valverde K, et al. LSD1-mediated epige-
netic modification is required for TAL1 function and
hematopoiesis [J]. Proceedings of the National Academy
of Sciences of the United States of America, 2009,
106(25): 10141-10146.

Guo Y, Fu X, Huo B, ef al. GATA2 regulates GATALI
expression through LSDI1-mediated histone modifica-
tion [J]. American Journal of Translational Research,
2016, 8(5): 2265.

Huang H T, Kathrein K L, Barton A, et al. A network of
epigenetic regulators guides developmental
haematopoiesis in vivo [J]. Nature Cell Biology, 2013,
15(12): 1516-1525.

Wang J, Yu X, Gong W, et al. EZH2 noncanonically
binds cMyc and p300 through a cryptic transactivation
domain to mediate gene activation and promote oncoge-
nesis [J]. Nature Cell Biology, 2022, 24(3): 384-399.
Mochizuki-Kashio M, Mishima Y, Miyagi S, et al.
Dependency on the polycomb gene Ezh2 distinguishes
fetal from adult hematopoietic stem cells [J]. Blood,
2011, 118(25): 6553-6561.

Zhong Y, Ye Q, Chen C, et al. Ezh2 promotes clock
function and hematopoiesis independent of histone
methyltransferase activity in zebrafish [J]. Nucleic Acids
Research, 2018, 46(7): 3382-3399.

Chen T, Ueda Y, Dodge J E, et al. Establishment and

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

maintenance of genomic methylation patterns in mouse
embryonic stem cells by Dnmt3a and Dnmt3b [J].
Molecular and Cellular Biology, 2003, 23(16): 5594-
5605.

Duymich C E, Charlet J, Yang X, et a/. DNMT3B
isoforms without catalytic activity stimulate gene body
methylation as accessory proteins in somatic cells [J].
Nature Communications, 2016(7): 11453.

Li Y, Abel H, Cai M, ef al. Rapid and accurate remethy-
lation of Dnmt3a deficient hematopoietic cells with
restoration of DNMT3A activity [J]. Blood, 2023,
142(Supplement 1): 4124.

Oldham T, Nowak B, Hvas M, et al. Metabolic and
functional impacts of hypoxia vary with size in Atlantic
salmon [J]. Comparative Biochemistry and Physiology
Part A, Molecular & Integrative Physiology, 2019(231):
30-38.

Long Y, Yan J, Song G, et al. Transcriptional events co-
regulated by hypoxia and cold stresses in zebrafish
larvae [J]. BMC Genomics, 2015, 16(1): 385.

Paul W J, Hamilton D P, Ostrovsky I, ef al. Catchment
land use and trophic state impacts on phytoplankton
composition: a case study from the Rotorua Lakes’
district, New Zealand [J]. Hydrobiologia, 2012, 698(1):
133-146.

Roesner A, Mitz S A, Hankeln T, et al. Globins and
hypoxia adaptation in the goldfish, Carassius auratus
[J]. The FEBS Journal, 2008, 275(14): 3633-3643.
Arnaudov A, Arnaudova D. Erythrocytes and
Hemoglobin of Fish: Potential Indicators of Ecological
Biomonitoring [M]. Animal Models and Experimental
Research in Medicine. Britian: IntechOpen, 2022: 1-12.
Timmerman C M, Chapman L J. Behavioral and physio-
logical compensation for chronic hypoxia in the sailfin
molly (Poecilia latipinna) [J]. Physiological and Bio-
chemical Zoology, 2004, 77(4): 601-610.

Person Le Ruyet J, Boeuf G, Zambonino Infante J, et al.
Short-term physiological changes in turbot and seabream
juveniles exposed to exogenous ammonia [J]. Compara-
tive Biochemistry and Physiology Part A, Molecular &
Integrative Physiology, 1998, 119(2): 511-518.

