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WA, M TEBEFRAENFAMEFIRATERER . LFX,

DNA H 310 By #F58 B %,

HIEFBET K EHE, wE\tfh%*é&zza&%%ﬂmruﬂﬂéﬁ%ﬁwﬁﬂ%%ﬁfﬁz/%ﬂ%ﬁo
AU 2k DNA W 3L R A 422 3 b DL RCFRSE B F % DNA B 3Ly Bl & 7 W at AT 4 7
HARKWF R T M BE, UM &K DNA FREMNENTRE NARESE,
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hESEE S963  CEKERIEFE A

DNA A A A P o 2 1) e W st % 2 A 4
BUH, AT DATEAS SO P 50 (B 0 T, 38 4o o3 e
RN AR, T 235 0 DA I8 15 R DR 2 AR 1, DA A 7
K ZH 31 fiE(Niederhuth et al, 2016; MWi/NEFZE, 2023), i
4EK, DNA HEAL B 78 BE 22 LU S AMRBON 55 U801
Sz BIWEEE M F (Onabote et al, 2022; Leiva et al,
2021; Wang N et al, 2020; Zhao et al, 2021; Zhu et al,
2021), WH5E3RW], DNA HIEALTE S iy B R R A
7BLRGEE . AREE . MIRAK . IR 6 Bk
PEAL 55 7 T & 5 T5 B4 H (Angeloni et al, 2024; Xiong
et al, 2018; Hu et al, 2020; Zhang Y Q et al, 2017,
Wang X et al, 2020; Liu et al, 2020; # 3CI4, 2021); [F]
B, EE . FAE . PURNE | E SRR RN R R
B F 2350 DNA HEA IR E - (Hu F et al,
2021; Gao et al, 2020; Zhang et al, 2014; Kho et al,
2024; Wood et al, 2016; Liu et al, 2014; Saito et al,
2022; Lin et al, 2023), AICHEA T 028 DNA 4L
PR | FEAE WS DR A AT B DL B AR R X
DNA AL Ry a5 55 2 05 i i se i e, LA fa

* Y 4 T ARRH TR (ZDKI2021017)F1 E 5 B SRRl
Email: huanghai74@126.com

O#EfEEE. # #, P,
WokE H 3 2024-05-22, Wefs oiofE H3: 2024-08-19

DNA ¥ 31, @k, £4Fhd; FERET
NEHE  2095-9869(2025)04-0001-18

2k DNA H AL F I8 S = it S
1 a3 DNA HEiER

11 REASEREL

DNA *?ﬁﬂ:%?"*f DNA 43 H i i B 5L AT 7Y
A, P EE AR E DNA HUEE L (DNA
methyltransferase, DNMT)#4 %% 5] DNA W5 g (C) 5% 3
e, AT DR AR R PR SRR N A 23 ek AR FE PR 81 (Jones
et al, 2012; Blondeau-Bidet et al, 2023), fEfiZEH,
DNA HBALAA/E T 3 Fh C 85 : CG.CHG 1 CHH
(H 2Br SIS G DIAMOIEMm3E), Hrf, DNA H
Ak FE A ETE CG AN [(Zhou H et al, 2019; Yang
etal,2022), 5 CG i i F HAL(mCG)HH I, CHG Al
CHH 7 sl iy W B AL R E M 2. Fln, fEF M
(Ctenopharyngodon idella)™, CG i ;5 1 H 3 Ak Jifg ms
WE K 98.21%~98.22%, Il CHG I CHH {3 5343 51 A
1.40%~1.41%FH1 0.37%~0.39% (He et al, 2022), & H:
fbfazirh, CG fifi5 CHG F1 CHH £ i H 34kt

$42(32160861)3L:[H ¥ Bl .
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FETE ARG B (Li L et al, 2022; Yao et al, 2022).,
FH AL 2 TS B H LB T DNA 22
B H LS AT ) B . DNA - 25 HE AR 43 9k sl
F3 DNA AW HAL . 7ERsh AW ik, W Y
DNA 7E i 22 1) 52 il JA W b i 7 44 P A A =0y
DNA FEAL G # g sl 35 A il [N 712 AR PHD FIER
F845#I I 1 (ubiquitin-like protein containing PHD and
RING finger domains 1, uhrf1)A% 2% 15 5% HE i 2=
34k (Onabote ez al, 2022) (K 1A), i35 DNA £ H

A3 LTI LAY LY LT
Methyl group
DNMT1 and UHRF1 is

Replication inactivated or is rejected
by the nucleus
5 - Y ° o 1
P AR R RN AR IRAR AR
5
PR AR FUIRERIRRPRRR N
Replication
5 . ' -
SRR AR RN RN NN
5 . . R
O R AR RN FUINAR RPN R
IR RN RN R IR NN AN N
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AL e

Passive demethylation

e Ak 3 B2 ) 2 7E XN 48 B (ten-eleven-translocation,
TET123)/EHF, Jc# DNA 5-H JL M IE(SmC) %A
PR, 5-32 FP B Mg M E (ShmC), - IR W5 5 DNA
AL (thymine DNA glycosylase, TDG)/EH FYIBR,
FE 8 R 2248 i 1) A e A e, DA T 52 B 25 TR Ak
(Zeng et al, 2019; Xu et al, 2023; Banks et al, 2021)
(Kl 1B). BEEff(Danio rerio)itJiarh, TET2 #l TET3
Je FERY SmC WA, FTLLK SmC A L ShmC
(Li et al, 2015).
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The catalytic process of active demethylation

K1 EHRAer it e
Fig.1 The catalytic process of demethylation

1.2 BHEAHEBEE

FEAYIIRN, DNA H SRS Bl g i A Ak HY 38 A
S- i H A% % R (S-adenosylmethionine, SAM)#% %% %]
H:W15rF I(DNA | RNA | i H R FI/N3F) (Fontecave
et al, 2004; Gade et al, 2023), fEfa 25, DNA H 34k
MMM AR TR . PR . WLNSEF 2 a0 fn gl
21 (Zhou et al, 2021; Xiong et al, 2018; 1A,
2021; Pan et al, 2021; Liu et al, 2014), 12 DNA %t
RS REFP 2R E L | 45 2 N [FJH DNMT1 (DNMTla
1 DNMT1b). 1 /> DNMT2 #1 8 Fh[a]Ji DNMT3,
DNMT3 [AIJEEE N E 2%, {H34k DNMT3a Fi
DNMT3b 1452 & [EJR (Rai et al, 2007; Campos et al,
2012; Lai et al, 2020; Tang et al, 2022; Lallias et al,
2021; Wang et al, 2018), DNMT1 1] L4k 43 41 ig A
DNA H LAk (Magnani ef al, 2021), DNMT2 A L4
FEAL 3 N B R 7 SAM G R 3 40 i 3 (RNA i 35

