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ABSTRACT

This study was carried out to explain coat color characteristics in native
Korean cattle, Hanwoo, and Jeju Black cattle (JBC). Our study also
determined the genetic basis of the occurrence of albinos in Hanwoo.

Melanin contents in hairs were quantitatively assayed and compared among
cattle breeds to characterize the «coat color patterns 1n cattle.
Spectrophotometric assay was used to measure total melanin levels of upper
scapular hairs that were obtained from various cattle breeds. The total
melanin content of JBC was significantly lower than those of Holstein and
Angus (P<0.001) among bhreeds with black coats. Total melanin content of
JBC was significantly higher than that of Hanwoo, a breed with a
vellowish-brown coat, and the red-coated breeds, Red Angus and Red
Holstein, respectively (P<0.001). In addition, among yellow/red-coated breeds,
total melanin content of Hanwoo was significantly lower than that of Red
Angus and Red Holstein, but higher than that of crossbred animals exhibiting
a pale yellow coat produced from a cross of Hanwoo and Charolais (P<0.001).
The relative ratios of eumelanin to pheomelanin in black—colored Angus, JBC,
Red Holstein, and Hanwoo were 0.382, 0.359, 0.112 and 0.124, respectively.
These results indicated that cattle with higher total melanin and eumelanin
levels developed a black coat while those with lower total melanin and
eumelanin levels developed a yellow/red coat, suggesting that bovine hair and
coat color patterns may be determined by their total melanin and eumelanin
levels.

In order to reveal the relation of coat color pattern and gene expression,
the expression levels of three genes which play a critical role in melanin

synthesis in melanocytes, Tvyrosinase (TYR), Tyrosinase-related protein 1



(TYRPI), and Dopachrome tautomerase (DCT), were analyzed by a
semi—quantitative real time reverse transcription-PCR (RT-PCR) technique.
An investigation into the expression levels of these three genes was
conducted based upon the genotypes of the Melanocortin 1 receptor(MCIR)
gene which was preliminarily determined in the four representative coat
colors - yellowish-brown from MCIR e/e in Hanwoo, wild type black from
E/E" in JBC, and dominant black and white pied regions from E”/E” in
Holstein. In Holstein black skin, the expression levels of TYER, TYRPI, and
DCT were over 4.5, 2.3, and 2.5 folds higher than those of JBC, respectively
(P<0.001). The expression levels of these three genes in JBC were
significantly higher than those of Hanwoo (P<0.001). Our results indicate that
coat color phenotypes in Hanwoo, JBC and Holstein breeds are directly
correlated with the TRY, TYKPI, and DCT in transcription levels. Moreover,
these gene expression levels also coincide with the genotypic distribution of
the MCIR gene - e/e in Hanwoo, E/E" in JBC and E”/E” in Holstein.
These results infer that the MCIR genotypes may determine the levels of
total melanin content in the skin of Hanwoo and JBC as well as induce
transcription activities of a TYR series and its downstream genes responsible
for melanin synthesis. The entire complementary DNA (cDNA) sequences of
TYR and TYERPI were determined in Hanwoo and JBC. In comparison to
those previously reported in cattle breeds, no differences were found in the
complete coding sequences of 7TYHK ¢DNAs. However, a novel short
transcription variant showing the deletion of several exons was detected in
TYRPI in part of Hanwoo as well as in JBC. Based on this finding, further
studies are recommended on the correlation between this transcription variant
and coat color pattern in cattle.

Recently, white coat calves with white coats have been reported on
Hanwoo farms in South Korea. A total of 9 white individuals were found on

three Hanwoo farms in Jeollabuk-do and Chungcheongnam-do. These calves



and their yellowish-brown Hanwoo relatives were collected from each farm
for pedigree analysis and genetic investigation. Based on the observation of
the color of skin, hair, and eyes, the calves were identified as albinos due to
oculocutaneous albinism (OCA) which differs from the Charolais-related white
coat color, a specific characteristic of the Charolais breed. The calves lacked
melanogenic pigments in whole pigmentary organs including eyes and skin. In
addition, they displayed the autosomal recessive inheritance patterns identical
to OCA in mammals. Albino hair showed the lowest level of melanin content
among the cattle breeds tested including the white pied region of Holstein.
The evidence for the existence of melanocytes in ear skin was provided from
the results of the immunohistochemical (IHC) staining for melanocytes using
melanocyte specific antigen analysis. Further results obtained from flow
cytometry and immunofluorescent staining using melanocyte cell markers have
given histological evidence for the existence of melanocytes in albinos. A
total of 15 DNA samples of the albinos and their relatives were collected and
used to screen for causative mutation for the development of albinism in
SILV and TYR genes, known as critical candidate genes in mammals. DNA
sequencing results showed the albino—specific mutation ¢.871G>A in TYR, but
not in SILV. All albinos had the homozygous TYR ¢.871A/A and their dams
and relatives with vellow coats had the heterozygous TYR c.871A/G.
However, all Hanwoo individuals unrelated to the albinos had the homozygous
TYR c871G/G. The genotypic distribution of the mutation 7TYR c.871G>A
was consistent with the bovine inheritance patterns of albinism in Hanwoo.
Out of all DNA samples tested for the other population study, only one
individual was heterozygous TYR c¢.871G/A. However, its breed was not
identified because it was slaughtered as an unidentified crossbreed. The
pedigree and genotypic analyses results for each coat color in the different
cattle breeds suggested that this TYFR ¢.871G>A mutation may be a

diagnostic molecular marker for detection of albinos and their carriers in



Hanwoo.

In conclusion, bovine coat colors are mainly regulated by the genetic
backgrounds of genotypes of the primary response gene for MSH signaling,
MCIR, and the melanocyte intracellular melanin synthesis genes, TYR,
TYRPI, and DCT. In addition, the Hanwoo albinos recently found in Korea
were caused by a mutation of the TYKR gene. The results of this study will
provide the scientific basis of coat color genetics and a breed identification
system for the Korean cattle breeds, Hanwoo and JBC. The newly established
molecular methods developed in this study have also contributed to
determining hair color patterns, measuring for melanin contents, detecting
albinos and their carriers, and accelerating molecular breeding in the cattle

industry in Korea.

Key words: cattle, coat color, melanocyte, melanin, eumelanin, pheomelanin,
MCIR, TYR, TYRFPI1, DCT, SILV, albino, oculocutaneous albinism, Hanwoo,

Jeju Black cattle.
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Figure 1. The biosynthetic pathways to eumelanin and pheomelanin. Note that
activities of TYK, TYKPI, and DCT are involved in the production of
eumelanin, while only tyrosinase activity (and the presence of cysteine) is

necessary for the production of pheomelanin. Cited from Wakamatsu and Ito

(2002).
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(e, 5 od o] o "2 A4S AYs Aol AtHOIson, 1980; Olson,
A &ga ey, AFSFAME AFY
Fow FHA St ofA o] mA

A 7 Aukdg o w Ay = WolE & M(red)d S A (black)o] A, 2 9o thE

12

i

MELS o] M 7Hx] 712 B = S84 of Al F(wild type) 123l A M (red)9
¥ (modification)e] 2+ & 4 21t} Limousin 59 & AwA 399 37k
28 Charolais®] A ® Mirx2 & T2 o s 5

Olson(1999)2 & EAMe] 3 vlA & =AWl FAz9E AA s o,
ofAE ALY WolE Y|FEoR Ao A HodtE FYE Extension(E),
Agouti(A), Albino(C), Charolais dilution(Dc), Simmental dilution(Ds),
Dun(Dn), Brindle(Br)¥} widt  #o] Q2 A] Spotting(S), Roan(R),
Belting(Bt), Blaze(Bl), Brocking/pigmented legs(Bc), Colour-sided((Cs) %

Estal vk o] & 7P @de] A9t e AL Extension H9E A

2}

Ak A90Z MCIR 049 gashslo] gk o] f9]04



= xgdoz A 7FAe A A allele), & 4 S XA (dominant black)2]
E”, o8 (wild type)d E° Z2¥]3l 44 R M (recessive red)d] e tHE A7}
A o, Zhzhel digdtel sFsks AVIADe] Wolso] FAHIAY
(Klungland &, 1995; Joerg & 1996). Agouti #$%T Girardot -5 (2006)°]
Normande #EoA Agouti A2l 5 H$9 long interspersed nuclear
clement (LINE)2] 4F¢lel o] mAo] J&Fe mAi= Aze A” hdIxE 3
M A