Rutjes H A, Nieveen M C, Weber R E, et al. Multiple
strategies of Lake Victoria cichlids to cope with lifelong
hypoxia include hemoglobin switching [J]. American
Journal of Physiology Regulatory, Integrative and
Comparative Physiology, 2007, 293(3): R1376-R1383.
Lei Y, Yang L, Zhou Y, et al. Hb adaptation to hypoxia
in high-altitude fishes: fresh evidence from schizotho-
racinae fishes in the Qinghai-Tibetan Plateau [J]. Inter-
national  Journal Macromolecules,
2021(185): 471-484.

van den Thillart G, Wilms I, Nieveen M, et al. Hypoxia-
induced changes in hemoglobins of Lake Victoria cich-

of Biological


https://doi.org/10.1182/blood.V95.7.2275
https://doi.org/10.1101/cshperspect.a041164
https://doi.org/10.1101/cshperspect.a041164
https://doi.org/10.1182/blood-2007-04-085753
https://doi.org/10.1002/dvdy.23906
https://doi.org/10.1182/blood-2009-06-227777
https://doi.org/10.1038/ncb2870
https://doi.org/10.1038/s41556-022-00850-x
https://doi.org/10.1182/blood-2011-03-340554
https://doi.org/10.1093/nar/gky101
https://doi.org/10.1093/nar/gky101
https://doi.org/10.1128/MCB.23.16.5594-5605.2003
https://doi.org/10.1186/s12864-015-1560-y
https://doi.org/10.1007/s10750-012-1147-4
https://doi.org/10.1111/j.1742-4658.2008.06508.x
https://doi.org/10.1086/421754
https://doi.org/10.1086/421754
https://doi.org/10.1086/421754
https://doi.org/10.1152/ajpregu.00536.2006
https://doi.org/10.1152/ajpregu.00536.2006
https://doi.org/10.1152/ajpregu.00536.2006
https://doi.org/10.1152/ajpregu.00536.2006
https://doi.org/10.1152/ajpregu.00536.2006
https://doi.org/10.1152/ajpregu.00536.2006

12 4 MR & R RUNZI A0 R & 5 PUS IR T AT S ik e 2145
lids [J]. The Journal of Experimental Biology, 2018, inducible factor alpha genes in zebrafish [J]. Gene, 2014,

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

(82]

(83]

[84]

[85]

221(Pt 17): jeb177832.

Pan Y K, Ern R, Morrison P R, ef al. Acclimation to
prolonged hypoxia alters hemoglobin isoform expres-
sion and increases hemoglobin oxygen affinity and aero-
bic performance in a marine fish [J]. Scientific Reports,
2017, 7(1): 7834.

Schonenberger M J, Kovacs W J. Hypoxia signaling
pathways: modulators of oxygen-related organelles [J].
Frontiers in Cell and Developmental Biology, 2015(3):
42.

Corrado C, Fontana S. Hypoxia and HIF signaling: one

axis with divergent effects [J]. International Journal of

Molecular Sciences, 2020, 21(16): 5611.

Lee P, Chandel N S, Simon M C. Cellular adaptation to
hypoxia through hypoxia inducible factors and beyond
[J]. Nature Reviews Molecular Cell Biology, 2020,
21(5): 268-283.

Taylor C T, Scholz C C. The effect of HIF on
metabolism and immunity [J]. Nature Reviews Nephro-
logy, 2022, 18(9): 573-587.

Koblitz L, Fiechtner B, Baus K, et al. Developmental
expression and hypoxic induction of hypoxia inducible
transcription factors in the zebrafish [J]. PLoS One,
2015, 10(6): e0128938.

Zhan Y, Ning B, Sun J, et al. Living in a hypoxic world:
a review of the impacts of hypoxia on aquaculture [J].
Marine Pollution Bulletin, 2023(194): 115207.

Lin Y, Miao L H, Liu B, et al. Molecular cloning and
functional characterization of the hypoxia-inducible
factor-1a in bighead carp (Aristichthys nobilis) [J]. Fish
Physiology and Biochemistry, 2021, 47(2): 351-364.
LiHL, GuXH, Li BJ, ef al. Characterization and func-
tional analysis of hypoxia-inducible factor HIFla and its
inhibitor HIFlan in tilapia [J]. PLoS One, 2017, 12(3):
¢0173478.

