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1. BRIADFEEAE

REBMEOIERI, BAERORE) = EREICHIE L. EEMRETICED W B Z T\,
BEIREIN AR O SRR 2 EET L), —BHOEELRET S I LICE

D, ZF LWEEFRZEENICERT L EH b, ZD0, MAIERE EBRIC
BEOWTHENBR P TEIC X D EF OBRMRE) ¢ H#w L BRI b T & 72—,
T AR OERICEN, REICBWTH ERHMMOVERS ZRICHER, DNAY — 7 —
EREFE G 5 BLHEEDH 5 ITBETE (QTL) & O SHRIT AT IS %2 5 72,
WEHMEANTSED X, DNAY — 7 — 28R & LC, BEEEICHEE L-Bn TR BkT
LH L CEREORENETCE L, /2, DNAY— 7 —2FRIE L LB R ERER
BIEZFOF X ) TOAZ ) -V FH AR b

BAEOEE L., NEOZNCH L TELEROGIK ., BKEDOANGEEREE DD T
B LWEAET TR A ML - BRELLE IS5 23 ELR S R WIRIRICH B, FD720
WIEEEFMORERTH BERRE~NDFELFENIAT) SEPUHATHY, ko
FLOWEEEMORBICRECEFTTA2LENH o7, T LX) RIRA2 S, BRKE
BOREDD L12, HRPIRFERESRRO (M) SERE - SERRSO BT T,
HAFREESOSFERBEESEOBIC L), (F) BB SR B & (5T
WV ENLZ L ERoT,

R A EEDP SRR I NGO 70V 2 M, 7 VERRRE Y AT A DD S
HE D ERERROINAZENE O WEERETLED 7 ) LR~ & NERILK S
NT & Tz BETEERR Y AT 5 DF%E TIEEZHONAY — 71 — DR% - BRI EA~DfL
BT EITVW, INLOY =0 — 2 @HERT S 2 LX), BERNCHT-EENE
AEXERCTELZLAHLPII L, AEREINOFEZ. FAO ML —H ) 74
ZORAES B EARW BT & b % o T b, EEWEKE T, BENE, BEME, KU,
RNVAY A CRICH S N72F 5 BOBRIEROBRF 245 E L TF v ) 7 ODNAZ T
FExBRE L7z FK6 FED OBV EORITIIAE 57205, ZOBEETHEHFROSE
FERTFERERE IR F - oL AAFgEIE, BEICE L TR S L, LI OMIEERICE
S TR RGHFEE o TnD, RFEBEOHNT T, BIIGHECHRNERICEST 5
ZROQLEME D (P < 0.01), BQLORFEOHRE %A, QLOBIZTZDH D%
FET XL EN2HmIT T 5,

PRASIEE N HF72I1, 72D A7 & OB O 5 CERIERR O F v
DT BMEM O E D, BEREQLOKFEL SN EER L BEFEORE
THIEE LT ED T, FROGEEE T, ROPEORAL L LCMESN



TWAHEEMME - RVAY A - BEAMEE RV Y A VB ORZHRED 3 E MW %
DNATEECHERI 9 A HiflT 2 A, 35 2 LIS L7z,

PRCIBAEFE D S I 72127 VDNAB IR A FHENRI V. Vo7 LAEOH %
HHEERRE 7 4 — ) FTORRMBIEIIIZ . BEELERTHROFT(LEED S 2L T
DPEOZEXEZMALOZHETH L VI BEPREE LN 77 AFTIEET ) A
DIFFNED Y — IV DEENFIZ X o THNTFEZ DD DB ZRFEN 2 E T/ L7 4 FEE
FEMT~FER L TWh, ZOFRICED X HITHIE L7z oW TEITERBR L T b,

BT R 4 SFEEHEM 2 %4, MR 2ADFM4 400 E L, WIFEOH#E - LK
EEBITMERIEER L, FRL0, TIEEIITEHEM 4 &, WF3EEif2sg (s B134%.
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1. RHEEDIRE
1) 9245/ LAY —ILORERE

(1) w&r /) LAY O & SNPE%E
(D-1. o377 LAECHIOEH & A5 O

747 Mk, BaylorERFK (BCM) Ok v Ay = vy sy s =12k )i
EERHOPZEE T2y TP ATbNT &7z, 20044127 7 L DMEROEH % FHIHIZ
T 7 LES] (Btau_l.0) 2328F S IUCLARE, EREF 2 1H 4L, 20074108 @
Btau 4.0 UREOEH) »ar V- T72I2E5T7 /57— ay (FERMNT) 2&T,
200944 F 2y v 7 AEEHREE & L CScienceii IZm R S 7z, Btau 4.01%. gk
FIDNAY — 7 o — % FHWTHGS (Whole Genome Shotgun : &%/ AEXRIZT V5 L
WCEHN 2 HREL72b®) EBAC skim (74 =71 ¥ b TEHLL/ZBACT O — ¥ %,

A LE, TV LTERALES) 27 LD7.1 EEGA, FNLOEFE T
TNV L7 DT, EST (Expressed Sequence Tag : ZI L TW 4 ELEF DR D—
) DHN=RPBIBUDT ) Lk HN=LTWEEHEEINLD, BEHHICIINE %
Fyy FRELOOhEMEY (T TIVLT =) PERINTWE, T/, TRV T
VEN o 72BN, G AR (Chr_unknown) & LTSN TwW3

ZDD, 7 AR & BICERED %w%@:¢%%@®%¥#ﬁbﬂfm
BOMe T Ay =iy SRy =Tk, Y*@%@%ﬂz&mﬁétbwmuwz
— YV ERGERBDNAY — 7 T —THATEB Y, 72, &7 7 L12Dow T, KHLEIDNA
¥ —2 L% — (ABIfESOLiD) T13 GhOELH (1-2 kbEWH OWm25 bp) ZFHA T,
INLEMAZTT Y TN L7zBtau 4. 505 ABRFETH 5,

—F, A =SV FRTIZ, ALY ) ATy TV EFoTBY, 974/ A7k
70, 20094E8 7 1ZUMD3. OLZ BT S 7z, UMD2. 012 F_T, 5ARD etk (77 24t
& (BTA) 2, 4, 14, 26, 27:) DAL, L0 & OEFNEEATBY, FRIIXgaiho
AN DPLEINTNDLEDI L7572, IMD3.0TIX, BOMe N/ Ay —Fr v v r®
v =T ENEH (35.62 million reads) &fBD Y —2 12> v 7Y% —Thi
FN7-EH BACKIRECY) 72 1.2 million reads) & %Celera Assembler version 5.2
AW CEET =% T7 2y 7V E T\, BAC skim D7 £ 7V x5 — (BACZ 1 —:
T =V LU THALENE T2y TVT HEICE LT —) &, BACOM KDY
L= —EMEMAAZ LI TBELLEDZ ETH D,

Liudb CREEEE BEEH4EE,; USDA-ARS) (. Btau 4.012% F 74 segmental




duplicationZ = L, 20— 2oV T, #kin sitw A 7Y ¥4 ¥ —< 3 >~ (FISH)
WX ABEEE T > T\Ww5b (BMC Genomics 2009) Z DT, segmental duplication®
¥4 (94.4 MbD47%) 1F7 Y EEARICFERE S CTwwvwZ & (Chr_unknown). —75 T,
Y ARECH 121351267 Mbl *ﬁé’?%dupllcatmn (=1 kb, =%4%—3) 2SAEKIZH
LLE 7y 7NV =L LTHEENTWAEIZ L, 512, Btau 4.0 UMD3. 002> D
Ty 7L TE, 10EPTOFISHASUMDS. 0% . 26T OFISHABtau_4. 0% St L 72
ZEEWELTWD, LT, BFATIE, UMD3. 02 BT/ ARFITH D | ff
CE IRV LLEDFD 5,

SHBIZOVTIE, BN N7 Ay =T vy 7Ry y =ik, REREDNAY — 27 = >
HF— (Bv v attdbd) THMALZERVAYA VHEORSZIMZ 52 LI2X) 57 ARG
AYET LA DH D E VD), A —F ¥ FKRIE, Bos indicusfeHO7 2> 7%
ETRTH Y, Fio, KMACEIDNAY — 7 T U —TH I NEVI R S L, #F
NOEZMZTHITT A I LIEFRELEDZ L1207,

(1)-2. 7 SNPFv 7 OHEH

7 50K SNPF v 7 (A v X F4E) A5, 20074E12H ST S L, SR VT, FRIC
RIVA Y A A ER T, BURED S EW L2 BREMIC & 2 BIEr 57
/A%&&K%ﬁbi5&bfwé 77 LGB E V) O, MR EICOWTO
AT & FHIE M & OBEZ ZRICESNPOBETRIC A2 7T 2T &, Ml
BEHF OBz BEFRIC k5 X a TT“Eﬂzﬁﬂi L. BT 2L THL, HHIEE
DIEFEESRI- UL, BAREICHRT, BAORELY B4 £ TORRLI A N 2]
WTEHDTAY Y MIKEV, L2LEAS, —EDOIEMEZERL2OICIE, &EE
Ml & U CHTFHEOMMBEF DU ERT20, *IU%(DI’W{E@W@ BWTT /) LBIRE

YHEHATHDEE L o720 BEEONPT v FHRHEINIE, BEE B -4 E
RO ZAT) 2L TE 720, ZELEFOBBZRE (T LI LENPTE, T2, &
DIEREICAE PGB EER 2 BRECEL I L FING, 20X BERENLS, 4V
I, Ty At KERBESSEFE T, MEESNPT v 72 L. £FICE
MR FEE VI HHIE, 200 LD mfE IR 585300550 7 & % 6 %91 20FE2EH ODNA
A7) =B LNPZRE L2 156 N804, 5005 DSNPA 5, ¥4 F—T )
BE., ~—F— Bk, Wi, 75 o (X vy, JE¥— MEF], segmental
duplication’z &) % #E L T80 HHDOSNPIZOWT I — 7% 74 » L, m&KH
IZIX50K SNPF v 7 RIZHE S 72 2SNP & & LR85 T DSNP H R 5 T v 7 A /ER T
AhDZ EZo7z,




—F, BFHN, NL—=HEY T~ (7 LEEHRD) BN TFEIZ &2
W, REESNPT v S TCRLEGEDE DS, #3, 000f8DSNPH S5 F v 7
ﬁfﬁié ﬂ(\/)f:o

(2) SHBROHED T
(2)-1. HREMBEDOSNPBI%

HEMMIT Y DHapMaplZZ ML TW AWz &5, HIE, MEL SNPF%FEIY\"%ﬁo T
5o A, SREBHFEIZRRENY Z2SNPRC . FREEHNE O £ R0 I AR 0 70 SNPASHH & 4212
CENHBEENL, IS OB, ARTERE ﬁm®774/7yt/7%§ﬁ
SNPO[FEIZHEH T 5o

(2)-2. SNPF v 7
O ANV IFTEBENPTF v 7OREMEEIC BT A HHEOMREZ1TS . 506 SNPF v 7
S BB A0 % LS TFITHN—TE TV LD o720 T, HEESNP
FvTERAVLZET, LNVMETHEEOEVY Yy KV IHPTRICR S 2 LD E N
Bo BRED X ) ICREROBRWBEO< v ¥ Y Z7IiE, SBONAY v 7LV EET 5
ZEDL, B AHRETH- THR UBEIZOWTEREERN & ODNAY ~ 7L % 4L
L. BEESNPF v 72 W T2 BRIy ErF 2R T TALERH LD LI
78\,
@ HEPEFITH A XY LNPTF v TR EE L) PRI 24T ZNFET
HWTWZZDNAY = —TH A< A 7035 T4 ME, SNP& HRIEHEDL 8, B
FENZFEDP LB TR DD D5 L\ ) RIEDH - 72720, FRMANTIEBM OB 2 &
LTz, SNPF v 72 FHwb & ABEN OB THITAE T 752000 Ll v, YDk
I BALAEDEONPE ) PG TREZA 9,

(3) w7 ) MRFEDOEE
U ) ADMRFEINT DI TH LD, FOEFIIOWT [TV 7 ) LEGHEASHBD
BE| (VA5 /) =Za—A-136,2000) LHET ARSI AEET S,
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HE kA EE RSB DR EH R
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HRFFERTOBSL ST 1993 4E 2 AU o0 ) AT ORBEI Th o 72, 2k, 10 {8 DNA v — I — L2k
HENTEBLTA0BEO~Y—I—BEFH LSl WO H o7, Lk e b7 ATHEE BVt — 1 %
HaLHBB2009FEAADT T ) AMEFRORRICE T2, TN TE IR ERENT ST ) LMENT Y — V& FIC
FTHZE Lo, VO DNA BREFERORELREENPHECTCE S,