AA7A Felvet & FFe EAe A3 BAndstd A1 Extension %
¢l aMSHE] & A, MCIR A tddel &3] ofFojAar Ut} e
R MCIR AAl A 31084 A7 dE G7F 24 ¥ (g.310delG) 2 &
¥ o] (deletion mutation)oll ©] 8k £ o]-& &AW o] (frameshift mutation) = e
AASHHTA e/eq] FEHZ M (yellow) = 4 (red)S YERALE wHE, 21
Aol Angus, Holstein 59 SwAe 4 gzl EY(MCIR g.296T)
Hol o] AARE HEd SR AFELE] A= EP7) ofd opy
oA E'(MCIR g.296C/-, non g.310delG)ell 8] AAL= Aoz B
AT E, 2000; ©] 5, 2000; A 5, 2000). WFAE, MCIR E /eQl 1843

A& A

o o o
ot

)

FEF} AAa TN 5L, FA FAS ol E =EA B
53 JoH(Klungland 5, 1995; o] 5 2000; % %, 2000; Sasazaki &, 2005)
(Figure 2). v}ito] w3l MCIR AASRo 2= vt A & FF,
Eo] it 390 BN 3 GNE ds] AREA o o] A &
U= Zlolvf, 3k o]of 2 FAS Ao} g4 AME V| RO Fh=

E A& #%F%E, Hereford, Simmental, Swiss Brown, 24539 A% 2AY
it Y (Klungland &, 1995; ©] & 2000; # -5, 2000). webA] o]ef 2L ZAE
alAst7] f18ll A= Extension #91(MCIR) ol lel 3] A8 o529} F3}
HA o Fx2A W E¥XE A4 E FAA, melanin ARAS B
I AT Aol dolshs AARQIAL, ol ¢F BE e 2 dide] Fd IRk

g, A A g9 We] Bl tid AFAe) QFEo] FaH ool & o]t

ol



Figure 2. Coat colors in three different Korean native cattle breeds. A,

Hanwoo; B, Jeju Black cattle; C, Korean Brindle cattle.
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2. & PAAS U BB RMX AT

19039 At#e]  HAAS(MEE  albinism)S  #W2e]  ##](mendelian
segregation)®] W& o] 7t A Hx2 HE&H+= FARZ AAE olff= 100 o
W oEeh Ao A 2 tHE
< AA Gl FHAe =

948 §AAE F hpolth olH @ FHLF

7]
Holo sl op7|sl= Ao = Az glo, 1 gkl

=

FARZE W, 9, o] FhAEA AnAHoel 2A gasAY 49

oF m&= otu| BH A A S (IR E EEEE; oculocutaneous albinism, OCA)3} F2
T3 dHH T AF(ocular albinism, OA)S. 2 UFTo X = F 712 Fejr})
ATt Aol AA  CluREFEALZO W 9ol we}t =ZA 4 THA

(OCA1-OCA4)Z FF3Far &, OCAl2 melanin A3l 714 A {44
¢l TYR A#e] Eddolo] o) WA OCAleE A 2 7FA] ofd

FRAAA A 9] EolEEAMIL A7 X Sholl of3
tyrosinase 4ol ¢73] Aojd FHE OCAIAFZ o= AHodH, A A 5-H
g, g5 o AA e HAaFFR FodA Havt bd dojd dH
o OCAIA®x 2e] TRY 48] ®olo ofsf Radido] Ha
OCAIB=Z F&¥t} 21 ¢/2] OCA2, OCA33 OCA4= OCAl Hu) ¢std S

(subtype) 2.2 =4, TYR

S Yet=d, 47 pink-eved dilution (P), TYRPI13} membrane-associated
transporter protein (MATP) +A%el EeAHolo] 93] yebHTtHOetting 5,
2003). o]} Zo] EE FAASTLE 17000 B 1 H AL HAES HolE AL
2 HIHFI JEY, o) 70 ¥Y 1 ¥ ARE FALST U HolE JHAE
HAxzkel-s AAs A vHGronskov 5, 2007). TYR -4 Ake] 93 OCAlY
o]\l A AHwkel A 1:40,0009] HAES Holal, ofZeIA H =<l
A E =ZE7 vepdth w2 P FAR Woldl &3 OCA2E oz 7l &

CA A FolA w$ dwrdoz WA =dH, v dAA AYES
1:36,0000] a1 o} 2] F}A] wlarde| A= oF 1:10,0000.2 FA S Aot TYRPI
o] gk OCA3:= FTFAISHAI9L of Al bAoA = vl =& A UELA|RE of Z 2] 7}o]

.
Q
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A= 1:85009] HAES JERHI, MATP
A B A gkxle] 5-8%E AR FFA R B A AZ ghxlo] 18%+ OCA40l

o] g} =A<l Ao = HWIHEI YTHGronskov 5, 2007).

AR EAWold 9%k OCA4AE =

EfeEdA A5 5, 2o MAaFFe] AZe s 2dfste 4dg F
A 2~ Z(complete albinism)-g H.ol3= OCA1¥ = ¥ F4x<¢l TYR Holo| tf
s we wavl Jqfla, vk$A(Kwon 5, 1989a; Halaban %, 2000), #

(Blazczyk % 2005), ®7](Aigner %, 2000), #2845 ol(Ding %, 2000),

B

(Schmutz &, 2004), I ¥e](Lyons &, 2005, Schmidt-Kuntzel 5, 2005; Lyons
5, 2005), AV (Blaszczyk 5, 2007), Y8 A (Benkel 5, 2009) solx A F

o

Mag ZHYEH 2 FAWolEe] HuEAT o] FAAFY A FAA
TYRS- Kwon 5(1987)¥% Yamamoto 5 (1987)ol o]&l whg-29} AbghellA] A 3
o FAHAY. TYR FAAE 5712 exono & AT A o, FZ st
2) i tyrosinases= 548719 olnwAto = FAIE AL glycosylation sitet T
(Cupper)”} A%H3}= histidine-rich heme-binding site?’} <A 3 vHKwon %,
1989b; Giebel &, 1991). AlEe] A% 100947M7F @& FA445 #d4H TYR 4
A wel7t FAEAoka Baskal gl oem(Tomita &, 1989; Spritz 5, 1989

Oetting &, 2003), o] & ¥ o]

il

2 F 7He] copper binding site?} exon 13} exon
4% 75 A0R Fo3 dE8e & AoR FAYE 4 79 Add 7HH e 2

I 9= Aoew HaH 3 uvHKing %, 1991; Tripathi %, 1992).
o]

oA A AFE 1920 Detlefsen®] Holstein =50l A Hatg o] 3 t}4=9]
EZo| A Haw o]t} Jayasekera®t Leipold(1981)7F 4o F-M Az w3t 7]

1E FRE AR 2w, poA PR Te Bad TALF 5 oy
A Feje] ezl ws we Wk dou

5(1968)0] H.ardl Guernsey & 15, Greene %(1973)°] M3k 4%

e
2
e
-
it
B>
o|\
rlo
—
(@}

3

@)

~

T AF7HA A AR 2x] ko] fdd Al 2L o] FoA A Al 3l
dAeltt.

Aol A o] FAZo] o

iy

o

A 9o A H9E Schmutz 5(2004)0]
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Braunvieh #&olA 2l B a7} 93} Braunvieh £FS 292 92ke] 4~ &
0% o] Brown Swiss & FAo T A2 dHA At #F olE
¢l Braunvieh< “brown cow”E 2|n|3}al, #& o|&3 o] F Ao Z e
A8 YeRTE Schmutz 5(2004)2- Braunvieh &0l &njx 744 2 714
E et HAE 4% A3 TYR #3449 exon 1014 st A7|A <

AR EAR ] WA 23 SolFEdAMolrt o5 &njw AL dQl fFd W

Mrzde FAA ATk 18 AT Schmutz §(2004)2 F71=2 A

S2ERl &) JAlA A Braunvieh #% @H]x MAEANA YERUYE EolE

i
—
n
Lo

ol A Jaqlvial HaLsglth ol gk A= Abghol A e} o] vhE @
TYR AW F42Z #d Hol7l A8 A, ofyd thE e Iy 5-F
WG (OCA2-OCANR) Aoz F45al v} 49 TYR FdA= 29 ¥ 4

Al EA st 2 eela A= 530 /i8] ofnxmAbe®E 74 A TH(Schmidtz &
2001; Guibert &, 2004). Braunvieh %% €34 FAF A= 97] A 9
3l EolsEdolr %7 F£Z4 FE(termination codon)S 9THeo] 316 719 of

