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F 8w A g e
SIS OO GRLUE O

Wt H3H - 10945 54 B #2HI - 10948 A 3 H

W B

FHEENCEREARIERRET - AAMEEZ B E MR E 2@ RN E (heterozygous system) »
A RN T BBy VR BIE R Y - RS > fEEE B TCa R AU 2 [ > 2RI TR
b FEATEERSRERR R P A AR LR R (8 > A tfS LRI USRS MY SRY (sex-determining
region of Y chromosome) Z&[X| - BOAGH W FEHE T - BRI RE BT HIMERIAE S ERE L - 1 HAE R E R ]
TR AR A S HATREMERAE Z EREEGET | Z OREE - W ERR s MR RN R A S £
RIS > Hrp i E—IH e Al e R SRR DA E B (RS 1S (B AT DU e i 2 A R - 3
VERIF BGBIE » BRAEIESHAS BRI IEST - TG (43 1% (epigenetic regulation) JRZ: B - RACH] LU I S RE R
R4RiE (gene editing) FefrE T SR ARIMTFEERET > DLZER H AT R 2 B A VS -

B  #E - WEMESRECTRR R ~ MERIRERS] -

i

HELE NBHEQBHRELFEREESNR LI EAEEZER - BH0EET > #EEABRNEERKEAE
BV (Doran et al., 2016) - {H 75 WfdZE 3£ 4 E B H N EEERRET A E » CHAEHEMIEESE FRIFEEREE
i Ry VR AR S AN (R B A EE B AR R RE (Doran et al., 2018) « WIREEE T 42 B — MR B EL IR 7
WS MR - R BEEBE L - BHEEAEBHRIEREE  RAEEARENAEERN - £EMAES SR
fE > W HEL B EAE A AR ERE - R84 YR - mpdiifEEE ~ MR B0 (Burt, 2007,
Tolosa et al., 2013; Ozgural et al., 2019; Vilches-Moure, 2019) 72 aE - - 2595 A EENEEEIHES - 5K
NEMERFEEE RN RIAEZ SR > SHE s NBRREN2E TR o KERS - EneEEEERESEET » %
A R B R A B Ry AT+ T SR EA WA LR AV MR R B R E B IR ME R 38 B £ %0 2 W& (Hirst
et al., 2018) » TEHRFTEENE I R MR 722 SRR IR A1 7R SR e EME R e ML R RS AR » AR H
AL E MEE IR E ~ B (%) YO RSB A E 2 TEEER (R 1)

|

BHES YRR T L RBRERTR

JeRIR T wE R E A MBI MY R B N RRE - (R AAEMT T 7 _E SR By bom FE B M R EE B 2 Ty
R - TEESHEYIE Z IR LA SR RN A - 15 LY fEnh = BIREHY S AU AL (0 8G (Dorizzi ef al., 1996) »
WERETETDIERRAIIER] o W ROR R B TE &M SE N %8 B AL HII N 3% B sRAAR SRS AR YR E B - DIALH4E (Trachemys
scriptu) Ryl > WE(RIEE Ry 26 CHRFIAAL Ry LfEE - WREIRE Ry 31°C Rl > WE(EORIE 29.2°CRIEA KLY 1 ¢ 1 AR
EEBI (Crews er al., 1994) » DURREATEVERIHIYITE & =2 W LR AL B G R S22 - MERR 0 b R IR S8 o P it L]
PLRR - MEREe s 3 8 BA A 2V (Crews et al., 1994) - 1£ SR AR @A A E A6 R E MR
R TR A RRRE R g R B R A FE I3 > MERIEEBI&T R 10 1 FFEEREMERIAER - BIH =2

() TTEbE e Z B B A B AT iR Je H 2 55 2646 55 -
Q) fTEbtREZ B BT A Ha -

) TTBIR R ET B & & PRk B4 -

(4) #EIEE > E-mail: hykuo@tlri.gov.tw ©
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RN A S B R E IR AU - (LR AR B L A & O 2 (G S0l A A ] (Wilhelm et al., 2007; Major and

