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How do limbs, fins, and faces develop and evolve?
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X238 TP 2 al R e E S BN A )X
Rl i 2 il S Y £ 25— 11 #41 (Haikouichthys
ercaicunensis) 1 B B 1. (Myllokunmingia fengjiaoa) () &
B, AR PO AR AR 2 T A eSO ST AR R
WAL TS R, BRI S RE B % F A A
Al (9 20 T LI 12, 8 R T B S 5 6 K A R
IF1) T Rl A T8 Ak 0GR TR, A T R TH A B

— Uik, B M TC R ] 3 B A —
BBt B AR R sh ¥ S B £ (Branchiostoma) H HY
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mesoderm, PM)Fll#z o ik 2 (lateral plate mesoderm,
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HE 3 ) 5 2% 1 2 B2 BHR A 1 S R IR R TR A
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JIR 2 U5 (apical ectodermal ridge, AER)ZH 4.0 I i,
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HA —AN 3T i B (proximal basal bone)®4%,

KAEWFFR R, FEHIRSN T &8 ) sk, B
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AT T34 % 30 Hoxal 3T Hoxd 1 3% i [ 4 Bt 2 121 1z 15 i
AMEI BT W2 BN, X SR T R —
A, FESE AL R R S tH SEHoxal3 AT Hoxd13
AIRE R T AR S O K R B R T
D BB ECEH AN N, BT BT Mg k.
R R, 165 W1, 4245 Hoxd137E N i1 5'Hoxd
F PRI 7E DU A2 Bh 9 5 A A7 1 5% - GCR(global - control
region) . Prox . {57 J¥ %1 C(conserved sequence C, CsC)
DL K TH A IR )2 48 (apical ectodermal fold, AEF)fET,
L TR KB T A 8 b i Rk KR X Rl R
ik AR T R T U R A ST T R AR Y B e
S T 1 RSP I AN AR T, X D 22 S BV 5 e
T8 AR G

And i R G2 5 v 3 PR 25 2 o v 2 DA £ 6 Ak 3
B VU A S B B Zhang %5 U8RI Tulenko
95k 55 R T % 9 And1,  And2 il ScAnd(putative
And homologue), X &6 5k K H A7 7 fa i 1Y) & 7 oL 72
H, TEEERE G WS B AE G, HAndLE R 5
hoxD#% sk Wyt o o, 7 fafif kB R s fE A, 0
FE BN 04 DU A R R

Gli3-Hand2 A E. 4 il 15 2C A & Shh, 5'Hoxd A K
Hand2 1 S 75t I8 15 24 3% 3k B [a] S #0868 1) DY Ji 3 Ak i
T v i B TR R R DG B B PR — 30T g B T
1 (BI3f oi 55 ) 09 2 BUAR A AT fig 2 68 [ 5 4
(anterior-posterior, A-P) I Jt 8 3 PR e A4 2 & A= o
78 T s ol g (39505 3 o X A A1 S AR S 14 5 A

Shhis2-551  Gi3l5456-59  Hoxdl6064  Alx4ls7:65661 Fyi

Pax9 " %125 iy fF 5% S B, 7E RURT G & B FE
25 T 22 34 1 Gli3 5 Ji5 g 32 1k 1) Hand2¥ & A-Phli
T4, Shh, 5'Hoxdll 2 Hand2fE it — A4 K 1 B2
Jii ity P DX 3R 0E S G5 R T B, O LA ) i oG
(T8 1 18707 FE At i 4 2F P, R & B Hand2 %}
Gli3f I HI1EFH, Shh, 5'HoxdlL & Hand2F I i i 1F
SR AR R WA B, JF H R R4k e AR A Y
i ) 39-505%72.731 g Bk Wy 455 (Polyodon spathula) i #€ %
Ao, ok & B ZF Hh AE 7R Gli3-Hand2 /Y A B
e,

Zr LRk, fEfkmbhA st ibid i, R
FERJRLRSFY), fafE & F T 3L anFgf, Hox, Thx
SR RSP L E TR, e A R
Ut FERFIAE S | Rk iR L | SER ] AH BLAE
BT DR R A ) B e A R B T OC R
(K ).