Meten oold AA @uAL FAdE Ace MIHATKSchmutz 5,

w9} Zsl% SA o] Charolais FFo] =59 Att Charolais FEF& EA 320
A

S YEehE OCAl FA842%3 @¥] Charolais dilution{De) 73390l 98 &
A s M (dilution)oll o]k WA B S Aol {8 FEe] wajol e 4
Ao 3k B o] yEepdtr BESE o] gk Charolais Al R4 f-del

A wWol7b vl d = SILV frdAke] ®wolrh 21e #ydo]l glfo] Hialsal §)

tHGutierrez-Gil %, 2007). &, SILV #AA E<¢ W)

lo
f
ot
i)
s
=2
o)
N,
>,
ur)
)
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=

=

=

el

[e]
| ¥35 31 9l v Johansson-Moller

=

2

W% EDNRB

=
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L L I I 1 I 1 I I 1 I L | kb
0 5 10 15 20 25 30 35 40 45 50 55 60 65

1 2 3
i } I Ll
i | I i il
4 5
il = EI Gap “
B.
I o m v aa
| | L] | 520
Metal- Metal-
: binding hinding
SS EGF A Cys-rich B ™
NH; /] ] % COOH

Figure 3. The structure of the TYFR gene. A, Chromosomal structure of the
human TYFK gene. The non-coding portions of the exons are indicated by
open boxes, the coding region by closed boxes. B, A schematic illustration of
the generic structure of the TYK gene showing the position of N-terminal
secretory signal peptide (SS), epidermal growth factor-like region (EGF), two
metal binding domains (A and B), cysteine rich region (Cys-rich), and

C-terminal membrane spanning domain (TM). Cited from Sturm et al. (2001).
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Figure 4. Different coat color phenotypes in Hanwoo. On the left a female
with normal pigmentation; A, on the right-hand side a female albino exhibits
complete albinism. B, The appearance of the left eye of a female albino. Note

pink 1ris and albinotic reflection in the pupil.
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5

7o) A Holstein 4 ol A 3

1=

A

A

-

2. Melanin

=
Wakamatsu 2}t

%3} total melanin

=
]

Mo
B

¥ 2 AW melanin
(2001)<]

Ly
[€]

Ito(2002)2] ®FH 3 Lamoreux

eumelanin 2]

al

9 1(v/v)el ¥
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°] %l eumelanin®] e FTAIH FE 5 FTEALS Angust AFSF, AL
Red Angus, 34-& 3+-9 3F-9xCharolais @ 3% Z1g]3r W22 Holstein ¥ ¥HS-
Aoz 217 154 Borges 5(2001)e] ®MHo] we} high performance liquid
chromatography(HPLC) System/600E(Waters, USA)Z 21313}t 7fAE = 5
mg?] =S water-0.5 M NaOH-3% H:0.7F £019l& FE 9] ¥ 3, internal
standard® 40 nmol phthalic acidE # 7}3k % hoiling water batholl 4] 2053t
7kdsle] melaning F=% & 73l F

@l 6M HClI& H73baL, ethyl acetate® ¥ W F%3}9aL 45C F4 3sfolA A
Z3 & 1 mle o]&X

phosphate €% < (pH 2.1)3 methanols AFE-3199 3, <55 0.8 ml/minS 2 7]

0
AT Bare] ol nle (gt s) Watel wel AAslaL, FUF 100 W R
ko

A gdlow =t olF Ao EE 001 M potassium

UV #H=7](280 nm)E o] &3l &4 A3 2gar oA oy 71H
TS U= EE2EE dojx nure AR Ew fjgow WA &
Colorimeter(Model CR-301, Minolta, Japan)Z ©]&3dle] A% Y3

(Commission International de I'Eclairage; CIE)9] Lx (lightness)® ax
(red—-green), b* (yellow-blue) 32 =433 v)

3. Genomic DNA F2(2} SESAHMES

Rz AH A 22 s oA DNA 22l Miller 5(1988)9] HH S #
el Ay AAMolA AFHSF AFES red cell lysis solution(10 mM
Tris-HCl (pH 7.4)/10 mM NaCl/1.5 mM MgCl)< °]&3le] dd3E &3

% #4538 Mo proteinase K& A7F8ta 55Tl A overnight 314t}
&

o
A EE st FARERS AASAT. FHAdE AAAELE phosphate-buffered
salined] A &@ErstaL 0.5% SDS/proteinase K (10 mg/ml) &S #H7}sle] 55T
Ao A overnight WHS-&e] w@ujA-S RIHAIFY. Zhzbe] FEo

7)
RNaseE *]#]3}at phenol-chloroform-g ©]&3te] vl @l =8 E33lo] A A%
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%, ethanol AW o= DNAE 3|53le] TE buffere] £33ttt 43 DNA

2492 NanoDrop ND-1000 Spectrophotometer(NanoDrop Technologies, USA)

2 FEEE AT F Aw/Aso 1.8 ©]4%] DNA 8958 50-60ng/w= 34

gto] PCR %5 9 FHE o= ol &3t E4ad Faxe] Ad AA 7}
=

4 98l &2 DNAE F

s
u}
2,

do
X,

_|>i

oflt

lo
ﬂlﬁ

T3 2 A M98 (polymerase chain reaction, PCR)-S %3 ald A}
FTEsAh A Z2AHE f1% PCR wH&2 10x ¥H&¢+3F9, 20 mM
dNTP, 27+ 200 mM primer, 1.5 units i-7ag DNA polymerase (Intron
Biotechnology, Korea)?} 50-60 ng genomic DNA §<o] Hf3d €o]&F5 H
7F8kaL, PTC-200 (M]J Research, USA)-S o] &3l 95T 3 ¥ =7|¥A ¥ 9
AT-30 =, primer ¥ A AF2Zof|A 1 ¥, 72C-1 & L+ 2 Fo2 744
AfeHES 35 3 whEgk & 72T A 10 £3F HF A4

4. Total RNA &2|2} cDNA &4
A FFxA0A Az s A A ReH, AAAALE o] &3l
vk 3k 3 100 mge F3dte] TRIzol (Invitrogen, USA)S o] &3} total RNAS
=33t AT IAFxHES AqAdLd Yol d¥dd= fEkd § 80T
deep—freezerol| H.#3}7 1} ZnvlEZ RNA F=0] o] &89 o1, RNA FH& ¥
HAH] manuals wWikew #g3d RNAA #E = diethyl pyrocarbonate(DEPC)=
¥3Fet FHFSo] =9 NanoDrop ND-1000 Spectrophotometer(NanoDrop
Technologies, USA)EZ &3 5E o]&3td ¥ne ovE =As vt =ud
total RNA 1 pgs 322 ImPromII Reverse Transcription System(Promega,

USA)S. &2 ¢cDNAE TA 3} real-time RT-PCRY 3 o = A3} )

5. Real time RT-PCR =4

P, AFES, A FTuk W R-z2AA TYR, TYRPI % DCT #3449
A dg e 248 SYBR Green qRT-PCR Master Mix(Stratagene, USA)Z
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o] &3to] wWh&AS A Z3FFS A, MX3005P Real-Time PCR system(Stratagene,
USA)S o] &3] f4dxE Sddom /MAE 2 3 bk B} 240 o]
£33 279 fAAE primersd WEE AR house keeping FAAS GAPDH

primer, 28] 3 PCR %7 %<& Guibert 5(2004)¢] A &ulH-S o] &3t}

Sh-o} A|FE5e] B Zpo] 9 g A FAAG WAL 9] {FAAE T
H3l7] % TYR, TYRPI 73 A2 RT-PCR2 Guibert 5(2004)2] 2 & 8
9 primerE o83t RT-PCR AHe2 TOPO TA Cloning Kit(Invitrogen,

USA)S o]g3lo] A7) EAo] o834, Agarose Gel DNA Extraction
Kit(Roche, Germany)Z A A dte] Direct sequencingdl] ©]&3t3tl A714d &
22 ET dye-termination sequencing kit{Amersham Parmacia, USA) ®HF-S &
MegaBasel000(Amersham Parmacia, USA)S o] &3¢ lsliv). A4 =83}
A ZAA¥ DNA HE cDNA AEE2 GenBank Database 7ol A
BLAST-N, BLAST-X S9o2 AMzle] 7|&£d Hid AdSie §AE 2
F7|Wo] of 5. il A o] W3l 58 ARSI Th