Smith, 2016) -

F 1. HEMERIE B RHE
Table 1. Summary of chicken sex determination hypotheses
. Related genes or .
Hypothesis DNA region Observation Reference
(1) Z chromosome DMRT1 Over-expression results in masculinization of female gonads Lambert ef al., 2014
d . S .
0sage . DMRT1 Knockdown results in feminization of male gonads Smith et al., 2009
compensation
MHM Over-expression results in a decline expression of male Roeszler et al., 2012
related genes
MHM Hypermethylation results in an addition expression of male  Itoh et al., 2011;
related genes Rastetter et al., 2015
(i1) W chromosome HINTW Highly correlated with ovarian development, may be a Brenner, 2002; Smith
or female candidate gene for female sex determination or a negative et al., 2007; Ayers et
related regulator of male development al., 2013
dominant . . . S .
enes CYPI9AL1 Inhibitor results in partial feminization of male gonads Elbrecht and Smith,
g (aromatase) 1992
CYPI9AL1 Over-expression results in feminization of male gonads Vaillant et al., 2001;
(aromatase) Lambeth et al., 2013
(i) Cell Sex-dimorphic ~ Sexual differentiation of some somatic phenotypes cannot be Arnold et al., 1997
autonomous expression genes explained by the actions of gonadal steroids

Avian somatic cells possess an inherent sex identity which is Zhao et al., 2010

cell autonomous

Sex-dimorphic
expression genes

B EELm A S E R > AR AR Z W AERFEALEIE X MY O8R4 RIEY)
ATV SR A FIRVRR R CRRHE (LT 2K (Grave, 2014) - RAHENMEME RS T 280 > BESUERERR ZW - 2
EEAORE R ZZ - DEE R > H Z RV 82.3 Mb » Gl 884 (il B 2R I E w5 HYZLIAR] 348 {7 E4RHS P
BSIEEA > 41 microRNA £ IncRNA (Handley ez al., 2004) » {H 2 %R S RIHERHHYE R FL A (housekeeping gene) (Bellott
et al., 2010) - fEE (b b Z FeCuiGfma T OREE BV (EES ~ MRS ETE M BAAY AL (Mank and Ellegren, 2009; Wright et
al., 2012) - W Zefa g m b B al i A Z Jva g B{EEIZA (Mank and Ellegren, 2007; Ayers et al., 2013; Bellott et al.,
2017) » FEMEAHR E M H] LRSS IR IR Z et ie S (Hirst er al, 2018) - {& W Rt G R ¥ K fr & AR E B A 7 —
BE o FEHY W AL BB/ Ny Z JLERSHY 6% » 497 Mb - €96 25 2 28 (@5 B 4RSEAIA 116 {EIEGRTS RNA (Bellott
et al., 2017) TEAEA/INER Y 0O (B e BB > 70% &Ik &75 Xhol - EcoR1 il Sspl JEAYE# 7 5 (Saitoh and Mizuno,
1992) » W ZLEhG EREN T R R N R0 E - EEOE MR - i) SBIERNZRI (Fridolfsson er al., 1998; Mank
and Ellegren, 2007) -

SEMHERIRERER

(1) Z Feff@m| &7 (Z chromosome dosage compensation)