BEFRILN) 5 SR T b, SAM 5578 S-JIRAF 2k e
22 (SAH) (Alata Jimenez et al, 2023; Jeltsch et al,
2017), DNMT3 J& k5 DNA H SR, 22—
FRE A H 3L fk DNA BIRAYTE OL T4 DNA H 3k
Ka bR iC B0 B B, ¥ R B 2R E )
i3 #(Zhou R et al, 2019; Chen et al, 2011) (& 2), 1E7
% (Oryzias latipes)™', DNA H JEiE T DNMT3bb1 §%
R 2 fumz g R 5 I, I3 5 DNMT1 R 247 B0 BF 20 g
BRI 24 2= IR A B A DNA HEkEE, &5
W TET AR 2B 5 (Wang X G er al, 2020),
FEBE D, DNMT?2 i3 t(RNA F Ak R 8 2 A ¢
FEH R, TR B T £ I L R A )
B % B (Rai et al, 2007) (Kl 3). FE fa(Siniperca
chuatsiyF, WEM T dnme2 FERLENIG & B H 95
35 (Zhou et al, 2021), X EEWFFT 45 L ] DNA H 3t
R R B h R R E AR
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Fig.2 The catalytic process of DNMT1 and DNMT3

25 DNA HIEFRE RGN Y Fh 22 5, HAE AL
A AR D). 7EML 8 (Oncorhynchus mykiss)H ,
Fk DNMT2 #b, DNMTI1, DNMT3 LS 10 Ff
DNMTs, & R4 EH k2 nads, HIRERYS
fh, JL%F 1 DNMT1, DNMT2 ., DNMT3bbl .
DNMT3bb2, DNMT3bb3, DNMT3ab, DNMT3ba #
DNMT3aa 8 # DNMTs, 11ij K P4 Pk f(Clupea harengus)
{452 ] —Fh DNMT3a DNA W 34k E6 460G, & Bl
KR/, BRI MaZT, DNA HJE
RSB R RIS FECE A T 2= S, (BT A AP 2R
DNA FIEEERSRE, HAR~PHEAR R S (& 4 FIA 5),

2 £33 DNA RELHEMFINGEE

2.1 DNA BEULEEERIEZFE

DNA Ak J&—F 2 A0 S W s AL R4 HL
EA BT AN R N D) BB (Simo-Mirabet et al,
2020). DNA H Ak fifi £0 24 BEAE TORS fff 7 3 R 36
3K, DL AR 3 EE K R (Wang et al, 2008), 25 H

FAL(DM) CpG i 5 [ I (C) B R (p)— 2 15214 (G)]
WL AR R, kS S5AMH T . WAL
PEEE L AN E L R B AR A AR ) R R R R S AR
F1 ) % 7E (Salem et al, 2022), DNA H (44T 5
DNA % DNA F gL & DNA 5 RNA ([ i)
MHEAER M X R AR, T 45 L P 3R 3K (Jones
etal,2012), 7EBE L, DNA F LA i 345 JLRD
HIEMZS & EAMEAER, i RNA R4 5 DNA
gh 4y PR 3L K 223K (Faillace ef al, 2022) (K] 6A).
i PRI ST CpG &, MR AT LITER &
HZ P ER (Wang et al, 2008), DNA H B4k i 654
SIS BCA ], 722 SR KO b5 i i R 4 Rk 8 Y
(Liu et al, 2022) TE4% SRR 4R 07 53 (TSS) Bz i T 4k
SxBHWTE bR, H 7R SE PR A o B AL S BH TR 1R &
A fiie 22 ) S S Y ZE A (Jones et al, 2012) (& 6B C).
B ANFEAT 85 rf, 7E TSS PIA=1 kb N CpG i 4 & H
oAb 5 FE R ik m Y BRAR R IR/ R A OG, MR, 7E
FEPIA T IE+2 kb 2+10 kb X4, CpG 17 5 1Y 155 F 3
b 7K 5 5L PR 3R 3k 1 1 3G 52 B 55 A1 O€ (Salem
etal,2022),

2.2 DNA BHEWLKSHEBAE

R MIG K F UG TA2K 00, 24 ar R s HLS
TR Z — . DNA HIEARAE S —Rh Lg% 11,
FE A% 18 9 PR 9 3R 3K Gl /NIRAS:, 2023), X XA Pk
IR AT |« 51k 2 ¢ 5 2 (Andersen et al, 2012;
FMFEZE, 2017; Murphy et al, 2018), SHFLEH A,
Byt FUH IR SIG DN 16 20 M Bk S0 5 s 0] 28 s v 303 2 46
(mid-blastula transition, MBT), Z*% Bk 5 U1+
R DR PP R A 5 X 3 200 i 53 28402 W 6 T R A, T
FER Ry SR W AR UL, T Lt s R JIG P i R
ALK F 508G F 0 R AR KO AR Y (R 55 AR,
2017). Ross Z5(2023) HL BT 5T T 6 F1 7 BT b £ 24
2 W Jif 4 FE R 21 Y 346 (whole  genome bisulfite
sequencing, WGBS)E 15t & B, sZ 45 J5 IR i # ik
H AL AT 5 ACA AL KL, 7EFH B, 24
GIHT 4 YR OP 2440 ) 3 PR 4H AR T H AR AR BEAIG, i AL

o 53
% The expression Promote the
> of related genes development
7y
@
Methyl group