—

7. RUANE 24

ZolA EHZ MCIR g.296C>T, g.311delGS} SILV exon 19 g64A>G 59l
gk B4 7]Ee nad fFHAE AA W 2@ primer(Gutierrez-Gil &,
2007; & 5, 2008)F ol&3to] st v AFF Al A] dojxl A=
- G7AS EdWolql % dhlx fAAE E£42  fragment length
polymorphism, RFLP) %218 A8317] ¢lste] ®He] dA7]ef QI+ A4dg HF S
primer(TYRemF : 5'-CAA CAG TCG CCA GGC TTT ATG CAC C-3,
TYRe2R : 5'-GAA CCT GAT TCA TAC TGG GTC AAA-3)E A% o]&3}
Aot PCR 5E4He2 Mspl AEAE o]83 RFLP 48 AAso /4
A& AR5
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Al ghg-of H-A AT ghgo] yRzA oA M xe] ¥ melanin A
A e B ofFE xAs] S8 A 520009 HHS Fx

desd e B9 BAe Fastah 479 AAelA A D

U A AAES 10% formalin |R 0.2 FAS I paraffin blocks A ZFsld ). A
1

o,
4z

ek x4 8 ym FAE vAdE#Esta, slide  glass ol F-3#3)o
Hematoxylin-Eosin 4243} LSAB2 System-HRP(DakoCytomation, Denmark)-S
o] &3k WAzt e ST HF A A MCIR¥ TYR wulde] g
-+ goat polyclonal antibody(Ab)E Santa-Cruz(USA)AFA A 438k 12}

A2 olg3grt wuA =y s 93 SAUXRTEE bovine serum

£

albumin(BSA)9HS =¥ st A|H 2 89 al, Hematoxylin® & counterstaining 3}
JJ—E]—&] H]7:] o7 J};d-o]_ ];]_

9. MAMIE Y

©
o

| =X
S o

0 U
12
olN
12

o-3-oF AT Shol A MAAEe] s fa 7oA EHgh v
< ol&sted  Ax  H¥s . FEsATt AR AEE 10x
Antibiotic/antimycotics 7} &% PBSE A& 3}al 100-90-70% ethanol® A=
3§ 0.25% dispaseE #7}s] 4TolAl overnight &35t A& F-9E A
7 g

e

=)

AN BEE bladeE 2A A= F 05% typsin-EDTAZE 7}8te] 1587F 37Tl

>

oAt AE dA"gAE 353t meshz AZAY AR w1 FH(10%
fetal bovine serum, FBS/DMEM/anti-biotic—antimycotics)®]l human melanocyte
growth supplement(IMGS) (Gibco, USA)E H7}slo] wfdstsict. s EAE =
of MAMEZF EAst=AE 7] f8 floweytometryE o] &3k 4313
o AANYE Bo] gdoz 4#HZ S-1003% melanoma markere] ©3d mouse
polyclonal IgGE 1# &A= 3+ FITC-conjugated anti-mouse IgG AbZ ¥4

gto] MM YE FAsArh TS typsin A2 ALES AU T FF9 1
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rE
oo

2} AbZ ¥WF$-AlZl & FITC-conjugated anti-mouse IgG AbZE 34—

& Fastel FRANGo R BAT

i}

10. Homology modelS O|=6F TYR HHHHZAl X o U H|2
TYR 3dxe] Zdwolrt @wd Jxo] wX= FaFes dolnr] 93t
SWISS-MODEL workspace(Peitsch &, 1995; Arnold 5, 2006; Kiefer &, 2009)
9] Domain annotation %7 %A PsiPred(Jones, 1999)& ©]&3lo] EdHo]l &
zh= Z4Zbel TYR @wid ofnj il MAZFH oS8 o|x+XF Vsl i,
E

.
W v

HFH (homology modeling method) ] automated modeol 4] Z}2}2]

TYR AE9=FH o34 32 725 v 2433t

Melanin A4 9] %<& 7F v w48 £ melanin F3¥ eumelanin/total melanin

O

o vl& Ho=m I BAZA Fo4 HAS RS, =3 FF, AFIZT
Holstein 3 #F&FolA HAHE 4 7FA EA4EA ZA IS5 WA)s eblE
g F-x2Ad A ddEE TYR, TYRPI 2 DCT FdA9] Jdi4d ddFo= 3
o] SASEZEIH(SAS, 1983)¢] +AHEAIH# Duncan ThsAAWHOE {94

2 Adstgi.
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t}. Figure 5% 49 o8] F=oA AA melanin® %S =A% Aot} T M
S A4Y Holstein® Angus’} AW L T E T E£Fo Hlg] Fjdoz
%2 HAA melanin &g WEFHAIL, AFSFE S AN EFE BUE ¥

ko), 22 S EE<2l Holstein®] Y Angus

=
i
AL
3
i
f_a
AN
o
=
D,
N
ok
o
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Figure 5. Total melanin levels among cattle breeds. A, Angus; HB,
Holstein—black hair; Red, Red Holstein or Red Angus; HW, Holstein-white
hair; BK, Jeju Black Cattle; K, Hanwoo; C, Charolais; CxK;
CharloaisxHanwoo. Means marked by different superscripts on the bars

within the graph are significantly different (P<0.001).
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Figure 6. Ratios of eumelanin/total melanin contents. A, Angus; HB,
Holstein=black hair; Red, Red Holstein or Red Angus; BK, Jeju Black Cattle;
K, Hanwoo; CxK, CharloaisxHanwoo crossbred. Means marked by different

superscripts on the bars within the graph are significantly different (P<0.001).
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Figure 7. Correlation of total melanin content with the ratio of eumelanin/total

melanin. A, Jeju Black Cattle; B, Hanwoo.
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Figure 8. HPLC Chromatograms for the eumelanin. Hair samples were
oxidized with permanganate to give PTCA and 40 nm phthalic acid as an
internal standard. A, Angus; B, Jeju Black Cattle; C, Red Angus; D, Hanwoo;

E, CharolaisxHanwoo crossbred; F, Holstein—-white hair.
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Figure 9. Scattergrams for the total melanin content against the parameters,

L*, a*, and b* of colorimeter in Hanwoo.
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Figure 10. Relative transcription levels of melanin synthesis genes. (A), TYR,
(B), TYRPI; (C), DCT. The relative transcription level was determined
comparing to those of GAPDH by relative semi—quantitative real-time
RT-PCR in skins from Hanwoo, Jeju black cattle (JBC), Holstein black
coat—color area (Holstein-black) and Holstein white coat—color area
(Holstein-white). The bhovine GAPDH housekeeping gene was used to
normalize the samples. LSmeans+SD marked by different superscripts on the

bars within each graph are significantly different (P<0.001).
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Figure 11. RT-PCR analysis of TYFR gene. Lanes 1-3, JBC; 4-5 Hanwoo.
The amplified full-length ¢DNA fragments were separated on the 1.296
agarose gel with 1kb DNA ladder (M) as a DNA size marker.
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Harmwool:
HamwooZz:

* 20 * 40 * &0 * 80
ATGCTCCTGECTGCCCTGTACTGCCTACTGT GGAGT TTCCGAACCTCCECT GECCACT TCCCTCEAGCCTGTGCCTCCTC

5 100 * 120 x 140 2 160
CAAGAGCCTGACGGAGAACCACTGCTCCCCGCCCTGEECGEECGATGEEAGCCCCTCT GECCEELT CT CAGGCAGGEECT

il 180 = 200 G 220 i 240
CCTGCCAGGACGTCATTCTCTCCACCGGCACCACTCGGACCT CAGTTCCCCT TCACGEEEETGEGACGACCGCGAGTCTTGG

* 260 3 280 * 300 X 32y
CCCTCCATCTTTTATAACAGAACCTGCCAGTGCTT TAGCAACT TCAT GGGAT TCAATT GCGGAAGT TGTAAGTT TGGATT

i 340 = 3a0 3 380 % 400
TAGGEEACCCCGCTECACAGARAGGCCGACTTTT GET GAGAAGARACATCTT TGATT TGAGTGT CCCAGAGAAGAACAAGT

* 420 A 440 3 460 A 480
TTCTTGCCTATCTCACTT TGGCAAAACAT ACCACCAGCCCAGACTACGTCATCCCCACGEGCACCTAT GGCCAAAT GAAT

& 500 = il * 540 * 560
CATGGAACARACACCCCTETTTAAT GACGT CAGTECTTACGACCTCTT TGTCT GGAT GCATTATTAT GTGT CAAGGEACAC

Figure 12. Nucleotide sequences and mutations of the complete TYR cDNA.