ZEREEMERESEIAERRZ —  Z e EREEFEBNIESEMEN - REHH ALY X
Tufi B A SEA STE EL a BaE| E 0518 2.4 (Ellegren et al., 2007; Arnold et al., 2008; Ttoh et al., 2011) o X Jutafy
FEFERTEREA XX FRG I » Eh— X a8k XSRS » BISmHENEC MM A —
X Zuteggmy i RN IR E — B - AAMAEREY: ZZ fy3veaRs b AN A 2B Em SR EEA - EE5y Z vt
R RVENE - IFREMEARIEMETR Z L4088 RV ILRNE (ZW) ~ I (Z22) 2 FRBEN TS » #EZ
G E o A RNFRIAE T MR 1.5 2 2 £% o E{ERHEA T e A N A FEIESRIV M E R A E B S B 2= 2
(Zhang et al., 2010; Wright et al., 2012; Ayers et al., 2013) - [ & 8 F EFE E65E R AIAVER - FalgE2MRA
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TEREEEEALR] (Hirst er al., 2018) - ELEREESE Z ZfG il W LG EEDFAAE - HE(EES AR R AR S 48RH
AT DAFFBERR B AL YRR - R e fip e B DR Y & 5 Ry 4/ )N (Bellott et al., 2017; Hirst et al., 2018) « Hrf1
HEREFHZNTFIEA DMRTI (Doublesex and Mab-3 transcription factor 1) Z:[RF1E22E DMRT1 F£IHAY MHM
(male hypermethylated) [&I, -

DMRT1 1£ & MEEhY) B 7 5F 7 %] (conserved sequence) » +&—f& Zinc finger #§% KT » EL{R5FIERY DNA 45
&' E (DNA-binding motif) » %A DM domain - Z2 DMRT1 EERALFY Z Jettfl > 74 5E 4 A B 4m e ch D
BRI ABAEMEMEMERR 23R & IR (M 4H 48 fs 5 (Omotehara ef al., 2014) - ¥ 2560 Ff DMRT1 2 &5
Z Z 3R RlE A E HENERGER - Bl LSS E R E A fJ S ER T — o EHEHEMEMGHY
FRHIFREL RNA +HE05e s - Q04 DMRT1 EERFRIR > 72 (IVERR & BB MR R SR AR SRR 0 - MR AN
CYPI9A1 I F ~ HEMESERLE (testis cord) JURCEREL ~ HEMESE N B FF AR SOX9 EARFRIL MFEEHS »
e HEVEVERRAE A RESE R AR AR B _EEME(L (Smith ez al, 2009) » W34 )1 DMRT1 {£ 2 & 2R %5 T R A
TS  [EI0F  PMEMEMERR TR 5 I ASNEN: DMRT1 B[R » {15 DMRT1 F3R S8 5 MR B Rt i - 48K
BRI R AR R B 2 S R - FEMECAVSE A RAASAIRE IR - (IR baT L n 22 S 281 SRY AL
PRAHRARY SOX9 ERE 2 S MM ia A BT HERY R - 16 B & 5F S Z JL s = s AN HEMGN KL,
J FEEARME PR SAES CYP19AL HYFREE (Lambeth e al., 2014) - 5 E045 55 AIFRH] DMRT1 A S PEAIMEM: ik = 58
BRI SR ERE - AR - HEERE DR AREER » SRR ERS AR ML - BRI R &M%
§ o