tRNA methylation in zebrafish

Kl 3 BELhfh (RNA HISLAL
Fig.3 tRNA methylation in zebrafish
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Tab.1 Different sets of DNMTs in fishes
1% Fish DNMTI DNMT2 DNMT3 Z:7% SCHR Reference
##J% H Cypriniformes
YW Danio rerio 1 1 6 Rai et al, 2007; Campos et al, 2012;
Lai et al, 2020; Tang et al, 2022
¥ Ctenopharyngodon idellus 1 1 2 Xiong et al, 2018
il Carassius auratus 1 0 1 Zhang et al, 2014
ML A Pimephales promelas 1 0 4 Wood et al, 2016
Y Gobiocypris rarus 1 0 3 Liu et al, 2014
Vel Misgurnus anguillicaudatus 1 0 4 R, 2021
A4 H Synbgranchiformes
T it Monopterus albus 0 0 4 Zhang Y Z et al, 2017
i} H Perciformes
SHUMEGR Siniperca chuatsi 1 0 5 Pan et al, 2021
Je X B ks Oreochromis niloticus 1 1 5 Wang et al, 2018
B 5 R Af Astatotilapia latifasciata 1 0 2 Cardoso et al, 2019
%% H Cyprinodontiformes
H#E Oryzias latipes 1 0 3 Wang et al, 2019
#¢J¥ H Pleuronectiformes
i Paralichthys olivaceus 1 1 Firmino et al, 2017
W H B Cynoglossus semilaevis 1 0 2 Wang N et al, 2021
filf}¥ H Clupeiformes
KGR Clupea harengus 0 Kho et al, 2024
TI% Coilia nasus 2 Gao et al, 2020
3 H Salmoniformes
KVGHAEE Salmo salar 1 2 Burgerhout et al, 2017
W8S Oncorhynchus mykiss 2 Liu et al, 2020; Lallias et al, 2021
#J% H Siluriformes
T gith Pelteobagrus fulvidraco 1 0 2 ELMFEESE 2019
#%5I2 H Gadiformes
KPGFEES 0 Gadus morhua 1 2 3 Reinardy et al, 2019

16 21 g 359 3] )5 IR 02 LW 89, DNA HT Ak 7K ~F- il
dnmt3bb.1 Fik 5% Wi = (Wang et al, 2019). 53 b,
R BT, DNA HI LR LIEdE A E , H
RS REMRBOEM S . B, FERES A, @lk
dnmtl 23 FEU"ENKEHREMIRGEDE, XS
G T IE YL (zygotic gene activation, ZGA)RIAENG
HE & CpG 9 1A H IS A K (Wu e al, 2021;
Angeloni et al, 2024), Vi _-#B16H] DNA H AR
PIIRIRIE# & B i G A

23 DNABELELEEE

P L5 A 8] 4 7 £ 288 B0 1 i) ke R 53 23 A
i 2 5 AR ] DNA AL B —Fh B B A SRV A4 1B
Wi, TEVENRARE . M P P E A O, TR

W % o #R v Bl A D 6 A= 5E 40 Bl (primordial germ
cells, PGOW AT UG % &, M PGC BIfL T & Ak id
FErh DNA HEALA BT U (Maamar et al, 2022), #1401,
TERE S, MAZHKE 4 h (4 hours post fertilization,
4 hpN)F| 24 hpf I PGC #Y SR AL K F- 35A 92 5
ARk, PGC 7E 36 hpf B SR H 30K IR 46 T F%,
JTEZAEIG 9 d (9 days post fertilization, 9 dpf)Pk =2 3]
BIR: 240 e/ 51 B2 1) H 3K S (Wang X et al, 2021); It
Hb, U BE S fa ) e AR I [E] 1Y) DNA T RRfb 4 2%
KHEZE(Wang X et al, 2021), HfiE(Monopterus albus)
ST TR [ R f0 2, FE PR R K B2 g DB S ]
K SR (Hu Q et al, 2021), 7ESLiEFEH, DNA
FH 56 Al o 5 A R 2 5 A 52 e 2 ) A G 2 o [
F dmrt] F foxI2 454 plastin-2 FER R8T, MIAENE



54 W

WA 125 DNA B R b oT ok e 5

XM 039685946.1 Pimephales promelas

100 XM 039685945.1 P. promelas
39 MN 701648.1 Crenopharyngodon idella
100 MG 763206.1 Gobiocypris rarus #EE
97 FJ361761.1 Carassius auratus Cypriniformes
100 NM 131189.2 D. rerio DNA (cytosine-5-)-methyltransferase 1(dnmt1)

100

100

100

100 XM 017353152.2 D. rerio
XM 055188730.1 Misgurnus anguillicaudatus

XM 027155085.1 Tachysurus fulvidraco
XM 063187288.1 Engraulis encrasicolus
—— XM 031575661.2 Clupea harengus

#4IEH Siluriformes

100 100L—— XM 031575652.2 C. harengus ,
5 XM 048246141.1 Alosa alosa SHEH Clupeiformes
100 XM 048246142.1 A. alosa
100 XM 062532842.1 Sardina pilchardus

'W)'{: XM 062532841.1 S. pilchardus

XM 064986255.1 Oncorhynchus masoumasou
100 XM 064986254.1 O. masoumasou
XM 046330754.1 O. gorbuscha X

100
W‘: M 046330753.1 O. gorbuscha

XM 055893453.1 Salvelinus fontinalis
ool XM 0558934461 S. fontinalis

100 —— XM 030377170.1 Gadus morhua
100L— XM 030377161.1 G. morhua

#E% B

Salmoniformes

#2IE B Gadiformes

— XM 023957477.1 Oryzias latipes / : .
91 100 L—— XM 023957476.1 O. latipes HIEH Cyprinodontiformes
100 XM 017040762.2 Cynoglossus semilaevis . .
2 - XM 020094619.1 Paralichthys olivaceus B H Plevronectiformes
-KX524490.1 Monopterus albus 4 f®4 H Synbgranchiformes
9 _82: XM 044180637.1 Siniperca chuatsi
85 - XM 003442087.5 Oreochromis niloticus #K H Perciformes
100 - XM 025906327.1 O. niloticus

K4 28 DNMTI #EALRY
Fig.4 DNMTI1 phylogenetic trees of fishes

MR B LR plastin-2 R R 3K (Hu et al, 2022),
AW RN, ER B R, REEUR RS 8
1) cypl9ala JEET cAMP N ICHFGRIEHR cyclic

adenosine 3'-5" monophosphate, cAMP response element,

CRE)N CpG H HAL K- 25 TOn 4L, i H H 34K
- 5 RE [N e ik ) M 96 (Zhang er al, 2013), PRI
FEBEFE cypl9ala J& V875 7 MESE A R DL S R 4
PR AL B BB AT, 1 foxI2 HE EHAZAEE cypl9ala
ROEE Rk . TEF WE(Paralichthys olivaceus)IN 5 H
SR, foxI2 Fl cypl9ala ) DNA H AL /KE5H
FEPH F R 2 AAH S s CpG 7 i 1Y HH A0 AN 25 H 4k mT
VI EAERZ W foxI2 323K, FETMREMW] cypl9ala Wik
P PENR & B I 1(Si et al, 2016).

