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Abstract: The ray-finned fishes are the most diverse and successful within the vertebrates and their genomes vary
widely in size. Previous studies suggested that two rounds of genome duplications have been involved in vertebrate evolu-
tion . The recent studies on comparative genomics have further suggested that a third round of fish-specific genome duplica-
tion (FSGD) in ray-finned (actinopterygian) fishes might have occurred at about 350 million years ago, during the diver-
gence between teleost fish and basal actinopterygian lineages. Therefore, FSGD might be related to the increase in species
number and biological diversity during this time. Further studies on comparative genomics and functional genomics will be
needed to confirm the hypothesis.
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BRI Gt A sl B A B IR 20 1 5 D A ik
R BRIE R AL T 0 5 M B AE W BT ( Ohno, 19705
Sidow, 1996; Spring, 1997; Holland, 1999 ). .
TE 30 Z4EHT, Ohno (1970) 3L M4 56 4 19K
NG EARRECE BRI T R R HESh P kAL D R
KA — R 22 I DR A A2 = AR, I A
XSS i FAE A 2R T A BEE
ST EF BRI PG R, Bk 2 i R 2y 7
AN [ Py i gl S ok, SR N B3 BRAEAR 2 0k
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1999 ).

HRITJUAR, M2EE O A7 09 s
AW, RTINS, Jels i 8h 1 2Lsg Ay fil
( Fugu rubripes ) ( Aparicio et al, 2002 ). 7 BT
K ( Tetraodon nigroviridis ) ( Jaillon et al, 2004 ).
BEE . ( Danio rerio ) FIE M ( Oryzias latipes ) 4 1
Py ) A BE R P A TAE X8 2 5 i Eiofs 2L
SR BE T3 R AE 58 A= W 08 A B ARt T DR
SRR o BT XX R R A — SO S ]
BAGH b, SRR NG SR T 2R Rk N
A"

(‘the fish-specific genome duplication, FS-

GD) B “3R” . AL T FSGD Bt 42 H
M 5. AHOGTEYE & T ik,

1 BXRERAKXNEEFENSHENE

RILH AR/ NAGE . Venkatesh (2003 ) Gt
ST TR A 30 4~ H 321 R E RN, M
B AL RA KN ZREME . WE 1 FR, A
[ AP SR AN Y DNA 5 BE7E 0.39—5 pg,
A1 pg, HTF 1000 Mbe KEFHAK
FEA ( >2 pg) BIPFIERE Z A5

FSE PR A RN B 1) AR AU R IR

i Medaka
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+ Y’ 2 a4 % g ok © o % o o S o @
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n m E 3 Z @ h B3 o= @ A =& = &
< (=3 =3 < —_ — —_ —_ — N 3] o~ o~ [t} o o A
HEAIR/N (pg DNA/TARATIE) Genome size (pg DNA/haploid cell)

Bl 1 #REERAM KN i E K (51 H Venkatesh, 2003 )
Fig. 1 Distribution of genome size in fish ( From Venkatesh, 2003 )
G TR A 30 N H 321 Fha iR RET . BB —Fh 10

312 species from 30 orders are included ( one representative species from each genus ).

e g 2E 5 b, L 2 [l — i A AN [ M AP 2R 2R 1)
WAFTES BEZ S, W) 20 TRIE . 1%k
BB R AR A5 K ( Jiang et al, 1983; Gui,
1997 ), TEHFIRE N AFTEE 2000 &, B £ 5 10
R Z MM Zhu & Jiang, 1993;Fan et al,2000; Zhou et
al,2000a,2001; Yang et al,2001; Yang & Gui, 2004 ).
AT it B AN ATE G (0 (AR BORAZ Y A 3 25 S
(Zhou et al, 2002), i HEEHE LK/ NEASE (Wei
et al, 2003 ). I A 95 2k S vF 0 A2 1k
A AR S PR AR OB, I BT PR . Xl
A RER AT A BAAAT 4 000 Z NI FLEhY), [HAD
A 25 000 Z R I Z —