F—{EAF Z F+ e f8 F{ESE R DNA & 5 2.2 kb 1Y MHM &35 > 4+ 88 FAYAL & B DMRT1 £ A AH
A - MHM I gk HAYFE SRS RNA K DMRT1 HYHIHIY) - fEMEMEZEE Z 24088 F - MHM &Y AT R (S
TERER » A&E HAK16 {782 4HE A ZFR(E > 0 MHM 0] gE7E fm S0 A S wiE X T 2E o - WA 8
E VRS AL » (A PR 2 & R MHM AH AT BRI SR B A2 1) 22 B I 14 2 S R B B A (B 15 (Bisoni et al.,
2005; Sun et al., 2019) « L& MHM &Y DNA Rl ERpRIEGRTE RNA » 45572 DMRT1 ELR F i) T
#5r DMRT1 4| (Teranishi et al., 2001) » & EHEMEZE S DMRT1 FLRIFRER B e 2E AR - 10 ZGEA S LR AR
HEEEE o (RS R LAY IE B B ARG - BB ey 5E %A R (Elango and Yi, 2008) » 7 AT Il 4 2
& MHM 1K FEALAVFERE - FTREEL S S MEFT SRR B RE S FEAHRA (Sun e al., 2019) - {EREEIEM: Z 0 dg
I » MHM [& 15 DNA 2 FHEAL (Sun ef al., 2019) » [F{K T MHM &EIELRT RNA B4R - (fii)&/) 7 DMRTI
FRBIAHIE - EE ARG Z Z4 0 ae 9745 DMRT1 £ - 8RR (R Z 24 fs > MHM &8 2 L2
fERFEAE[E (Itoh ez al., 2011) » {HATy & {2 {E T FHY SOX9 ~ AMH k& HEMGN %5 fiff 1455 52 BER PRI 3R (5] B 4111 1)
FOXL2 ~ CYP19AI1 ~ S -catenin ZEfEME S0 (LAHRAELA » (EEGIERR LRI EE IR S5 B RS 1S (Rastetter ef al., 2015) -
ESLIRT F SHE 7)Y XIST AHALL (Briggs and Reijo Pera, 2014) » MHM W@3gfE PR MR 73 (6 BEA M (Teranishi er al.,
2001; Roeszler et al., 2012; Caetano et al., 2014) » MHM (Y2 143 & (@it MR BRI 8 B 2% > 16 H
EHETFRMERR E DMRT1 3 (Roeszler et al., 2012) « B3 7 FL RS LRI S0 R 2 Rl 55 & #f A H R
B 2 (B LA A2 SR B R B (B R T - #02 FR R S FE LR YRR

(i) W Lt B Re i AL IR A M AR REESER) (W chromosome or female related dominant genes)

REE W Ztefs FRER AEISEE > FR8 Z vmfs EavEDRERA R R EN AR TR MRS T
iE S RLRA B - R - B E R KGR EARAHRE (Bellott er al., 2017) © ELEERIEST T RIS MEHA] -
TEME ~ TSRS AE SRR FEiR A5 B R gt R R E A5 BE RN (Hirst ef al., 2018)  {H1S7F
FHE W JetmfE -Hg HINTW AR (W-chromosome HINT gene) » BfEZREL Z Juttf Y[R HINTI (histidine
triad nucleotide-binding protein 1) [&] £ HIT (histidine triad) ZZH5% - {EFFFBHEEN[E] » §= HINT [l 20 G451
15, (domain) (Brenner, 2002; Parks et al., 2004; Moriyama et al., 2006) o =W E#IHE 2 IR EFT » BIa]fEEM:IERG
WAEHIZEI K & HINTW £ (Zhang er al., 2010) » H HILRFRIEAR ARG S4H4% (O'Neill ef al., 2000) - HINTW
i 5E — 821k (heterodimerization) & HINT ISAE (Pace and Brenner, 2003) » #EHI BT 385 220 = FEEAHR »
G AT BE e M PR 14 1R T (% 158 PR 1 B3 s ik 4 2 B Y &4 [ 522 [ (Pace and Brenner, 2003; Moghadam e al., 2012;
Ayers et al., 2013; Bellott et al., 2017) °

HINTW £ DMRT1 AH[E] » #RAEMRRBH A EATREE AUAS AN R - & BRI E BN T2 — - 2
bR TAEMERR R - HINTW tAERRRGRF IS S 80 /NSRS BZ R - $2 0t T MR ] DUE 8 SR E
A HER RE R B H AN A ERAY 73 (b (Smith ef al., 2007) - W AL R E DMRT1 R MERR (B RBIVE - (HES
2 Z L REE - BR W kRS ERVEIN 28T Z S A LRI (e T 0N E - MIREESEE T



FhEEzE SRR 129

DIFEE (Teranishi et al., 2001) - DA FLIHEY) /3 frdv RS IR RE ARG  (ERS1% - 83 T SRY AR AL HE 1%
A EREENE - AAE ISR - e PRS2 A R EEEA S EEBEME (Graves, 2003) » HH1{G
WoE B LS B4V R RS SRS - MG R A R P — DI R M E AR I

