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1. SRIIOFELAE

FHBEOERIL, BARORET % EMICHIE L, BIEEEICED W Rk 1T, #IR S
NIERB ORI A SRR EEET L E V), —HOMEEEZET LI LICLD, EF LW
BIZTE2MEENICERT LI LIZH 5,

REDREFIE ORI TE VbW I EMEE T, — 20— DIdREMN LR LR WS KD
BIZFICE o TSN, F72, BREDSINOREER EDE C OFERICIRL S N COBE IS
o ZTDO, filADBELTZBENTAHILIFHLL, BETHZOb OO TIER<, M
Ml & R D W CRFHEEFM TR X 0 S OBEIEEN 2 52 LB T b T
X7,

HEHEIEFMTHIE, 1940ECICIEBERIICITIZERLR SN, BFEOI Y a2 -y DIEL
b&H\F o T, BLIPILALR SN D &) LB L HETFEOREND ) . BFEREOREIIIIKE
CMEL7z, ECICHALTIR, F£H72) OBCHYEEIINEGICKELS B> T,

LA L, BIEEPEC, 2 0IERABMOREICLKOKER L B2 BT HBHE. 728 213,
BHEVE, PURBEFEOTRE IOV TEIBATOFMETRURPHE L W PRI TnE, &
BIC. ZHLT 2 FREEICHME, MEICHET 5720120, BREICET 2. BH%EIC
WTERIFALAR RO H N T 5,

FOE DG T EmFE NI ZFOBERELRFEIRTH A7/ LFFEROEE I, FHICBW T H
R OVER AT B ITHEA, DNAY — 7 — LB RIS 3 2 8RS 5 VI3 E(R T
(QTL) & OHEGEMANT A HEIS % o 720 HEHMHTATHED X, DNAY— 7 —ZJ5fEL LT, FHHE
A Lo EIRF R BT 28 L WE LB TE 5, £/, DNAY— 7 — &R L
L 7@ e RmE BT OF v )V TOAZ ) —= v UL R b,

KPEOHFEZ, SEOZICI L TETEROHK ., SKEDANFELZES DO THKL W
ST TR A ME - BB @25 R TIUER S 2WVIRIICH 5o Z D7D
DHERTHHBRRENOBMEEWNRWIAT) T EVVHETH Y, Lo L E R OB
BICRBIWETFTILESH 72,

DX IR S, BRKEEOIEED D L2, AARFPREEA L CMEEBE - HER
Pl THRA ST, HARRBRROSFERBESOBBIC L0 o G1)& EHAMNH < BB
BIEGEIASTR L SN B 2 & L 5Tz,

WFFEDORIT L 7 2 YIRS RIS 2 A L. P4 £ 9 A& L, FRS4HEL AII%
T U7z @Widskia > 7)) — i) —#B 2 By CIENHRESS4m (PR EE, EBRE (2). N
AFNF=FE, 7)==V b—L4, FITMFrrN—, REEE) Thb, 51T, FHK6
FEEICRIERE, BWEFTRED 22 (FHllon’) TIELL, FE7T0 Y =7 FOIRIZHEW,



FEREVPTIN 0722 b h o, PROFEICH - EFMEERT LI L & ko, T
9 HA& L. FHI04E2 AT T, @Widgkihar 7 ) — b#E) —#8 2 B CRE~EEL, 094
(DNAFRMTEE, T v Ea— 4%, RA#EE, MREE, NEREZESE) Thi, HilrEHRHO
EZPEN, TN FE TOERR AR, Fradi e JIE LI L Twb,

Wge7ay =7 Md, P4 FE» S MEERRRR > AT 2 0FE]. P 6 FEr S [HESE
FEFEILEDNAY — 7 — BHEF LA EE] PR IFEED S [REFEMINA~Y — 7 — FREFHER%
FEL CPFRIEEL?S [REBEL TSRS E SRR FIE] KO [ ARG B O
V| BB ENDL R EIERIAENTE L, 209 L [HEERN Y AT 2 0% 3o
BEER L, PRICEEZ > TR T L, 2O7aY 27 MZXoTHE L DINAY—H — D
B%. B EADOMESIT 2TV, IRbD~Y—H —ZMEEIRNT A2 L1k 0, k%
BB EENEMNELER S TEL I EEWL2IC Lz, AR OTEZ, FRO ML —
e T4 2 RAET HERN LB E b o T,

INFETIRIIMRLHAESICEG T2 & A5 N 560 AT L E Ot R5HIE % A =k ik
L% TOLNVTHREDT, FifET AQLOBIETZDb D& FET NG 2l T b,
Gt ARSI AT T SN2 2 L ICEDWT, DNAY— 7 — 2RI LG DR ) —= 0 7
B THRITSNOOH b, S50, BEAME, BEAME, KO, sV AY A UHEICH SN
G 5 FOBIZEROBZT 2 IFE L TF v ) 7T OBWIE L% L7,

FRo7ay =7 MEVPRIEEZ S o TTFRE—IXEI) & oz SFHRISFEED S 13H 72
2. 72 0F 7 ARG EORBEEM ORISR BEERBOF Y ) THMHEMORE R &%
[ 5 EEFBOBAIE A ERE] & LD, BFEBEQILORE L ThaFH L2EEFLEO
sz HEE L LCiige e TR EEERIG ARG ESR] & LTEDTWE, P2
FEPOEIEHE [HENBMERTRER] O—BRE L CONABHEAREMFRLHED, 2
OHTHERE Y BAFR T H Ik & DOIEFBIZE 2 e L T Do SFRUI4ERE A S 13H 7212 [BSEAE K
SWIHA A EE] SRS — L, BSEESZEICOWTOBMLN 2 ERSEFEO IS S
DEIDET)F VEETFOLEE QBB TRARTV S, FRISEEDS X, PR GEEE
BiiBAsE 3] A5 — L7z,

Wk EZ TR 4 SEFEEHERM 2 44, WIER 2 % OFH4 03 L, WZEDEE - ke & b
IR B L, SERIGEERICIIFTE 2 &0 BEM 4 4. BFseikfM21e (e B 8 4. Fge
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1. MRHEEDIRR
1) 9DNAY—H—BREFEDHER
1) —1 9348 LBAY —IVORE

(1) BFgE4ER 0 PR ~ T Hi154F

7 YDIFEAEDORFEE I ENIEYE (quantitative trait) TH V., BRWIZIZENEE
E{nfH (quantitative trait loci, QTL) IZHKE SN TWh, HAEF TIZ, FRAUE & MHHE
WEFNGRIEEE D 2 E T AMETEEZFN T 70 —F % W/ BENEO EZHE BT D
N, REGEREZZBZITCEL, COFETIE, BEORAET 5B LEETHIRMERNEEZ
T AHEREMRETE LD, BFEDMEIIOVTORERIEZ V, 22T, BEORELTVEY
J AR ORR TG L7Z2DNAB T 2 5% L. AR ODNAE R, S BEOBE 2 Ho 5 2
EARO LN T X 72,