2 ZRUREXHKUIBRLZENERES
%

ZAEAAAURAE L REIEZ —, T HoA]
REAE T8 IR A S 8IS0 BT A A 0 0 it Ak D
R & A Z 5 F 4 (Baatout, 1999 ). Z 154k
FECT S AL R DA, AEEHED)
Pt AL R R 25 R EE 2 1 /E I Becak & Be-
cak, 1998; Soltis & Soltis, 1999; Cronn, 1999 ), 7Efi
Kb i, 2R dER SR EG. K2
B SR gL (K5 H O 48 B¢ 50 ( Stingo &
Rocco, 1991), HAAELER Y EARECH 100, 150,
FEE 400 ZHIFPE . Leggatt Fl Iwama (2003 ) #EiR
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TEMMTE 2R E, HHe T AR
T ST 2R BRI AR FIVE T . A5 e — eyt
b EARTFARSS ffa b, Qe 0 49 FIG S5 1 £
HORAE R B, R O R RIEE
H i e s ER A HA DU AR U5 ( Allen-
dorf & Thorgaard, 1984; Ferris, 1984 ), Ifi £ H1 5%
o S b, AR AR S, nTE
R —A B8 B P {CH — YR aRkiE b 245
& (Moyle & Cech, 1996 ).

3 EZHEREZKEKES
EE5EIUMS
R T HARKMBEES | IMAEY . 5F
YR8 RAS G S I R B W ssh, e
HA 7 b — T 5 | 78 N D248 0 FedE . 5 Al
o, A — RN, Ingr g4y filify
=2 IR LR H AN B IR SE R 22/ 7.4 % ( Baxen-
dale et al, 1995); H T W& FRK/INARE, FHiiny

BRPHMGELES

p450 5 BRI EALA 2.5 kb K, AR [H] P52
PEFET 70 kb ( Tanaka et al, 1995 ).

RAEMBEAR/NOIEREA, BaR72a
B Z ) 5 K 8L ( Wittbrodt et al, 19985 Meyer &
Schartl, 1999; Aparicio et al, 2002 ). Wittbrodt et al
(1998 I T 2 5 i SEHHESh W Hh 2 M iy — 28
ZHARG A E, EREZHILERE T,
PRGBS SRS 2R 2 (R 1),
Wt UL, EaRmIE R, LR SR
AeH E R A E B A (Volff & Schartl, 2003 )o
2 b, DR T R TR A T S R 7 A Y
Bk 12 Z —( Bailey et al, 2002; Prince & Pickett,
2002;Samonte & Eichler,2002 ). #it, FATMF b
HBRE T 34> Spindlin 3EH, JEH) 500, FEH 4 A
WA AL R B 3R, 0ISpinA . OLSpinB
OlSpinC =ANHeH g THRHNEL NS, I H =# 1
CHI &4 T )7 5 e F A4 ( Wang et al,
2005 )o

*1 55%5#HzwAELL, EEEEEEAXERREMES (518 Wittbrodt etal, 1998 )

Tab. 1 Examples of larger families of teleost compared with higher vertebrates ( From Wittbrodt et al, 1998 )

S R AT
¥4 T) A 5 1 2 R 4
No. of paralogue

ZIEHFTRZFR Multigene family

sequences in higher

HRBINAH
(7 o T B LR K
Additional paralogue (s) Y Species

in fish without higher

vertebrates vertebrate orthologue ('s)
Actins 6 +3 LLEEARJ7 il Fugu
5-Hydroxytryptamine type 1A receptor 1 +1 LLEEAR J7 il Fugu
G-protein-o 16 +1 (Gapl) LLEEAR Tl Fugu
D1 dopamine receptors 3 +1 WK BE 6 European eel
Thyroid hormone receptors 2(a, B) +2 (THRa2 ). (THRB2) AT Japanese flounder
Neurotrophin receptors ( TRK ) 3 +2 BE Dt Zebrafish
Receptor tyrosine kinases of subclass | 4 +1 (Xmrk) B 4 Platyfish . F# Medaka