Sy — B B VR A BV RSN CYP19AL » RIEFTELUE RS &G (aromatase) » [FhiE 2 4HAE G2 P450 HYRE
R R B L R o BEERMERR T CRAEE - (EEMEMEMERR PRI - AT R BB 48
UNE 5B 3 5 #YIR F (Elbrecht and Smith, 1992; Vaillant et al., 2001) - ZEJEHE F-HA 4 DL Fadrozole ZEa L EE ZH]I
HIBIAANETS BRI - B EMEMEMERR B HEVEAL - TR R MERY S S2 ALFD S EfZ 2 (Elbrecht and Smith,
1992; Vaillant ez al., 2001) » iS4 R B P AR B0 e M 2 € A E MR 2R 2 PR AVIRZEAEE - B8 BT BEER
EEHLIE R (George et al., 1990; McPhaul et al., 1991) « 5545b » MR ZERRAREF BR%E T ANRMETT &EG - IR o] i MERRRG
FEVERRS N R g 2. - REE IS AR A RIS W 58 B R U SEAR AR - AR ZR{L » DMRTI 1 SOX9 SE AR FRIA T
F% » FOXL2 F1 RSPO1 SEff PR FLRIZRER A SE M ML (Lambeth et al., 2013) - SHAMEREENZE - &2 F4b
TRRZE BN - MERRAVRE SR RRIAZ 28 » B E A —2 (MR A ) - (EAEREE
fEERE R B FIE D E I R — 20 BT ZZ TR R AR M M L E B 1F B itry SRR B R N 3R
HEEABAYIE T » CYP19AT BUENT-HAINIR MRS [#E DNA BB EFI4H 3 Biefale FH B BRG - U5 0RE S o i
{EHVERHEL (Ellis er al., 2012) » 57k A VERY MR 2088050 PR —(E nTfTaYBE 5 1) -

(iii) 4HFEE = (cell autonomous)

1970 A FTEd F18Y SIH 2 MR E b B L2 MEBIAHE] (Jost er al., 1973) > EHFEE M2 RGBS B
HY R R B 4 — REMEAYREAG MR (dimorphic embryonic gonads) s LR ON S ECSE A, » [FHF 7 2 L EIY)RG
H At B B 5 5 2 B MERR A E Y MR IR - ST 2R B RSB LB N 2 AT - IRRG S 5 TR AV E R R IR
MR —HEME (Renfree and Short, 1988; Dewing et al., 2003; Bermejo-Alvarez et al., 2010) » Arnold et al. (1997) It
RUNEHEP M ZRZE S BA EFEAVMEE TIEM - SR ARG - &2 W MR 2= 52 0T
Ao AbRBHYH 2 — (Hirst er al., 2018) - [ ARG TERR 7L AT » © AR R SRRV R R R IR - (HIEE 4%
BRI AL - EEEMOHEE L (O'Neill et al., 2000; Scholz er al., 2006) » iE4&5F 2 FF 7 4HAEE F/F A FHE - 2010
HF Zhao S5 AFRHE T 43 FRIMRRGER RS - iRl B R S - MER Lo s 24iiEE EEH > &
AT (R — {5 0 BT B E 1% FIEEIE (cell autonomous sex identity, CASI) {2z © CASI Z i ZE =
E 2= FATMEEF RS 2 ERLG - B E NS R - RE - B MflsE s AR - SIS R
i~ AEE - Al N BEEERAY > HIE ARG EUS A AR S 8 s ZZ > BN BRI HUAS- AU ARG PR 2
BRgHIFETE 2 fy ZW ERAY (Zhao et al., 2010) » BRHMEREFIRGINRIIRN 2R B R SBR[ - 1 4
FAUEAMERR M BN A A FE -