. E+T/ LBEHROKREY

1986 4, LF— h « Z Ly af@it (1975 4F
S VIEP A E S E) 13 Science FEI, [ B
N OB OEBRIZE 7248 N7 AR
FIOMRFE NS BEZ BT LS ) ERELED,
IOREVEoNT o T RED R LT —
BIEAZIL 1990 FE D 15 FEFHH O “Human
Genome Project” % Bish U7z, MR HAM L~
MHEZIEE2OT RagtE & b ) X
M TH oMz, EEICHEOBROEMER O
BT T 2003 FOFERE ET 2 FRE F THZE
LTz, IRy aDBREH LD HBEBLEFDORE
MBZERB 2 BB EE TE 5150 T &
WM OBHE S AT D82 RBERER A B 72
D AEMFITERHEIZ L) E LTINS,

t N7 AR OERIZRE S, T
LIRFZEDTZHODEEE Y — T LAY 1999 4E
12 RIZHFHEDN 7 — =Tk S iz, &
DEL L 9 4% D 2009 4 4 A IZ Science ZE~ 7
T AOIRFEPRESND L TRELE Y

2. ChETOICOEEFE

TEWRBIT 2 UV OB, 1940 £ E Tl

SuGgiMoTO Yoshikazu
TO61-8061 18 &R 76 A ERPFEAR AT /N B A

HEHRERE N 2sh, a2 B a —F O3 iE
& HMER - CBLUPEICRE SN A &L O s
CEHEFEOBERD D, FEOREIITREL
kL7, HEESNTZBBRIRDOEREL
L& ® A Z LI L Niemann-Sorensen &
Robertson  (1961) *I3,QTL (E&MFE) & LD
GESR 7 v 7 e B BTEE TRl
AVBZ BT, E20FE FBME L TE k) RiE
\Zd 5 DNA ~— I —FHIZEHEL T TR
FACTx 5 L®E L Meuwissen 5 (2001) YL &
SIZEEFRIA LT 5 TIED DNA ~— 1 —% 7 )
DEICANBEr — 2Dy I 2 Lb—3 3 VELT
VN T D ERARE ST 2B HHE 85% THEE Al 6B
EHE LT, TOEOIZITEEE DNA ~—F
—HR R EDT ) LMEFAY — N B REISED
WERB ST, V—IVOFE T/ H DNA <
—H—DOREBBEFILYT ) LRFEZ L - THIH T
AREIZ R o7,

3. IV /LBRETORTY T

3-1. HEBPMOEGOEHE

W SFLEN ) OO PR AR B C IR Ay L OB & R
THEO 2 KORAR (R EMARENR) 225 1
ROPEMRIZT OB TBESND, BEBTO
FF O YL RIT AL A 3l - A Sk - MR 2 1A (2
) O 4 EORNOENNTHD, 7IZiE 29
KOFYBRNPIFET 5O T,V v OREFEMAE 1




55 1 AR oD S A B I AT L %
HED R TIE oo RN, 2

BL{&T DEDE T 5 A THIRS Nz EE

. BYEEEED TV ) BT —

- va vy TITEMERSEFE DT,

= E AR oA % - D LN Z EMRED &5 1
- . ~ BoEb b0 Lo,

s As Al 0 , W & A 72 b DIT B 7

o s W, (1) ZHEPEDE N DNA v —F

S —Thor~vA UV T I e S

N BERT5,02) ~— b —REDER

O E LR < O E ERDD5,0) BRIV T ERE

—BEH) BoHHAR Iz kHS S5 ,(4) %% in situ

E2 54T HEMFOLEEIT A = 5 10 1

NATY XA ¥ — 3 (FISH)
TYRAERDITH 2D 572 EOFR

B1 BESRIZEIIFERERISDOERBFER

(107) @0 ThDH, BOREAKD L OFEEM
TImb o T2 E M AIZIL,DNA < —F —HiX
(ESHK) 21EY DNA ~—BH—0 (7Y

V) BHRRDULERD D,

3-2. HEWREROBRHAIMSEKBET

(1997 £& £ T)

RIp HYRIZAIET D DNA v — 70—
\K@imﬁmﬂgwfm@AﬁEw%k&@o
B CY BT s~— D — 3oL Tn5
& — T — R O X BEIE 50% L D /NS < A
% (FECEET D GEME VD), MM EE A
TOEEREEEL LeM (B FEATY)
HALTERRT D, v —EBREz2 T 5 EH
CY ORI E T D~ — B —[F = idEeH 7 L —
TERERT D EIZRD,

U EGHHIEIE U OZERE M A BV E DK E
Genmark #1: Georges THh D, 1992 F£F TIZ
DNA ~— % —354 {lf & 8557 b L 72, 1994 4125
1A D 7 S EE MRS 2 DG Sz, KE
BHENSEH %L % — (USDA-MARC) @
Beattie © 1% 313 {l® DNA v —H—T V) F7=
USDA-MARC L4t BovMap 7' /v— 7" & B4R
DNA ~—#5—202 [ CHIR Z/E-7- Y, 215

HBRNITOoIE, Bz biX

BovMap ([Zhio 0 ,~A 7 a #7575
A FORFEMABEMT (o B ) BITo T,
1997 FE-DF,2 2D VNV —F L FNEIE 2 HAR
DK Z ¥ FE L2, BovMap @ 703 {#E
D<A 7Y TITA4 NNDRDHMHOY A XX
3,567 cM & K&, Lavd 252 8 O IEfE 72 ALiE 23
IE->TWRW D, 2 OBERSML TV
BovMap DO HUKZ1d~— B —DALHFET T —»
%< EENTW=, —J5, USDA-MARC ® 1,236
Bo<A 70T I4 N6 RAHAMEOY A X
%2990 cM ThH,ZnFTHEINTVE
3,000 cM 12T ¥, USDA-MARC 43~ T Bl
T = —DRHEZITN, =T %L F
=y 7 LB LHEIEY 21707, Lichio
T,USDA-MARC OHLEIT D > 5 ) Mg o =
— VT U RB L E— R e o TR QTL
D~ B ZIffibinTE 7=, USDA-MARC %
F ST A & O HIE] O DNA ~ — 0 — X
L TEBREMES (< 60%) ,~—F —RkE
mcMuL@%@ﬁum(nwum)%ﬁE
671&5 V=N =7 A NEKIZITAR 5

ZH o b1, & ET QTL ket _a&* LT

u\ét&>§ BB ITo L 9 e K2~
— A —FRTHREZHR TS Z iR RkIIE
NTEA S LIRRTWN A,



3-3. EEEEHHMEAISYBRBR~DE
(1997 &£, 5 2005 &)
USDA-MARC D HX THEEHRS QTL O~ v
U7 TCE RN, v v B LERBRES D
WD, v — D —T VA MNBRE~FEEI®EDI
L2 RKRBEEBENBVLETH-T, LI
USDA-MARC D HIK D &5 EL N 72 S5~
X Th o7, & EOB) X 1380 < EERAICEE
LCv—A—BRTHZLichbenrolz (H
BREVER S, 1998 FE, IR TR Y R), ATz
HIXZOMBEEERT D720, BT~ A7
Y7 Z A4 b0 KB 2B E R M
L,USDA-MARC O % @EEAT 57200 T
R BB OMBEERE G A TEYEEHLIVE R
% 1998 KD B g T I 13~ — I — [l
DRI Z FEE D 5 R B 7= AR 72 BB 72 23,
YEHIEIX DNA ORI IZHIL Ty ——E
5t a2I_RTZHDTH D, RATEBHIEEHED~ A
7 ahT 74 &% L, USDA-MARC DO# /)
EEIRN 52,325 HO~—T—% Nz 725 =i
f& @ Shirakawa-USDA i $ 1 [} % {E Bk L 7=
(2004) ¥, E7-45 7,000 HOELE WA E 5y
BEL (2001) O F0NO 2377 FEAEES AR
5,593 FEMN B A T BRI SUN-RH Hi[X]
( Shirakawa-University of Nevada Radiation
Hybrid #[2) ZER L7z (2004) ', Zh b0
SR O b b o T2 A X
(Composite map) 23MERL 41, x4 B I iz,

4. 957 LBEEAN

ERE oy Y — 7 AT 19998 D R 27—
—2FETU VT ) AEFTASAITTRO XS 7%
ZEERRDT () BRORGII~LV T — R
FEMEIEH 2 O, Z DBACT 4 77 U — (K150
kKbDODNAWTH & de 7 v — 2 THERR) 24—
Z v R/ANRIEBED Dejong B ERL L, BEHEETIZ
B 5; 2) B ROYURATRREE RV
Ty aeanm BT RKOMarradd FMI e o
T, 74 H—71V 2 T YBACOESL %

179 ;3) 7 ¥ ¥ ABaylorlEFl Kt N7/ AT —
o T s H—DGibbs S NI A o TCLA
T EEMNGIC sy N — v T
AT T AO3MERS DS ZRD 5; (4) &
BB Ea e 2 L H L Ak &2 72 D 7 T DNA
AT 5,

Dejong 3MERKL L 727 Y BACT A 77 U —IZ,
EHIDNAY A X167 kb D 1975 7 11— THERL &
Nz, Marra® 7 4 > H—71 > N TiX,%BAC
7 a— il REESE CUINT L, 7 VB Rk E) &
797w —VICREH 5DNAD S F3
H— R, BACZ a—rREETH—1"—F
L TCWBEDX,FDT 4 H—FV b
HbERLIDOT,ZOERLYZFMAL TBACY =
=V EORSIENTED (BT D LW
5), BI XN 7-BACY v — MDY K
~ORLERT &2 TEMEIZAT O 72D, BTl OFA H
] A3 iz,

Gibbs H 1%, F 32004 9 AIZ4r ) AEk x4
W27 X BZPTE LTBes] (WGS) &7 7 LD
35 E5715,2007 42 10 A2 Btau 4.0 (4 BEIHOHE
) L LTH ) ART 7 NS BB S H T2,
ZHIE,WGS IZ BAC skim (7 4 ' H—7V > |k
TEYL L7 BAC 7 a—r % H— & L< I,
T— N L CHRATERS)) G bE b DT,
7 A0 EREOES (WGS + BAC skim)
MPHIRD, ZIVE TAEARHTE o 1fINIE R
SNDZLTR KOFRAR L X T ERD
it 30 ADoK OE ] & 725 7=, Btau 4.0
(3,BST (BB FORBWHR) O H 3 —F )
5,95% D7 ) KEI AL TND EHESH
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FICEE L2280~ 70754 b~—A—2HWTEEL OBESEL TR &
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Bovine Genome Sequencing and Analysis Consortium (2009)

The Genome Sequence of Taurine
Cattle: A Window to Ruminant
Biology and Evolution

The Bovine Genome Sequencing and Analysis Consortium,* Christine G. Elsik,*
Ross L. Tellam,” Kim C. Worley®

To understand the biology and evolution of ruminants, the cattle genome was sequenced to about sevenfold
coverage. The cattle genome contains a minimum of 22,000 genes, with a core set of 14,345 orthologs
shared among seven mammalian species of which 1217 are absent or undetected in noneutherian
(marsupial or monotreme) genomes. Cattle-specific evolutionary breakpoint regions in chromasomes
have a higher density of segmental duplications, enrichment of repetitive elements, and species-specific
variations in genes associated with lactation and immune responsiveness. Genes involved in metabolism
are generally highly conserved, although five metabolic genes are deleted or extensively diverged from
their human orthologs. The cattle genome sequence thus provides a resource for understanding
mammalian evolution and accelerating livestock genetic improvement for milk and meat production.

taurus indicus) provide a significant source  netically distant from humans and rodents, the

Domesticated cattle (Bos taurus and Bos  billion humans. Cattle belong to a clade phyloge-
of nutrition and livelihood to nearly 6.6  Cetartiodacty! order of eutherian mammals, which

24 APRIL 2009 VOL 324 SCIENCE www.sciencemag.org



first appeared ~60 million years ago (/). Cattle
represent the Ruminantia, which occupy diverse
terrestrial environments with their ability to
efficiently convert low-quality forage into energy-
dense fat, muscle, and milk. These biological
processes have been exploited by humans since
domestication, which began in the Near East some
8000 to 10,000 years ago (2). Since then, over 800
cattle breeds have been established, representing an
important world heritage and a scientific resource
for understanding the genetics of complex traits.
The cattle genome was assembled with
methods similar to those used for the rat and sea

Department of Biology, 406 Reiss, Georgetown University,
37th and O Streets, NW, Washington, DC 20057, USA. E-mail:
ce75@georgetown.edu 2CSIRO Livestock Industries, 306 Carm-
ody Road, St. Ludia, QLD 4067, Australia. E-mail: ross.tellam@
csiro.au *Human Genome Sequencing Center, Department of
Molecular and Human Genetics, Baylor College of Medicine, MS
BCM226, One Baylor Plaza, Houston, TX 77030, USA. E-mail:
kworley@bcm.edu

*All authors with their affiliations and contributions are
listed at the end of this paper.

urchin genomes (3, 4). The most recent assem-
blies, Btau3.1 and Btau4.0, combined bacterial
artificial chromosome (BAC) and whole-genome
shotgun (WGS) sequences. Btau3.1 was used for
gene-specific analyses. Btau4.0, which includes
finished sequence data and used different map-
ping methods to place the sequence on chromo-
somes, was used for all global analyses other
than gene prediction. The contig N50 (50% of
the genome is in contigs of this size or greater)
is 48.7 kb for both assemblies; the scaffold N50
for Btau4.0 is 1.9 Mb. In the Btau4.0 assembly,
90% of the total genome sequence was placed
on the 29 autosomes and X chromosome and
validated (3). Of 1.04 million expressed sequence
tag (EST) sequences, 95.0% were contained in
the assembled contigs. With an equivalent gene
distribution in the remaining 5% of the genome,
the estimated genome size is 2.87 Gbp. Compar-
ison with 73 finished BACs and single-nucleotide
polymorphism (SNP) linkage data (5, 6) con-
firmed this assembly quality with greater than
92% genomic coverage, and fewer than 0.8% of

REPORTS

SNPs were incorrectly positioned at the resolu-
tion of these maps (3, 4).