W88 Rainbow trout

Notch 3 +3 (notch 1b. 4. 5) KEL . Zebrafish
Gonadotropin-releasing hormone 1 +1 (shGnRH ) ZWFh Several species
Neurotrophins 4 +1(NT-6) B A i Platyfish . 7 Medaka
Insulin-like growth factor-1 1 +2 BT 8% Rainbow trout
Insulin-like growth factor-1 receptor 1 +2 fif:4f1 Salmon
Activin B A 1 +1 (BA2) FH 0 Medaka. 4 Goldfish .
Activin 8 B 1 +1 (gB2) BE 1l Zebrafish
Hedgehogs 3 +2 BE 1 Zebrafish
Msh-class ( msx ) homeoproteins 3 +2 RELh#1 Zebrafish
Orthodenticle-related genes ( otx ) 3 +1 BE L Zebrafish . #f Medaka
Engrailed 2 +1 BE L Zebrafish
Distalless-like genes 6 +2 BE 1 Zebrafish
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4 HEREEHUFEPRET - REEF
SHEEFRASEHES (FSGD)

X [] 5 5 AU AE BE A ( homeobox genes, Hox
genes ) HIWFFTLIREN], TEAREE k(b I Re o LT
KA T — IR R 5 00 4 R R 2 A2 i 4 Taylor et
al, 2001, 2003 ; Christoffels et al, 2004; Jaillon et al,
2004; Vandepoele et al,2004 ). Hox FEH & —JS %
MR F TR, ERRE N T YO b, i
AT, BB HEE X DNA 854, —Fl “dt
A" (colinear ) MIRBBAKRIAENY KL T
RS G, BIMALT Hox WS AY KL A o3
ik, RBTOAENRIETTSG; TALT Hox TS i i Bk
WGk, REBFMAIEMIMGIE 5. CARIFREER
B, B MESI RS R s E g A —4
Hox HEPR R W ARAE 0 EHESh ) L 6068 B 3 4
Hox JEAR; TR BHESI W EA 4 1 Hox FEPE,
53964 H HoxA . HoxB . HoxC F1 HoxD , 435I
SITEARIR G @R E, EATRRERTER RV FIH

fl=pa=

A BE BB

Ao BB

HES W) BEA TP 2 T, Pl () — A S B R 28
BRI H AT 2K ( Amores et al, 19985 de
Rosa et al, 1999 ). fi AUMFSE R, A -H a1
FEAIE 4 DGR Hox FEDH, UNHREE T 8 1> Hox
LR, DUfEREE 294 14 D Hox 1% ( Moghadam
et al, 2005 )s

RN ANBESf, FHifE 2 A FILZLEE AR )y
fifi P 5 SETE 21> Hox HERIR, X RUITEZ B &
153 IS A B 0 R A T A — Uk 4 LR 4 5 1
(Van de Peer et al, 2003, Prohaska & Stadler, 2004;
Hoegg & Meyer, 2005; Volff, 2005 )o Amores et al
(1998 WBESfarh, %52 T 74 Hox ZENWR, EA]
B PIAS HoxA . Wi~ HoxB . Wi~ HoxC F1—4>
HoxD THRLAN; TELLEE AR Ty ol 18 35 BT i vt A7
F£7 > Hox L ( Aparicio et al, 2002; Amores
et al, 2004), SBELAAALL, PR EEEHA P
HoxD, {HHA —~ HoxC; Naruse et al (2000)
M B %2 T A HoxA . WA~ HoxB. — >
HoxC WA~ HoxD 5 o