19804EACF2 - L 0 v D R EEREIWEE T, DNA~ — F — 2 FIH L 7@ gl A T 12 & - CTFRBIAL
FRICHHEBEE R TIRE) ICREL RITTHEE, BXO, 22ICHFET L2 ETEETORED
TObNTEL, 7BV ThH, 7U0—T 4 Y 16KRIIERE) 77 ViR RKIERE E Vo 7255
VEBALIR O 5 N LAY UG CRE SN TE 72, DNAVN— 7 —DOHhTh ., CADHED 3K LELS)
Nohb<A 0% TI4 8 (MS) v—H =1k, MOEMICEAT J L&KM LT 5 HE
N = —Thb, GBEDTEHIIBWT, MS¥—H — DL & RKRIE L OB L <5 QTL
RNT A WA Z EIZE D, REMEICIESDE 25726 LTV AHEIBEZHOLNIZL, FDH
BICHFET AN~ = — DM E Wi BEANOICHANT IR, EEZONL, T2, M
O BEEE 2 FE L, B rEz21T) 212X, EMREICHED L 8{ZFDOER
WrE2HOLMIL, BEFUNOFEFLRKREFEFOFTTFICOEMT 2 Z P MFEINL,
Ferld, BE, BLXY, MERBEURFEHEOKFETRAFE L) PR RET W REEYE
QIL~ v ¥ 7 (fEfHS) 247- T& 72,

70 LENTTTY v ¥ Y 7 L7QTLE R T A k) TRBEMHO BV ERE~ — 7 —Eh%
B, FNOOEMEETE2 70—y 74 5720100 35EM %Y ¥ kAL ETH b, 7
¥ OF RPN T BE ZDNATE HR D B % &2 s 3 5 720, @EES/ LEHIKOER, ~
yE YT ENDNAY — B — 12 X BB CTH A AR IEE 7 SN A 7)) v R
(Radiation Hybrid Map, RH#K) ® 7L —Af{Ek. 7 ¥ EBEETER T (Expressed
sequence tagged, EST) O~y ¥y 7, b N7/ AEREAMIGHTEL - b7/ 4l
B OVER % & 24T JEMl 2 Y v Qe R & VRS %

OTLZ 7 7 ) A FIiZx vy € 73 5120E, 7/ L8P AT RTH ), O~ — 7 —
BENEWIZEEMREEHNHT 5, L2LAAS, v — 7 — O E I EEA 2 05
FEHEBELTHROONTZDDTH L7200, EZTTEEELL TV T Y —F—135 /4 LD
HICBELV, BT~ —7— L O SHEBUFRMICY— T — 2B TAHILIETER Y,
ZIT, ¥= A —TEEELZ, WbhbWLEHHE TER L7282 5, DNAZ B — 2 &)
WE R 2 FAR T BT 72 ER L TR b2l TEAEL LV, TOREZHELE LS00
BACZU—2Tdhhb, Y= H—,X—HI—OMEEKEDBACT U — 2 TODHRWIEDL D %BACESIH
B, »5WIE, BACI VT4 ZHEE V), Vo lZAKFLT 2 L, (EEOHEBIO~— —%



%TAZENTE, B MNP AP TFUTE 2 DMHREEET 232 Y7 4 7L L7238
PORMTEL L) b, RO, BYLHFIBIIFAET ABACY B — Y DDNADH Y — F —
RHEIETEHETE LS TH L, HEHN D SYWHEIBK~NDOLERIIE~ — I — DEFEEH
WETH Y, WM ZER T E U, QILHEI O AT IERIER IR T 5,
KOEREOLVEYHEIZL N THA-0, b b7 AEREEDNIIETT 5 2 L IZQILELT
BWEFO7O0—= 0 ZICRKRWICEROH A EThHbH, 7y OQmRiEEE, #hFhe g
BARDIFEDOHEBEFUL TnDE (Y7 =—THbEWw)) OT, 7 VBEMETFEZM) AT
WHBEZERTE, VY EBETEZFZOBOEBEZETOMICHELET S TH A ) BIETOHERIZ
ENT S AnBE6NE, L2 LD S, LT ThAESTICIEZ RIS vz, EEH#bX]
ey ¥ o752 IdTERVY, RHIMMICIE~ Yy ¥ /' T& %, 2T, MMM EI2E
RDNAY— A —% 7L — AL L CRHIIR Z/EY) . T2 20MKII~ v ¥ 73, 7E
YHHMX S ONDL I LIl b, TOBRBE THEDIE, bEIP~Y—D—I13HTIE R, v—
=l =N = OMIAAET BT PR T E, ZOFHIMOBACY U — ~DNA%Z $ALIZPCRT 1L
X, EEOY VR T ORI OZEEETRL 2 EWEEICR S,

L72So T, @EBEALLZY 7 28GR ) . WM TH HRAMM Z/ES Z & 1d, QIL
HEEEEFO/7O—=V FICHEBELREMTH DL L ER b,

(2) W7o BARN 722 HEE
2)—1. ¥4 27u0% 774 FORSE, BLU, BEES/ 2HEGHIKOER

19974 128 B S 7K E BB WS IFFE £~ % — (USDA-MARC) 12X B ¥4/ Ll #h 12
351,200l D~ A4 7 0¥ F I 4 AT v ¥ FENRTWS, Fald, USDAMARCO ™ ) 7 7
Ly A7 73— (BERR) 2HW, 7/ 2Nz SR sE5, 2OV T7 LV AT 7
I = CTYERLT % X O A BEEE PR 5130, 8cMA& DT, 3,000/ EED~ 1 7047 I 4 b ((FY
MR : 1 cMULT) Z#E7-7 /7 2N E TR S 5,

(2)— 2. 7 VGBI DOVER | AR S Y SR AN A 7 v RS8R v (RHMBIX) . B
LU, -k T L EHI O/ER

TealZ, TNFTIC, V7 AEREAEMICIETNCE 25572 7 o O AN 2 E%d %
72D EMEO TE L, 9, FRIEE T TIKE I AV & REFEEIFE T, Jefa ki
M OVEBAC A H RIS A VOVERZSE T Lze T72. RKEDICHEIETOGgtfk~ v ¥ ¥ 7 &24T
) 72D, 7 VAR NA 7)) v K284V (Somatic Cell Hybrid Panel, SCH S V) % Fi#S
L7zo E512, 7y-e M7 ARBHKOER D=0, 7 OZMHMTERL TW L ERT
Wik C& HEST% %93 15 6 TMHBA%E L. GeneBank|Z&$k L 720 TS DESTIZE L5497, 000
H 72> SPCREEIEH O 77 A ~—+ v M, 000X EB L7z SNODMEf L TE 2y — )b &(2)-1
TYER S A7 V7 7 2GEGEM % 3G U CREfll 7 7 S Jet iR % 1S % 6