Terova G, Rimoldi S, Cora S, et al. Acute and chronic
hypoxia affects HIF-1a mRNA levels in sea bass (Dicen-
trarchus labrax) [J]. Aquaculture, 2008, 279(1/2/3/4):
150-159.

Shen R J, Jiang X Y, PuJ W, et al. HIF-1a and-2a genes
in a hypoxia-sensitive teleost species Megalobrama
amblycephala: cDNA cloning, expression and different
responses to hypoxia [J]. Comparative Biochemistry and
Physiology Part B, Biochemistry and Molecular Biology,
2010, 157(3): 273-280.

Ding Z, Sun P, Hua X, et al. mRNA expression of select
hypoxia-inducible genes and apoptotic control genes in
zebrafish ex-posed to hypoxia during development [J].
Polish Journal of Environmental Studies, 2013, 22(2):
357-365.

Rytkénen K T, Prokkola J M, Salonen V, et al. Tran-

scriptional divergence of the duplicated hypoxia-

[86]

[87]

[88]

[89]

[90]

o1

[92]

[93]

[94]

[95]

[96]

[97]

541(1): 60-66.

Robertson C E, Wright P A, K&blitz L, ef al. Hypoxia-
inducible factor-1 mediates adaptive developmental plas-
ticity of hypoxia tolerance in zebrafish, Danio rerio [J].
Proceedings of the Royal Society B: Biological Sciences,
2014, 281(1786): 20140637.

Gerri C, Marass M, Rossi A, et al. Hif-1a and Hif-2a
regulate hemogenic endothelium and hematopoietic stem
cell formation in zebrafish [J]. Blood, 2018, 131(9): 963-
973.

Chung HY, Lin B A, Lin Y X, et al. Meisl, Hila, and
GATALI are integrated into a hierarchical regulatory
network to mediate primitive erythropoiesis [J]. FASEB
Journal, 2021, 35(10): e21915.

Li X, Zhang M, Ling C, et al. Molecular characteriza-
tion and response of prolyl hydroxylase domain (PHD)
genes to hypoxia stress in Hypophthalmichthys molitrix
[J]. Animals, 2022, 12(2): 131.

YuY, He J, Liu W, et al. Molecular characterization and
functional analysis of hypoxia-responsive factor prolyl
hydroxylase domain 2 in mandarin fish (Siniperca
chuatsi) [J]. Animals, 2023, 13(9): 1556.

Wang H, Huang C, Chen N, et al. Molecular characteri-
zation and mRNA expression of HIF-prolyl hydroxy-
lase-2 (phd2) in hypoxia-sensing pathways from Mega-
lobrama amblycephala [J]. Comparative Biochemistry
and Physiology Part B, Biochemistry & Molecular Bio-
logy, 2015(186): 28-35.

Appelhoff R J, Tian Y M, Raval R R, et al. Differential
function of the prolyl hydroxylases PHD1, PHD2, and
PHD3 in the regulation of hypoxia-inducible factor [J].
Journal of Biological Chemistry, 2004, 279(37): 38458-
38465.

Wu Y, Li Z, McDonough M A, ef al. Inhibition of the
oxygen-sensing asparaginyl hydroxylase factor inhibit-
ing hypoxia-inducible factor: a potential hypoxia
response modulating strategy [J]. Journal of Medicinal
Chemistry, 2021, 64(11): 7189-7209.

Geng X, Feng J, Liu S, et al. Transcriptional regulation
of hypoxia inducible factors alpha (HIF-a) and their
inhibiting factor (FIH-1) of channel catfish (Ictalurus
punctatus) under hypoxia [J]. Comparative Biochemistry
and Physiology Part B, Biochemistry & Molecular Bio-
logy, 2014(169): 38-50.

Pelster B, Egg M. Hypoxia-inducible transcription
factors in fish: expression, function and interconnection
with the circadian clock [J]. The Journal of Experimen-
tal Biology, 2018, 221(Pt 13): jeb163709.