GenBank accessions AF445639 and AY162287 are previously reported in

Holstein (Guibert et al, 2004) and Braunvieh (Schmutz et al, 2004),

respectively. Dots indicate identical sequence to AF445639.
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A 580 * a00 * 620 * 640
GCTECT TGEEEACTCT GAAGT CTGEAGAGACATTGATTT TGCT CATGAAGCCCCAGETTTCCTGOCT TGGCATAGACTCT

iy 560 o 680 = 700 * 720
TCCTGCTGECTGT GEGAACAGEAAAT CCAGARAGCTGACCGGEEAT GAGAACT TCACEAT TCCATACT GEGACT GGAGAGAT

g 740 G 760 3 780 * 800
GCAGAAAACTGIGACGTTTGCACAGAT GAGTACATGEGAGGECGCAACCCTECAAACCCTAAT CTACT CAGCCCAGCATC

2 820 = 540 * 860 =3 880
CTTCTTCTCCTCTTGECAGAT CET CTGCAGCAGACT GEAGGAGT ACAACAGT CCCCAGGCTT TATGCAACGGGACGTCTG
o 900 g 920 =7 940 ey 960
AGGGACCATTACT GCECAAT CCTEEAAACCACGACAAAGCCAGGACCCC-GAGGCT CCCCTCCTCGGCTGATGTGGAGT T
................................................. O e R R
* 980 i 1000 * 1020 3 1040

TTGCCTGAGTITGACCCAGTAT GAATCAGCTTCCATGGAT AAAGCTGCCAATTTCAGCT T TAGAAATACCCT GGAAGGAT

E 1060 * 1080 * 1100 = 1120
TTGCTGATCCAGT TACT GGGATAGCAGAT GCCTCTCAAAGCAGTATGCACAATGCCTTGCACAT CTACAT GAACGGAACG
2 1140 * 1160 * 1180 i 1200

Figure 12 (Continued)
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* 1220 *x 1240 *. 1260 * 1280
GCTTCGAAAGTATCATCCTCTT CAAGATGTT TATCCAGAAGCT AATGCACCCATT GGGCACAACCGGGAAT CCTACATGG

* 1300 * 1320 e 1340 . 1360
TTCCTTTCATCCCTCTCTACAGAAACCGTCACTTCTTTATT TCATCCAAAGAT CTAGGCTACGACTATAGCTACCTACARA

i 1380 * 1400 - 1420 * 1440
GATTCAGAACCGGACATTTTTCAAGAT TACATTAAGCCCTACT TAGAACAAGCGCAACGAAT CTGGCCGTGGCTCATTGE

% 1460 = 1480 2 1500 & 1520
GGCAGCTGTGGET TGEET CCGTCCT TACTGCT GT GCT GEGAGGACT TACTAGCCTGT TAT GTCGT CGAARAGAGARAACCAGC

® 1540 A 1560 * 1580 *
TTCCAGAAGAAAAGCAGCCCCT CCTCAT GCAAAAACAGCCGAT TACCACAATTTGATGTAT CAGAGCCATTTATGA

Figure 12 (Continued)
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A o] §AA7 brown (B) #91o]31, mFolo e of TYRPI f14e] E4l

Ho|7} chocolate 43} cinnamon % A3 Z1& #eEo] 958 Wada v}
(Schmidt-Kuntzel &, 2005). 3%} AFZFAqA YEeElE o FAXY
mutation®] ©]= AE melanin® A3 L BN T FAIEXE ob4 A
g3 Aad 4 §lo genomic DNA oA F7F £240] 7Me¥ 3 Wy B
A FF H AN ¥ B A7F A o] Wole gk |l o] Fo
A Aoz FaE) Strum 5(1995)¢] Hatel| w2 Alge] TYRP1 FAAR=
8712 exon®. 2 TFAH I F 24-kb genomic DNA ollA HA 9= Aoz B
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Figure 13. RT-PCR analysis of TYKFPI gene. Lane 1-2, Hanwoo; 3, JBC; 4,
Holstein black skin. Arrows indicate the 1.6-kb and 500-bp sized amplified
fragments. The amplified full-length ¢cDNA fragments were separated on the

1.296 agarose gel with 1kb DNA ladder (M) as a DNA size marker.
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Hanwoo

Abnormal :

AF445630

* 20 * 40 * 60 * 80

. ATGAAATCTCCTACACTCCTCTCTCTGGGTTRCATGTTCCTAGTCCTGCTTTTTTTCCAGCAGGCCTGGGC TCAGTTCCC

* 100 e 120 & 140 & 160

. RAGAGAGTGTGCTACCATTGAGGCTTTGAGGRATGGCGTGTGTTGCCCAGACCTGTCCCCACTGTCTGGGCCTGGGTC TG

% 180 % 200 & 220 % 240

. ACCGCTGCGGTCTCTCATCAGGGAGGGECAGATETGAGGTEETEATAGCCGACTCCCGGCCCCACAGCCACCACTACCCG
Holstein :

% 260 = ZB80 = 300 = 320

: CACGATGGCAGAGATGACCGAGAGGGCTGGCCCACACGCTCCTTCAACAGGACATGCCACTGCAATGGCAATTTCTCAGG
......................................... T wwimrm e aw s emos, svwm o mfilie ol o oe o e s e ses
......................................... Tosammma www wwsmm i sss M ool o o eae
......................................... 2 S e e PP . e P g
......................................... TR IPUEPEIN . AR —

* 340 * 360 * 380 * 400

* 420 £ 440 * 460 * 480

: TGGACTTAAGCACAGRAGARRAGAACCECTTTGTCCGGGCCCTEEATATGECARAGC GCACCAC TCACCCTCAGTTTGTC
Holstein :

e 500 r 520 * 540 o 560

1 ATTGCCACRAGGAGGTCAGARGARATAC TGEGGCCAGATGECAACACACCGCAGTTTGAGARCATTTCCATTTATAACTA
Holstein :

3 580 * 600 * 620 * 640
! CTTCGTTTGGACACACTACTACTCAGTCAAARAGACTTTCTTGGGAGCAGGACAGGAARGC TTTGGTGAGGTGGATTTCT
Holstein :
JBC

Hanwoo
Abnormal :

Figure 14. Nucleotide sequences and mutations of the complete TYRPI

cDNA. Abnormal indicates the about 500-bp TYFKFPI cDNA sequences newly

found in Hanwoo and JBC. GenBank accessions AF445638 is previously

reported in Holstein (Guibert et al., 2004). Dashes and dots indicate deletion

and identical sequence to Holstein, respectively.
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* 660 * 680 * 700 * T20
CTCACGAGGGACCAGCATTTCTCACCTGGCACAGGTACCACCTGCTGCAGCTGGAGAGAGACATGCAGGARATGTTGCAG

* 740 * 760 * T80 * 800
GATCCTTCTTTCTCCCTCCCTTACTGGAATTTTGCCACTGGGAAGARCACCTGCGACATTTGCACCGATGACTTGATGGG

y BZ0 X 840 - 860 * 880

: ATCAAGARGCAACTTTGATTCCACTCTTATAAGCCCGAACTCTGTCTTTTCTCAATGGCGAGTGGTCTGCGAATCCTTGE

x 900 x 920 x 940 x 960
ARGATTATGATACCCTGGGAACCCTTTGCRACAGCACTGAGGGTGGGCCAATTAAGAGAAACCCAGCTGGARATGTGGCC

* 980 * 1000 * 1020 * 1040
AGGCCRATGGETGCAARCGTC TTCCTAAACCACAGGATGTCGCEGCAGTGETTGEAAGTTGETTCATATGACACACCTCCTTT
................................................................ o siereonia e v g s s
................................................................ T en e ol SN . .
................................................................ L. )

* 1060 * 1080 * 1100 2 1120

TTATTCTAATTCTACAAACAGCTTCCGAAACACAGTGGAAGGTTACAGTCATCCCACAGGAAGGTATGACCCTGCTGTGE

o 1140 E 1160 x 1180 x 1200
GAAGCCTTCACAATTTGGCTCATCTATTCCTGAATGGAACAGGGGGACAARRCTCATTTATC TCCCAATGATCCTATTTTT

* 1220 » 1240 * 1260 * 1280
GTCCTCCTACATACATTCACTGATGCAGTATTTGATGAATGGC TGAGGCGATACAATGC TGATATATCCACATATCCACT
....................... B o A im0 LR I PR B L P L i B,
....................... o T
....................... et e R R T R AR R

Figure 14 (Continued)
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X 1300 i 1320 % 1340 * 1360
GEAARATGCCCCTATTGGACATARCAGACAATACAATATGGTACCATTTTGGCC TCCAGTTRCCARCATAGARATGTTTG