DNA HEAWBEAE AR & & B B v B 2 B )
YIS R, R BEERSirh, DNA HUELALREE 32
FAFAET T W IREEA A (Liu et al, 2021); 7EZALH,
dnmt] M dnmt3b AF7ETAGERANM . A 5 A SCRr 20
W, I dnmit3a FEEAAE TR REAIME H (Liu e al, 2021)
1R % B At (Oreochromis niloticus)™H, dnmt3aa 1E
SR ANAL . DRSS T . 11 SRR 200 it R ASORL 40 i A R 2

LN I 24 6L FIAS 240 B v v 58 1T dnmie3ab EEAE
B 55 50Uk 240 JfL RS2 AUKS BE 40 3R 3k (Wang F et al,
2021), TEFAMENR (Siniperca chuatsi)fs SRR /NE T,
TAE dnme2, KGRI P AAAE dnme2 B dnmt3a, 7811
S TTT I 56 186 05 O S5 400 R OF BE A B T dnme2 15 R Gk
(B 2R4E, 2021), X BT AR[A] ) DNA H 3L g7 by
MBI ATARPAEEANFENAEY S0

24 DNA BHEWLSIAEK

PR 591 2 SR A () — 0 ol e R e S R
ARJEASANALA A K 22 5) I B4 (Horne et al, 2020;
Shi et al, 2023; He W et al, 2021), X &2 555 1k
P K BILE T . 2 T BR3(Cynoglossus semilaevis)
FURRGE G | B IR fimy, FHMErE A L MErE M 2,
It HHAER /N — HIPE (sexual size dimorphism, SSD)
5 DNA HIE4bA K (Zhao et al, 2015), Wang N %5
QO2DWF G MEYE(ZW) . HEVE(ZZ) P IEPE(Z W) M 5
5 1 AR R MR AL AR AL, BT AR MERE
FPRHEE A AR PSR BIAE XT3 R ) DNA HE3EAEKF
FEONHEE etk Woss H AL LU B S, T ELME



¥ B 546 4

MG 763207 1 G. rarus

100

XM 051881115 1 C. idella DNMT 3

NM 001018134 1 D. rerio

71

100 XM 065256392 1 Paramisgurnus dabryanus
XM 011491990 3 O. latipes
XM 020714528 2 O. latipes
100 XM 023952720 1 O. latipes DNMT3aa

95

100

82

100 XM 011491994 3 O. latipes
08 XM 020714527 2 O. latipes
XM 030345871 1 G. morhua
100 XM 030345882 1 G. morhua
NMO001018140 2 D. rerio
100 NMO001328167 1 D. rerio Dnmt3ab2
100 XMO065288495 1 P. dabryanus
XM 024135063 1 Salvelinus alpinus

o L__ XM 024135067 1 5. alpinus

XM 020607929 1 M. albus DNMT3ab

52 00 XM 061083038 1 Limanda limanda

XM 028001136 1 Xiphophorus couchianus

100 100 XM 032547990 1 X. hellerii
100 XM 055038946 1 Poeciliopsis prolifica

XM 060051224 1 Gadus macrocephalus

100

NM 001025450 1 D. rerio

XM 051879005 1 C. idella
XM 055187310 1 M. anguillicaudatus

XM 063208278 1 E. encrasicolus

95

100

M 053424089 | Pleuronectes platessa DNMT3bb 1
100 XM 062391395 1 Platichthys flesus

97 100 XM 058643800 1 Solea solea

XM 060056496 1 G. macrocephalus

81

M 001020476 2 D. rerio
M 065246942 1 P. dabryanus

98

L x
93 _|:)X(M 062541462 1 S. pilchardus

M 063208668 1 E. encrasicolus DNMT3ba

100
4‘:§M 055045870 1 P. prolifica
100 100 M 061075213 1 L. limanda

NM 001020479 1 D. rerio DNMT3bb 3
NM 131386 1 D. rerio DNMT3bb 2

K5 12 DNMT3 L
Fig.5 DNMTS3 phylogenetic tree of fishes

PEDR I 9 mRNA 55 55 AN 307K 72050 5 40 i
JEL SR 56 32 PR A L 30 S U DX O o RV PR ANy
f’ﬁri LA MR 5, (BB TR W iR K 2
X AT LI DNA A0 3 UList AL ML e fi f . 2%
UE’J, 18 B B AR An v HLE £ O A7 A Kb AT
A KP4 FK (growth hormone, GH)Ji g+ H &1k 7K F-BH
b FHEYER) ; DNA I IEAL I ) 8 414 gh mRNA
Fik, WA AR AT HEYE(Zhong er al, 2014)
(1 7A). DNA AR 4 A 4 AH SCBE IR 1 2 3K AT
SRR LR A K AR 22 R
LG AR R, B A K
o B8R PILEM, XFRE DA LM, XFK
LI AL, FM 2R 400 T SRR AL | B ILIN BT & K2
H90%, 1 SM L 4Ef T B K% 3K)Z(Wang H et al,

2021), TELLHBEZR Iy i Takifugu rubripes)™, SM )
R EAKE ST FM; RSE T 8479 P2 At
fb 3 M (differentially methylated, DMG)F 3 407 M7E
FM F1 SM Z [H] 4 J5 8l ¥ X 3 75 4 22 57 H 64k IX 0
(differentially methylated regions, DMR)AJ DMG, Jf
H 24275 kapca (J& Hedgehog {55518 1Y 5l
B, TENLAL B h k5 EZAE ) sp4b (451

FETA T 10 SR RS B A2, S R A i AR K R 1R
X2 A PN 38 % A5 5 ) FE SM R B AR KT 5
T FM, I H mRNA 935K K (Wang H et al,
2021), FEAMESRT Ptk BT RMIZE IR, S SM
H1 SmC K 2 = T E AL FM (P<0.05); 3 #f DNMT
WAL dnmtl. dnmt3ab F1 dnmt3bbl HFRIKIKV-HE
SM HH i = F FM, 1fii SM 411 DNA HT 364k 7K P
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Fig.6 DNA methylation and regulation of gene expression
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Fig.7 DNA methylation and muscle growth
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I SM *h#¢m [) DNA H 3L Ab/K - rl G2 i F SM
R DNA I SLALEE RS il 2238 BT 80 U1, 2021),
BRI oY R, HAG MK 3 K1Y FM AR Kl i 22
T EA = ALK SM (K 7B).