[E0E > (EEZMERRRGER & RS 7T b T e AR [F 455 IR o (LTI M M i P AR 8 4 SR AL AR B e P 1
BREAES L - 55— 7 EIiF A AR oA L AT B P R v BE T AH GRS AB B M MR R aH AR b MR (B R R A fEtE 4H
&R > MIERE ATE LR (Zhang et al., 2010) - S3ATARRGIE B 55 3.5 RIEMERIMEMEIR AR R B RIFR3R > S83R e
BRI R R L2 AT - FF 2 B RRIRA B MU R ) - BiS BRI R AZRER - RERER Z fvt
e H AN (Zhang er al., 2010) - iEfH Z BB E AR P > EMERRIMER B R NS EGEE L  Rifgt 3R (Ellegren et
al., 2007) » TR Ry SCEF AR E LIRS FHR AL TH 5818 (Hirst er al., 2018) - 15 LA FR4E R BUR S &M EA /K
MERIFRAES) > BB R EFEESE - Wil 2diiE 213 5E (Zhao e al., 2010) » FEH{EHEGTERFIREEERR 7
AR o3l - (85 3G 35 B B RR M BIAH FIHY R RERBA (i TEIE -

A

HREE > EEE BN CEEYNIm A 2 > REMES IR E > MEEARE ZBEER - HHEN
B2 A R UL - RSB HEEIMERIE ~ s ERUE(ERVEMPIIES o SEME R E N R E S - EHAYR
Sk Z OGN R S G R E b - W OB AN T AR &b - DU (ERSAIIEE £IEH - B
e Z EE P IR R L - TR s IR S B S BRI E H e — e e E M HL AR - SRRy
IS TR > FERENE ATHE 4R 55N DMRT1 ~ SOX9 ~ PGDS 7l AMH HYFIRSOEM: - DU MR 525
FOXL2 » CYP19A1 f{I RSPO1 / WNT4 5 |- ~ "N R Z BAMRSHL —— o ARACH [ FIH H 2 bE HE S8 fe v £l > $F
BHE A NIRRT DA Se SRt e MBI BT RIA =50 -
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ELRIThRE M R B RE B RS 14T B i 28 7] RCAS %35 (Lambeth er al., 2013; Lambeth et al., 2014) 2EEZEFL
FAlT (Ayers et al., 2015; Hirst ef al., 2017) #E/THEE RGN FLINHI S NR IR Z 5085 » {H in-ovo CRISPR / Cas9 J5
A B EL R SRR R il 2 H Al R B Y+ 1iT (Morin et al., 2017; Chojnacka-Puchta and Sawicka, 2020) » & B %
T AT BRI G PR B A SERAST o i3 Se LR - HIBREGE R IR AR i P ek e AR B e (S B RAH i - AT
S S A R E A PERE o3 (b Y T SR TR 1 SR ARG R o PRI et BB A R R MR S B 2 R
5o AR LR S R e R IR AR - TEMERIHERT EH s S B EY A R SR AR ST R
H -

W

=Rk
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Abstract

The challenge of poultry industry is the requirement of single sex preference which is not possible to adopt sperm
selection technique due to the heterozygous system in females. Chicken belongs to avian birds and its evolutionary status
of avian species is between reptiles and mammals; however, evidences showed that birds do not possess the temperature-
dependent control for sex determination as that observed in reptiles or dominant SRY gene for sex determination in most
mammals. An increasing number of studies suggest that the unique sex determination or differentiation system exists in bird’s
genetic mechanism, and the integrated sex determination mechanism still remains elusive inconclusive. ¥ The current sex
determination mechanism hypotheses of birds are the Z chromosome dosage compensation, W chromosome or female related
dominant gene and cell autonomous. There are still no definite mechanisms that can completely explain the sex determination
and differentiation pathways of birds but it is generally assumed that these three mechanisms are interrelated. In addition to
the transcriptome level, the influence of epigenetic regulation on sex determination and differentiation is also involved in
sex determination in birds. The current precise gene editing techniques can provide a useful tool to better understand the sex

related mechanisms of chickens in the future
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