We used the cattle genome to catalog protein-
coding genes, microRNA (miRNA) genes, and
ruminant-specific interspersed repeats, and we
manually annotated over 4000 genes. The
consensus protein-coding gene set for Btau3.1
(OGSvl), from six predicted gene sets (4),
consists of 26,835 genes with a validation rate
of 82% (4). On this basis, we estimate that the
cattle genome contains at least 22,000 protein-
coding genes. We identified 496 miRNA genes
of which 135 were unpublished miRNAs (4).
About half of the cattle miRNA occur in 60 ge-
nomic miRNA clusters, containing two to seven
miRNA genes separated by less than 10 kbp (fig.
S2). The overall GC content of the cattle genome
is 41.7%, with an observed-to-expected CpG
ratio of 0.234, similar to that of other mammals.

The cattle genome has transposable element
classes like those of other mammals, as well as
large numbers of ruminant-specific repeats (table
S4) that compose 27% of its genome. The

A Placental-specific orthologs O Unique B - .
W Mammalian multiple-copy orthologs 0 Homologs (E-value <1e-3) g
30,000+ B Mammalian single-copy orthologs & Other orthologs // H.sap M.mus
’ ( R.nor
@ 25.000- :
=
[0
o \
% 20.000+
o ; B.tau M.dom
é 150004 . C.fam O.ana
=3 | \
Z 10.000- 147 14,345 94
(12592) | ¢q
5000 One /
308 =
0.4 ST
B.tau C.fam H.sap M.mus R.nnor M.dom O.ana Number of orthologous groups
C D Bos taurus
0.02 100
@ 1600
8 —B.tau e Canis familiaris
© 1400 —=C.fam o 100
£ J
O 1200 Homo sapiens
2
3 1000
¥ 100 —— Mus musculus
o 800
£ 100 )
% 600 Rattus norvegicus
o
o 400
el Monodelphis domestica
E 200
z

0

20 30 4 5 60 70
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Percent a.a. identity to H.sap

Ornithorhynchus anatinus

Fig. 1. Protein orthology comparison among genomes of cattle, dog, human,
mouse, and rat (Bos taurus, Canis familiaris, Homo sapiens, Mus musculus,
Rattus norvegicus, representing placental mammals), opossum (Monodelphis
domestica, marsupial), and platypus (Ornithorhynchus anatinus, monotreme).
(A) The majority of mammalian genes are orthologous, with more than half
preserved as single copies (dark blue); a few thousand have species-specific
duplications (blue); another few thousand have been lost in specific lineages
(orange). We also show those lacking confident orthology assignment (green),
and those that are apparently lineage specific [unique (white)]. Placental-
specific orthologs are shown in pink. Single- or multiple-copy genes were

defined on the basis of representatives in human, bovine, or dog; mouse or
rat; and opossum or platypus. (B) Venn diagram showing shared orthologous
groups (duplicated genes were counted as one) between laurasiatherians
(cattle and dog), human, rodents (mouse and rat), and nonplacental mammals
(opossum and platypus) on the basis of the presence of a representative gene
in at least one of the grouped species [as in (A)]. (C) Distribution of ortholog
protein identities between human and the other species for a subset of strictly
conserved single-copy orthologs. (D) A maximum likelihood phylogenetic tree
using all single-copy orthologs supports the accepted phylogeny and quantifies
the relative rates of molecular evolution expressed as the branch lengths.
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consensus sequence of Bov-B, a long interspersed
nuclear element (LINE) lacked a functional open
reading frame (ORF), which suggested that it was
inactive (7). However, Bov-B repeats with intact
ORF were identified in the genome, and their
phylogeny (fig. S4) indicates that some are still
actively expanding and evolving. Mapping chro-
mosomal segments of high- and low-density
ancient repeat content, L2/MIR [a LINE/SINE
(short interspersed nuclear element) pair] and
Bov-B, and more recent repeats, Bov-B/ART2A
(Bov-B—derived SINE pair), revealed that the
genome consists of ancient regions enriched for
L2/MIR and recent regions enriched for Bov-B/
ART2A (fig. S7). Exclusion of Bov-B/ART2A
from contiguous blocks of ancient repeats sug-
gests that evolution of the ruminant or cattle ge-
nome experienced invasions of new repeats into
regions lacking ancient repeats. Alternatively,
older repeats may have been destroyed by inser-
tion of ruminant- or cattle-specific repeats. AGC
trinucleotide repeats, the most common simple-
sequence repeat (SSR) in artiodactyls (which
include cattle, pigs, and sheep), are 90- and 142-
fold overrepresented in cattle compared with hu-
man and dog, respectively (fig. S10). Of the

HSA1: 175-247 Mbp

175

ferungulate

ferungulate

200 ferungulate

artiodacty!

ferungulate

225

- . primate
Q O U
28558828
c25ge~e =
S 3 8 ®
o c
3 )

Fig. 2. Examples of EBRs. Ferungulate-, artiodactyl-,
and primate-specific EBRs on HSA1 at 175 to 247
Mbp (other lineage-specific EBRs not shown).
Homologous synteny blocks constructed for the
macaque, chimp, cattle, dog, mouse, rat, and pig
genomes were used for pairwise comparisons (4).
White areas correspond to EBRs. Arrows to the right
of the chromosome ideogram indicate positions of
representative cattle-specific; artiodactyl-specific
(specific to the chromosomes of pigs and cattle);
ferungulate-specific (cattle, dog, and pig); primate-
specific (human, macaque, and chimp); and
hominoid-specific (human and chimp) rearrange-
ments. Opossum is shown as an outgroup to the
eutherian clade, which allows classification of
ferungulate-specific EBRs.

AGC repeats in the cattle genome, 39% were
associated with Bov-A2 SINE- elements.

A comparative analysis examined the rate of
protein evolution and the conservation of gene
repertoires among orthologs in the genomes of
dog, human, mouse, and rat (representing placen-
tal mammals); opossum (marsupial); and platy-
pus (monotreme). Orthology was resolved for
>75% of cattle and >80% of human genes (Fig.
1A). There were 14,345 orthologous groups with
representatives in human, cattle, or dog; mouse
or rat; and opossum or platypus, which represent
16,749 cattle and 16,177 human genes, respec-
tively, of which 12,592 are single-copy orthologs.
We also identified 1217 placental mammal-—-
specific orthologous groups with genes present in
human, cattle, or dog; mouse or rat; but not opos-
sum or platypus. About 1000 orthologs shared
between rodents and laurasiatherians (cattle and
dog), many of which encode G protein—coupled
receptors, appear to have been lost or may be
misannotated in the human genome (Fig. 1B).
Gene repertoire conservation among these mam-
mals correlates with conservation at the amino
acid—sequence level (Fig. 1C). The elevated rate
of evolution in rodents relative to other mammals
(8) was supported by the higher amino acid se-
quence identity between human and dog or cattle
proteins relative to that between human and rodent

Table 1. Changes in the number of genes in innate
immune gene families. Many of the B-defensin genes
are present in unassigned scaffolds, i.e., they are not
yet part of the current assembly. The exact number of
B-defensin genes is uncertain. Interferon subfamily
pseudogenes predicted on the basis of frame-shift
mutations or stop codons within the first 100 amino
acids of the coding sequence have been excluded from
the table. The IFNX genes represent a newly discovered
subfamily of IFN and are so named for convenience.
BP!, Bactericidal and/or permeability-increasing;
RNase, ribonuclease; LBP, lipopolysaccharide-binding
protein; ULBP, UL16-binding protein.

Gene

X Bovine  Human  Murine
family
Cathelicidin 10 1 1
RNase 21 13 25
BPI-like 13 9 11
BPI/ILBP 3 2 2
B-Defensin ~106 39 52
Interferon
subfamilies

IFNK 1 1 1

IFNE 1 1 1

IFNB 6 1 1

IFNA 13 13 14

IFNW 24 1 0

IFNT 0 0

IFNX 3 0 0

IFNL 0 3 2

IFNZ 0 0 2
C-type lysozyme 10 1 3
uLBP* 30 3 1
131).

proteins. However, maximum-likelihood analysis
of amino acid substitutions in single-copy ortho-
logs supports the accepted sister lineage relation of
primates and rodents (/) (Fig. 1D).

Alternative splicing is a major mechanism for
transcript diversification (9), yet the extent of its
evolutionary conservation and functional impact
remain unclear. We used the cattle genome to
analyze the conservation of the most common
form of alternative splicing, exon skipping, de-
fined as a triplet of exons in which the middle
exon is absent in some transcripts, in a set of
1930 exon-skipping events across human, mouse,
dog, and cattle (4). We examined 277 cases, with
different conservation pattems between human and
mouse, in 16 different cattle tissues with reverse
transcription polymerase chain reaction (4). These
splicing events were divided into a shared set (163
in both human and mouse) and a nonshared set
(114 in human but not in mouse). Of the 277, we
detected exon-skipping for 188 cases in cattle (table
S5), which suggested that the majority of genes
with exon-skipping in human were present and
regulated in cattle and that, if an event is shared
between human and mouse, it was more likely to be
found in cattle. It was estimated that at most 40% of
exon-skipping is conserved among mammals; thus,
our data agree with the upper bound from previous
analyses with human and rodents [e.g., (10)].

We constructed a cattle-human Oxford grid
(fig. S12) (4) to conduct synteny-based chromo-
somal comparisons, which reinforced that human
genome organization is more similar to cattle's
than rodents' because most cattle chromosomes
primarily correspond to part of one human chro-
mosome, albeit with multiple rearrangements
[e.g., (11)]. In contrast, the cattle-mouse Oxford
grid shows poorer chromosomal correspondence.
Lineage-specific evolutionary breakpoints were
identified for cattle, artiodactyls, and ferungulates
(a group encompassing artiodactyls and cami-
vores, represented by cattle, pig, and dog) and are
shown with cattle (fig. S11) and human sequence
coordinates (Fig. 2) (4). Primate, dog, rodent,
mouse, and rat lineage-specific breakpoint posi-
tions were similarly identified. A total of 124 evolu-
tionary breakpoint regions (EBRs) were identified
in the cattle lineage, of which 100 were cattle- or
ruminant-specific and 24 were artiodactyl-specific
(e.g., Fig. 2). Nine additional EBRs represent pre-
sumptive ferungulate-specific rearrangements. Bos
taurus chromosome 16 (BTA16) is populated with
four ferungulate-specific EBRs, which suggests
that this region was rearranged before the Artio-
dactyla and Carnivora divergence (Fig. 2). Such
conserved regions demonstrate that many inver-
sions that occurred before the divergence of the
carnivores and artiodactyls have probably been
retained in the ancestral form within the human
genome. In contrast to the cattle genome, a pig
physical map identified only 77 lineage-specific
EBRs. Interchromosomal rearrangements and in-
versions characterize most of the lineage-specific
rearrangements observed in the cattle, dog, and pig
genomes.
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An examination of repeat families and in-
dividual transposable elements within cattle-,
artiodactyl- and ferungulate-specific EBRs showed
a significantly higher density of LINE-L1 ele-
ments and the ruminant-specific LINE-RTE re-
peat family (/2) in cattle-specific EBRs relative
to the remainder of the cattle genome (table S6).
In contrast, the SINE-BovA repeat family and
the more ancient tRNA"-derived SINE repeats
(13) were present in lower density in cattle-
specific EBRs, similar to other LINEs and SINEs
(table S7). The differences in repeat densities
were generally consistent in cattle-, artiodactyl-
and ferungulate-specific EBRs, with the excep-
tion of the tRNA®"-derived and LTR-ERVL
repeats, which are at higher densities in artiodac-
tyl EBRs compared with the rest of the genome.