S MBI oA 20T I N TCT L =L T =<y TEED,

4,000 D VESTA Y v ¥y 7 L, b NP AANMIEST, MK E 35 (7 SESTH.
419,416 : “FR164E 4 A30HIAE) o

ARA 7 Y ORHMIZ, 3, 000D~ A 2 0% 75 4 M, 300000 EST% & 451496, 000
FEES D,



(3) MFFERAFE D LR

SAEEDRBETH DT V7 LM L 7 SRHKOBE IZFE 1, 2 £33 1T L0 TR
L. #LIE, B3/ 747 7 2GBEEHMOBUR, (2R TW5S,

DT 2 NGBS OMSEIE, 3,802 &L ko7 TNHDOMSOT Y ¥V 7 BXU,
MSOBHFENERL L CE 7T K2 F L D7, BIFEFTICL Ty v 7 ENNSH. B &
O, B S NMSEUEI IR ICE PR 2l CTB Y . & 27 7 LM IR 12 B v TUHFE
S B % A2 R L CE L LIS TH B,

®1. 147808554 b (Microsatellite, MS) BRE~TvETDT ED

19974E DUSDA-MARC ™ 3 4/ L # 85 HI [ DDNA~ — 1 — & 1,236
2 MBS ol H#E S 2 DT X NS 2,397
(NFR) FRE B L 7-MSEL 2,183
A% RS ASBASE L 7-MS% 214

WEH DO A ) LEE X OMSE 3,802

B L. WEIGaf EOME 23O TV 05, EEEIT T~y €2 7 L TWwWwNS, 346 % Bk <,

x2. IOV LEEBAICE TR YI 78T 74 MNEOY—H—FHEOEEBRE
EA AN~

# B = nlm ~ =7 —B%H

1 B E(RE e AT HA 2,397 (63.0%) 2,183 (55.2%)
2 USDA-MARC KIE 1,405 (37.0%) 781 (19.7%)
3 UETVEDR: = AL F — 0 84 (2.3%)
4 ILRI r=7 0 79 (2.1%)
5 CSIRO FT—AL7)7T 0 57 (1.5%)
6 IDVGA 1507 0 42 (1.1%)
7 URB ZNE| 0 36 (1.0%)
Z DA 0 540 (18.8%)

&t 3,802 (=100%) 3,802 (=100%)

3. RHHOF &

T L= 27— 7 272N 3,219
< v ¥y 7 L7NSH 3,294
< v ¥y 7 L7-EST# 2,582
&5 5,876
RH/ S L R i 17.5%
5 ) ADOLE 25,088 cR (#7120 kb/cR)




(4) EANB X ORI OIRI

TIDT ) MFENT DD Y — IV ORISEIE, 199THEDOFEDOEBET—ILDO L XIVIEL, 7/
LIS TE D &) 1072720, FEOIZEREIE—F ITREBERESCTIREOR R = H\wiz
FEATICEL D #22> T &2, V=T TR, B b7 AEREEDICIERNT 5720123
V= VDFEP BN TN,

—H s/ ARNOHGED 72O DEEH I 7Y 2 7 FBETHRTH B, T2 1
H XD, USDA-MARCO F3E T o4 ) A4k E x4 & 4 ABACE Y HI/E D 2SBIME S iz, K
CHFY CHEH TTVR 2=V =T R F—=ANTUT - TITIVNEIPCHEYE
LM H Y, v N AT COREE AT AKED TIGR (The Institute of Genomic
Research) £ F ¥ DTV F 4 v 2 a0y ¥ 7 kFr&EiRFERAERHCHED SN TS

BACZ T — > D#FIL L 1Z, ZHDBACZ T— > DHP S5 BHEWIC—EHEHET L 70— DD
) BEEZHFHR, BRTVWCZLEDEDRLTBACZH— Y Z2D25 VTV ZEThb, 2
EHIZR 220K ENH L, 1274 =TV 74 7ETH5S, BACZ U — » & Hil[RE#
F (FeoE ODNASRZEBCHI O BT 2 VI3 2 WE3R) CEIMT L T oV 80K E) TDNABT v o+ 4 XA ¢
STEET A &, BACYZ O — VIEH DY SN DNT — VBB NDE, TDISFY =R T 4
H—=T) > hesW, BEWII—HEHTL 70— HTRELONRY - UHPRENE, 20
NG = OFPMEDNSBACZ B — 2 2D WTW HETH L, ) —D2DFHEIIBACZ B —~
DO RumBey R TH D, BACTZ H— » DK EEﬁU%@?nJLLTPCRVGﬁémET%%)70‘_7‘47'—%{/5
Wb COTITAR—TAZY) ==V 7 ENLBACT U — I ZOKmEH % LBICHET S,
Thbb, BEWIDOLDR>TWAZ ENDN5S

COEEWH T Y 27 M iéﬁn&%f%émmﬁu YDT 4 =T b &R
e EORERIE A Y P EICABEINTWS, SNE TOMIER T, 405270 =D T 4 V7
=TT A TSN (P63 AR, 26076 T2 B2 — DK mmi4ﬂ %TL

72 (F4~6)0 v UBACKIIBIER BT B CAT, EIRHI 70 Y =7 b b4 R3S
NHZEREL),
zA4.BACT1H—TVT71>T8
Library Clones Fingerprints In contigs Singles
CHORI-240 200,064 170,644 159,542 11,102
RPCI-42 94848 83,627 76,633 6,954
TAMBT 44,928 40,380 22,998 17,382
Total 339,840 294,651 259,173 35,478
F5. FEEE L 7-BACY O— > DKRIGAS
Library Clones Paired Single Clones Reads Length
CHORI-240 200,064 119,091 26,067 145,164 264,261 605.4
TAMU 94848 9,686 5,299 14,985 24,671 501.5
INRA 44,928 11,174 544 11,718 22,892 722.8%
Total 339,840 139,957 31,910 171,867 311,824 605.8