Yamazaki S, Souma T, Hirano I, et al. A mouse model
of adult-onset anaemia due to erythropoietin deficiency
[J]. Nature Communications, 2013(4): 1950.

Suzuki N. Erythropoietin gene expression: developmen-


https://doi.org/10.1038/s41598-017-07696-6
https://doi.org/10.3390/ijms21165611
https://doi.org/10.3390/ijms21165611
https://doi.org/10.1038/s41580-020-0227-y
https://doi.org/10.1038/s41581-022-00587-8
https://doi.org/10.1038/s41581-022-00587-8
https://doi.org/10.1038/s41581-022-00587-8
https://doi.org/10.1371/journal.pone.0128938
https://doi.org/10.1007/s10695-020-00917-2
https://doi.org/10.1007/s10695-020-00917-2
https://doi.org/10.1371/journal.pone.0173478
https://doi.org/10.1016/j.cbpb.2010.06.013
https://doi.org/10.1016/j.cbpb.2010.06.013
https://doi.org/10.1016/j.cbpb.2010.06.013
https://doi.org/10.1016/j.cbpb.2010.06.013
https://doi.org/10.1016/j.cbpb.2010.06.013
https://doi.org/10.1016/j.gene.2014.03.007
https://doi.org/10.1098/rspb.2014.0637
https://doi.org/10.1098/rspb.2014.0637
https://doi.org/10.1098/rspb.2014.0637
https://doi.org/10.1098/rspb.2014.0637
https://doi.org/10.1182/blood-2017-07-797795
https://doi.org/10.3390/ani12020131
https://doi.org/10.3390/ani13091556
https://doi.org/10.1074/jbc.M406026200
https://doi.org/10.1021/acs.jmedchem.1c00415
https://doi.org/10.1021/acs.jmedchem.1c00415

2146

KR W)

Eird 48 %

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

tal-stage specificity, cell-type specificity, and hypoxia
inducibility [J]. The Tohoku Journal of Experimental
Medicine, 2015, 235(3): 233-240.

Paffett-Lugassy N, Hsia N, Fraenkel P G, et al. Func-
tional conservation of erythropoietin signaling in
zebrafish [J]. Blood, 2007, 110(7): 2718-2726.

Wu H, Liu X, Jaenisch R, et al. Generation of commit-
ted erythroid BFU-E and CFU-E progenitors does not
require erythropoietin or the erythropoietin receptor [J].
Cell, 1995, 83(1): 59-67.

Kulkeaw K, Sugiyama D. Zebrafish erythropoiesis and
the utility of fish as models of anemia [J]. Stem Cell
Research & Therapy, 2012, 3(6): 55.

Gordeuk V R, Stockton D W, Prchal J T. Congenital
polycythemias/erythrocytosis [J]. Haematologica, 2005,
90(1): 109-116.

Kim A R, Ulirsch J C, Wilmes S, et al. Functional selec-
tivity in cytokine signaling revealed through a
pathogenic EPO mutation [J]. Cell, 2017, 168(6): 1053-
1064. el5.

Zhao W, Kitidis C, Fleming M D, et al. Erythropoietin
stimulates phosphorylation and activation of GATA-1
via the Pl3-kinase/AKT signaling pathway [J]. Blood,
2006, 107(3): 907-915.

Deindl P, Klar M, Drews D, et al. Mice over-expressing
that
enhances expression of its receptor via up-regulated
Gatal and Tall [J]. haematologica, 2014, 99(10): ¢205-
€207.

Ji J F, Hu C B, Shao T, et al. Differential immune
responses of immunoglobulin Z subclass members in

human erythropoietin indicate erythropoietin

antibacterial immunity in a zebrafish model [J].
Immunology, 2021, 162(1): 105-120.

Mahapatra S, Ganguly B, Pani S, ef al. Red blood cells
of Labeo rohita express Toll-like receptors, NOD-like
receptors, interleukins, and interferon-I in response to
Gram-negative bacterial infections and lipopolysaccha-
ride stimulations [J]. Journal of Fish Biology, 2023,
103(3): 496-506.