The tRNA%"-derived SINEs originated in the
common ancestor of Suina (pigs and peccaries),
Ruminantia, and Cetacea (whales) (/3), which
suggests that tRNAS"-derived SINEs were
involved in ancestral artiodactyl chromosome re-
arrangements. Furthermore, the lower density of
the more ancient repeat families in cattle-specific
EBRs suggests that either more recently arising
repeat elements were inserted into regions lack-
ing ancient repeats or that older repeats were
destroyed by this insertion (table S7). The repeat
elements differing in density in EBRs were also
found in regions of homologous synteny, which
suggests that repeats may promote evolutionary
rearrangements (see below). Differences in repeat
density in cattle-specific EBRs are thus unlikely
to be caused by the accumulation of repeats in
EBRs after such rearrangements occur. We
identified a cattle-specific EBR associated with
a bidirectional promoter (figs. S14 and S15) that
may affect control of the expression of the
CYB5R4 gene, which has been implicated in
human diabetes and, therefore, may be important
in the regulation of energy flow in cattle (4).

We identified 1020 segmental duplications
(SDs) corresponding to 3.1% (94.4 Mbp) of the
cattle genome (4). Duplications assigned to a
chromosome showed a bipartite distribution with
respect to length and percent identity (fig. S16),
and interchromosomal duplications were shorter
(median length 2.5 kbp) and more divergent (<94%
identity) relative to intrachromosomal duplications
(median length 20 kbp, ~97% identity) and tended
to be locally clustered (fig. S17). Twenty-one of
these duplications were >300 kbp and located in
regions enriched for tandem duplications (e.g.,
BTA18) (fig. S18). This paftern is reminiscent of
the duplication pattern of the dog, rat, and mouse
but different from that of primate and great-ape
genomes (14, 15). On average, cattle SDs >10 kbp
represent 11.7% of base pairs in 10-kbp intervals
located within cattle-specific EBRs and 23.0% of
base pairs located within the artiodactyl-specific
EBRs. By contrast, in the remainder of the genome
sequence assigned to chromosomes the fraction of
SDs was 1.7% (P < 1 x 107'2). These data indicate
that SDs play a role in promoting chromosome
rearrangements by nonallelic homologous recombi-

nation [e.g., (/6)] and suggest that either a
significant fraction of the SDs observed in cattle
occurred before the Ruminant-Suina split, and/or
that the sites for accumulation of SDs are non-
randomly distributed in artiodactyl genomes.

SDs involving genic regions may give rise to
new functional paralogs. Seventy-six percent
(778 out of 1020) of the cattle SDs correspond
to complete or partial gene duplications with high
sequence identity (median 98.7%). This suggests
that many of these gene duplications are specific
to either the artiodactyla or the Bos lineage and
tend to encode proteins that often interface with
the external environment, particularly immune
proteins and sensory and/or olfactory receptors.
Several of these gene duplications are also
duplicated in other mammalian lineages (e.g.,
cytochrome P-450, sulfotransferase, ribonuclease
A, defensins, and pregnancy-associated glyco-
proteins). Paralogs located in segmental duplica-
tions that are present exclusively in cattle may
have functional implications for the unique phys-
iology, environment, and diet of cattle.

An overrepresentation of genes involved in
reproduction in cattle SDs (tables S8 and S9) is
associated with several gene families expressed in
the ruminant placenta. These families encode the
intercellular signaling proteins pregnancy-associated
glycoproteins (on BTA29), trophoblast Kunitz
domain proteins (on BTA13), and interferon tau
(IFNT) (on BTAS8). A gene family encoding
prolactin-related proteins (on BTA23) was only
identified in the assembly-dependent analysis of
SDs. These genes regulate ruminant-specific aspects
of fetal growth, materal adaptations to pregnancy,
and the coordination of parturition (17, 18). Al-
though type I interferon (IFN) genes are primarily
involved in host defense (19), IFNT prevents regres-
sion of the corpus luteun during early pregnancy,
which results in a uterine environment receptive to
early conceptus development {20).

Signatures of positive selection (obtained by
measurement of their rates of synonymous and
nonsynonymous substitutions) identified 71 genes
(4), including 10 immune-related genes (i.e.,
IFNAR2, IFNG, CD34, TREMI, TREMLI,
FCERIA, IL23R, IL24, IL15, and LEAP?2). As pre-
viously mentioned, immune genes are overrepre-
sented in SDs (see Table 1 and fig. S20). Examples
of genes varying in cattle relative to mouse include
a cluster of B-defensin genes, which encode anti-
microbial peptides; the antimicrobial cathelicidin
genes [which show increased sequence diversity of
the mature cathelicidin peptides (2/)]; and changes
in the numbers of interferon genes (22) and the num-
ber and organization of genes involved in adaptive
immune responses in cattle compared with human
and mouse (4). This extensive duplication and di-
vergence of genes involved in innate immunity may
be because of the substantial load of microorga-
nisms present in the ramen of cattle, which increases
the risk of opportunistic infections at mucosal sur-
faces and positive selection for the traits that enabled
stronger and more diversified innate immune re-
sponses at these locations. Another possibility is
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that immunity may have been under selection due
to the herd structure, which can promote rapid dis-
ease transmission. Also, immune function-related
duplicated genes have gained nonimmune fimctions,
e.g., IFNT (see above), and the C-class lysozyme
genes, which are involved in microbial degradation
in the abomasum (see below).

There has been substantial reorganization of
gene families encoding proteins present in milk.
One such rearrangement affecting milk compo-
sition involves the histatherin (HS7N) gene with-
in the casein gene cluster on BTAG6 (fig. S21). In
the cattle genome, HSTN is juxtaposed to a
regulatory element (BCE) important (23) for -
casein (CSN2) expression, and as a probable
consequence, HSTN is regulated like the casein
genes during the lactation cycle. This rearrange-
ment that led to the juxtaposition of HSTN next to
the BCE is also the probable cause of deletion of
one of the two copies of 0-S2-like casein genes
(CSN1S24) present in other mammalian genomes
(24). The biological implications of this change
in casein gene copy number are not yet clear.

Additionally, the cattle serum amyloid A (S44)
gene cluster arose from both a laurasiatherian
SD and a cattle-specific EBR, which resulted in
two mammary gland-expressed S443-like genes,
SAA3.1 and SA43.2 on BTA29, and an S4A43-like
gene on BTA1S (fig. S21). SAA3.2 has been
shown to inhibit microbial growth (25). Two ad-
ditional milk protein genes were associated with
SDs: cathelicidin (CATHLI) and B,-microglobulin
(B2M)y—part of the neonatal Fc receptor (FcRn)
that transfers immunoglobulin IgG across epithelial
cells of many tissues including the gut and
mammary gland (26, 27). IgG is the predominant
immunoglobulin in cow’s milk compared with IgA
in human milk (28). Unlike humans, who acquire
passive immunity from the mother via placental
transfer of immunoglobulins during pregnancy,
calves acquire passive immunity by ingestion of
IgG in milk (28). B2M is also redistributed in
epithelial cells upon calving, and it protects IgG
from degradation (26). A genetic variant of B2M has
negative effects on passive immune transfer (29).
The additional copy of the gene encoding B2M
might be associated with the abundance of IgG in
cows’ milk and an increased capacity for uptake in
the neonatal gut. Considering that the passive trans-
fer of immunity to the calf is one of the important
functions of milk, it is striking that lactation-related
genes affected by genomic rearrangements often
encode immune-related proteins in milk.

Cattle metabolic pathways demonstrated a
strong degree of conservation among the compre-
hensive set of genes involved in core mammalian
metabolism (4) and permitted an examination of
unique genetic events that may be related to
ruminant-specific metabolic adaptations. How-
ever, among 1032 genes examined from the hu-
man metabolic pathways, five were deleted or
extensively diverged in cattle: PLA2G4C (phospho-
lipase A2, group IVC), FAAH?2 (fatty acid amide
hydrolase 2), IDI2 (isopentenyl-diphosphate delta
isomerase 2), GSTT2 (glutathione S-transferase
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theta 2), and TYMP (thymidine phosphorylase),
which may be adaptations that impact on fatty
acid metabolism (PLA2G4C and FAAH2); the
mevalonate pathway (synthesis of dolichols, vita-
mins, steroid hormones, and cholesterol) (ID12);
detoxification (GSTT2); and pyrimidine metabo-
lism (TYMP). Phylogenetic analysis shows that
PLA2G4C was deleted ~87 to 97 million years
ago in the laurasiatherian lineages (fig. S22).
Strikingly, ~20% of the sequences from two
abomasum (last chamber of the cattle stomach)
EST libraries (a total of 2392 sequences) corre-
spond to three C-type lysozyme genes. Lysozyme
primarily functions in animals as an antibacterial
protein, which suggests that they probably func-
tion in the abomasum (similar to the monogastric
stomach) to degrade the cell walls of bacteria
entering from the foregut (30). The cattle genome
contains 10 C-type lysozyme genes (table S14
and fig. S23), and EST evidence (fig. S23) shows
that six of the seven remaining C-type lysozyme
genes are expressed primarily in the intestinal
tract, which suggests additional roles for the
encoded proteins in ruminant digestion.

In summary, the biological systems most af-
fected by changes in the number and organization
of genes in the cattle lineage include reproduction,
immunity, lactation, and digestion. We highlighted
the evolutionary activity associated with chromo-
somal breakpoint regions and their propensity for
promoting gene birth and rearrangement. These
changes in the cattle lineage probably reflect meta-
bolic, physiologic, and immune adaptations due to
microbial fermentation in the rumen, the herd
environment and its influence on disease transmis-
sion, and the reproductive strategy of cattle. The
cattle genome and associated resources will
facilitate the identification of novel functions and
regulatory systems of general importance in mam-
mals and may provide an enabling tool for genetic
improvement within the beef and dairy industries.
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Genome-Wide Survey of SNP
Variation Uncovers the Genetic
Structure of Cattle Breeds

The Bovine HapMap Consortium*

The imprints of domestication and breed development on the genomes of livestock likely differ
from those of companion animals. A deep draft sequence assembly of shotgun reads from a single
Hereford female and comparative sequences sampled from six additional breeds were used to
develop probes to interrogate 37,470 single-nucleotide polymorphisms (SNPs) in 497 cattle from
19 geographically and biologically diverse breeds. These data show that cattle have undergone a
rapid recent decrease in effective population size from a very large ancestral population, possibly
due to bottlenecks associated with domestication, selection, and breed formation. Domestication
and artificial selection appear to have left detectable signatures of selection within the cattle genome,
yet the current levels of diversity within breeds are at least as great as exists within humans.

accompanied by adaptation, assimilation,
and interbreeding of captive animals. In
cattle (Bos taurus), this resulted in the develop-

The emergence of modern civilization was

*The full list of authors with their contributions and affiliations
is included at the end of the manuscript.

ment of individual breeds differing in, for ex-
ample, milk yield, meat quality, draft ability, and
tolerance or resistance to disease and pests. How-
ever, despite mapping and diversity studies (/)
and the identification of mutations affecting some
quantitative phenotypes (6-8), the detailed genetic
structure and history of cattle are not known.

Cattle occur as two major geographic types,
the taurine (humpless—European, African, and
Asian) and indicine (humped—South Asian, and
East African), which diverged >250 thousand
years ago (Kya) (3). We sampled individuals
representing 14 taurine (n = 376), three indicine
(n =73) (table S1), and two hybrid breeds (n =
48), as well as two individuals each of Bubalus
quarlesi and Bubalus bubalis, which diverged
from Bos taurus ~1.25 to 2.0 Mya (9, 10). All
breeds except Red Angus (n = 12) were rep-
resented by at least 24 individuals. We preferred
individuals that were unrelated for >4 genera-
tions; however, each breed had one or two sire,
dam, and progeny trios to allow assessment of
genotype quality.