4 BEHWTESIE

PNNGE/ L FI T S ES T LR R
A0 ) = A5 A A HE AL 2 07 T g 4k | AT L A
g BRE LT RE. AR R A SR M BRI T iR T AL
HTIEEZH . O EENIMERHE, 7 -
I AL AT R A R B P T RE, A0 A i
RIRGNE, nAE B AR S AT — Bt al; B i pk
‘BRI, A S, WA B M BE RIE BB Tk AR
BRI — S £ IS G S R B R A X A -, AT
1T, KW RIS, —Bo R
SR7 ST R W N TV v A DESE S LR iU P N ¢
ZY R, 6 — R 2 B B W i P 5 JE (sexual
dimorphism) (35 1)°7%.

fgs T 1 S T 1) 7= A T LA BB 3 R A 1R R A A
FAEE LB, R BEMAE L, HiC AR Rl
Bl R i R O O B SRR . R T MR
(sexy son hypothesis)!® Ak, EFEHIA K B ki
(R T RS I 1 1 3k e R R AL 2R R AR, R AR
P AL T A TG N ) L MR BE B RIS R
(handicap theory)™ Ay, it A~ BT BAT B g 5 |
SR PR B SRAF AR BE A B AR AT,
AR 2 TS L e 2 RE R I A R BT TG VA
FH 0, A 3 B 3 28 i w3/ T LA AR A T I
M 25. XA BRI TE 4% 81 B (Xiphophorus helleri)ff B
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WeWF 5 10U 47951 R AR 1 16 5 (negative frequency-de-
pendent selection, NFDS)IA A {4 Hh —Fh R AL 27
A, K B 26 RU5E 4 ¥ (fitness of  phenotype) t it it
7093, BT Y (balancing  selection) T ) —
Fili 2 51103100 - Hyghes A O3 st AIF 5 A [l €0 R e
L4 1 BEHE 3 B (reproductive fitness) & B, NFDSE
i 3 A A B A B S e RN B SR gl R LA fa B
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(), BIPEGEREZ M T A G AE A . W] AEAS [R) 3
PRI E R T, XA PR IE S SR PR R0 B A B
SRIEFEZ A “ AU, B 2R B — € Ry 2.
AR e A RN 5, B T S A i 22
R, 32 TN ) 0 R R R A7 (quantitative
trait loci, QTL)®% i %& B, 4 51 f i 3% A
(sex-biased genes) A K2 HZ i iy 5 A4 . 701k
AH & RIAE WO P 22 8] AN [A] 9 3k KO, B e i
JT T A S P i (83 1008 ek e A v S
L FLIREE A K B ALHI R R I, MR D
T A (IS 4 s 5 L K B DURR B Bmp?
FILef L e PRI RIS, I S BB 7L 2RSS P
A%, %t 5 % 4k 1 (Oreochromis  niloticus) i) #F 5%
KL, cypl9ala, foxI2, cypllb2, dmrtLig B ik 55
ey e e e PR 121220 e s R A T Rl e 2 e
ATV 3 ol M I SN E PEAE 19 22 57 Sharmads: A 123158
Tk B 5 LA o S g 1] 5 R) 7 Al AR A ] 2 21 5%
KB SRR, % T 29 TE FLAE fA 1 R D