Shen Y, Wang D, Zhao J, et al. Fish red blood cells
express immune genes and responses [J]. Aquaculture
and Fisheries, 2018, 3(1): 14-21.

Ning X, Sun L. Gene network analysis reveals a core set
of genes involved in the immune response of Japanese
flounder (Paralichthys olivaceus) against Vibrio anguil-
larum infection [J]. Fish & Shellfish Immunology,
2020(98): 800-809.

Hernandez-Cabanyero C, Sanjuan E, Reyes-Lopez F E,
et al. A transcriptomic study reveals that fish vibriosis
due to the zoonotic pathogen Vibrio vulnificus is an
acute inflammatory disease in which erythrocytes may
play an important role [J]. Frontiers in Microbiology,
2022(13): 852677.

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Puente-Marin S, Thwaite R, Mercado L, et al. Fish red
blood cells modulate immune genes in response to bacte-
rial inclusion bodies made of TNFa and a G-VHSV frag-
ment [J]. Frontiers in Immunology, 2019(10): 1055.
Nombela I, Carrion A, Puente-Marin S, et al. Infectious
pancreatic necrosis virus triggers antiviral immune
response in rainbow trout red blood cells, despite not
being infective [J]. F1000Research, 2017(6): 1968-1968.
Nombela I, Lopez-Lorigados M, Salvador-Mira M E, et
al. Integrated transcriptomic and proteomic analysis of
red blood cells from rainbow trout challenged with
VHSYV point towards novel immunomodulant targets [J].
Vaccines, 2019, 7(3): 63.

Siegel I, Liu T L, Gleicher N. The red-cell immune
system [J]. Lancet, 1981, 2(8246): 556-559.

Dahle M K, Wessel @, Timmerhaus G, et al. Transcrip-
tome analyses of Atlantic salmon (Salmo salar L.)
erythrocytes infected with piscine orthoreovirus (PRV)
[J]. Fish & Shellfish Immunology, 2015, 45(2): 780-790.
Puente-Marin S, Nombela I, Ciordia S, et al. In silico
functional networks identified in fish nucleated red
blood cells by means of transcriptomic and proteomic
profiling [J]. Genes, 2018, 9(4): 202.

Xu C, He J, Wang H, et al. Single-cell transcriptomic
analysis identifies an immune-prone population in
erythroid precursors during human ontogenesis [J].
Nature Immunology, 2022, 23(7): 1109-1120.

Maritska Z, Hidayat R. The role of pattern recognition
receptor (PRR) in the body’s defense system: a narrative
literature review [J]. Open Access Indonesian Journal of
Medical Reviews, 2023, 3(2): 365-368.

Rodriguez M F, Wiens G D, Purcell M K, et al. Charac-
terization of Toll-like receptor 3 gene in rainbow trout
(Oncorhynchus  mykiss) [J]. 2005,
57(7): 510-519.

Wessel @, Olsen C M, Rimstad E, et al. Piscine orthore-
ovirus (PRV) replicates in Atlantic salmon (Salmo salar

Immunogenetics,

L.) erythrocytes ex vivo [J]. Veterinary Research,
2015(46): 26.

Castro R, Jouneau L, Tacchi L, et al. Disparate develop-
mental patterns of immune responses to bacterial and
viral infections in fish [J]. Scientific Reports, 2015(5):
15458.

Jeney V. Pro-inflammatory Actions of Red Blood Cell-
derived DAMPs [M].
Therapeutic Implications. Cham: Springer, 2018: 211-
233.

Mendongca R, Silveira A A A, Conran N. Red cell
DAMPs and inflammation [J]. Inflammation Research,
2016, 65(9): 665-678.