®6. BN/ LICEDBERL LY VBACEIILEEDEIS
Human Chr * Size (bp) Covered by Bovine Ctgs % Coverage
1 245,203,898 203,209,542 83
2 243,315,028 189,896,964 78
3 199,411,731 146,712,637 74
4 191,610,523 87,438,872 46
5 180,967,295 164,929,686 91
6 170,740,541 157,704,095 92
7 158,431,299 134,446,220 85
8 145,908,738 130,536,790 89
9 134,505,819 122,085,695 91
10 135,480,874 102,980,468 76
11 134,978,784 93,970,761 70
12 133,464,434 129,723,153 97
13 114,151,656 75,906,289 66
14 105,311,216 56,025,377 53
15 100,114,055 49,252,665 49
16 89,995,999 32,748,104 36
17 81,691,216 30,765,924 38
18 77,753,510 54,277,916 70
19 63,790,860 31,378,878 49
20 63,644,868 27,604,294 43
21 46,976,537 12,194,145 26
22 49,476,972 20,136,019 41
X 152,634,166 136,858,566 90
Y 50,961,097 - -
Total 3,070,521,116 2,190,783,060 73

* UCSC hglb masked sequences

(5) AHBOEDS

SEFEETISHED TEEEET / LAEHKOER, BX U, RHIKE Y - M7/ At
B OEB AT BB TR E L, MHEEEIT) . INHOERIT. BBPEOEMLERLT
P ThL, BIEMEROBENEEFORY Ya v ra—=y ZICBh 2 5iE$ 5 LT
&b,



1) —2 7YEEWERR - URMEDODNABRFEDRRE

(1) WFZEER 0 Pk 9 4F ~F 154

(2) WFZEE W & M S L5 B

7 Y OBIRMERIR DS AL E YLt AL HBIZR T H 5o EIRMEERBORKN & % 52 5%
TOIVEANTHOKETIIRE TH L7720, EHPICHFRFSNL, Lo T, TOLEETY)
VOBILTHEEZ —B L TICT I 2 2 & 3GEROIMAMFLER S HETEHESTE RV, —H,
HEMMEERTIIEEICBITAEZDOET N IZON T, BEEERIEAEILL22H 2 L &
bo COL)BAFOFTERL Y DHFVTHIZEKEINS Z L IT5BOF R BREE T %
WEBEND DD, ZD720, BEMEROF YV 7 (LEEF 2T OIBRA T 5 M14)
ZDNABWIC L > TR ) == 7T 5 HEORBIIMERICOF L TEEL > TE T/,

EGHE DX R IZB VT, MIEERHOWENEE L2 LITLRTH) ., ThIZLo T
)OS THHZERTEDLLEEZONLD, TO LT, BYSEICHT LEPME. wbw b
PURBEMEAZTTEEICT A Z LV ARFEDOHN TH D, T TH) 7oL id, MR
ANVABREDFEEEWIZES>TH725 ZNE VbW S EEAEDTE» THT 2 X 5 10 &
WZIE % ) o PURTEICED ZDNAEHREZW S22 L, BT e UCHE L, RYEN# %
BT B, AT, FLEE, NS =< RESEOEIRIWT B2 GRPuE) 13, H
MEMBZETREZVWDDOD, BIEHEROH LI EZWHLPTH Y. NS DEIRITHT 5 %
ZW (&P SOV TAZ Y ==V S CENIIRBEMICEE BRI e b,

¥/, BEMMICERT AHIRIERELA RS LIZ CWDNABHREZ S 22T 5 2 & D RIEIC
BERETEO,

RFEFETIE, INOLOBHER. H5HVIIEIRITT M (JEPUE) [2owT, DNAZIRIE L
LA ) == 7 (= =T A MNEK) OFFEEZHET L LI, E5IEATEME
Ve RS T OHEE - EXZENE T4, 2O L) R EWINZER SR, EETFOER
BT ANABIICE o TEX VT DAL ) ==V FPTE D20, HIETERIR DO IENE % HI1H
LooF ¥ ) THOBEMLNEN EERBICENLT LD TE 5,

(3) HFFEBAZE DB HAR & iR

(8)= 1. 7 VBERMEHIFIFRAT ORIESE T TORHE

AL TR O FEEN OB SN TB Y . SIFZERT R O R KB (LT % [FE L. DNAZ I F
BB L, FEXBRFENDPBREEB 1T 2L 10h>Twb, FRIAEE T TOREE ET
2R L7z,

HEMMECIIKEE., §HSOEMEMERBICNY MATEZ, SHILLEROFRTIET
b7z, B DAY O 5 LI, REOFRFWERIFME % & & ot
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Deletion of one of the duplicated Hsp70 genes causes hereditary
myopathy of diaphragmatic muscles in Holstein-Friesian cattle

M. Sugimoto*, H. Furuoka’ and Y. Sugimoto®

*National Livestock Breeding Center, Nishigo, Fukushima, Japan. TDepartment of Veterinary Pathology, Obihiro University of Agriculture
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Summary

Heat-shock protein 70 (Hsp70) is a major chaperone that folds protein and prevents
aggregation. The Hsp70 family contains both constitutive and stress-inducible forms. In
humans, two of the inducible Hsp70 genes are located within the human major histo-
compatibility complex (MHC) on 6p21.3, as a duplicated locus, 12 kb apart from each
other. We report that loss of one of the duplicated Hsp70 genes, the bovine homologue
within the bovine MHC, is responsible for hereditary myopathy of diaphragmatic muscles
(HMDM) in Holstein-Friesian cattle. Although the remaining Hsp70 gene is intact, Hsp70
protein levels are dramatically decreased in affected cattle. In normal diaphragmatic muscle,
Hsp70 binds several proteins involved in energy metabolism including glycogen phos-
phorylase (PYGM). Immunohistochemical staining indicated that PYGM accumulated in
the HMDM-specific core-like structures in affected cattle. Misfolding of energy-related
proteins due to Hsp70 deficiency might lead to protein aggregation and muscle fibre
degeneration.

Keywords autosomal recessive disease, Holstein-Friesian cattle, Hsp70, linkage analysis,

myopathy.

Introduction

Hereditary myopathy of diaphragmatic muscles (HMDM) in
Holstein-Friesian cattle is an autosomal recessive disease
characterized by late onset, ruminal tympany and respir-
atory insufficiency (Furuoka et al. 1995). The histopatho-
logical feature is a central core-like structure containing
actin and ubiquitin in the diaphragmatic muscle (Furuoka
et al. 1999). Hereditary myopathies in humans have a
broad range of clinical features, pathology and mode of
inheritance. Although it is difficult to classify HUDM in the
categories of human myopathy, the presence of core-like
structures suggests a similarity to desmin-related myopathy
(DRM). The DRM is an autosomal dominant myopathy with
cores containing desmin that is caused by mutations in the
desmin gene (Goldfarb et al. 1998) or in its chaperone, the
alpha-B-crystallin gene (Vicart et al. 1998). Identification of
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a causative gene in HMDM might facilitate a better
understanding of the molecular mechanism underlying the
core-like structure formation, which leads to muscle fibre
degeneration.