P 235 Wil R T — A A SR AE S Hox A&

TR T R STy
A A i H— - THE- T o EAR
i 8 sgs 3 Al i ™ Ab— 88 — A
Ba——— S Ba Ba- Ba-
Bb =3 =3 Bb—— 8B ]
Co—TH T H = Ca——HH AT AN Ca— - - TFF — TH—— Ca OO GOS0 O
Ch Ch Ch Ch oom o
Da maEa HE Ce-# BEEE —— [Da® *+80E -8 De- 8 —SEEEE—@F———
Dl & # Db —8 L Dl -+ L Db
Spatted green pufferfish Torafugu Medaka Zabrafish
Lass of one gene
Loss of one i ki
ik + ~55 Mya Partial Aa cluster duplication
Loss af seven genas
Loss of twa genes ~186 Mya
Lt of eight
+ oss of eight genes ~296 fya
GgNERABEN Ty ey i
N LTI TLIseerY B oo o . . .
L A H— = TR a sadpu e -
A 50 - A
BE?8—® eeosesesse Bh e g St i T B
S mmmEa e o B —F— e -
g‘?—. ---------- & gg ¢ — DO080CC—OHHY © — O ——
80888 —00—0
Da O W EEEEEE sz -5~ DB 5 BEBE—EE—0-
e +——8—
Bichir Dh———————— Hurman Western clawed frog
Lass of at least ane gene Hypothetical teleost ancestor ) -
=t | 55 of thirty one genes ~370 Mya t::ggmes
CeW B GBS T bed
FEGD (or 3R) wempmm, G e n ans smaoaoes
B T E
Actinopteryel G —— DR — B
~420 Mya o-® =t |5 of five genes
Coelacanth
Lass of one gene
= Lags of one gene Sarcopterygii
=410 Mya
Shark 450 8ya S TII I rIte
Lass of at least cne gene = Loss af three genes B -8—8—900 8000800
~528 Mya c &8 .

Hypothetical gnathosteme ancester

B2 AHEHESIY Hoxw SEFEHEILARUL (5] H Hoegg & Meyer, 2005 )
Fig. 2 The hypothesis on the inferred Hox cluster in the jawed vertebrates ( From

Hoegg & Meyer, 2005 )
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A AR UL R E A AT RSB BAT 4 4 Hox
FNFR, AL4E 1—14 RSB ZE A A — 4 Bl
(‘even-skipped homeobox homologs ). 1 Y [A] % 4
MW EAT 4 1 Hox FENE (PCR Wi 16 19 404 =
BIEA 4 DR, HEBCAMR, Hik B, CcFD
SNSRI RS M BUAE AT A ), B 26
ANV EFHESI YA IROREFF 4 D Hox ZEAE.
T2 TR FSGD, e R et AT 8
A Hox FEDUR,  Fh AT A8 T R ) A8 B 8 72 B AL T3
PR AT RES  H  RABIBE ], e BT AR
#RBAT 74 Hoxw FEHTE, IF HAF 2K HA A
] i S K 4548 ( Hoegg & Meyer, 2005 )o

T, BRI RIS TR A kAL
R A T — R AR A Z I FE X ARG,
WA [R] A ) b S5 08 Bk PR X AL dk2 5 AH [R] B ()
(Taylor et al, 2001 ). %t b B A [F] 9 Ff L -F- B
FAARFE A EERZ HFE (Taylor et al, 2003 ). AN
F18y [ o S5 2 5 AT 5 A A 52 1 ) 4% € AR IX I FL A [
4t ( Christoffels et al, 2004 ) %3 Ff FSGD &
o BRI FRIE e 4 R R, IR 2R 5
BN ZWACRE B P AF PP DL, e A HE
YR AU —A~# D1 (Hoegg & Meyer, 2005 ). %
BUi R I 0 >k B T X068 2 )7 fili ( Aparicio et
al, 2002) FIRTHEIK (Jaillon et al, 2004) HY
BRI P4 5 NI 4 L KL P 91 0 A3 AT o Jail-
lon et al (2004 ) H M H BER KR 6 000 2> HEHTE
Jeo i Az B 5 NS R ZH rpoRH I B 35 PR o7
BT HO R R B, N A fifi iy St [W] 4 56 HA 12
FAAR, NG A — G A D K
BELRZH A A DAH AT 5, 00 S IR T R i £
AL R RS FE AP T —K. Christoffels
et al (2004 ) HIWFSERGERAERTiE, ILLEEA
Jrlrp S T 425 NSRRI R HIED I HEN
55 U AT BE A AETE 350 EOT AR .