Single-nucleotide polymorphisms (SNPs) that
were polymorphic in many populations were pri-
marily derived by comparing whole-genome se-
quence reads representing five taurine and one
indicine breed to the reference genome assembly
obtained from a Hereford cow (/0) (table S2).
This led to the ascertainment of SNPs with high
minor allele frequencies (MAFs) within the dis-
covery breeds (table S5). Thus, as expected, with
trio progeny removed, SNPs discovered within
the taurine breeds had higher average MAFs
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Fig. 1. (A) Population structure assessed by InStruct. Bar plot, generated
by DISTRUCT, depicts classifications with the highest probability under
the model that assumes independent allele frequencies and inbreeding
coefficients among assumed clusters. Each individual is represented by a
vertical bar, often partitioned into colored segments with the length of
each segment representing the proportion of the individual's genome
from K = 2, 3, or 9 ancestral populations. Breeds are separated by black

Principal Component 1

lines. NDA, N'Dama; SHK, Sheko; NEL, Nelore; BRM, Brahman; GIR, Gir;
SGT, Santa Gertrudis; BMA, Beefmaster; ANG, Angus; RGU, Red Angus;
HFD, Hereford; NRC, Norwegian Red; HOL, Holstein; LMS, Limousin; CHL,
Charolais; BSW, Brown Swiss; JER, Jersey; GNS, Guernsey; PMT, Piedmontese;
RMG, Romagnola. (B) Principal components PC1 and PC2 from all SNPs.
Taurine breeds remain separated from indicine breeds, and admixed breeds
are intermediate.
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Identification of a 3.7-Mb region for a marbling QTL on bovine

chromosome 4 by identical-by-descent and association analysis

K. Yokouchi*, Y. Mizoguchi*", T. Watanabe*, E. Imamoto®, Y. Sugimoto* and A. Takasuga*

*Shirakawa Institute of Animal Genetics, Odakura, Nishigo, Fukushima 961-8061, Japan. "Meiji University, Higashi-Mita, Tama-ku,
Kawasaki-shi 214-8571, Japan. *Hyogo Prefectural Institute of Agriculture, Forestry & Fisheries, Kasai, Hyogo 679-0198, Japan

OTL mapping for growth and carcass traits was performed using a paternal half-sib family
composed of 325 Japanese Black cattle offspring. Nine QTL were detected at the 1% chro-
mosome-wise significance level at a false discovery rate of less than 0.1. These included two
QTL for marbling on BTA 4 and 18, two QTL for carcass weight on BTA 14 and 24, two
QTL for longissimus muscle area on BTA 1 and 4, two QTL for subcutaneous fat thickness
on BTA 1 and 15 and one QTL for rib thickness on BTA 6. Although the marbling QTL on
BTA 4 has been replicated with significant linkages in two Japanese Black cattle sires, the
three Q (more marbling) haplotypes, each inherited maternally, were apparently different.
To compare the three QO haplotypes in more detail, high-density microsatellite markers for
the overlapping regions were developed within the 95% CIs (65 markers in 44—78 c¢M).
A detailed haplotype comparison indicated that a small region (<3.7 Mb) around 46 cM
was shared between the Os of the two sires, whose dams were related. An association of this
region with marbling was shown by a regression analysis using the local population, in
which the two sires were produced and this was confirmed by an association study using a
population collected throughout Japan. These results strongly suggest that the marbling

Summary

QTL on BTA 4 is located in the 3.7-Mb region at around 46 cM.

Keywords identical-by-descent, intramuscular fat deposition, quantitative trait loci.

Introduction

Marbling as a form of intramuscular fat deposition is an
important economic trait that is related to beef quality. The
regulation mechanisms and the genes involved in marbling
are not clear, but quantitative trait locus (QTL) mapping is
expected to be an effective method for detecting the genomic
region responsible for marbling. Significant QTL with mar-
bling were recently detected on BTA 4, 6, 7, 8,9, 10, 14, 20
and 21 in Japanese Black cattle (Mizoshita et al. 2004;
Mizoguchi et al. 2006; Takasuga et al. 2007), based on a
progeny design (Weller et al. 1990; Moody et al. 1997). An
identical-by-descent (IBD) haplotype of Q (more marbling)
or q (less marbling) was detected for the QTL on BTA 4, 6
and 10, but these IBD haplotypes were too long (>20 cM)
for positional cloning or a candidate gene approach. On the
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other hand, a carcass weight QTL on BTA 14 (CW-1) was
mapped in seven half-sib families whose superior Q haplo-
types were clustered into two groups, each spanning more
than 8 cM, but they shared a 1.1-Mb region responsible for
the QTL (Mizoshita et al. 2005; Takasuga et al. 2007).
These results suggested that additional QTL mapping studies
might lead to the detection of a replication of the marbling
QTL and allow us to narrow down the QTL region using
IBD-mapping.

In this study, we analysed another paternal half-sib
family of Japanese Black cattle and replicated the mapping
of the marbling QTL on BTA 4. The QTL was previously
mapped in two families and a paternally inherited QTL
explained 5.9% to 7.8% of the phenotypic variance
(Mizoshita et al. 2004; Mizoguchi et al. 2006), which was
a relatively large effect among marbling QTL (Takasuga
et al. 2007). Here, we performed a detailed haplotype
analysis and association study using the microsatellites
developed from the previously constructed physical map
(Itoh et al. 2005), which allowed us to narrow down the
QTL region from a 34-cM region (39 Mb) to approxi-
mately 3.7 Mb.

© 2009 The Authors, Journal compilation ® 2009 Stichting International Foundation for Animal Genetics, Animal Genetics, 40, 945-951
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Materials and methods

DNA samples and phenotype data

In this study, Sire A’s paternal half-sib family was con-
structed from carcass data and pedigree records collected by
the Japan Wagyu Registry Association (Kyoto, Japan). The
offspring were reared in different herds in a local area. The
sire DNA were obtained from semen. Offspring DNA samples
were extracted from adipose tissues around the kidney that
had been collected at the two slaughterhouses in the same
local area in Japan from 1997 to 2000. Five traits were
analysed in this study (Table 1): cold carcass weight (CW),
longissimus muscle area (LMA), rib thickness (RT, thickness
of the muscle layer in a rib of beef), subcutaneous fat
thickness (SFT) and marbling. Marbling was scored using a
beef marbling score (BMS) that ranks the carcass from 1 to
12 according to the degree of intramuscular fat deposition,
where higher scores correspond to more marbling. These
traits were systematically measured by certified graders and
recorded at the slaughterhouse.

Genotyping and QTL mapping

The genome screen was conducted using the microsatellite
markers on the Shirakawa-USDA linkage map (Thara et al.
2004). The markers were selected as heterozygous for the
sire and were at approximately 10-cM intervals on auto-
somes. Polymerase chain reaction products were resolved
using an ABI 3700 DNA analyzer (Applied Biosystems).
Genotype data were captured using Genotyper (Applied
Biosystems).

The QTL analysis was performed with the interval mapping
method using a linear regression model for a half-sib family
(Knott et al. 1996; Seaton et al. 2002). Briefly, phases of the
sire’s chromosomes were determined at each pair of two
consecutive heterozygous markers using allele transmission
information to the offspring so that recombination between
the two markers was minimized. Linear regression analysis
was performed according to the following model: y = Xf + ¢,
where y is the vector of individual phenotypic values, f§ is the

Table 1 Phenotypic data for carcass traits of Sire A half-sib family.

Offspring Number Trait Average SD

Steers 263 CW, Kg 402.5 38.7
LMA, cm? 53.6 6.8
RT, cm 6.9 0.7
SFT, cm 2.1 0.6
BMS 5.8 1.9

Cows 62 CW, Kg 361.4 28.2
LMA, cm? 52.4 6.3
RT, cm 6.9 0.8
SFT, cm 2.6 0.6
BMS 5.2 1.8

vector of fixed effects {sex, slaughter year, slaughterhouse
and the probability having the Q phase [Prob(Q)] at a given
location}, X is the corresponding design matrix and e is the
vector of residual error. An F-statistic value of regression was
calculated at 2-cM intervals along each chromosome. To
evaluate whether the QTL effect was well estimated, the
information content was calculated as a variance of Prob(Q)
divided by 0.25, which was the maximum possible value of
Prob(Q) (Knott et al. 1998). The contribution ratio was cal-
culated as a proportion of the trait variance explained by the
paternal allele substitution from g to Q. Thresholds for sig-
nificance of the F-statistic value were obtained by 10 000
random permutations of the phenotypic data (Churchill &
Doerge 1994). To control the error rate of multiple trait
analysis, we applied the false discovery rate (FDR) proposed by
Weller et al. (1998). A nominal P-value for FDR was calcu-
lated at each analysis point on the chromosome. The 95% CI
of the QTL location was calculated by bootstrapping (Visscher
et al. 1996).

Microsatellite development

The region from DIK2875 (46.0 ¢cM) to DIK123 (82.5 cM)
consisted of 12 bacterial artificial chromosome (BAC) fin-
gerprint contigs (Itoh et al. 2005) corresponding to scaffold
NW931283-NW931289 (NCBI Map Viewer, Bos taurus
Build 2.1). Microsatellite sequences over 11 repeats were
searched in the scaffold sequences. PCR primers were
designed for the microsatellites using Primer3 v.0.4.0 (http://
frodo.wi.mit.edu/primer3/). The heterozygous markers in
Sire A were selected from these microsatellite markers.
Marker order was confirmed by screening the CHORI-240
bovine BAC library (http://bacpac.chori.org/bovine240.
htm) using the microsatellite markers followed by posi-
tioning the clones on the BAC fingerprint contigs (http://
www.bcgsc.ca/platform/mapping/bovine), and this was
also confirmed by the latest bovine genome assembly Bos
taurus Build 4.0 (NCBI Map Viewer) (Table S1). Some
markers were positioned on the BAC clones using the Blast
search wusing BrasTN against bovine high-throughput
genomic sequences (http://www.ncbi.nlm.nih.gov/blast/
Blast.cgi).

Association study

From the local population, in which the two sires (Sire A
and B in Fig. 1) were produced, 654 steers of five paternal
half-sib families (not including Sire A, B and Sire C families)
were collected. Of them, 109 BMS-high (BMS 28) and 162
BMS-low steers (BMS <4) were genotyped. The numbers
from the families were 4-85 in BMS-high and 10-72 in
BMS-low groups respectively (Table S2). Microsatellites that
were heterozygous in either Sire A or Sire B and had more
than three alleles in the population were used for the test.
The marker intervals were less than 2.3 Mb. Five sires were

© 2009 The Authors, Journal compilation © 2009 Stichting International Foundation for Animal Genetics, Animal Genetics, 40, 945-951
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assessed by Fisher’s exact test comparing the Q and non-Q
O allele frequencies of two consecutive microsatellite markers
— etween BMS-high and low groups.

O Results and discussion

QTL mapping in Sire A family

We constructed Sire A’s half-sib family, composed of 325
offspring (263 steers and 62 cows) and performed a genome

Sire C Sire A Sire B

Figure 1 Pedigree of the sires in which the marbling QTL on BTA 4 scan using 225 microsatellite markers on 29 autosomes

were detected. Sire A (this study), Sire B (Mizoguchi et al. 2006) and (Shirakawa-USDA linkage map, Thara et al. 2004). Markers
Sire C (Mizoshita et al. 2004). The square indicates the local area where were selected at approximately 10-cM intervals, except for
Sires A and B were produced. chromosomes 9 and 22 (3 markers on each chromosome),

also genotyped and the phase of sire’s chromosomes was on which we could not find informative microsatellite

determined in the same way as the QTL analysis. This is
shown in Table S2. Following this, probabilities of alleles
transmitted from a sire to an offspring were calculated. For
258 of the 271 steers, paternally inherited alleles were
successfully determined with P > 0.7 for every marker. As
for the residual steers, the alleles estimated with P > 0.7
were used for the analysis. The maternal alleles were
determined by removing the paternal alleles (those with
P > 0.7) from the offspring genotype. To consider the effect
of both paternal and maternal alleles, an association with

markers. The 31 microsatellite markers between 26 and
109 cM on chromosome 9 and the 11 microsatellite
markers between 0 and 56 cM on chromosome 22 were
homozygous in Sire A. There may be wide homozygous
regions on these chromosomes because Sire A’s parents
were related (Fig. 1). The overall average information con-
tent was 0.71. QTL analysis was performed with an interval
mapping method using a linear regression model (Knott
et al. 1996). The power to detect a paternally inherited QTL
accounting for 5% and 10% of the phenotypic variance was

marbling was assessed by a linear regression of the number estimated to b? 67’% .and 97% respec.tively » at the _1%
of the O allele (0, 1 or 2) on the BMS scores at each of the chromosome-wise significance level using 300 offspring
(Takasuga et al. 2007). We detected nine QTL for carcass

traits at 1% chromosome-wise significance levels that also
passed the FDR threshold (<0.1) (Weller et al. 1998): two
QTL for marbling on BTA 4 and 18, two QTL for CW on
BTA 14 and 24, two QTL for LMA on BTA 1 and 4, two QTL
for SFT on BTA 1 and 15 and one QTL for RT on BTA 6
(Table 2).