Materials and methods

Genetic mapping

Genomic DNA was isolated from diaphragmatic muscle or
blood using the QIAamp tissue or blood kit (QIAGEN,
Valencia, CA, USA). A total of 1200 fluorescent labelled
(CA)n microsatellite markers were selected from the USDA
Cattle Genome Map (http://sol.marc.usda.gov/). Genotyping
was performed using the Applied Biosystems 377/3700
sequencer, GENESCAN v.3.1.2, and Genotyper v.2.1 (Applied
Biosystems, Foster City, CA, USA). Linkage analysis was
performed with Genehunter v.1.3 (Kruglyak et al. 1996).

Physical mapping

We screened the male bovine RPCI-42 bacterial artificial
chromosome (BAC) library (http://www.chori.org/bacpac/)
by polymerase chain reaction (PCR) or by hybridization
with PCR fragments.
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Mutation detection

We amplified the HMDM region from genomic DNA using
primers F (5-ACGTCGTTGATCCTGTGGG-3"} and R
(5"-GGTCTACTACAGACAGACAAAAAGTAAGG-3") in a
PCR reaction [400 um deoxynucleotide triphosphates
(ANTPs), 1 x1A PCR™ Bufferli(Mg®*), 0.2 pm of each
primer, 2.5 U TaKaRa LA Tag™ (TaKaRa, Tokyo, Japan)]
cycled 30 times (98 °C for 10 s, 64 °C for 45 min).

Western-blot analysis

Bovine diaphragmatic muscle was cut into 1-2-cm squares,
suspended in 10 volumes (w/v) of buffer consisting of
20 mm Tris/acetate, pH 7.4, 20 mm NaCl, 0.1 mMm ethy-
lenediaminetetraacetic acid (EDTA), and 5 mMm 2-mercap-
thoethanol, homogenized in a Polytron homogenizer at a
medium setting for 1 min and centrifuged at 10 000 g for
20 min at 4 °C (Gutierrez & Guerriero 1995). Total protein
(50 ug) in the supernatants was loaded on a 10% poly-
acrylamide gel and run at 9 mA. After electrophoretic
separation, proteins were stained with Coomassie blue
R-250 or blotted on a nitrocellulose membrane (Schleicher
& Schuell, Dassel, Germany). One percent skimmed milk
blocking blots were incubated with a mouse monoclonal
antibody to Hsp70 (W27; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or to glycogen phosphorylase (PYGM)
(0100-0419; Biogenesis, England, UK).

Histopathological analysis

Fresh samples of diaphragmatic muscles from normal and
affected cattle were frozen in liquid nitrogen and cut
transversely at 10 ym with a cryostat. Immunohistochem-
istry was performed using the avidin-biotin—peroxidase
complex (ABC) method with an ABC kit (Vector Laborat-
ories, Burlingame, CA, USA) and a mouse monoclonal
antibody to Hsp70 (W27; Santa Cruz Biotechnology) or to
PYGM (0100-0419; Biogenesis). To assess specificity of the
immunostaining, normal mouse serum was substituted for
the primary antibody.

Immunoaffinity chromatography analysis

Total protein (3 mg) from bovine diaphragmatic muscle
suspended in a Tris/Triton-X-100 immunoprecipitation
buffer consisting of 0.1% Triton-X-100, 50 mm Tris—HCI
(pH 7.5), 150 mm NacCl, 5 mm EDTA, 1 mm phenylmethyl-
sulphonyl fluoride was applied to an anti-Hsp70 agarose
(250 pl; W27; Santa Cruz Biotechnology) column or a
Protein A agarose (P9269; Sigma-Aldrich, St Louis, MO,
USA) column as a negative control at 4 °C. The flow-through
was applied repeatedly up to four times. The column was
washed three times with Tris/Triton-X-100 immunoprecip-
itation buffer and rinsed three times with 10 mm Tris—HCI

(pH 8.0) and 1 mwm EDTA. The protein was eluted from the
column by 0.1% trifluoroacetic acid, electrophoresed and
blotted on a polyvinylidene fluoride (PVDF) membrane
(Nippon Genetics, Tokyo, Japan). Peptide sequencing was
performed by Aproscience (Tokushima, Japan).

Results

Mapping of HMDM locus

To find a causative gene, we collected DNA from 26 cattle in
the HMDM pedigree, including 12 affected cattle (Fig. 1a).
For 10 of the affected cattle, both parents were descendants
of the presumed founder animal; for the other two affected
cattle, there was information for only one of the parents. As
the presumed founder animal was separated by five to 10
generations from the affected cattle, a causative region
identical to descent should be narrow. Thus, we typed 1200
microsatellite markers covering 29 autosomal chromo-
somes with an average interval of 2.5-centimorgan (cM).
The whole-genome scan revealed significant linkage of an
HMDM locus to a 0.6-cM interval between BOLA-DRB1 and
CYP21/BMS468 within the bovine MHC on BTA23qg21
(Fig. 1b). The maximum multipoint non-parametric linkage
score, 7.67, was obtained for marker CYP21, which was
homozygous for the same allele in all affected cattle except
for #3 (Fig. 1a). We constructed a BAC contig containing
CYP21 (Fig. 1c), in which the order from LSM2 to NOTCH4
indicated conserved synteny between HSA6¢21.3 and
BTA23qg21 (Fig. 1c), as reported by others (McShane et al.
2001). An expressed sequence tag (EST) E10V002B02
(Takasuga et al. 2001) was located near the genes encoding
heat-shock 70-kilodalton (kDa) protein 1 A (HSPA1A) and
B (HSPA1B) in this contig (Fig. 1d). The PCR analysis for
this locus indicated that all 12 affected cattle did not have
the amplification product while 14 family members had the
predicted 113-bp product. This complete co-segregation
with the EST marker indicated that a causative mutation/
deletion for HMDM should be close to HSPAIA and B.

Identification of HMDM-specific deletion

Bovine HSPA1A and B are duplicated Hsp70 loci lacking
introns (Grosz et al. 1992), 9 kb apart from each other
(Fig. 2a). Human HSPAIA and B encode identical 641-
amino acid proteins while bovine HSPAIA and B encode
identical 641 amino acids except for MS5T (Fig. 2a)
(Gutierrez & Guerriero 1995). To find a causative mutation/
deletion for HMDM, a PCR amplification conducted for
HSPA1A and B using primers F and R (Fig. 2a). A 13-kb
amplification product was obtained for normal cattle DNA,
as expected, and a 2-kb product was obtained from the
affected cattle as shown in Fig. 2b. Sequencing of these
amplified products revealed that affected cattle had only one
copy of HSPA1 and did not have the 9-kb interval between
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HSPA1A and B. The remaining HSPA1 in affected cattle was
HSPA1A encoding a methionine at position 5 in the protein,
followed by an intact 3’-untranslated sequence of HSPA1B.
The deleted region was 11 kb, including the 9-kb interval
and HSPA1B coding sequence. Neither exon nor gene was
predicted in the 9-kb interval between HSPA1A and B using
Genscan analysis (http://genes.mit.edu/GENSCAN.html).
Three of 113 randomly selected Holstein-Friesian cattle
were heterozygous for the deleted allele (data not shown).
However, the deleted allele was not detected among 111
randomly selected Japanese Black cattle used as controls
(data not shown). We therefore hypothesized that deletion
of HSPA1B is associated with HMDM.