5 FSGD Flge STEEAMMEAIIEM,. £
HEEFERRXR

BAFRI VY B HESI AR FL2E . 53 ety
KM ILLA 23 550 DP0Fl, 1 BLAT (14 B
R4 23 500 Fl A AR Z 1 2R Rl KT
A 2 R M o] 77 AR B9 W87 Zhou et al
(2002 ) #& i 7 22 5 & W AH & il ( Differential
Genome Duplication, DGD ) it ffiTIANTE LA

FMESI P AL D i v i R U DR 28 5 S 2 )
i AN ) 3% 3R Bl Sr kA T 2—6 R R H ANSE
AL A, X SER B 0 S AR A
MR, — SR, N 6% ( Monopterus albus ),
TREARG AR E S 24, DRFFE o R IR 2H K
ANs TS AN —SE R, GNBE D £ kA T AR O A
HEN (2n =50); FEIA—LEPyhlh & A4 155 Y
R SUCHE R A S ] . S} 26 R 25O R
ARG AR H Y 100, X EWRETE BT
HFE A T S PR R 2 A ] 5 TR ) — L
Yidh, WHAR R ( Carassius auratus langsdofii ,
2n =206 ) TEILIEALPIAR kA T R IR N A
il s SRR — LW, Gn AU S B ( Diptychus
dipogon, 2n = 446 ) KT 5N WAL H 4 &
(Zhou et al, 2002). FERLS A= T R ITTARLE
N, X SE RN ATRER K . WU I REAL
87 A B ) ) BE ( Force et al, 1999; Lynch &
Force, 2000 ). TEZFERI/KABIRE . il ih 3
DRI FHAE A 20 B O £ S EAL N AR AR BB A gt 15
Yy

L PARBIETE N ROTERIN D FSGD -5 6 £ )
ZHIERAERRIKCRED (Hoegg et al, 2004 ). U
R FSCD 25| R EE AW Z R AR, R
2 FSGD DL A EAR EATE MR 2 A, Ok A
YRR R, R S RONAT 04 G th sURE 1 £
B BUAE 200 FOTARRT, ot g RO R A p
RAE BT 235 A JT4ERT ( Maisey, 1996 ). U2
ATHIC AT FE N, IR A5k A 2 T REHEN Y
FSGD HIRFE] (350 H J14F ) Z[RIAF7E— R K
Y TEL R T, XA 20T FSGD FF AR A 1 fh Pk
R 1) T2 UKy R s (B T AR GO A
Py PR R B AR TREBE, AT AR AR
o fest i) FARAG TS R AP ARRS , BRI AR
B R TR A AR JFE, Ly
k= FEAREHERRA ot B AAAAE, AR DL g
B H A A AT, A HHES A o B AR R 0
PEHT ( Meyer & Van de Peer, 2005 )o

Hoegg et al (2004 ) i b # TG, 2
Mefa | il e, TR BEhAR e lR D
) =D A%FEERA ( fd8. sox 11 F tyrosinase ) 1)
Feal, e8I Y Exs FgE AR g o B e i, =0
PAFR . (REA ) AR —D R AT FSGD AL
ISR A SR B o e — 2 R, FSGD Kk
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TEimEE A N, 1E K i fa (B3 B M2 68
H) fepMita H (ot H ) MRS Mk h
E X AFE TR RZ G, (AfESH6H
FH A A7 AR A i o 2 i (&1 3). T Bid
FIBIESE , B FSGD A8 XA - £ 4 55 i 32 (R 41 &2 il
AIRE R M UED . Hoegg et al (2004) TAH FSGD 7]
BEAAHE 335 A TR 404 A HFRIZIE, X5
GBI i PR 28 4145 1Y 350 A T AR FIT HL AR
54 ( Christoffels et al, 2004 ).