BB

T e 1k H B AT g % €6 R A LT BE 14 B (5 Y L
KawajiriZs A\ 2471 Solis A2 B0, 5 0 e e i fi
KBRS IR 23N, AR B QTLIE NI, ki
AR, Wi = £6 (Gaster osteus aculeatus)
AL FE B8 AE N 09 P 08 1 AL SRR 5T R B, A
Z (B TR AL 454 R AL, X 51 508 1k
(38 1L 29 8 J1 (genetic constraints) 3 1% 38 A K 19
TR 71 i A e ot 70 MO 1 3 5 (AR 33 7 Y il A AT
O I AT ] QTL AT A2 A 1 1) e e G oAk X33 e K
AN AR TROP. o It ) M T R b TR, 2
W 1 DA TR 1) 6 0 AR o T AE R A A AR B R
45k, I H 58 E KA DG shh, msxC, fgfr 1Ay %3k
BT W oA, U IR AR R AT M A )
T BV ST B4 114 2% 7 1129,

5 Nk EHUBERL

YT H L BB G 22t nT O AT s,
ik — B & F AW Ak A ) RGP
KB PMAERA LU, WX (the zone of polariz-
ing activity, ZPA)F bk ] 24 i 8 125 44 5% (the domains
of interdigital cell death)fyZzfbikiE T R4 iy I
AT 6 B 2l 4 R R ) I i s ik ) 22K 5 ZPA
i i A A 11281300 g IR T i 4 ol 2k 5 AERAYIE 1k
A e LYSYT e i 3 R i S S ) B ) 40 9 T %
AR SR BGETE TLPM, B 3 ) &
B HAERAZUrb L #4511 3T 128 v 4l 1] (the  proxi-
mal-distal axis, P-Dill), JX{f A B 2 T8 A F,
AERAZUPLLR R A AR, HRRKESR

—>RERE
Bt 8l (autopod)

hii(zeugopod)

T iim(stylopod)
Huoe &

P AEFiS
i« [EHAS' HoxdE@FRIA ISR
i - Hand231GIi3gv 0]

| . SERHand2-Shh-5'Hoxd S AR LE |
i -Hoxal3. Hoxd13'ER"?

|
B LB SEIBLE AL FIR A A G 5 B HCAL ] (573840425198 7074

Figurel Evolutionary relationship and mechanism of fins and limb:
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Tablel The reported fish specieswith sexual dimorphism in fins

Yrf WS 17 =%
e HEPEA K R0E e e THERE P EE T, K OE AR SE e A T 25 (75]

(Poeciliareticulate)

BOBLL:, Wi RS B T 8BRS P 0 77
HRH

bl ==Xl VB SEI AT — D ORI ARSI 25 WM 1) B B RO M, HLE RS 2 A2 IE [76]
(Xiphophorus helleri) 1, IR A

L RTGf WEPE I R B8 2 R AR BN R B, T SRR (A Ot B A [77]
(Oncorhynchus nerka) WS ) B B 0 K R b

LERTES T P B i N B BRSO — AR AR B B W | 0 O - A EE T 58 U2 K, DR B 20 E e [78]
(Haplochromines cichlids) B BREE” P PR i 2 R

iy i1 (Danio rerio) THEE Wi 2 7= A 3R B BT AL 45 N T [79]

Ti#(Oryzias latipes) Mt B BEEE 4 LA FLISIRESH W e, 58 T HEIERYRR L, AEBE R [80]

£ it (Gambusia affinis) 2 UM R R v, R EE S IE AR R AR R W] BE TR N A [81]

AR, IEH IIMELEA & R i

B AL WEPE N i Sl K THEPE A e B AT BRI 6 10 e 2 [82]
(Pelvicachromis taeniatus)

Mt Fefa (Gilaatraria) TEPE NG B8 1 T e PER LRI [83]

TP IRk AR EYTEET, MR EEA NN B A2 [84]
(Barilius barna) i i AR R

2 TEPE R SEROMEME R BABRIE ML T 2 e 2 R A S e [85]
(Girardinichthys multiradiatus)

KP4 A% £ (Gadus morhu L.) T S g T I 1 o TV AL 88 2 B A P TSRO HE DR, BAT RO BN [86]