* 1380 * 1400 * 1420 * 1440
TTACTGCTCCAGACARCCTGGGCTATACTTACGAAGTTCAATGGC CAAGTCGGAGTT TTAGCATTTCTGAGAT TGTCACT

* 1460 * 1480 L 1500 * 1520
ATAGCAGTAGTGGCTGCATTATCACTGETTGCGGTCATTTTTGCGEGCECTTCTTGTCTGATTC GTGCCAGARGCARCAT

* 1540 o5 1560 L 1580 & 1600

5 1620 e 1640 &

! AGTCTGTGGTCTAGTGACAAGTGTRAATTCTCATATGCATTTGAATCATAAR

Figure 14 (Continued)
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Figure 15. Total melanin contents for the hairs collected from yellow hairs of
Hanwoo, white hairs of Holstein(H-w), and white hairs of albino
Hanwoo(Alb). Means marked by different superscripts on the bars within the

graph are significantly different (P<0.05).
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Figure 16. Immunohistochemical Sglu. A-D are the skins isolated from
normal yellowish brown Hanwoo. E-H are ear skin from albino Hanwoo. A
and E, eosin-hematoxylin staining; B and E, negative control (BSA); C and
F, stained using polyclonal anti MCIR; D and H, stained using polyclonal anti
TYR.
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Melanocytes isolated from yellowish-brown Hanwoo (A and B)

Figure 17.

and albino Hanwoo (C and D). An arrow indicates the keratinocyte population

co—isolated from albino Hanwoo. A, C, and D are 50x magnification but B is

100x magnification.
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Figure 18. Flowcytometric analysis for confirming the melanocytes. A and B
were cultured cells isolated from the ear section of yellowish-brown Hanwoo,
and C and D did from albino Hanwoo, respectively. The melanocyte specific
antigens, melanoma marker(A and C) and S-100(B and D) were used for

detection of melanocytes.

Figure 19. Immunofluorescent staining for melanocytes isolated from albino
Hanwoo. Cells were stained with FITC-conjugated anti-mouse IgG for the
Ist Ab, mouse melanoma marker antigen, after trypin-EDTA treatment.
Arrows indicate the identical melanocytes reacted with FI'TC-conjugated Ab.

C is merged image.
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Zol A 2y B vpE wWAES Charolais #FoA UERLE Al waE
(Do)e.2 SILV #3Ax W exonl g64A>G EAWolol z1e #A#o] v}
(Gutierrez-Gil %, 2007). Charolais M=y HMAiAZz 3¢ vuE: 93

Charolais®} 3F9xCharlais®] o2 FAIE= n3A wxhesl 7]el LE2So

=
g.64A/G ol FAgtolaL of JfAY B4 wFgMow FHIHIL, UHAES
T gb4A/A(Dc/Deyel™ B4 B s Jebfich o] 2E RS
Charolais¢} gH-7-9] w3 Fy, 75 FolA gb4A>Ge] Fdxde] we} A4
o &M (de+/dc+), VM (De/dc+), W (De/De) 0.z 7% Svt. vk 443

ght-oll A= Be AAA SILV g.64G/GE de+/de+E SRl E o] koA WA

Hal = MR $h9-52 Charolais®] SILV 34 el dded Zo] ofyz}
dets

Table 1. Genotype distribution of SILV g.64A>G in cattle breeds

genotype allele frequency
Breed

dct/dc+ Dc/dct  Dc/De dc+ De

Charolais (17) 0 1 16 0.029 0.971
CxK F; (4) 0 4 0 0.500 0.500
CxK crosshred (24) 0 22 2 0.458 0.542
(CxK)xK (1) 1 0 0 1.000 0.000
Angus (9) 9 0 0 1.000 0.000
AxHf (5) D 0 0 1.000 0.000
Hereford (10) 10 0 0 1.000 0.000
Holstein (22) 22 0 0 1.000 0.000
Hanwoo' (202) 202 0 0 1.000 0.000
JBC (31) 31 0 0 1.000 0.000
Hanwoo albino (7) 7 0 0 1.000 0.000

Number of animals for each breed were described in the parentheses.

' Normal vellowish—-brown colored Hanwoo population.
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C, Charolais; A, Angus; Hf, Hereford; K, Hanwoo

399} A AF oA A& TYR A Ae] gt full length cDNAS DNA

s Ay} FAAZS 9ol TYR A4 full length cDNAS| thak <
71 A& 7)€ Ba% Holstein TYR A 9(AF445639)3F vl gls w, & 4 7]
o] SNPE(c.318A>G, ¢515C>T, c871G>A, ¢1125C>T)o] 1= i, 4+4/4
AEdHolE WAL &ZgthFigure 20, 21). 2" SNPE F F 7
(c.318A>GE} ¢.1125C>T)¥ amino acid®] A gell A&FE vAA] 2= AEESA
Holz FelE i, YA F 7(e515C>T, ¢.871G>A)¥E amino acid AES 7+
Zy pl72A>V(Ala>Val), p.291G>R(GIn>Arg)= A 3ksleE Aoz IQIESIT

(Figure 22).

c.871
e/ bcmmarnts and Settingiint) |\ MIRE SEEE 860 G108 T VR doat ool 3 & 0 815 SILV-TYR seq) i @Ww@u -l
/\ / ;" .‘"’\"ﬂ I\ ‘.I .I:I }.'{A N !'I‘ !¥!|
:;:.' I.II /.-" \ || I.'I | : I. -L III| !.I II.- \
) \ -,-.I / \ f ! II'.‘ \ 4'! I'._ |
___.____£= _;‘__- A ) o W et T SIS L R
f '| f’\‘
| \ lllf \ .‘"."', Y p- ‘!' | i[\ I| \
| W 3 N rIl IEI HI \ / | I
.I | / | “i|| III|| \ I".( \ )Ill ‘I_- | |II
R A B L ——r— _.--_I";__ _r"lﬁ.- hll( -,,_'l\'\_. ¢ _ &

Figure 20. Nucleotide substitution mutation at TYR c.871G>A found in albino

cattle in Hanwoo.
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Ed 20 * 40 & &0 * go
AF 445639 : ATGCTCCTGGCTGCCCTGTACTGCCTACTGTGGAGT TTCCGAACCTCCGCT GGCCACT TCCCTCGAGCCTGTGCCTCCTC

B B BT o T R S S T S S S I TR
g .
BUBANIOET  © i avmomtormiwmen s o e s o 0 T R 8 D R SR 3 SR
BYBETION. 5 o e e sss e w6 ey oS S om0 5 R e o T TR T R R R AL B A

* 100 * 120 *: 140 * 160
AF 445639 : CAAGAGCCTGACGGAGAAGGAGTGCTGCCCGCCCTGGECGGECGATGEEAGCCCCTGT GGCCEECT CTCAGGCAGGGECT
B e T
BUBTIED: (5w erm ot e e o s e T e B R S e R B
R i D o R R R e R R R R R R R RS
7 < I < 3

% 180 e 200 * 220 * 240

AF445639 : CCTGCCAGGACGTCATTCTETCCACGGCACCACTCGGACCTCAGT TCCCCT TCACGEEEETGCACCACCECGAGTCTTGEE
AY162287 @ ..oviniipm. - B . . . ... B - Bl - e e

Albinol @ ........ 0 TR . . .. ... ... iccananarn. . S, W Wi
EIDINOE. & covond, U TOUOR.  .o ocanan sin i e e e e e i ma O v v e SR
RIBEG0TE  F ool i T e e g B e e T e ST e e e A T v e T

* 260 g 280 * 300 = 320
AF445639 : CCCTCCATCTTTTATAACAGAACCTGCCAGTGCTTTAGCAACTTCATGGGATTCAATT GCGGAAGTTGTAAGTTTGGATT
Y ICETETN s neaara a la ewe e ia  v

Albinod. W ecearedesarietee i e iR oo R e e e e e R G..
Albi i - - o v s s vie s nene e s o il .o R, LR L e isssas s inasaisav oM G..
SRt W e AR NN N ——— G. .

i 340 = 360 % 380 & 400
AF445p539 @ TAGEGGACCCCGCTGECACAGARAGGCGACTTTTGCTGAGAAGAAACATCTTTGATT TCAGTGTCCCAGAGRAAGAACAAGT
AYIEZD0E @ - . - -ccc-eccca-- - G BN | CLDEE . . . - - - - - N | . . L Ll iascaass
Albinol § .i.ccnerciencsinsen o . . S . .ol L eeonoe o SR . . . . .l s e e
L 1 T L R R R T
Albina3 & oiiiviveies i M. BRI, . LSl n i i s s SO . .. s s s R