Workenhe S T, Kibenge M J T, Wright G M, et al.
Infectious salmon anaemia virus replication and induc-

Inflammasomes: Clinical and

tion of alpha interferon in Atlantic salmon erythrocytes


https://doi.org/10.1620/tjem.235.233
https://doi.org/10.1620/tjem.235.233
https://doi.org/10.1182/blood-2006-04-016535
https://doi.org/10.1016/0092-8674(95)90234-1
https://doi.org/10.1182/blood-2005-06-2516
https://doi.org/10.3324/haematol.2014.104844
https://doi.org/10.1111/imm.13269
https://doi.org/10.1111/jfb.15465
https://doi.org/10.1016/j.aaf.2018.01.001
https://doi.org/10.1016/j.aaf.2018.01.001
https://doi.org/10.3390/vaccines7030063
https://doi.org/10.3390/genes9040202
https://doi.org/10.1038/s41590-022-01245-8
https://doi.org/10.1007/s00251-005-0013-1
https://doi.org/10.1007/s00011-016-0955-9

12 4 V= e e e S AR - SRS AR RN A ST i 4

2147

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[J]. Virology Journal, 2008(5): 36.

Puente-Marin S, Nombela I, Chico V, et al. Rainbow
trout erythrocytes ex vivo transfection with a DNA
vaccine encoding VHSV glycoprotein G induces an
antiviral immune response [J]. Frontiers in Immunology,
2018(9): 2477.

Morera D, Roher N, Ribas L, et a/. RNA-Seq reveals an
integrated immune response in nucleated erythrocytes
[J]. PLoS One, 2011, 6(10): €26998.

Liao Z, Wan Q, Yuan G, ef al. The systematic identifica-
tion and mRNA expression profiles post viral or bacte-
rial challenge of complement system in grass carp
Ctenopharyngodon idella [J). Fish & Shellfish Immuno-
logy, 2019(86): 107-115.

Schraml B, Baker M A, Reilly B D. A complement
receptor for opsonized immune complexes on erythro-
cytes from Oncorhynchus mykiss but not Ictalarus punc-
tatus [J]. Molecular Immunology, 2006, 43(10): 1595-
1603.

Passantino L, Altamura M, Cianciotta A, et al. Fish
immunology. I. Binding and engulfment of Candida
albicans by erythrocytes of rainbow trout (Salmo gaird-
Richardson) [J]. Immunopharmacology
Immunotoxicology, 2002, 24(4): 665-678.

Chico V, Puente-Marin S, Nombela I, et al. Shape-
shifted red blood cells: a novel red blood cell stage [J]?
Cells, 2018, 7(4): 31.

Qin Z, Vijayaraman S B, Lin H, er al. Antibacterial
activity of erythrocyte from grass carp (Ctenopharyn-

neri and

godon idella) is associated with phagocytosis and reac-
tive oxygen species generation [J]. Fish & Shellfish
Immunology, 2019(92): 331-340.

Xu Z, Yang Y, Sarath Babu V, et al. The antibacterial
activity of erythrocytes from Clarias fisscus associated
with phagocytosis and respiratory burst generation [J].
Fish & Shellfish Immunology, 2021(119): 96-104.

Chen H, Yuan G, Su J, et al. Hematological analysis of
Ctenopharyngodon idella, Megalobrama amblycephala
ultrastruc-
ture, cytochemistry and quantification of peripheral
blood cells [J]. Fish & Shellfish Immunology, 2019(90):
376-384.

Gao J H, Zhao J L, Yao X L, et al. Identification of
antimicrobial peptide genes from transcriptomes in

and Pelteobagrus fulvidraco: Morphology,

Mandarin fish (Siniperca chuatsi) and their response to
infection with Aeromonas hydrophila [J]. Fish & Shell-

fish Immunology, 2024(144): 109247.

Kamble M T, Chaiyapechara S, Salin K R, ef al. Guava
and Star gooseberry leaf extracts improve growth perfor-
mance, innate immunity, intestinal microbial commu-
nity, and disease resistance in Nile tilapia (Oreochromis
niloticus) against Aeromonas hydrophila [J]. Aquacul-
ture Reports, 2024(35): 101947.