SATASHEE R R4 0 B A LRE

BIARE S HEEAT B N b i MEVELE R s BAT 524 0y, BATE L5 BIMEEORAY  [87]
(Coregonus clupeaformis) bIRAS

Jiit )% (Squatina guggenheim) S A e B g B [88]

37 £4.(Poecilia | atipinna) TP A R B A 436 O ] [89]

ik fh (Peltopleurus nuptialis)  MEVERESEAE (0 A5 2 A, JrEoNis ks [90]

75 T AL 3K BEAEE R s TR RIS U S B [91]
(Lepidocephalichthys alkaia)

/st (Seyliorhinus canicula) M I 68 3% 1 AR PR AR IE 0 N A2 BE A TRt DI AT e e [92]

K 1) 4 f4t (L epi sosteus osseus) TR R S T SR HEE A R BN W S 1 N 32 4 % (93]

LRI PR TR A KIG G g HEVE 2 [ 55 SR AL 22, T EE R G5 OCA B35 [94]
(Oreochromis mossambicus) BhHHLS

i 2 i £ T B R B A o Y 2 SR ORHERL . ORI H O s Sh O AT 32K [95]
(Polypterus ornatipinnis)

5 A i eV A o BEAE IR AL . IR EEF S A A [96]
(Paedocypris progenetica) itk

X, FEZFGHE S BT R ZPA(E 5 O R
AT 5 Bl 7] (the anterior-posterior axis, A-Pi), S {i#
HABMI KT, 32 Shhis 5 =, A7 T OB 5 5 il
] (the dorsal-ventral axis, D-V#i)3R{# T3 3| F-2
IRT, ZWntfF 510 B iJH .

B SR S AN [ P Fh i SR T A2 5 4k, 4an 5 2R
Wi % T T PR R TR R 4% BRI PR N R T

BIHL, J5 Rm il & 77 M, Mo mE Ui, Bk R
BRI, HETRIA B, FEMRDUI A, BRI, 5 AEE R
(FPHEHREE); NS L RIBR AR AN TR 45, (H L fE AL
il A1 & B L R W AE Tl B A AR E RS, A
) 25 5 B BAEAE T 3R B 9 e R 5 oT A4 /N 1Y AR
AR 1r27:2320 e R R & 7 5 TBXCE X %2 1% 19 Thx 4l
Tox5A J6 56 £ 1331381 e 81 ok I8 T 8 [ 7 8 A HOX
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BN FE RS 5555, ToxdHI ToxG 78 {5 5 18 14
H13%0% Fof10, Fof10M~1 IR )2 b %) FofeAt B 4E A2 ff
ICZF KB LTI IBCFIEG B, Hrh ThxGR] B 4% 32 HOX
N F RS 55 S FIK, Toxdif) ik & HOXEE
KIE WG 515 Pt & . AT $E 5], X3t
D] [ A5 7 A 2 rh o A5 AR L B D RE, G 6 B 2 £a bl
Thox5ik b 25 7 A T AT i 5 1) A 1130, 4 Toxd ¢ 745 i
U 25 S S0 g e 4 1),

DU 2 Bl I 22 R M 8 285 AR B O 2 B A
KA WTHHA", S A 72 v O B P R
PP 51 g A S ARG 2R i g 0 g 4 SR R A
U 210 L SHH 2 3k 19 ZRSHY 58 1 76 4 M sh i v &
o BEORSE I, W Zr sy 0 76 1 0 Akt A v ke A AR
S(ER TR EK, Elzrskih, Nhk
WG Shh& ik, FE & S B TR, KvonZs: A0
iz 1 T CRISPR-Cas94 A4 W (1) Zr s A /N BN 32 G
IRPY, 15380 7B AR /N, 45 R R W] ShhE K K
FCR AR O 0 728 S A R Ak ) 7R B AR
Ptchd Kz Ho i 45 50 1 76 5 A s P ik (68 ) 199 8 Ak o e ke
EMEVER, AR T/INRAE BB, B s an 4
A Sk 14 B 2k AT Ptehl X G428 o A a9,