* 420 = 440 i 4560 * 480
AF44563% : TTCTTGCCTATCTCACTTTGGCAAAACATACCACCAGCCCAGACTACGTCATCCCCACGGEGECACCTATGGCCARAT GAAT
. . O N R e
AlBinol® & ..iuicien co o @ I SRS R T oo . Ll
AlbifioR Wt i vouiiidns oy BT, RN, L. R B e . O . .l oL A
AlbinGaaiilt ......co000 B L. i an e anmnanaeaauo S .. ... sl

* 500 * 520 * 540 * 560
AF445639 : CATGGAACAACACCCCTGTTTAATGACGTCAGTGCTTACGACCTCTTTGTCTGGATGCATTAT TATGT GTCAAGGGACAC
AYIOZZRT : . ..svisniveaasves NI . ooy ssnnns By ivensnvo BN, . i coosiciveiisssniseinibs
F 05 1 o A R . L ——— L g R
AXBINoZ & o s s s eee e e e o ee i ol T - . Y . . . . . aosaa 6w s e e e e e e e
BEBAnion B e e s e e e e o v OO o R B e T

L 580 * 600 i 620 e 640

AF 445639 : GCTIGCTTGGGGACTCTGAAGT CTGGAGAGACAT TGAT TTTGCT CATGAAGCCCCAGGT TTCCT GCCT T GGCATAGACT CT
AYIE2287 ¢ wvvvn v ol - oo T - s s s e n e w s e Tl - o TR . . s aa s

Albinol @ ..o EEEE ... G T .. . g B . - T W i ie e
AIBANOE : iiviaes T e .. . - B .. BB . L i e
P05, 1 5, 1-0c S S — e SR s

Figure 21. Nucleotide sequences of TYRK cDNA from albino cattle in Hanwoo
(Albinol, Albino2, Albino3). GenBank accessions AF445639 and AY162287 are
previously reported in Holstein (Guibert et al., 2004) and Braunvieh (Schmutz

et al., 2004), respectively. Dots indicate identical sequence to AF445639.
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& 6a0 " 680 x 700 * 720
TCCTGCTGCTGT GEGAACAGGAAAT CCAGAAGCTGACCGEGGAT GAGAACT TCACGAT TCCATACT GGGACT GGAGAGAT

% 740 * 7&0 * 780 % goo0
GCAGARARACTGTGACGTTTGCACAGAT GAGTACAT GGEAGGECGCAACCCT GCARACCCTAAT CTACT CAGCCCAGCATC

% 820 * 840 * 860 * 880
CTTCTTCTCCTCTTGGCAGAT CET CTGCAGCAGACT GEAGGAGT ACAACAGT CGCCAGGCTT TATGCAACGGGACGTCTG
......... o, i B TP e e e e e R . R ——
...................................................................... By

il g I SRR R R R R e 1 (38 IR Bwrawinsviias &

* 900 " 920 * 940 L 960

AGGGACCATTACTGCGECAAT CCTGEARACCACGACAARGCCAGGACCCC ., GAGGCTCCCCTCCT CGECTGATCTGEAGTT

B v e e e e oI o o e e e wawve S  o aal i

% 980 2 1000 ol 10zo % 1040

TTGEECTGAGTTT GACCCAGTAT GAATCAGET TCCAT GEAT AAAGCTGCCAATTTCAGCT T TAGAAAT ACCCT GEAAGEAT

& 10a0 &7 1050 iz 1100 : 1120
TTECTGAT CCACTTACT GEGAT AGCAGAT CCCTCT CAAAGCAGTATCCACAATCCCTT GCACAT CTACAT CAACGCAACC

% 1140 K 1150 2 1180 % 1=00
ATETCCCAGGETACCACGATCT GCCAAT CATCCCATCTTCCTTCT TCATCACGCETTTET TCGACACTATTTTT CAACACT G
..... Teiies S vydes A SR & s g e N IR Sy
..... Tonninsn womnnemw e OO+ o n o oo SRR . . . .. ST, . . . . o . ssosesecenieeece weecesm e e ece w
..... T wrmmin wom s m s e ORRRG  « cu. v o O O« oY, . ..o . wis «mm e e e e e W e e e E
..... Meiciaon Sroendatiinmninnen g et Sroenssl. - .. ooy Saarendntiipidintannid SeniatineE 4

£ 1220 * 1240 * 1250 * 1280

GCTTCEAAAGTATCATCCTCT TCAAGAT GTTTATCCAGAAGCT AATGCACCCATT GEECACAACCEEEAAT CCTACAT GG

* 1300 * 1320 * 1340 * 1360
TTCCTTTCATCCCTCTCTACAGAAACGGTGACTTCTTTATTTCATCCARAGATCTAGGCTACGACTATAGCTACCTACAR

Figure 21 (Continued)
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Albinol
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* 1380 * 1400 * 1420 * 1440
GATTCAGAACCGGACATTTTTCAAGATTACATTAAGCCC TACTTAGAACARGCGCARCGAATC TGGC CGTGGCTCATTGE

* 1460 * 1480 * 1500 * 1520
GGCAGCTGTGETTGGETCCGTCCTTACTGC TETGCTGGEAGGAC TTAC TAGCC TGTTATGTCG TCGARRAGAGARACCAGC

x 1540 % 1560 X 1580 %
TTCCAGAAGRARAGCAGCCCCTGCTCATGGARRAAGAGGATTACCACAATTTGATGTATCAGAGCCATTTATGA

Figure 21 (Continued)
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Figure 22. Alignment of TYR protein sequences in normal from Holstein and
two albinos from Braunvich and Hanwoo. Hanwoo albino (Albino) TYR
protein sequences were determined in this study. Those of Holstein (Guibert
et al, 2004) and Braunvieh albino (Schmutz et al, 2004) are previously

reported. Dashes and dots indicate deletion and identical sequence to Holstein,

respectively.
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* 320 * 340 * 360
PGNHDKARTPRLPSSADVEF CLSLTQYESGSMDKAANFSFRNTLEGF ADPV TG IADASQS
.......... EA. LLG——————— === = —mmm e
* 380 * 400 * 420

SMHNALHIYMNGTMSQVPGSANDPIFLLHHAFVDS IFEQWLRKYHPLQDVY PEANAPIGH

W 440 " 460 * 480
NRESYMVPFIPLYRNGDFFISSKDLGYDY SYLODSEPDIFQDY IKEYLEQRQRIWEWLIG

* 500 k- 520 *
ARAVVGESVLTAVLGGLTSLLCRRKRNQLPEEKQPLLMEKEDYHNIMYQSHL
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TYR F4A2] c871G>A Eddol:= vz AdoA p.291G>R2] amino
acid %38 vEPHATE TYR @92 S N-glycosylation site, protein kinase C
phosphorylation site, casein kinase II phosphorylation site, EGF-like domain
signature 1, microbodies C-terminal targeting site, tyrosinase CuA-binding
region signature, tyrosinase and hemocyanins CuB-binding region signature,
laminin-type EGF-like domain sigature 5 9 7}#%] domain patternES WX
3tar 9loew, o] F tyrosinase?] &/ HQ3 N-glycosylation site:
N-{P}-[STI-{P}&] AME Fx& zt=th 2 AFolA] &0d TYR c87T1G>A, =
p29IG>R+= 49 TYR @¥ide] =33 vbAl 719 N-glycosylation site &
M WA site(-NGTS-)oll A Glycine(G)o] Arginine(R)Z A 3@ HAo =z & A7}~
ez FAAS B ol eqke] wWioleks AE trE YFHE AWtk
Mouse S°lA] N-glycosylation site®] amino acid®] W3}7} FA A58 4919
2 g el HaHdow, o A= VAl 98 glycosylation site?] A
AR 9 ¢] N(Asparagine)©] TE amino acid® 2| g% o] tel}= 2 9ot}

ghpol A AN JRAISE &Hle JjAle] TYR @9 d e x4 Ao]l& 2<4ls}7|
#3l PsiPred program(Jones, 1999)-& ©]&3to] =% o|x7-x&E n|wsrt
(Figure 23). A2 7/NAeF &u]x 7fAe] TYR @& A oA ofn| it WMol=
p291G>R o] v A= sdatdth TYR @A) p291G>R ¥e], =
H A4 olw  A3E #x &= ofu| kit glycineo] UAIE B olw Al
Arginine©. &2 2] Wzl ofu:bbe) FmApgol] ofa A v x|
A BA helix®} beta sheet 7-F0o A3FS Fof, Gz W o]y F-o|A F-x%
2 W3t e s Ado® el (Figure 23).