Among them, a marbling QTL on BTA 18, an LMA QTL
on BTA 1, two SFT QTL on BTA 1 and 15 and an RT QTL
on BTA 6 were first mapped in the Japanese Black cattle
population, and the other QTL were mapped in the regions
that overlapped with previously detected QTIL (Takasuga

two adjacent markers. A nominal P-value was obtained
from the F-statistic value with the degrees of freedom (P, n-
p-1) at each location, where P = 1, and n is the number of
the individuals whose diplotypes were determined.

A follow-up study was performed using a population
collected throughout Japan. From 19 100 steers, 406 BMS-
high (BMS >8) and 411 BMS-low (BMS <4) steers were
chosen to include no more than six paternal half-siblings in
each group and genotyped using eight markers between M1
and M9. Allele frequencies of two consecutive microsatellite
markers were estimated using the ArRtEQuiN program (http://
Igb.unige.ch/arlequin/). Association with marbling was

Table 2 Summary of the QTL detected in Sire A half-sib family.

Q to q allele Genome-wise
No. Average  Position substitution  Contribution Chromosome-wise  significance
Trait Chromosome  markers IC (cM) F-statistic  effect ratio (%) FDR  significance level level
Ccw 14 5 0.65 46 32.92 25.64 2.0 0.00 <0.01 <0.01
24 7 0.77 60 18.69 19.94 5.2 0.01 <0.01
LMA 1 12 0.79 36 13.44 2.93 3.7 0.03 <0.01
4 11 0.72 54 11.90 2.70 33 0.05 <0.01
RT 6 14 0.78 48 18.16 3.67 5 0.01 <0.01 <0.01
SFT 1 12 0.79 96 10.92 2.49 3.0 0.07 <0.01
15 8 0.77 52 11.30 2.53 3.1 0.06 <0.01
BMS* 4 22 0.75 44 10.90 0.70 3.0 0.07 <0.01 <0.05
18 14 0.81 72 11.00 0.70 3.0 0.05 <0.01

*2nd scan (FDR is the value calculated in the 1st scan).
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et al. 2007). The CW QTL on BTA 14 was a replication of
CW-1 (Mizoshita et al. 2004; Mizoguchi et al. 2006;
Takasuga et al. 2007), which was confirmed using six
microsatellite markers from DIK7012 to DIK7020 as de-
scribed previously (Takasuga et al. 2007). The marbling
QTL on BTA 4 was expected to be the same as those detected
in Sire B (Mizoguchi et al. 2006) and Sire C (Mizoshita et al.
2004), because the three sires were related (Fig. 1).
Therefore, it was fine-mapped by adding 11 microsatellite
markers (Fig. 2a). The maximal F-statistic value was 10.90
at position 44 cM and the paternal Q explained 3.0% of the
total variance (Table 2). The 95% CI was 30-88 cM
(Fig. 2a). The F profiles of the three sires were similar and
the 95% CI overlapped between 47 and 75 ¢M (Sire B’s QTL,
47-75 cM; Sire C’s QTL, 47-76 cM; Fig. 2b).

Identical-by-state (IBS) Q region in the marbling
QTL on BTA 4

As the marbling QTL on BTA 4 was expected to be a rep-
lication of the QTL detected in Sires B and C, we compared
the haplotypes of the three sires. As reported previously,
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Figure 2 Marbling QTL on BTA 4 detected in paternal half-sib families.
(a) F-statistic profile of Sire A. Horizontal line indicates the threshold for
the chromosome-wise 1% levels of marbling. Broken line indicates
information content. Boxes on the x-axis indicate the 95% Cls. Marker
positions are shown as triangles on the x-axis. (b) F-statistic profiles of
Sire B (solid line, Mizoguchi et al. 2006) and C (dotted line, Mizoshita
et al. 2004). Boxes on the x-axis indicate the 95% Cl of the Sire B’s
QTL (upper) and Sire C’s QTL (lower). The grey rectangle under the
panel represents the interval applied for haplotype comparison.
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Figure 3 Haplotype comparison between 44.5 and 77.6 cM on BTA 4.
Sire A’s Q alleles are coloured black, and common alleles of the other
two Sire for Q are also coloured. Marker locations were obtained from
the Shirakawa-USDA bovine linkage map (lhara et al. 2004) and BAC
fingerprint contigs (http://www.bcgsc.ca/platform/mapping/bovine).
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Marker position

Figure 4 Association analysis between 44.5 1
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and 77.6 ¢M on BTA 4. The number of Q alleles
in the paternal and maternal haplotypes (0, 1 or
2) was linearly regressed on the BMS scores at

each set of adjacent markers. A nominal p-value
was obtained from the F-statistic value with
degrees of freedom (P, n-p-1) at each location,

——logw( P)

where P = 1 and n is the number of individuals 3
whose diplotypes were determined. The solid
and broken lines indicate the P-values obtained
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Sires B and C shared a g haplotype, whereas the Qs were
different (Takasuga et al. 2007). Sire A also shared the g
haplotype, which was inherited paternally (Fig. 3). On the
other hand, Sire A’s Q was apparently different from both
Sire B’s and C’s Os. As Sire A was related to Sire B both
paternally and maternally (Fig. 1), we expected that an IBD
O region between Sire A and B would exist. Therefore, a
total of 65 microsatellite markers were prepared between 44
and 78 cM to cover the overlapping 95% CI and were used
to compare the Q haplotypes (Fig. 3). The marker interval
was less than 1.6-Mb, except for the 2.3-Mb interval be-
tween M59 and M60, where two other microsatellites were
not polymorphic in the sires (Table S1).

Sires A and B harboured the common alleles for five
consecutive markers around 46 ¢M (2.3 Mb region between
M4 and MS8) in their Qs, but for less than three consecutive
markers in other regions (M29-30: 192 kb; M45-46:
385 kb; M57-58: 33 kb; M61-62: 130 kb). This IBS region
around 46 cM might be IBD. On the other hand, an
apparent IBS with three consecutive markers was detected
around 52 cM (1.7 Mb region between M17 and M19) in
the Os of Sires A and C (Fig. 3). This region, however, was
homozygous in both Sires A and C (Fig. 3), and therefore we
did not investigate this region further.

Association of the IBS Q region with marbling

We then examined whether the IBS region around 46 cM
was associated with marbling. As all the dams of the pedi-
gree of Sires A and B belonged to the same local population
(Fig. 1), we expected that the superior Q might be widely
distributed in this local population. Therefore, we chose five
sires with many offspring in this population, and 654 steers
of their offspring were collected (Table S2). From this pop-
ulation, 109 BMS-high (BMS 8) and 162 BMS-low (BMS 4)
steers were genotyped, and paternal and maternal haplo-

types were estimated. Of the 65 microsatellite markers
covering the 44.5-77.6 cM region, 49 microsatellites that
were heterozygous in either Sire A or Sire B and had more
than three alleles were used for the analysis. The hetero-
zygosity of these microsatellites ranged from 0.28 to 0.77.
The marker intervals were less than 2.3 Mb (Table S1). To
consider the effect of both paternally and maternally
inherited Q haplotype (Table S2), a regression analysis was
performed for each set of adjacent markers. The centro-
meric-side region was most significantly associated with
marbling (Bonferroni-corrected P < 0.01; Fig. 4). The M4-
M7. region corresponded to the IBS region around 46 cM.
The Q allele frequencies of M5-M6 were 0.75 in BMS-high
and 0.62 in BMS-low groups respectively. Sire B’s Q
haplotype, comprising M3 and M4, was also associated with
marbling, but this association appeared to be derived from a
longer O haplotype from M3 to M7. Sire B’s O allele fre-
quency of M3-M4 (0.68 in BMS-high and 0.49 in BMS-low
groups) was comparable to that of M6-M7 (0.67 in BMS-
high and 0.50 BMS-low groups).

To further examine the association of this centromeric
region, a population collected throughout Japan was used.

Table 3 Association of Sire B’s Q allele with marbling.

Bonferroni-
corrected Q freq in Q freq in
Region P-value  P-value BMS-high (%)  BMS-low (%)
M1-M3 0.2086 1 23 20
M3-M4 0.0187  0.131 18 14
M4-M5*%  0.0015  0.011 34 26
M5-M6*  0.0012  0.008 28 21
M6-M7%  0.0035  0.024 22 16
M7-M8 0.0079  0.055 23 18
M8-M9 0.0733 0513 5 3

*The M4-M7 region is an IBS between Sire A’ and B’s Q haplotypes.
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From 19 100 steers, 406 BMS-high (BMS > 8) and 411
BMS-low (BMS <4) steers were chosen to include no
more than six paternal half-sibs in each group and were
genotyped using eight markers between M1 and M9
(Table 3). The IBS region between M4 and M7 was sig-
nificantly associated with marbling (Bonferroni-corrected
P < 0.05), whereas Sire B’s Q of M3-M4 was not signif-
icantly associated (Bonferroni-corrected P = 0.13). The
result that the association of the IBS QO region was rep-
licated in this large less-related population strongly sug-
gests that the marbling QTL is located in the IBS region.
In this population, the Q allele frequency was lower than
that in the local population (M5-M6: 0.28 in BMS-high
and 0.21 in BMS-low groups). A relatively high frequency
of the IBS Q region in the local population might be a
result of a breeding history of this population that
emphasized selection for marbling.

The IBS Q region bracketed by M3 and M9 comprises
3.7Mb on the bovine genome assembly Btau4.0
(Table S1). As indicated by the comparative maps (Everts-
van der Wind et al. 2005; Ttoh et al. 2005), this region
shows a conserved synteny with human chromosome 7.
The corresponding region on human chromosome 7 con-
tains 20 genes. Several genes among them, such as PBEF1
and SYPLI, are involved in adipocyte function. PBEF1
(also called Nampt), an adipocytokine expressed mainly in
visceral fat, is related to obesity and insulin resistance
(Beltowski 2006). PBEF1 expression is increased during
adipogenic conversion (Kralisch et al. 2005). SYPL1 (also
called pantophysin) is also abundant in adipose tissue and is
associated with GLUT4-containing vesicles (Brooks et al.
2000). Although the regulatory system of bovine intra-
muscular fat differentiation and/or fat deposition has not
been elucidated, these genes are strong candidates for this
marbling QTL.

Perspective

Based on a QTL analyses of closely related sires and asso-
ciation analysis using a local population and a larger pop-
ulation collected throughout Japan, we narrowed down the
region containing a marbling QTL on BTA 4 to a 3.7-Mb
region. Sire C’s Q alleles between M3 and M8 were different
from those of Sires A and B (Fig. 3). Sire C might have a
different allele (mutation) of the QTL or have a different QTL
from that of Sire A and B. Sequencing analysis of the can-
didate genes as well as other genes in the critical region will
reveal the gene responsible for the QTL and provide a novel
mechanism for bovine intramuscular fat development.
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Abstract

Background: Growth-related traits have been mapped on bovine chromosome 6 (BTA 6) in
various bovine breed populations. We previously mapped a significant quantitative trait locus
(QTL) for carcass and body weight (CW-2) between 38 and 55 cM on BTA 6 using a Japanese Black
half-sib family. Additional QTL mapping studies detected four QTL for body or carcass weight that
overlapped with CW-2 in Japanese Black and Japanese Brown half-sib families. To map the region in
greater detail, we applied cross-breed comparisons of haplotypes that have been shown to be
powerful in canine.

Results: We used 38 microsatellite markers to search for a shared Q (increasing carcass and/or
body weight) haplotype within the 17-cM CW-2 region among five sires. Linkage disequilibrium
mapping using maternal alleles of the offspring showed that an 815-kb shared Q haplotype was
associated with body or carcass weight in both breeds. The addition of 43 single nucleotide
polymorphism (SNP) markers narrowed the region to 591 kb containing 4 genes. The SNP changing
lle-442 to Met in NCAPG (chromosome condensation protein G) was significantly associated with
carcass weight (p < 1.2 x 10-') in a large Japanese Black population as well as in the five families.
The Q allele of the SNP was also associated with a larger longissimus muscle area and thinner
subcutaneous fat thickness in steers of all five families, indicating that the CW-2 locus is pleiotropic
and favorable for marker-assisted selection of beef cattle.

Conclusion: A 591-kb critical region for CW-2 was identified. The SNP changing lle-442 to Met in
NCAPG (chromosome condensation protein G) can be used as a positional candidate of CW-2 for
marker-assisted selection.