25 DNA BHEWLX5SMH&E

RO AZ BAL R IE , IFZ 2N
SRR R AR . WESER W], DNA HUEAL7E
KA R A EEZEEN . 74 (Carassius
auratus red var., RCC)5 A (C. auratus cuvieri
Temminck et Schlegel, WCC)H1, RCC DNA H F:Ak K
- = T WCC (Zhang Y Q et al, 2017); DNA F 4k
PR FE A AGTERERIR | 3 7RI PR ] DX dsk, JF HL
RCC 1] DNA HEEALA 5% 2 T WCC (Zhang Y Q
et al, 2017); 7E RCC Fl WCC 2 3K mitfa %5 1%
SR A BOCHEIE N DNA I S S5 O RTUEA
K, XEEZEFRIKA DNA AL 2 K 2254
JE 15 4k 8 F 3% B (mitogen-activated protein kinase,
MAPK) . cAMP . PN 715 A 28 A B2 A 3 I
(Zhang Y Q et al, 2017), S HKUL, DNA AL TEM
KA RS HENE

2.6 DNA BEWLX 5&ERF

95 2 L S FRAE R UL A IR0, X SR A
K125 (Abinaya et al, 2023; Heys et al, 2020), 55 Y
77 DNA WA TRPEAT G, FE 85998 JELAAR Y S i
TR AR AR F (Leiva er al, 2021; R4, 2022),
fief 411 37 5T YA I AE (SRS) ek £71 37 ST R AR R, S
S HUR A 57 5 40 K 558 T 1Y )5 A (Happold er al,
2020; Moraleda et al, 2021); -5 {8 B KP4 e 1 (Salmo
salar)tH L, Bl 37 %G (R IR RDBG T, R G ¥ i £ Sk
B8] dnme3a W IEALKFBEZ 3, JFHYS
dnmt3a Feik B 5 7 A 5% (Mukiibi et al, 2022), Hansen
E(2023)FIFH 20 Ak fa izt v i iE 41 21 54T WGBS,
Bl 45 R TR e A 1R 5 RO s s i T 4H 40 4 T4
DNA HEALAK-, LKIMIERSEtar, CpG fi siAlX
R A e BE W AL s AR I 19 000 25 S
A g 37 5, A7 5 A T 25 5 R R XU
FERELEILHFE, Hb 68 25 H L LN BA
5B MK TIRE . X R TReE L H e 51
F-E R AR .

A7 I 7 IR 7% (grass carp reovirus, GCRV)5[5E
F14) e L L A 7K 7 SR R D A 7™ EE 7 T (Wang N et al,
2022), 15 & H # (five-month-old, FMO)FIHT 1 =
4 (three-year-old, TYO)HRLfiirfr, TYO (R 54k

JKF-8 T FMO fi(He et al, 2022); WGBS iR, K%
#{ DMR 1 DMG 7€ TYO f &2 5 H 30, TYO
#1331+ hypo-DMGs TE# s I i & = &, 1M
TYO 5 hyper-DMGs 7E RNA #%5% . HEW) 5 1k
FRE R A A G T W 5, DNA R ALK
KRS HRPENL . Y BUFBER ™ E, X ATfREE
FHOFEAAXS GCRV RIS 5 U1 R A (He et al,
2022), KT -kB (nuclear factor-«B, nf-xh) Al IR
HEIHF(tumor necrosis factor, tnf)J& i RG
BN T2 —, 885K (Vibrio anguillarum)i&yL
£81 2 ] 4 HAH G B (Sheng et al, 2021; Liu Z et al,
2023); b H i (Paralichthys olivaceus)B s 855 7T i
TSN F nferh, IINIEESE mfa SER BRI, THiH
A ] LIt B o 3L R ) 2235 (Yang et al,
2021),

2.7 DNA BHEWLX S5tk

AR A mIER L E | RENEA I, DNA
A EAE Yy h B H 208 S TEAR MY,
[] Y05 3 R fy Y 6 AR A% X R BE A7 AE 25 5% (Williams et al,
2023), SiEHE (B ES Ciona intestinalis . NV %
R C. savigny)[FJESEHAHLE, o H 340 CpG 17
SRR SRR 5 | ke Y £ 28 [FIVR R I 248 | i CpG
ML B GC F 34 /il (Wang et al, 2008), CpG il 3
fiE GC FaIgmaT i/ 5K CpG &k
JFUkES CpG # - &k, XA ILHEHESIY
] 5 A 3 4 Ak 1 J R 2 — (Wang et al, 2008).

% 25 4 B [H 4 & il (whole-genome  duplication,
WGD) A8 A YR 23k AN Wi A RS 10, i PRI P i
BIRHNRBNAS, X SRR B 3G, ks
H W R 515 ZHE P (Zhang et al, 2023), fAZSFEHE LT
Firfr, DNMT3 LGl EfEsM A b, HIgmed]
(FE DU, dnme3 e sfial 2 o th 3R e 1Al e e
WGD J5 & WY fe b BUs Yitigfb(Liu e al, 2020),
W, dnmt3aa 25 B ANLAHL AL, dnme3bb] 5
H dnmid W REAE L B AFBE S A0 0 1 I T 20 i R
0 B35 & o Ak B 2+ b K 45 A H (Takayama et al,
2014; Firmino et al, 2017),

3 IFEFEFXT DNA HEWL BN
B

KRB AT | R AA B R,
RAEGTE | RN S50 45 07 T R H A . AE
B F e S AL PR SE (JLEE 25 ) N e A2 A ) 2 Y

31



43 WS 25 DNA H LBt R 9

A PR IR AR W0 A B 2% A AR A A e B g fiE T B — 1
S 4 R4 (Pigllucci et al, 1996; Huang Z et al,
2021), DNA H IEALPH #GE I i & A= A8 4k, wIRES 4
i B B 1Y) 8 BE AR P C (Jiang et al, 2024).