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

Lin H, Xiao L, Yang M, et al. Identification of deletion
type of infectious salmon anaemia virus (ISAV-HPRA)
from imported iced Atlantic salmon flesh [J]. Chinese
Journal of Veterinary Science, 2020, 40(10): 1942-1946.
DPRAE, EB%, BT, S, 32F O UK K G e fik £ mp ik 7Y
A& Yt 40 23 R B2 (ISAV-HPRA) X 5 [1]. FHE
BARE R, 2020, 40(10): 1942-1946.]

Jorgovanovic D, Song M, Wang L, et al. Roles of [FN-y
in tumor progression and regression: a review [J].
Biomarker Research, 2020(8): 1-16.

LaPatra S E, Barone L, Jones G R, et al. Effects of infec-
tious hematopoietic necrosis virus and infectious panc-
reatic necrosis virus infection on hematopoietic precur-
sors of the zebrafish [J]. Blood Cells, Molecules &
Diseases, 2000, 26(5): 445-452.

Phelan P E, Pressley M E, Witten P E, ef al. Characteri-
zation of snakehead rhabdovirus infection in zebrafish
(Danio rerio) [J]. Journal of Virology, 2005, 79(3):
1842-1852.

Katzenback B A, Karpman M, Belosevic M. Distribu-
tion and expression analysis of transcription factors in
tissues and progenitor cell populations of the goldfish
(Carassius auratus L.) in response to growth factors and
pathogens [J]. Molecular Immunology, 2011, 48(9/10):
1224-1235.

McAllister M, Phillips N, Belosevic M. Trypanosoma
carassii infection in goldfish (Carassius auratus L.):
changes in the expression of erythropoiesis and anemia
regulatory genes [J]. Parasitology Research, 2019,
118(4): 1147-1158.

Malik M S, Bjergen H, Dhamotharan K, et al. Erythroid
progenitor cells in Atlantic salmon (Salmo salar) may be
persistently and productively infected with piscine
orthoreovirus (PRV) [J]. Viruses, 2019, 11(9): 824.
Docan A, Grecu I, Dediu L. Use of hematological
parameters as assessment tools in fish health status [J].
Journal of Agrolimentary Processes and Technologies,
2018(24): 317-324.

Fazio F. Fish hematology analysis as an important tool
of aquaculture: a review [J]. Aquaculture, 2019(500):
237-242.

Cai X, Zhou Z, Zhu J, et al. Zebrafish Hif3o. modulates
erythropoiesis via regulation of gatal to facilitate
hypoxia tolerance [J]. Development, 2020, 147(22):
dev185116.

LiuWY, Lin SH, Li LY, ef al. Zebrafish ELL-associ-
ated factors Eafl/2 modulate erythropoiesis via regulat-
ing gatala expression and WNT signaling to facilitate hy-
poxia tolerance [J]. Cell Regeneration, 2023, 12(1): 10.
LiL Y, Chen MY, Liu W Y, et al. Zebrafish cox17
modulates primitive erythropoiesis via regulation of
mitochondrial metabolism to facilitate hypoxia tolerance
[J]. FASEB Journal, 2022, 36(11): €22596.


https://doi.org/10.1371/journal.pone.0026998
https://doi.org/10.1016/j.molimm.2005.09.014
https://doi.org/10.1081/IPH-120016050
https://doi.org/10.1081/IPH-120016050
https://doi.org/10.3390/cells7040031
https://doi.org/10.1128/JVI.79.3.1842-1852.2005
https://doi.org/10.3390/v11090824
https://doi.org/10.1186/s13619-022-00154-3
https://doi.org/10.1096/fj.202200829R

2148 K& A& Y ¥ 48 %

[147] van Rooijen E, Voest E E, Logister 1, et al. Zebrafish Atlantic salmon population [J]. Marine Genomics,
mutants in the von Hippel-Lindau tumor suppressor 2016(26): 41-50.
display a hypoxic response and recapitulate key aspects [154] Lopez M E, Linderoth T, Norris A, et al. Multiple selec-
of Chuvash polycythemia [J]. Blood, 2009, 113(25): tion signatures in farmed Atlantic salmon adapted to
6449-6460. different environments across hemispheres [J]. Fron-
[148] Lindeboom R G H, Worlock K B, Dratva L M, et al. tiers in Genetics, 2019(10): 901.