Page 1 of 12
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Background

Body size is one of the most visible animal characteristics
and many genes can affect body size. In cattle, body size is
correlated with meat quantity, an economically important
trait that varies within and across breeds. We previously
performed bovine quantitative trait locus (QTL) mapping
for growth and carcass traits using Japanese Black paternal
half-sib families constructed from a commercial popula-
tion [1-3]. In these studies, a carcass weight QTL, CW-1 on
bovine chromosome 14 (BTA 14), was detected in five
families with significant linkages and successfully nar-
rowed down to a 1.1-Mb region by identical-by-descent
mapping [3] and linkage disequilibrium (LD) mapping
[4]. In contrast with CW-1, another significant QTL for
carcass and body weight, designated CW-2, on BTA 6 was
replicated at a 1% chromosome-wise significance level,
but the two significantly segregating sires had no apparent
shared Q haplotypes [3]. LD mapping only narrowed the
region down to 13.1 Mb (see Results). We thus changed
strategies to narrow down the CW-2 region. We recently
detected carcass weight QTL in regions that overlapped
with CW-2 in Japanese Brown populations. The Japanese
Black breed was established in 1948, basically from indig-
enous populations of the Japanese Islands, while the Jap-
anese Brown breed originated from indigenous
populations of the Korean Peninsula. Approximately 100
years ago, the Korean cattle were imported to Japan and
crossed several times with Simmental bulls, followed by
the establishment of the Japanese Brown breed in 1948.
Therefore, it can be estimated that the two indigenous
populations have survived separately for thousands of
years. It will be interesting if a common carcass weight
QTL is present across the entire Bos taurus population.
Indeed, the CW-2 region was repeatedly highlighted for its
association with growth-related traits in a mixed breed
population [5], postweaning growth in a beef cattle pop-
ulation [6], and weight and body length at birth in a Cha-
rolais x Holstein cross-bred population [7]. These data
indicate that CW-2 may be shared across breeds. If this is
the case, cross-breed comparisons might be useful for
fine-mapping to identify a shared hypothetical identical-
by-descent haplotype.

In dogs, cross-breed comparisons have been proposed for
fine-mapping to pinpoint disease-related genes |[8].
Canine LD patterns reflect two bottlenecks in dog history
(early domestication and recent breed creation) and long-
range breed-specific haplotype blocks retain the underly-
ing short-range ancestral haplotype blocks, suggesting
that genetic risk factors are shared across breeds. This situ-
ation provides for an efficient mapping strategy: initial
mapping within breeds and subsequent fine-mapping by
cross-breed comparisons. The strategy was validated in
coat color and hair ridge studies [9], in which cross-breed
comparisons successfully refined the location of the coat

http://www.biomedcentral.com/1471-2156/10/43

color locus from 800 kb to 100 kb within the pigmenta-
tion-related gene. A recent study in cattle also revealed
footprints of ancestral LD at short distances (< 10 kb) and
these ancestral blocks are organized into larger blocks of a
few hundred kilobases within a breed [10].

Here, we demonstrate that cross-breed comparisons are
also efficient for fine-mapping of QTL in cattle. The CW-2
locus was narrowed down from a 17-cM region to a 591-
kb region shared by the Japanese Black and Japanese
Brown breeds. Furthermore, a single nucleotide polymor-
phism (SNP) changing Ile-442 to Met in NCAPG (chro-
mosome condensation protein G) was identified as a
positional candidate. The NCAPG-LCORL locus was
recently mapped as a locus associated with human adult
height [11,12]. The findings of the present study indicate
that genetic variations in NCAPG may affect body size in
cattle as well as in humans.

Results

Carcass andlor body weight QTL in Japanese Black and
Jabanese Brown cattle

Carcass and/or body weight QTL on BTA 6 were mapped
in three Japanese Black half-sib families (Sires A-C) and
two Japanese Brown half-sib families (Sires D and E; Fig-
ure 1; Additional file 1). Sires A and B had the same Q
haplotype (Q1) in the QTL region, whereas Sire C had a
different Q haplotype (Q2) (Figure 2A). Sire E is an off-
spring of Sire D and inherited the Q haplotype of Sire D
(Q3). In these QTL analyses, the highest F-statistic was
obtained in Sire A's family, whose QTL was previously
designated as CW-2 [3]. Because the 95% confidence
intervals (CI) of the QTL in the other families overlapped
with the CW-2 region (38-55 cM), we assumed that these
QTL had an identical genetic origin and attempted to find
a shared haplotype among the three Q haplotypes. By
comparing the three Q haplotypes using 38 microsatellite
markers with an interval of less than 1.18 Mb, three pos-
sible identical-by-state (IBS)Q regions were detected
between 38 and 55 cM: DIK9006-BMS2508 (663 kb),
DIK9010-DIK9011 (537 kb), and DIK4852-DIK9017
(815 kb) (Figure 2A; Additional file 2).

Identical-by-state haplotype associated with carcass and
body weight

To examine whether any of the possible IBS regions were
associated with carcass or body weight, we performed LD
mapping between 38 and 54 cM using the maternal alleles
of the offspring from Sire C (Japanese Black) and Sires D
and E (Japanese Brown) (Figure 3). The offspring steers
were divided into two groups according to their paternally
inherited haplotypes (Q or ¢) in this region. The average
carcass or body weight was then compared between the
steers that harbored two consecutive Q alleles in the
maternal alleles and the other steers in each group. In Sire
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Figure 2

Haplotype comparison in the CW-2 region. The alleles shared among two or three Q haplotypes are colored light grey or
grey, respectively. The alleles homozygous in a sire are shown in italics. The regions homozygous for more than two consecu-
tive markers are boxed. (A) Haplotypes between 38 and 55 cM. Locations of the microsatellite markers in the BAC fingerprint
map are shown [27]. (B) Haplotypes around the critical 591-kb region. (C) Genes located in the 591-kb region. Exons are indi-
cated by the vertical lines. Each arrow shows the location and direction of a transcript.

C's family, the frequency of two consecutive Q2 alleles
among the maternal alleles was less than 3% in most
regions, while the frequency of two consecutive Q1 alleles
was greater than 17% between DIK1058 and DIK9019.
Therefore, average body weight was compared between
the steers harboring Q1 alleles in the maternal alleles and
those harboring non-Q1 alleles, and between the steers
harboring maternal Q2 alleles and those harboring non-
Q2 alleles, in the regions where corresponding Q frequen-
cies for two consecutive markers were higher than 5%.

Body weight was significantly higher (p < 103) in the
regions between DIK1058 and DIK9019 in the maternal
Q1-harboring steers than in the non-Q1-harboring steers
in the paternal g-inherited offspring group (Figure 3A).
This finding allowed us to narrow down the CW-2 region
to the 13.1 Mb flanked by DIK1058 and DIK9020, which
contained all possible IBS regions. As for Q2, Sire C was
homozygous in the telomeric part at the 95% CI (Figures
1 and 2), which allowed us to narrow down the QTL to
the centromeric side of DIK9017.
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Figure 3

alleles in the maternal alleles and other steers using a t-test. The broken and solid lines indicate the p-values for the paternal Q-
and g-inherited offspring, respectively. (A) Japanese Black Sire C family. Open and closed marks indicate the p-values for the Q/

and Q2 alleles, respectively. (B) Japanese Brown families of Sires D and E.
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In Japanese Brown families, offspring from Sires D and E
were combined to maximize the number of offspring.
Carcass weight was higher in DIK4852-DIK9016 (p =
0.011})and in DIK9019-MNB202 (p = 0.0052 at DIK9019~
DIK9020) in the maternal Q3-harboring steers than in the
non-Q3-harboring steers among the offspring with the
paternally inherited g haplotype (Figure 3B). The two
regions were in linkage disequilibrium. Among 161 steers
that inherited the paternal g haplotype, 50 harbored
maternal Q3 in DIK4852-DIK9016, 31 of which harbored
maternal Q3 in DIK9019-DIK9020. On the other hand,
all of the steers that harbored maternal Q3 in DIK9019-
DIK9020 also harbored maternal Q3 in DIK4852-
DIK9016. The DIK4852-DIK9016 region was included in
the narrowed-down CW-2 region and corresponded to
one of the possible IBS regions, whereas the DIK9019-
MNB202 region was included in a homozygous region in
Sire C. An association of the DIK4852-DIK9016 region
with carcass weight was also observed among offspring
with the paternally inherited Q haplotype.

These results strongly suggest that the causal alleles in the
three QTL haplotypes Q1, Q2, and Q3 are identical, and
that the IBS region between DIK4852 and DIK9017 might
be responsible for the QTL.

lle-442-Met Mutation as a positional candidate

The possible IBS region between DIK4852 and DIK9017
corresponds to the 17.2 to 17.9-Mb region on human
chromosome 4 that contains six genes (LAP3, MED28,
FAM184B, C6H4orf30, NCAPG, and LCORL) [13-15]. To
examine the region in detail, SNPs were searched for by
resequencing Sire A in the coding regions of the six orthol-
ogous bovine genes (LAP3, MED28, LOC523874,
C6H4o0rf30, NCAPG, and LOC540095) and genotyped in
the five sires (Figure 2B; Additional file 3). This ensured
and refined the IBS Q region to an 879-kb interval flanked
by SNP-0 and BTC-071108**. In addition, the telomeric
part of the region from BTA-09966** to BTC-071108**
was homozygous in Sire C, resulting in the narrowing of
the CW-2 region to a 591-kb interval flanked by SNP-0
and BTA-09966** (Figure 2B; Additional file 3).

The critical 591-kb region contained four genes
(LOC523874, C6H40rf30, NCAPG, and LOC540095; Fig-
ure 2C). In their coding regions, four non-synonymous
SNPs and one Indel causing an amino acid insertion were
found in Sire A (Figure 2BC; Additional file 3). A causative
sequence variation, however, should be heterozygous in
all five sires. Among the sequence variations in the coding
regions, only the SNP in exon 9 of NCAPG (SNP-9) that
substitutes a Met (ATG) for Ile-442 (ATT) was hetero-
zygous in all five sires. Four intronic SNPs locating in
LOC523874, NCAPG, and LOC540095 were also hetero-
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zygous in all five sires (bUSO1_e8, NGS-45457, SNP16,
and BTC-041023 in Figure 4C; Additional file 3).

To assess the association of these SNPs with carcass
weight, 187 steers selected from the 4.7% extremes of
7990 Japanese Black steers were genotyped. SNP-9 of
NCAPG had the strongest association (p < 1.2 x 101,
Fisher's exact test for independence; frequency of G-allele,
0.14; Figure 4A; Additional file 3), and it was in strong
linkage disequilibrium with the four intronic SNPs (Fig-
ure 4BC). These data indicated that SNP-9 is the most
appropriate CW-2 marker among the examined SNPs as a
candidate for the causative sequence variation, although
three other genes are in the same LD block and cannot be
excluded as candidate genes for CW-2.

To further confirm the association of SNP-9 with carcass
weight in Japanese Brown as well as Japanese Black popu-
lations, the steers of all five families and the cows of Sire
D's offspring were genotyped with SNP-9 and average car-
cass weight was compared between genotypes in each
family. Because steers and cows sometimes show different
trait characteristics, the cows were separately evaluated
from the steers in Sire D family (Figure 5). The G/G-geno-
type (442-Met/Met of NCAPG) and G/T-genotype (442-
Met/Ile of NCAPG) had significantly greater average car-
cass weight than the T/T-genotype (442-Ile/Ile of NCAPG)
in the steers of all five families and the cows of Sire D's off-
spring (p < 0.01, t-test). The carcass weight of the G/G-gen-
otype tended to be higher than that of the G/T-genotype,
but the difference was significant only in the families of
Sires B and E. The effect of SNP-9 was also confirmed by
QTL analyses including the genotype of SNP-9 as a fixed
effect. The QTL peaks were all extinguished by including
the SNP-9 genotype (Figure 1). These data confirmed that
SNP-9 of NCAPG is a positional candidate for the quanti-
tative trait nucleotide for CW-2.