gk SWISS-MODEL  workspace®] Hla =228 ®H(homology modeling

b
-{ﬂ

O

method) 0.2 Z}7}e] TYR A dE5¢ o549 32 +2& vugles o, vl 3
o TYR @¥ide A4 ¢, S22 -z #8438 & =4 3% +
ZE dAsleE Aoz Y AuhFigure 24). o83 TYR @izl 22 3%

A Z FAEY, TYR p.291G9 p.291R

o
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) 20 ol 40 # 60
normal: : CCHHHHHHHHHHCCHHCCCCCHHHCCHHHHHCCCCCCCCCCCCCCCCCCCCCCEEEEERE
albino: : CCHHHHHHHHHHCCHHHCCCCHHHCCHHHHHCCCCCCCCCCCCCCCCCCCCCCEEEEEEER

4 80 * 100 % 120
normal: & CCCCCCCCCCCCCCCCHHHCCHHHCCCEEECCCCCCCCCCCCCCCCCCCCCCCEEHHHEE
albino: : CCCCCCCCCCCCCCCCHHHCCHHHCCCEEECCCCCCCCCCCCCCCCCCCCCCCEECHHEER

* 140 * 160 & 180
normal: : CCHHHCCHHHHHHHHHHHHHHHCCCCCCEEEEECEECCCCCCCCCCCCCCHHHHCEEEEE
albino: : CCHHHCCHHHHHHHHHHHHHHHHCCCCCEEEEECEECCCCCCCCCCCCCCHHHHCEEEEE

* 200 3 220 A 240
normal: : ECCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCC
albino: : ECCCCCCCCCCCCCCCCCCCCCCCCCCCHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCT

& 260 * 280 * 300
normal: : CCCCCCCCHHHCCCCCCCCCCCCCCCCCCCCCCEECCCCCCCCCCCCCCCCCCCCHHEACT
albino: : CCCCCCCCHHHCCCCCCCCCCCCCCCCCCCCCCEEECCCCCCCCCCCCCCCCCCCCCCee

% 320 * 340 * 360
normal: : CCCCCCCCCCCCCCCHHHHHHHCCCCCCCCCCCCCCCHHHHCCCCCCCCCCCCCCCCCCT
albino: : CCCCCCCCCCCCCCHHHCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCHET

N 380 i 400 * 420
normal: : CCCCHHHHHCCCCCCCCCCCCCCCEEEEEECCHHHHHHHHHHHCCCCCCCCCCCCCCCCC
albino: : CCCCHHHEEECCCCCCCCCCCCCCEEEEECCCHHHHHHHHHHHCCCCCCCCCCCCCCCCC

= 440 % 460 * 480
normal: : CCCCCCCCCCCCEECCCEEEECCCCCCCCHHHCCCCCCCHHHHHHHHHHEHHHHEHHHHHH
albino: : CCCCCCCCCCCCEECCCEEEECCCCCCCCHHHCCCCCCCHHEHHHHHHHEEHHHHEHEHEHEH

x 500 * 520 #
normal: : HHHHHHHHHHHHHHHHHHHHHHHHCCCCHHCCCCCCCHHHHHHHHHHCCC i 530
albino: : HHHHHHHHHHHHHHHHHHHHHHHHCCCCHHCCCCCCCHHHHHHHHHHCCC : 530

Figure 23. Prediction of secondary structure for TYR protein in Hanwoo
(normal) and Hanwoo albino (albino). Symbols in the sequences C, E and H

represent random coil, B-sheet and a-helix, respectively.
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[A] Holstein p.172A (Ala)

[B]Hanwoo p.172A>V (Ala>Val)

Figure 24. Structural models constructed by homology modeling of the bovine
TYR proteins in Holstein, Hanwoo and albino Hanwoo. Missense mutations

p.172A in Holstein (Guibert et al., 2004), p.172A>V in Hanwoo and p.291G>R

in albino Hanwoo are presented in [A], [B] and [C].
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HANA oA FAade A gk fd4 Wle] Hard Al Ak
t}e] Braunvieh &4 “Snowdrop”’elztar HHE Aol tHSchmutz 5,
2004). Snowdrop®] A%+ #HEd A A gAAHow F&d= TYR M4E

N 29] 926 HA A7IF-H A 2H = CCCCAH

e
=
O
o
=
N
)
2
A
i)
i
3
o
i

AstE AE B F AU Figure 26 3¢ FA45 NMAES] 7HAx0Y, &

Tl Al RS ARt §AA B A3 T MCIR, TYR c.871G>A° gk

AR S A mAS Aot
YO0 PO
JI b
ele G/4 efe G/4 ale Gid ele G/4
S e— @
p—
ele|ld/4 ele|ld/4 ele Ald ele Ald ele Ald

ele G/d Le/e A/A‘ ele A4 ele G/A

ele A/ ele A/A

D Normal, male I:I Carrier, male . Albino, male D Carrier, female . Albino, female

Figure 25. Three pedigrees for albino Hanwoo families. A, B, and C were
collected from Joungeup and Sunchang in Jeollanam-do and Daejeon in
Chungcheongbuk-do, respectively. The genotypes under the symbols indicate
the MCIR and TYR c.871G>A, respectively.

Figure 25914 FMAag XYL A4 ddsIHdS MAAAT =&

shgom, AT AE APA FH BUS s Ao vF max
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(carrier)Ql Ao = JAEHJTE ¢cDNA % DNA sequencingdl A& A5 571
FAMLT 9 NAE(Figure 25 A)S WA ZAEH o0, ZAF A3t et
TYR 428 c871G>A A7|ASe] -4 d-¢rp TS depi s &3
(Figure 25 B)3 =AY % @ (Figure 25 C) 5719 /A SANAE 2& FAS

Bol=AE ARG WA DNA Alde] WMol c87IG>AE #5317 13

PCR %% primer?] 97|AE& W3] Mspl AzEAno AXF-917F A5

== 4. olF PCRE ZE3 ¢33 did 5719 FH4%5 %8

AABA L AAEN W3 TYR c871G>AS DNA A|RE o] §3lo] 9l

315l tH(Figure 26). A 3F&E A Msple 2 Agk A3 PCR 4Hs

HA/A, A/G, G/G)o2 BEHom, FHALZES et s3] FAAT ¢

3 Fo WA 1 FelA BFE A/A ARG AF

olul 2o A= BE olFHTAAL AGE AAFAYL FALF T B Fav)
A

A B SobdE A/GS | BATOE &

o
0

M A/A A/A A/G G/G G/G G/G

- 147 DD

LI
— — -123DD

Figure 26. PCR-RFLP for TYR ¢.871G>A in the Hanwoo albino families. One
of PCR primers were modified one nucleotide at near 3'-OH to form the
Mspl restriction site in wild type sequences. Bovine albinos were observed in

the homozygotes A/A but not in heterozygote A/G and homozygotes G/G.
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Table 2. Genotype and allele frequencies for TYHK ¢.871G>A mutation in

cattle
TYR c.871G>A Allele
Breed Coat color n genotype frequency
GG GA A4/A4 G A
Hanwoo' yellowish brown/red 506 506 0 0 1.000 0.000
Hanwoo albino  white 9 0 0 9 0.000 1.000
Hanwoo carrier” yellowish brown 6 0 6 0  0.500 0.500
Hanwoo KPN’ yellowish brown 154 154 0 0 1.000 0.000
Jeju Black cattle browny black/black 55 55 0 0 1.000 0.000
BK* yellowish black/black 29 29 0 0 1.000  0.000
Korean Brindle  brindle(brown/black) 20 20 0 0 1.000 0.000
cattle
Charolais white 15 20 0 0 1.000 0.000
Hereford yellowish brown/red 10 10 0 0 1.000 0.000
Angus black 5 5 0 0 1.000  0.000
Holstein black or red with 60 60 0 0 1.000 0.000
white spots
UI Crossbred’ various 108 107 1 0 0.005 0.995
Total 977 966 6 9 0.015 0.985

! Normal, yellowish brown Hanwoo unrelated with albino families collected

from Jeju(Jeju—do), Suwon(Gyeonggi-do), and Gangwon-do.
° Carriers were closely related with albinos.

* KPN DNAs were isolated from freezing sperm provided from National
Institute of Animal Science, Suwon in Gyeonggi—do.

* BK were crosshred individuals produced between Hanwoo and Jeju Black
cattle.

5

Breed—unidentified individuals collected from the Slaughterhouse of Jeju

Agricultural Cooperation produced for commercial uses in farms.
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