Hsp70 protein deficiency linked to HMDM

There were transcripts of both HSPATIA and B in brain,
kidney, lung, ovary, cardiac muscle and diaphragmatic

muscle of normal cattle based on reverse transcription PCR
analysis (data not shown). Affected cattle expressed the
same amount of HSPA1A as normal cattle (data not shown),
indicating that the HMDM-specific deletion did not alter the
expression of the remaining HSPAIA. To examine the pos-
sibility of RNA editing in the remaining HSPAIA, we com-
pared the sequences of DNA and complementary DNA in
affected cattle and found no differences. The Hsp70 promo-
ter, TGAGGCGAAACCCCTGGAATATTCCCGACCTGGCAG
(Nakai et al. 1995), of the remaining HSPAIA was con-
served. Western-blot analysis demonstrated, however, that
Hsp70 protein levels in affected cattle were dramatically
decreased (Fig. 3a). Immunohistochemical staining indica-
ted that affected diaphragmatic muscle had undetectable
Hsp70 protein, while normal cattle had Hsp70 protein in
both the fibrous and interstitial regions (Fig. 3b). Although
Hsp70 protein seems to be unstable in affected cattle, cur-
rently we have no explanation for this marked reduction.
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Similar results were obtained for one of the duplicated
genes, hsp70.1, a murine homologue of HSPA1B, knockout
mice in which the remaining Hsp70 gene was intact. The
hsp70.17~ mice were viable with no obvious abnormalities
(Huang et al. 2001; Molle et al. 2002). Nonetheless, they
had no Hsp70 protein 12 h after heat shock (Molle et al.
2002) or their Hsp70 protein levels were reduced under
both normal and heat stress conditions (Huang et al. 2001).

PYGM accumulated in HMDM-specific core like
structures

To address the question of why the decreased Hsp70 protein
resulted in HMDM, an investigation of Hsp70-associated
proteins using immunoaffinity chromatography was per-
formed. We identified several Hsp7O-associated proteins
including creatine kinase (CK), beta enolase (ENO3), glyc-
eraldehyde-3-phosphate dehydrogenase (GAPD), phospho-

HSPAIB

Figure 2 Complete deletion of HSPA7B in
hereditary myopathy of diaphragmatic muscle
(HMDM} cattle. (a) Schematic diagram of
HMDM locus. Grey represents the deleted
region. (b) PCR analysis of HSPA7 using
primers F and R in affected (lanes 1 and 2),
carrier (lanes 3 and 4) and normal cattle (lanes
5 and 6).

glucomutase (PGM1), and PYGM in normal bovine
diaphragmatic muscle (Fig. 4a). All five proteins have target
peptides preferred by Hsp70 (Hartl & Hayer-Hartl 2002)
such as SPLLLAS for CK. They are all involved in glucose
and energy metabolism. Finally, affected diaphragmatic
muscle had most of PYGM in the central core-like structures
(Fig. 4b), indicating that Hsp70 deficiency induced accu-

mulation of disordered PYGM.

Discussion

In conclusion a deletion of one of the duplicated inducible
Hsp70 genes results in markedly decreased Hsp70 protein
levels, leading to HMDM. Hsp70 protein deficiency may
stimulate aggregation of misfolded enzymes such as CK. The
CK aggregates in HMDM may be secondarily attached with
other misfolded proteins including actin and converted to
central core-like structures. As ubiquitin coexists with actin

© 2003 International Society for Animal Genetics, Animal Genetics, 34, 191-197
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Figure 3 Reduced Hsp70 protein in hereditary
myopathy of diaphragmatic muscle (HMDM)
cattle. (a) Western blot analysis of Hsp70
protein levels (Hsp70) using mouse monoclo-
nal anti-Hsp70 in normal (lanes 1 and 2) and
affected diaphragmatic muscles (lanes 3 and
4). Coomassie blue R-250-stained profiles
(CBB) indicate protein integrity. (b) Immu-
nohistochemical staining of Hsp70 in normal
and affected diaphragmatic muscle.

in central core-like structures in HMDM (Furuoka et al.
1999), the structures might consist of misfolded proteins
that are degraded through proteasomes. Hartl & Hayer-
Hartl (2002) reported that misfolded proteins readily self-
associate into disordered protein complexes. In cell cultures
overexpression of Hsp70 significantly decreases toxic pro-
tein aggregates in polyglutamine diseases, such as spino-
cerebellar ataxia type 1 (SCA-1; Cummings et al. 1998) and
spinal and bulbar muscular atrophy (Kobayashi et al.
2000). In SCA-1 mice (Cummings et al. 2001) and a Dro-
sophila model of Parkinson’s disease (Auluck et al. 2002)
overexpression of Hsp70 prevents neuronal degeneration.
Our findings support the notion that Hsp70 could prevent
aggregation of misfolded proteins.

The reason that Hsp70 deficiency induces protein aggrega-
tion mainly in diaphragmatic muscle remains to be clarified.
Grosz et al. (1992) reported that the Hsp70 family consists
of at least three members in cattle. Other Hsp70 members
might fail to compensate for the Hsp70 deficiency in HMDM
diaphragmatic muscle. Interestingly, hsp70.1™~ mice are no
longer protected against tumour necrosis factor lethality
after heat shock (Molle et al. 2002), indicating no compen-
sation for the hsp70.1 deficiency by other hsp70 members.

Hsp70
Affected kd Normal Affected
3 4 1 2 3 4
Normal Afiected

"

10pm

The relationship between central core-like structures and
muscle fibre degeneration requires further investigation. It
could be confirmed by checking whether central core-like
structures are diminished by expression of Hsp70 in
diaphragmatic muscle cells from HMDM-affected cattle.
Although central core-like structures might indirectly cause
fibre degeneration, impaired protein folding due to Hsp70
deficiency appears to underlie the pathogenesis of HMDM-
type myopathy.