Human SARS-CoV-2 challenge uncovers local and [155] Rytkénen K T, Akbarzadeh A, Miandare H K, ef al.
systemic response dynamics [J]. Nature, 2024,

631(8019): 189-198.

[149] Gui J F. Chinese Wisdom and Modern Innovation of
Aquaculture [J]. Water Biology and Security, 2024:
100271.

[150] Nie C, Wan S, Chen Y, et al. Loss of scleraxis leads to
distinct reduction of mineralized intermuscular bone in
zebrafish [J]. Aquaculture and Fisheries, 2021, 6(2):
169-177.

[151] Shi X, Yuan S, Ma X, et al. Analysis of relationship
between growth traits and feed conversion ratio provides

Subfunctionalization of cyprinid hypoxia-inducible
factors for roles in development and oxygen sensing [J].
Evolution, 2013, 67(3): 873-882.

[156] Wang C, Yang L, Lu Y, et al. Genomic features for
adaptation and evolutionary dynamics of four major
Asian domestic carps [J]. Science China Life Sciences,
2024, 67(6): 1308-1310.

[157] Lopez M E, Benestan L, Moore J S, et al. Comparing
genomic signatures of domestication in two Atlantic
salmon (Salmo salar L.) populations with different
geographical origins [J]. Evolutionary Applications,
2019, 12(1): 137-156.

insights into aquaculture and breeding of largemouth
bass Micropterus salmoides [J]. Aquaculture, 2024:

741352. [158] Beall C M, Brittenham G M, Strohl K P, et al
[152] JinY H, Robledo D, Hickey J M, ef al. Surrogate brood- Hemoglobin concentration of high-altitude Tibetans and

stock to enhance biotechnology research and applica- Bolivian Aymara [J]. American Journal of Physical

tions in aquaculture [J]. Biotechnology Advances, Anthropology, 1998, 106(3): 385-400.

2021(49): 107756. [159] Chiaramonte L, Munson D, Trushenski J. Climate
[153] Gutierrez A P, Yafiez J M, Davidson W S. Evidence of change and considerations for fish health and fish health

recent signatures of selection during domestication in an professionals [J]. Fisheries, 2016, 41(7): 396-399.

RESEARCH PROGRESS ON EARLY STAGES ERYTHROGENESIS AND STRESS
RESISTANCE TRAITS FORMATION IN FISH

CHEN Hui-Ke', SHEN Zheng’, LIU Si-Yao' and LIU Jing-Xia’

(1. College of Life Science and Technology, Huazhong Agricultural University, Wuhan 430070, China; 2. College of Fisheries,
Huazhong Agricultural University, Wuhan 430070, China)

Abstract: The cultivation of new fish species with advantage traits, such as hypoxia tolerance (resistance to abiotic
adversity), disease resistance (resistance to biotic adversity), and lower stress responses, is crucial for solving the prob-
lems in intensive aquaculture, particularly in facility-based and high-density systems. The hematopoietic system is
crucial for maintaining the normal life activities of fish. Erythrocytes, which are involved in the transport of oxygen and
nutrients as well as in the immune defense, play vital roles in regulating biological processes related to disease resis-
tance and hypoxia tolerance. By focusing on erythrogenesis in fish, this review elaborates on the physiological func-
tions of fish erythrocytes in terms of oxygen transport and immunity. It highlights the adaptive regulating mechanisms
of erythrogenesis under adversity stresses, and focuses on the molecular mechanisms in regulating erythropoiesis. This
review discusses the fundamental research on the genetic basis of stress resistance in fish, from the perspective of
erythrogenesis development, providing important insights into the theoretical basis for creating new germplasm
resources with enhanced stress resistance for aquaculture.

Key words: Hematopoietic system; Erythrogenesis; Red blood cell immunity; Hypoxia tolerance; Disease resistance;
Environmental stress; Resistance breeding
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