<, Jacs B Chondrichthyes

> ZEMHE Polypteriformes

#1LH  Acipenseriformes

LA H Semionotiformes

e S0
@({ ‘B 14 H Osteoglossiformes
<E :&V_PA—\/‘,_( Wi H  Elopiformes
t
< )’5 -g g4 Euteleostei
Kl 3 fREgMNFEIE RN ARG R ELR

Fig. 3 Phylogenetic relationships among the major

lineages of actinopterygian fishes
g B WAE T IR ZEHE ( Chondrychthyes are their sister
group ); 5| H Meyer & Van de Peer, 2005 ( From Meyer & Van de
Peer, 2005 ); Hisk /RN FSGD KA RG] (The arrow in-
dicates the phylogenetic timing of the FSGD ),

Aib B 6 £ AR TR ) e 5 BE 44 B ALK,
MECE & H 425 B 23 637 FP4Lll, FSGD KAy
BHEIEALE “PIF =" B0 RN “PrRhil B =
BB R R A, X B FS-
GD S 1E YR B B i AL 2 AR A 2 LR G
% (Meyer & Van de Peer, 2005 ). T H, 5{{H
A 44 FiREE AR BEM L, B HMAH (217
Flv) FEEEEH (37 F) AN FSGD f5, B
AL TR B R RiE &R, WEFPRLE B
UL R T YRR IS £

6 HitERE

TERHESI R et e b, B IH 40 2 e 3 R
W BN MO BTSSR A f0 i
IR R A T — AR 2R S 1) 4 R DR 4 2

SE 3k

Allendorf FW, Thorgaard GH. 1984. Tetraploid and the evolution of

i, I HIZ U n] e -5 R A ) A B 184 hin A
A ERRCR, THRAKILEIERAY . &
GEEE A, R D RE R R 2H e TR AT B Tk
— B IUEX MR ( Meyer & Van de Peer, 2005 )o
rfEfrp, 2R — e TR R F
1 (Leggatt & Iwama, 2003 ). A —LE¥Fh 2L+
e 2R, iR mE, KRTE 200 B
£, AT AL 22 N PO A ( Birstein & De-
Salle, 1998); 1A —LEHE, EANTAYFAERLT- ¥
REGSE A, QA A7 R 74 B 0 74 B A 4
5 W LR 1 Rusilus alburnoides ( Cyprinidae,
Leucisicinae ) 2GR, FEIL HIRFHE o =514 0
PEANA X, AT Atk 1) A A O A
10 DL S =R e ( Martins et al, 1998 ). 73
Gb, TEEZEATE R Il B A T B H AR
AE RIS ] S 4F ( Zhou et al, 2002). KL, 5
BhAE B HESIAR L, S A SRR AL o 5 2,
A BRGNS IE A 2 DL 7R XA S A A
e T HAT AT E N eR . 2R
L SRR A S T XA (AT MEAZ AR A
FPIPELESE ) SRent, — BRIt A i i
BB Z R G (Gui, 1997; Zhou et al,
2000b ). A LR 20 K/ 2 R 2 JOER 8 S 1) 7
FEE A, TR R TP ] AR K A o 2B A
HIFE, &Ik, RATAENMG 3 RN CHRED . %
BT ) AR b S 10 DR 115
PLEEDIRY cDNA P51, 81 Ut e ik 26 467 ik [A]
G DXAFAE KA SO0 s 0 TR, kst
PRk E A AL R N Y T, AT 2000 J74F 1 ik
e st o AT W], TE RN GG A i
YRER DT IEh i T E AR, XL
SR RE S 6t LA )2 Y L O3 A SR S T X T
B FER RO PR T AT ST R AR AU RE
X ( Yang & Gui, 2004 ). Bfi#5 28 FE R 41314
AT NSS4k AR AR W A ik DR 4 5
Wi, DIRPIRIZ A5 RO BETE N &, bR s £
KMk Z R 2GR A K
HINREBALILS , H AR TRAT T a2 AR
ARSI O P R S 1 4L

Salmonid fishes [ A 1. In: Turner BJ. Evolutionary Genetics of Fish-
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