T RE 2 6 A K A O 3k T3 Ak 1 R R
(Burgerhout ez al, 2017) . #T11% 5 4~f & (A03h, AP2h,
G17h, N38h Fl R23h)7E 2 PMFFIRE (11 “CHI 16 C)
T, dnme3 FERFIREARF R E LS TE, JFA
5 i & DNA HUIEAK KP4 2 5 (Lallias et al,
2021), TEFMERE R, 5 25 C4HMLL, 21 CHHAER
OFRE A LT XA, JFH 21 C4A
GH-3029 F1-3032 CpG 1 #i i) DNA H EE ALK T
25 ‘C#{(Zhang et al, 2022), X UiHIEE X DNA H 3
feas b Kk &R B EEAER

s 5L, R AR R RN R R E, A
W, FrBRIREE, ] LI R r= A m,
2P ) e E AL AT 3 oA R Y (GSD) . L BE (TSD) I
R INZ88 (GSD + TE)(Teng et al, 2020)., 75 5 Rk
WI(TSP), XFZ ki A & il sl A b 2 25 5
BCHANERI AR, (e e B A ol e A
X g2 GSD + TE (Yao et al, 2021), # kA
ALY GSD + TE Bl 2%, sk, Je¥ ¥ ke
RIPIR e 5% 5t [ F 5 (heat-shock transcription factor 5,
hsfS)FIIE 1 43 (ring finger protein 43, rnf43) I K A7
TERE IS, FRN hsf5-rnf43; DNA B IEAL AT LA
P B e R L T B hsf5-rnf43 mRNA B3
ik 1M H DNA HIEAEK V52 28 B 52 m, 7ESEf
Ji 5~17 d U, iR G6 CKIR)IE TP JE Ml
PEALSAE T, hsf5-rnf43 JashF CpG & DNA 34k
K5 hsf5-rnf43 1335 KF 2 1740 X (Shen et al,
2023), PAAFEHFTE R T 220 DNA F 54k, M
AR AT, EREEAPRENL, Yao %
(02258 KB, R JGsh T, Je B Bk fa iR
IACHAFEFE R myb 1) DNA ALK 76 FT (XX M
PEAE TSP 1] AR 5~17 K532 w5 i b B Hh g 4 T
FC (XX female control)H /K-, FH myb 1E FT 3£
IKAKOF 28 T FC i BRI K5 R XM R 43
RV HF waell 9 DNA FEALKSFEE MC (XY
male control)H I 2 = T FC (P<0.05); . i & &k il
J¥ PCR (bisulfite sequencing PCR, BSP)FIiE & S}
PCR (qRT-PCR)Z5 R B /1%, wntll 1) DNA H 347K
M IAKFAE MC FIFT R B30T FC 41, TER
fifk(Huang G et al, 2021)(Misgurnus anguillicaudatus)
BTy 401 (Valdivieso et al, 2023; Han et al, 2021), £1#&
25 J7fili(Zhou H et al, 2019) . -3 % 85(Shi et al, 2022;

Liu etal, 2019) . BK W @ (Dicentrarchus labrax)
(Anastasiadi et al, 2018)F1H. H ffi(Fan et al, 2017)%
etk BT L BE R ) A G 3 DR S AR KCE i Ek
TV, B R R PR AR Y A R A R AR, AT
SR F0 2SI 501 34k o X RIS T A £ S S R
PN AERE 1 7 FHLH RS %

32 E&R

e BAEMBIRNAGHE, STEALREDR
I, U R TR R I 4% B 52 28 (Ahmad Bhat et al,
2023), X PP RFN AT AR R B RA N E SR
ST AR AR, HEE B F (R AR {d B (Da
Silva et al, 2024; Turan ef al, 2020), ¥ H- % F )
TR TG B E T, H DNA HE kg R A=A
[A] o XFH & B R VE S £ (Gadus morhua)i#E4T
AR B 31 i e B ) 4 JR AL B, BB dnmel RN dnmed B
AW E B, JF Hok B ORI FE T K (Reinardy
etal, 2019), fEfaZir, DNA HFI3LA LT fER & 76—
Rrhpibr, B, 48 nsenal L@k DNA H
AL ORAL 1 45 T — 1R foxi2a I mad-3 HHKHEE
KA 1 (mad-3-related transcription factor 1, dmrtl)
ML FE MR, RS, foxi2a/dmrt]
ALK Z 21 (Ca sz, S3Ua QR L, JF
H Cd X foxi2a W HALIK 152 10— EEEE 5 =K,
SR AE I B8 138 % (Pierron et al, 2021)., GH-IGF
[growth hormone (GH)—insulin-like growth factor (IGF)]
R A KA R (Niu et al, 2024), B4R
A DL T30 GH/IGF A KBl ;N 40 R 407 A R
PR £ 2542 K (Wang L N et al, 2020), 8 225 T Cd
BT SRR IL N 4] DNA H ALK, ] A 384 i
T GH Al IGF-1 J3 3h 1/ B 2k, JF H KAy
TR AES Cd 51 dnmt3a F dnme3b 7% 5 S H AT K
(HuF et al, 2021),

4B X 28 DNA FEAL 52 e T e A — &R
AW . TG, DNA F IR /KOSF iy ok A vl BE
FOE P R IARER I ZE AL, FFM 5 e fa 28 AR KA F A
Y i (Bian e al, 2021), Hik, EEEIAETH
DNA AL 5 3 AT BB FEAIR f0 28 A £7-RE ) (Park er all,
2020).