553k

6 JEgt

$585 0] B 40 6 7 M S A S B S i
TR 2 —, BORMEE AR e T AL 5 P ik g
ASALBIMISENE . 25t J23E 204E ARG, i LS Al
A S FHLRI AT I8 LR A i (1) A-PhllE
Gli3-Shhf 53 6 (10 77 75 LA S Shhig ik it 1Y e 25
TS S v XA, T SR T P
e 2Bk VY 2 ST A B — R TS B (i) P-D
Bl |- HOXHE PRI % % Sy 31 5 0 1 (0 B8 S 80 T Hoxt:
DA 3 35 3 B8 LA % A 2 0 25 Ak, 3 il 25 A pk B 25
AEF {45 J L J% 322 3t A0 8 1 T 1, Jie & T8 1T DY
JE B0 U 03 3 4 40 (autopod).

TE 11 88 6 18 R 6 5 1 O A TR, 0 i 2 B
TEHAT . LR RIS, s T
BRI RERIEAS. B ROTEIR I, L0 R LR E
B 7 W A A 0 9 S 1 % A DU I ) 22 RE PR T
B T E A . R X e R R AL
TEREEIT T, (F P 2 A AR 4 5 R 2 I 1 315k
OE S AP = S N = 47l oy 7= 475 D&t ] )
PP B SR | S AR W LI THRERRE, AR
15 e 252 R R TR 45 AL 31 S e T
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How do fish fins come into being and how do fins evolve into terrestrial tetrapod limbs? To answer this scientific
question is substantially to understand how the genes that determine these traits are subject to natural and sexual selection,
and how they thereby involve the innovation mechanics and evolution mechanisms with respect to development.
Increasing evidence in recent 10 years suggests that fins might be as single fin-fold in early jawless fish, and then get
makeable changes on the evolution roads from jawless fish to jaw fish and tetrapods, in which sequence divergence,
expression pattern change, cooperative interaction, and even deletion of some required genes for fin development might
play critical roles.

The origin of fish fins and tetrapod limbs has been debated for more than three centuries from early natural
philosophers and anatomists to modern developmenta geneticists. In the recent 10 years, extensive and valuable data
have been revealed from a lot of studies on paleontology, comparative anatomy and developmental genetics, and these
complementary results have made us to understand the origin and underlying mechanisms behind the formation of the
fish fin and tetrapod limb skeletons. It has been certified that fish has evolved to tetrapods and the multiple-basal bones
of ancestral fish fins have been reduced to evolve into a single bone of tetrapod limb with fossil records. Similarly,
during early embryogenesis, fish fins and tetrapod limbs share similar development mechanism, even though significant
differences in histological, developmental and structural patterns exist between them. Many functional genes, such as
Hox, And, Gli3, Hand2, play key rolesin this transition or transformation.

Natural selection and sex selection have led to sexual dimorphism of fish fins and morphological differences of
tetrapod limbs. Along with the rapid development of genomics, genome editing and biotechnological manipulation
techniques, the genetic basis of sexual dimorphism has been explored. Some gene families and signal pathways, such as
Tbx gene family, Hox gene family, Ptchl and its regulation elements, have been identified to involve in the
morphological evolution. Significantly, it has been demonstrated that the differential expression of some sex-biased genes
and its affected genes which are related with growth and gender differentiation may ultimately lead to sexua dimorphism
of thefins.

In this article, we have reviewed origin, evolutionary history and development patterns of fins, and elaborated mole-
cule mechanisms on fin-to-limb evolution, sexual dimorphism of fish fins and morphological evolution of limbs. It is
expected that a new era is coming for studies on developmental mechanisms and genetic basis of fin origin and
fin-to-limb evolution, and some novel sights will be further provided.

fins, limbs, evolution, sexual dimor phism, sex-bias genes
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