Data depositions

The nucleotide sequences reported in this paper have been
deposited in the GenBank database under GenBank Acces-
sion Number for normal cattle HSPAIA & B, AY149618;
affected HSPAI1A & B, AY149619.
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A radiation hybrid map of bovine chromosome 24 and comparative
mapping with human chromosome 18
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We present herein a bovine chromosome 24 (BTA24) radiation hybrid (RH) map using
40 markers scored on a panel of 90 RHs. Of these markers, 29 loci were ordered with odds
of at least 1000:1 in a framework map. An average retention frequency of 17.4% was
observed, with relatively higher frequencies near the centromere. The length of the com-

Summary

prehensive map was 640 centiraysgop (CRspgo) with an average marker interval of
approximately 17.3 cRsgqo. The observed locus order is generally consistent with currently
published bovine linkage and physical maps. Nineteen markers were either Type I loci or
closely associated with expressed sequences and thus could be used to compare the BTA24
RH map with human mapping information. All genes located on BTA24 were located on
human chromosome 18, and previously reported regions of conserved synteny were
extended. The comparative data revealed the presence of at least six conserved regions
between these chromosomes.

Keywords bovine chromosome 24, radiation hybrid map.

Introduction

Previous mapping efforts demonstrated that human chro-
mosome (HSA) 18 is homologous to bovine chromosome
(BTA) 24. Hayes (1995) observed an exclusive conserva-
tion between HSA18 and BTA24 using fluorescence in situ
hybridization (FISH). Other cross-species chromosome
painting studies confirmed the homology between BTA24
and HSA18 and suggested a small part of BTA24 was also
painted by HSA4 (Solinas-Toldo et al. 1995; Chowdhary
et al. 1996). However, no gene present on HSA4 has yet
been assigned on BTA24. More than 18 loci on HSA18
have been previously assigned to BTA24 using somatic cell
panels (Womack et al. 1991; Larsen et al. 1996; Agaba
et al. 1997), ZOO-FISH techniques (Hayes 1995; Solinas-
Toldo et al. 1995; Chowdhary et al. 1996), linkage map-
ping (Agaba et al. 1997; Larsen et al. 1999) or radiation
hybrid (RH) mapping (Band et al. 2000). Most of these loci
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or associated microsatellites markers were represented in
BTA24 linkage maps (Barendse et al. 1997; Larsen et al.
1999; Kurar et al. 2002). Larsen et al. (1999) suggested
that gene order of this chromosome was not the same as
on HSA18 and that there were at least four conserved
regions. A BTA24 comparative map becomes more valu-
able as boundaries of the conserved regions are defined
more precisely.

A high-resolution BTA24 linkage map is now available to
conduct quantitative trait loci linkage studies (Kurar et al.
2002). However, the density of actual genes in this linkage
map is low and consequently its utility for comparative
mapping purposes is limited. In this study, we constructed
an integrated physical and linkage map of BTA24 using RH
mapping technology. The resulting BTA24 RH map was
compared with current BTA24 linkage maps and also
human mapping data.

Materials and methods

Bovine radiation hybrid panel

A hamster-bovine whole genome-radiation hybrid panel
(BOVRHS5) constructed by Womack et al. (1997) was used
for mapping. This RH panel consists of 90 hybrid cell
lines constructed by fusion of the Chinese hamster A23
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Figure 1 Bovine ASB75, ankyrin repeat, and suppressor of cytokine signalling (SOCS) box motifs. (a) Alignment of the ankyrin repeat of bovine
ASB15 (bASB15) with the consensus sequence for ankyrin repeats. (b) Alignment of the SOCS box motif of bASB75 to the consensus sequence for
SOCS box motif. Shaded regions indicate amino acid residues identical to the consensus sequence. Parentheses indicate alternate amino acids
contained in the consensus sequence, while X indicates an ambiguous amino acid.

bovine ASB15 sequence, respectively, and were identified by
general consensus sequence (Fig. 1a,b).

Genomic organization: Genomic sequence containing the bovine
ASB15 gene was obtained by restriction mapping, subcloning,
and sequencing fragments of clone 150A3 of the RPCI-42
bovine large insert BAC library (http://www.chori.org/bacpac/
mbovine42.htm). Sequencing primers were designed from
ASB15 cDNA sequence to recover the complete coding
sequence and identify all intron/exon boundaries. Comparison
of bovine ¢cDNA and genomic sequence revealed nine exons
(GenBank accession numbers AF541269-AF541277). This is
consistent with the genomic organization of human ASBI5
(GenBank accession number XM_095100).

Chromosome mapping: Chromosome localization was deter-
mined using bovine radiation hybrid (RH) and somatic cell
mapping panels. Dr James Womack kindly provided DNA
samples representing a 5000-rad cattle whole genome radi-
ation hybrid panel® and a bovine/hamster somatic cell panel?.
A fragment of ASB15 was polymerase chain reaction amplified
across the mapping panels using standard reaction ingredients
and conditions (forward primer: ATGTTTCCAGACCCCTCTACC,
reverse primer: GCCTGAGAAAGTAGCACAACC). Based on the
results from the somatic cell panel, ASB15 mapped to bovine
chromosome 4 with 100% concordance. The RH panel revealed
greatest linkage between ASBI5 and marker RMO6 7°
(LOD = 6.9). This location in the bovine genome corresponds
to the location of ASB1S on human chromosome 7 (http://
bos.cvm.tamu.edu/bovgbase.html).
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Source/description: Bacterial artificial chromosome (BAC) clones
from the RPCI-42 bovine BAC library (BAC PAC Resources,
Children's Hospital Oakland Research Institute, http://
www.chori.org/bacpac/mbovine42.htm) positive for known
microsatellite loci on bovine chromosome 19 (BTA19) as well
as known genes located on human chromosome 17 (HSA17)
having conserved synteny with BTA19 (Texas A&M University,
http://bos.cvm.tamu.edu/htmls/rhbov19.html) were identified
by polymerase chain reaction (PCR) amplification. A plasmid
library was constructed in dephosphorylated EcoRV digested
pBluescript 11 SK (+) (Stratagene, La Jolla, CA, USA) using
size-selected (300-500 bp) bovine BAC DNA restricted with
Alul. The library was screened with 3?P-labelled poly-(CA)
probes. Positive clones were sequenced with an ABI377
DNA Analyzer (Applied Biosystems, Foster City, CA, USA).
All sequences were queried against GenBank by BLAST
searching. Polymecrase chain reaction primers were designed
interactively with Primer v.3 (Whitehead Institute for
Biomedical Research, http://www-genome.wi.mit.edu/cgi-bin/
primer/primer3_www.cgi).