3.3 YlikihE

TR XU, 3] G B A1 3% 25 1 R SR 7 A 4%
WA JIE, NS BUfa ik . BB LR S5 1
T B E 7 ) B2 5 B0 2l R (0] 8 (Bersin et al,
2023), EFREFZ SMEIBELMIPERE, FHHLL
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FEE AL e R A AR Ak, IR S e RS R, 3
B DNA H AL BE 5 1A 15 7 T4/ F (Fan et al,
2019), YUERES, #EE IR (Acanthopagrus latus) T IE
H DMG & 52 T QIR 4 Q45 8 1t A AH DG 38 %
H 58 FACEIHIEIE N ppargela BN & T X IH —
25 CpG WAL A, % DMS 7ES2 5541 i H 34k
IKI-(100%) 5 T X} R ZH [19(20%) (Lin et al, 2023), %
B DNA HEL SRR EABUIXLR ., L
T 14 d 121 d K E A (Larimichthys crocea) LA
MYV T 7. 14, 28 d By RE M FAE A, SCH0 A FIXF
MR {K DNA H B ALK VA 7E i & 2 5 (P<0.05)
(Zhang et al, 2019); Ff HAKAHKIEH msnl HF 5+
1 F1 IGF2 A7 2 1 F LR AS B LR B 1] fr) AN )
AN, YUk 7 d B, FERFRERINLA TR IT IR B G 2
F(P<0.05) (Zhang et al, 2019), L\ 50, DNA A
FTE YU ) e B 2R L AR 8 52
FEH IR, A RENE S T 20 1 T BE LA A A 1)
AR

34 EFEA
EAMEFEM, DNA B I3 a2 g 2Bk s

JERURR, I HoAT LUAE— Az i AT B2 DL X Rl AR AL

DA 7= A 5T B0 B P 26 B (Marandel et al, 2022; XI3@
5E,2022) AMESE —Fh LB A R R s, KA H
PEE T A% R (Liang ef al, 2008). 5 A A T4 4121
AHLE, AR TR0} 0 S i 5 b 0 B s ittt . H vl Bl
AR RN AN R I 2 14) A 0 6 A 56 i PR ) 2R 3k o
B, H#H AT IOF (transcription factor IIF, tfiif)iY
FIXH DNA HIEAL/KOF B & 59 (He S et al, 2021).
BRZEFESFEORAERKE T AN, HIERFREAE
2R SIS S SR R (R E R R TR S,
G & i85 34 o8 W G T AN 7 S A e S i el ) 5
iR W53, I H AT 42 i #0281 4 fL D) i (Andriopoulos
et al, 2022; Samat et al, 2020), Z3H A0 HIE IR G
FRT S kL, AP AR S A Y WL R B . PR
JEEAK P AR i 2 TR DR, R SR
2H w0 AR A AT R tgff-1 ocllal clla2 clla3 .
cldal F cl18al SR HAKFEAER, XS
HERR LS, LR a LA INL Y
et al, 2022), 445 K VG ¥ ek MR () 351 o 0 ol i
FRRWE, SRR E AL, HP A5 R A Y
BEFRRAERKPERR U] AT, 5 2B 5 52 e 45 2R 52 A
F K K NMDA3A ¥ (grin3a #6)J5 81 7 IX 8 ) DNA H
FAVIRAS W38, I EL o 770 a2 ) fol ot 5 9% R R0 ) I v

5 A R B i (SASA00310) A REE % AR i
(SASA00230)4H X KE K i) DNA H K4k 7K S (Saito e al,
2022); sl SR ME SRR, &RlE
ZHIY) kA a R 1L o (acetyl-CoA carboxylase a,
acacaa)Fik W E T W, MENZ M A 25 H 3k
CpG i £ (DMC)TE 5 7l it 41 AR AL T e HH 2 Ak 7K
(Saito et al, 2021), FHFMmAk 27252 m a2 LEK
LA RPERE DL KM IR e A A DG PR A 2Rk R Y
K, TS e HAH G AE KA F -

35 H®=E

NARE (a5 KH) S S BURER 53 m T
[ SRk 7K 14 1 (Rutherford et al, 2019; Jenila et al, 2023).
RN W RGN Lo B R A4, B ATIXT
TR i 28 A A B O K LA AR f 2R S
(Liu S et al, 2023), XA FTFTILH - WAIER, M
U 8 K AR BE (Zhang et al, 2024), 241X BEFREE
BRI A MR, S0 DNA LS, M
TN RS (Liu S et al, 2023; Oliveira et al,
2020).

170- 4 B B5 (170-ethinylestradiol, EE2)&— 7
RMEER, HEBIRGF)REET 0.05 pg/L WM
EE2 1 7 d 232 F G R AIRNG A7 16 R, H
F, R i bt 2 F 1 B Ik (Bhandari et al, 2015); EE2
QOB IS TE T B Fy ARKIh dnme3bb Fik KNIt HLAE
Fo Fl Fy A0 S2 AL AL T3 AARAR H B A4 5K (Thayil
et al, 2020), EE2 if5 S 11 F, AQE A A 50 B A5 ki b
AT FE R SRR R DL I SR AL R iR DNA - HE R
A G

PRI BrA P MR IES T UR SR AT,
IFH PSS T IEN 7 &8 CYPI9A #l 170-
FH L S2 i (17 0-methyltestosterone, MT)#{ & J& fi 25 Pk
ARy WG, fEZE, cypl9a TATTH IR T
Ak g 80 % (Ramallo et al, 2017; Paixdo ef al, 2022),
MT 355 MEPEAR b Ky B MEYE (Liu S ef al, 2023), 7E
10 ng/L ZEWii 2200 T, #4896 Gobiocypris rarus)
cypl9ala BN 5" XI5 CpG H AL K A4
PRI AR, RO PR 3B H cypl9ala FE
Rk 2 L, (HAE AL T & B 4L 7K (Hua
et al, 2022), 1E#H A BE i (Epinephelus coioides) Ul .
H 2 IR RSt cypl9ala Ja s FAFEAR I 3k K
o, (HAE SR A SUh R R 28 MT b2 i I
e B 1 AR H AL KRN cypl9ala ) B+
A K S 22 8 3 TR LA B ME M (Guo er al,
2021), XELERELW, cypl9ala J5shF 1R Mk 1L



55 4 1 ¥ WL, 025 DNA HIALIFoT ik e 11

PETE S AR b FE R R AR .