Pleiotropy of CW-2

QTL mapping studies detected QTL for the longissimus
muscle area (LMA) and subcutaneous fat thickness (SFT)
in the regions overlapping with CW-2 at less than 5%
chromosome-wise significance levels in families of Sires A
and B (Additional file 4). A QTL for LMA was also detected
in Sire D's family at the 1% chromosome-wise signifi-
cance level (Additional file 4). These QTL peaks were also
extinguished in a fixed effect QTL model accounting for
the effect of SNP-9 (Additional file 4). Therefore the SNP-
9 genotypes were tested for LMA and SFT in each family
(Figure 5). The G/G- or G/T-genotypes had a significantly
greater average LMA than the T/T-genotype in the steers of
the five families and the cows of Sire D's offspring (p <
0.01, t-test), although the correlation between carcass
weight and LMA traits was not high (r = 0.26-0.54). On
the other hand, the G/G-genotype had a significantly
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Association study in the IBS region using a Japanese Black population. (A) Association of the SNPs with carcass
weight. A hundred and eighty-seven steers selected from the 4.7% extremes of 7990 steers were genotyped. P-values were cal-
culated by Fisher's exact test for independence. (B) Genes located in the 591-kb region. (C) LD map. The LD was calculated

for the 187 steers.
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Association of the SNP-9 genotypes of NCAPG with carcass weight, LMA, and SFT. The steers of the five families
and the cows of Sire D's family were genotyped with SNP-9. The number of offspring of each genotype is shown in the bar of
the upper panel. The averages of slaughter year- and age-adjusted phenotypic values were compared between genotypes using
a t-test. ¥, p < 0.05; ¥ p < 0.01; ¥ p < 0.001.
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lower average SFT than the T/T or G/T-genotypes in the
steers of the five families (p < 0.039, t-test). This is a par-
ticularly interesting finding because the correlation
between carcass weight and SFT traits was r = 0.18-0.39 in
each family (Additional file 5), meaning that greater car-
cass weight was correlated with thicker SFT. For example,
a Q allele of another carcass weight QTL CW-1on BTA 14
is associated with greater carcass weight and thicker SFT
[1]. In CW-2, however, the SNP-9 genotype was associated
with thinner SFT in the steers of the five families, indicat-
ing that the CW-2 locus is pleiotropic. The results further
support the notion that the CW-2 QTL in the Japanese
Black population is the same as the QTL in a respective
position in the Japanese Brown population.

Discussion

Here we show that cross-breed comparisons are useful for
fine-mapping of the QTL in cattle, as recently demon-
strated in the fine-mapping of a monogenic trait locus in
dogs [9]. We detected a carcass weight QTL on BTA 6 in
two breed populations, Japanese Black and Japanese
Brown. The genetic distance between the two cattle breeds
can be thousands of years, because their ancestors have
survived separately on the Japanese Islands and the
Korean Peninsula. Linkage disequilibrium mapping using
the two breeds narrowed the CW-2 QTL region to a 591-
kb section. Comparison of the Q haplotypes inherited in
different lineages is, therefore, a useful strategy for nar-
rowing down a QTL.

One of the critical issues should be whether the CW-2 O
in the Japanese Black population is identical to the QTL in
the Japanese Brown population. In this study, the effects
of the CW-2 on carcass weight, LMA, and SFT traits were
similar in the two breed populations. Namely, the CW-2
Q allele was associated with greater carcass weight, larger
LMA, and thinner SFT. Importantly, although greater car-
cass weight is generally associated with a thicker SFT, in
both populations the CW-2 Q allele was associated with a
thinner SFT. In addition, QTL for growth-related traits
were mapped around the CW-2 region in various cattle
populations [5-7], suggesting that the CW-2 Q allele is
widely distributed in Bos taurus populations.

The 591-kb critical region contains four genes,
LOC523874, C6H40rf30, NCAPG, and LOC540095 (the
bovine ortholog of LCORL). The NCAPG-LCORL region
was recently identified as a QTL for human adult height
[11,12]. An SNP causing Ile-442 to Met in NCAPG was
detected as a positional candidate for the quantitative trait
nucleotide for CW-2. The NCAPG gene encodes chromo-
some condensation subunit G, which is a catalytic subunit
of the mammalian condensin I complex. Disruption of
the NCAPG ortholog (cnd3) causes defective chromosome
condensation in fission yeast [16], while in Drosophila,

http://www.biomedcentral.com/1471-2156/10/43

the NCAPG ortholog (Cap-G) is essential for chromosome
condensation in the metaphase of single, unreplicated sis-
ter chromatids, and also has a role during the interphase
in regulating heterochromatic gene expression [17]. In
Hela cells, NCAPG interacts with HSF2 to mediate
HSPAIA (hsp70i) bookmarking [18]. The NCAPG expres-
sion is upregulated in more aggressive metastatic melano-
mas than in less aggressive primary melanomas [19].
These findings indicate that NCAPG may affect cell prolif-
eration and growth through regulating cell cycle and chro-
mosome condensation. Further studies are required to
reveal the molecular mechanism that links NCAPG to
growth and body size.

Conclusion

We identified a 591-kb critical region for CW-2. Among
the four genes located within the region, NCAPG is a can-
didate for the causative gene because it has an amino acid
substitution that is significantly associated with carcass
weight. The SNP for the amino acid substitution provides
a useful CW-2 marker for marker-assisted selection. The
pleiotropic characteristic of CW-2, especially the effect on
SFT, is clearly different from a previously fine-mapped car-
cass weight QTL, CW-1 [1]. Therefore, the two QTL prob-
ably affect carcass weight in different ways and both will
be useful for breeding beef cattle.

Methods

DNA samples and phenotype data

Paternal half-sib families of Sires A through E were con-
structed from carcass data and pedigree records collected
by the Japan Wagyu Register Association (Kyoto, Japan)
and Kumamoto Union of Livestock and Agriculture Coop-
eration (Kumamoto, Japan). Offspring of each sire were
reared in different herds in a prefecture. The offspring of
each sire were collected over a period ranging from 2 to 5
years. The average slaughter age was 878 days for the off-
spring of Japanese Black Sires A through C and 750 days
for the offspring of Japanese Brown Sires D and E. Sire
DNA was obtained from semen. Offspring DNA samples
were collected from adipose tissues around the kidney at
the slaughterhouses or blood at the individual farmer's
houses. Six traits were analysed in this study: body weight
at slaughter (Sire C only), cold carcass weight, LMA, rib
thickness (thickness of a muscle layer in a rib of beef), SFT,
and marbling. These traits were systematically measured
by certified graders and recorded at the slaughterhouses in
Japan.

QTL mapping

The genome or chromosome screen was conducted using
the microsatellite markers on the Shirakawa-USDA link-
age map [20]. QTL analyses were performed with the
interval mapping method using a linear regression model
for half-sib families [21,22], as described previously [1].
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Linear regression analysis was performed using the fol-
lowing model:

y=Xb+e,

where y is the vector of phenotypic value, X is the design
matrix of fixed effects composed of sex, slaughter year, age
(day), and probability of having the Q phase at a given
location(Prob(Q)), b is the vector of fixed effects, and e is
the residual error. b was estimated by the least squares
method. An F-statistic value at each position was calcu-
lated from the residual sum square regressed with
Prob(Q), and the total residual sum square without
Prob(Q). The analysis was performed at 2-cM intervals
along each chromosome. To evaluate whether the QTL
effect was well estimated, the information content was
calculated as a variance of Prob(Q) divided by 0.25, which
was the maximum possible value of Prob(Q) [23]. The
allele substitution effect from ¢ to Q was calculated as an
estimator of the cofactor for Prob(Q) in the b. The contri-
bution ratio was calculated as a proportion of the trait var-
iance explained by the paternal allele substitution from ¢
to Q. A threshold for significance of the F-statistic value
was obtained by 10,000 random permutations of the phe-
notypic data [24]. The 95% CI of the QTL locations was
calculated using the bootstrapping method [25]. Briefly, a
set of offspring was chosen so as to be the same number
as the original half-sibs by resampling from the original
half-sibs. Resampling was repeated 10,000 times. The
position of the F-statistic peak in each bootstrapping was
collected. The Cl was determined by the distribution of
the peaks. Therefore, the CI may be fragmented into sepa-
rated regions, and not a single contiguous region.

Microsatellite development and genotyping
Microsatellites were searched for in the genomic
sequences and the primers were designed using Primer 3
[26]. Twenty microsatellite markers from DIK9001 to
DIK9020 were developed in this study. The markers were
anchored to the BAC fingerprint map [27] by a BLAST
search (BLASTN) against bovine BAC sequences (HTGS)
[28] or by screening bovine BAC libraries, RPCI-42 [29]
and CHORI-240 [30]. Marker information, such as primer
sequences, genomic positions, and locations in the BAC
fingerprint map, is shown in Additional file 2. Genotyp-
ing was performed using polymerase chain reaction
(PCR) with a fluorescent-labeled reverse primer, followed
by electrophoresis using ABI 3730 DNA analyzer (Applied
Biosystems, Foster City, CA) and analysis using GeneMa-
pper software (Applied Biosystems). The sires and their
offspring were genotyped to determine the phase of the
sires' chromosomes.

http://www.biomedcentral.com/1471-2156/10/43

Linkage disequilibrium mapping

Linkage disequilibrium mapping was performed using the
maternal alleles of the offspring steers. First, offspring
were divided into two groups according to paternally
inherited haplotypes (Q or q) of the CW-2 region (38-55
cM). When a crossover was observed or suspected within
the region in the paternal haplotype, the offspring were
eliminated. The numbers of paternal Q- and g-inherited
steers were 126 and 117 in Sire C's family, 106 and 94 in
Sire D's family, and 104 and 67 in Sire E's family, respec-
tively. The maternal allele was determined by subtracting
the paternal allele from the genotype. The markers for
which the number of alleles was less than four (Sire C
family) or three (families of Sires D and E), or heterozy-
gosity was less than 0.4 were eliminated. The effect of pair-
wise Q alleles on body or carcass weight was evaluated in
each group using a t-test. Phenotypic values for carcass
and body weight were adjusted based on slaughter year
and age in the family. The average of the adjusted carcass
or body weight was compared between the steers that har-
bored two consecutive Q alleles in the maternal alleles
and the other steers, in each group. In Sire C family, the
test was performed for Q1 and Q2 alleles in the regions
where corresponding Q frequencies were higher than 5%.
In Japanese Brown families, offspring from Sires D and E
were combined to maximize the number of offspring.
Carcass weight was not adjusted between families,
because the effect of sire was not significant (p = 0.21).
Frequencies of two consecutive Q3 alleles in the maternal
alleles were more than 4.3% in the entire region.

SNP discovery and genotyping

Six genes (LAP3, MED28, LOC523874, CGH4orf30,
NCAPG, and LOC540095) were located between DIK4852
and DIK9017. SNPs in the coding regions of the genes
were searched for by resequencing Sire A. SNPs chosen
from a 120 K SNP collection [31] and a commercially
available bovine 50 K SNP chip (Illumina, San Diego, CA)
were also used. The sires and their offspring were geno-
typed to determine the phases of the sires' chromosomes.
SNPs were genotyped by direct sequencing of the genomic
PCR products. As for SNP (Indel) 19, PCR was performed
using a fluorescent-labeled reverse primer and genotyped
in the same way as a microsatellite marker. SNP informa-
tion, such as alleles, genomic positions, and primer
sequences used for amplification and sequencing, is
shown in Additional file 3.

Association study

A population consisting of 7990 Japanese Black steers was
constructed from DNA samples collected at one slaughter-
house over 7 years. These cattle were reared in different
herds throughout Japan. To maximize the power and min-
imize the pedigree effect of a selected population, steers
were selected from the 4.7% extremes, from many differ-
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ent sires, and did not include more than 5 half-sibs in
each extreme. The selected population consisted of 90 off-
spring (> 570 kg) from 41 sires and 97 offspring (< 410
kg) from 52 sires, among which 18 sires were common.
The 187 steers were genotyped with SNPs. The association
of each SNP with carcass weight was assessed by Fisher's
exact test for independence using a 2 x 2 contingency table
consisting of an observed number of each allele in each
extreme population.

Calculation of LD

SNPs were confirmed not to have deviated from Hardy-
Weinberg equilibrium (p > 0.05). Haplotype frequencies
consisting of two SNPs were estimated using the expecta-
tion-maximization algorithm of Dempster et al. [32]. An
LD coefficient (r2) between two SNPs was calculated from
the estimated haplotype frequencies.

Authors' contributions

KS, MF, TH, and TN performed the QTL analyses. KS also
performed molecular genetic studies. TW performed the
statistical analyses and developed microsatellite markers.
YS coordinated the study and helped draft the manuscript.
AT designed the study, performed molecular analyses and
drafted the manuscript. All authors read and approved the
final manuscript.

Additional material

Additional file 1

Summary of carcass or body weight QTL detected on BTA 6. This table
shows the summaries of the half-sib QTL analyses.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2156-10-43-S1.xls]

Additional file 2

Microsatellite marker information. This table shows primer sequences
and physical positions of the microsatellite markers.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2156-10-43-S2 xls]

Additional file 3

SNPs and haplotypes of the five sires around the IBS region. This table
shows primer sequences and physical positions of the SNP markers and
haplotypes of the five sires.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2156-10-43-S3 xls]

Additional file 4

F-statistic profiles for LMA and SFT on BTA 6. F-statistic profiles for
LMA and SFT on BTA 6 are shown as Figure 1.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2156-10-43-54.pdf]
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Additional file 5

Correlation between carcass weight and SFT in each family. Slaughter
year- and age-adjusted phenotypic values for carcass weight and subcuta-
neous fat thickness are plotted by dots colored per genotype.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
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