2,4- 5 # W (2,4-dichlorophenol, 2,4-DCP)J&—
FhEREEI 2, S AR[EWE 2,4-DCP AL BE 20~50 d )i,
BE b Ao (4 P ) L 5] 25 O o] T ME % 1k (Zhang et al,
2020); 5235 (ALHA L, 2,4-DCP b B 2H B PE L sox9a
Fik B W ERERIT H 2,4-DCP AL FRZH (% 160 pg/L 20
Sy sox9a 1Y FEAL KT i 21 n(P<0.01), i
dnmtl . dnmt3al. dnmt3a2. dnmt3bl Fl dnmt3b2 %
(R &35 3 2 125 FH 41(P<0.05) (Zhang et al, 2020).
[A1HF,2,4-DCP &85 5 , B 8 cypl9ala FEH I 61 bp
CpG i 519 DNA H ALK A B 2 PR, TR iA
HEWHN(P<0.01) (Hu Y et al, 2021), XELHFFEL5E 5
FWl, 2,4-DCP W] LU i 8 45 1 ik A DG 5L R 1
DNA H AL FIZRIR IR 75 f0 MR {L

4 BEEREE

ITAEOR, DNA RGO —Fh 8 22 A 32 Mg 15 9
P, 1 B BOR B2 195G TE . .28 DNA LRI
AW EOIRE, Ll — S BRI E N 15 DNA 1AL
R KRB PANTITR, BRI | b g i
Ao i (HEIER LI L, AFEFSER 0
DNA HIEARE b 2t — 2 T QA IF2HE
LRI S DNA LR R R MORTERE, &
248 25 DNA HEEUHISCHR LN, T itmk
WLIE A%~ W FEAE A0 28 b B N AR 5 (3)— LU HE Y
A8 55 DNA HEAL K P 9 B ARBL ] if A 5 4
(4)DNA ALK F-E AN [R] 1A C AP 35 A2 L i A 1]
;5 (5)DNA HIEACRLC I PN T AR AR T . 45
SMEHLBE G ANTEIE o X LERLE Mt — 25T, #5
AEE 71 £ 28 H AL IR A K e i DA O 3R 858 TR 1 1Y
BEZEHLR, o R R MR A R B IR R, B>
IR A BN AR BB AR
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Abstract

DNA methylation is an important epigenetic regulatory mechanism in organisms that

regulates genome stability through chromosome and protein structures without altering gene sequences.

DNA methylation has been applied in the fields of medicine, agriculture, forestry and animal

husbandry, and has attracted great attention in the field of fish genetics and fish breeding.

Methyl groups are transferred to cytosine residues by specific DNA methyltransferases in fish

DNA molecules, such as DNMT3, and the existing DNA methylation cell patterns are maintained by

the methylation maintenance enzyme, DNMT1. Finally, the methyl group is removed by the oxidation

of ten-eleven translocation dioxygenase (Tetl/2/3). DNMT2 catalyzes the transfer of methyl groups

from the cofactor S-adenosylmethionine (SAM) to carbon 5 of the cytosine residues of the cytoplasmic

tRNA—SAM is also converted to S-adenosine homocysteine. These DNA methylated transferases are

widely present in many cells and tissues and play an important role in fish. DNA methyltransferase

catalyzes the transfer of methyl groups from SAM to biomolecules (DNA, RNA, proteins, and small

molecules) in vivo. There are many species of fish DNA methyltransferases, including two
homologous DNMT1 enzymes (DNMT1la and DNMT1b), one DNMT2 enzyme, and eight homologous
DNA methyltransferase 3. The naming of DNA methyltransferase 3 homologous genes is complicated;

however, they are all parologous genes of DNMT3a and DNMT3b. Demethylation refers to the

demethylase-mediated removal of methyl groups from DNA, which plays a key role in gene
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expression regulation, cell differentiation, embryonic development, and disease occurrence and
development.

Demethylation refers to the removal of methyl groups from DNA by demethylases. DNA
demethylation patterns can be divided into passive and active DNA demethylation patterns. In passive
demethylation, methylated DNA undergoes demethylation in successive replication cycles by
inactivation or nuclear rejection of DNA methylation transferases that maintain methylation patterns,
as well as ubiquitin-like proteins containing PHD and RING finger domains1 (uhrfl). In active DNA
demethylation, methylcytosine is first oxidized by TET1/2/3 and then excised by thymine DNA
glycosylase. During this process, DNA 5-methylcytosine is oxidized to 5-hydroxymethylcytosine.
These oxidation products act as intermediates in DNA demethylation and are replaced by unmodified
cytosines to achieve demethylation.

The biological function of DNA methylation in fish is similar to that observed in other organisms,
such as mammals, and is involved in gene regulation and cell development. DNA methylation occurs
in three C environments: CG, CHG, and CHH (where H is any basic group other than G). DNA
methylation occurs primarily at the CG site and allows fish to precisely regulate gene expression and
adapt to different environmental factors. Differential methylation—cytosine-phosphate-guanine
sites—is involved in apoptosis, epigenetic regulation, autophagy, collagen metabolism, cell membrane
function, and homeobox protein generation through gene expression regulation. DNA methylation
leads to changes in DNA conformation and stability, and the manner in which DNA interacts with
RNA (or proteins) to control gene expression. It can interact with its binding proteins to inhibit gene
expression in fish.

DNA methylation affects genome expression regulation by activating or inhibiting transcription at
the transcriptional level. Methylation near the transcriptional initiation site blocks initiation, but in the
gene body it does not block and may even stimulate transcriptional elongation. It plays an important
role in fish biological functions—gene expression regulation, embryonic development, reproductive
development, muscle growth, body color, disease, and evolution. It can also provide insights into how
genes are regulated during development and how these patterns are passed on to future generations,
contributing to the understanding of epigenetics.

Fish are often used as model organisms in endocrine disruption studies because of their high
sensitivity to environmental factors. Environmental factors—temperature, heavy metals, starvation
stress, nutritional feed, and hormones—affect the regulation of DNA methylation in fish, affecting
their growth, development, and overall health.

Recently, DNA methylation has attracted increasing attention as an important epigenetic regulator.
The pattern and biological function of DNA methylation in fish, as well as its relationship with
important environmental factors, have been gradually recognized; however, knowledge of its depth
and breadth are insufficient. For example: (1) because of the wide variety of fish species, their DNA
methylation characteristics still need researching; (2) there are still many important epigenetic
relationships between DNA methylation, and more genes associated with it need to be explored to
improve the application efficiency of fish breeding; (3) the specific mechanisms of some important
variations and DNA methylation levels are still unclear; (4) the genetic mechanism of DNA
methylation levels in different generations is still unclear; and (5) the interaction of core regulators of
DNA methylation and the regulation and differentiation mechanisms are not clear. Further studies of
these scientific issues will reveal the mechanism of fish methylation regulation of growth and
development and the environmental factor response mechanisms, enrich the theoretical system of fish
epigenetics, and provide a theoretical basis for the application of genetic breeding.
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