PCR conditions: Oligonucleotide primer pairs for each locus
(Table 1) were optimized for PCR amplification by testing over a
range of annealing temperatures (50-60 °C). Polymerase chain
reactions (15 pl total volume) included 25 ng genomic DNA,
1.67 mm MgCl,, 6.25 pmol each primer, 0.2 mm dNTPs, and
0.375 U Taq DNA polymerase (ABgene, Epsom, UK). Amplifi-
cations were performed in ABI GeneAmp PCR System 9700
(Applied Biosystems) under the following reaction conditions:
5 min at 94 °C; 30 cycles of 30 s at 94 °C, 30 s at annealing
temperature, 30 s at 72 °C; and a final extension of 7 min at
72 °C.
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Table 1 Bovine microsatellite information.

BAC Repeat Product Noof  Location Forward Reverse Accession

Microsatellite  clone Locus’ length  size (bp) alleles®  (cm) primer primer number

NLBCMK21 228124 DiK042 (GM18  190-06 7 82.3 CCCATGTGGCAAAC  TCAGAGTTTTT AY230652
ATAAAA CTTGTCCAGAGC

NLBCMK35 95L10 DIK042 (CA11 148-54 4 88.0 GAGCCAGGCCACGCT  AGGGGAGTTGCA AY230659
TTTATAG TTTTGATG

NLBCMK39 87A8 MSF (GMH14  178-02 7 89.8 CTTCTTGCAGCCCA TTITGGCAAAAA AY230661
TGAGA TGGCAAGTC

NLBCMK40 482D17  SECT4L1 (CAMT 141-67 9 91.0 CACGCCTTTCTCG AAGGCAGGGAAA AY230662
TGTGA AATAAATGC

NLBCMK28 491C3 DIK042 (GTY10  298-03 3 2R2.0 GCAACCACACACTC  TGACCTAGTT AY230655
AGAGGA CCAGCCAACA

NLBCMK29 491C3 DIK042 (GM9 264-84 4 920 TCAGCTGAGCAGAA  TGGAAAATTC AY230656
AGCAAA CAGCCTCAAG

NLBCMK30 71F21 IDVGA44  (CAY12  161-71 3 92.0 CTTTCCTCTGCTT CTATCAGGACAA AY230657
GGCCTCT CCGCCATC

NLBCMK25 308M15 IDVGA44 (CA16  145-71 9 925 AAGGCATTAACAG AGGCTGACAT AY230654
GCAGGTG GGGAGACAGT

NLBCMK24 27P4 IDVGA44  (CAY10  193-03 3 933 CCCTCGAAGTGTG ATCCTTGAAGCCC AY230653
GCAGAG TGGAAAC

NLBCMK31 71F21 IDVGA44  (CA)14  120-31 6 93.9 TCCCAGCTTTITCT AGATTTGTGTGTGTG  AY230658
TTTCCA TGTGTGTG

NLBCMK36 133G14  AANAT (GM10  150-56 3 95.0 TTCCCCAAGTAGG GGGGTCGCAGA AY230660
GATCAAA GAGATACAA

"MSF, MILL septin-like fusion protein; SEC14L1, SEC14-like 1 (Saccharomyces cerevisiae); AANAT, arylalkylamine N-acetyltransferase.

2In USDA-MARC cattle reference families (Bishop et al. 1994).

Polymorphism and chromosomal locations: Polymorphisms at
each locus were identified by examining 28 parents of the
USDA-MARC cattle reference families’. Deoxyribonucleic acid
fragments for each locus were amplified and labelled with three
fluorescent dyes (6-FAM, HEX and NED) in the PCR reaction.
Polymerase chain reaction products were examined with an
ABI3700 DNA Analyzer (Applied Biosystems). Allele sizes were
determined using ABI GeneScan and Genotyper software
(Applied Biosystems). Chromosomal assignments of microsat-
ellite loci were based on sex-averaged two-point LOD scores
>3.0 using CRI-MAP version 2.4°. Four new microsatellite loci
(NLBCMK21, 35, 28 and 29) derived from BAC clones con-
taining DIK042% at 89.8 cM on BTA19 were assigned from
82.3 to 92.0cm and four other new microsatellite loci
(NLBCMK30, 25, 24 and 31) derived from BAC clones con-
taining IDVGA44* at 93.3 cm on BTA19 were assigned from
92.0 to 93.9 cm. NLBCMK39 derived from a BAC clone con-
taining MLL septin-like fusion protein (MSF) assigned to
HSA17q25.3 was mapped at 89.8 cMv. NLBCMK40 derived
from a BAC clone containing SEC14-like 1 (Saccharomyces
cerevisiae) (SEC14L1) assigned to HSA17q25.3 was mapped at
91.0 em. NLBCMK36 derived from a BAC clone containing
arylalkylamine  N-acetyltransferase (AANAT) assigned to
HSA17q25.1 was mapped at 95.0 cm.
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Source/description: The SDC4 gene encodes the syndecan-4
protein. The syndecans are transmembrane heparan sulphate
proteoglycans that appear to act as receptors involved in
intracellular communication. The highly conserved tails of all
four members of the syndecan family contain a carboxy-
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Trypanosomosis, or sleeping sickness, is a major disease constraint on
livestock productivity in sub-Saharan Africa. To identify quantitative
trait loci (QTL) controlling resistance to trypanosomosis in cattle, an
experimental cross was made between trypanotolerant African
N’Dama (Bos taurus) and trypanosusceptible improved Kenya Boran
(Bos indicus) cattle. Sixteen phenotypic traits were defined describing
anemia, body weight, and parasitemia. One hundred seventy-seven
F; animals and their parents and grandparents were genotyped at 477
molecular marker loci covering all 29 cattle autosomes. Total genome
coverage was 82%. Putative QTL were mapped to 18 autosomes at a
genomewise false discovery rate of <0.20. The results are consistent
with a single QTL on 17 chromosomes and two QTL on BTA16.
individual QTL effects ranged from ~6% 1o 20% of the phenotypic
variance of the trait. Excluding chromosomes with ambiguous or
nontrypanotolerance effects, the allele for resistance to trypanoso-
mosis originated from the N'Dama parent at nine QTL and from the
Kenya Boran at five QTL, and at four QTL there is evidence of an
overdominant mode of inheritance. These results suggest that selec-
tion for trypanotolerance within an F cross between N'‘Dama and
Boran cattle could produce a synthetic breed with higher trypano-
tolerance levels than currently exist in the parental breeds.

frican tsetse fly-transmitted trypanosomosis (ATT) affects a

wide range of wild and domesticated animal species. The
consequences of infection include anemia, weight loss, lymphade-
nopathy, infertility, and abortion. In susceptible animals, death may
result within a few weeks to several months after infection (re-
viewed in refs. 1-3). In cattle alone, ATT is estimated to cost the
sub-Saharan African economy billions of U.S. dollars annually (3).
Trypanocidal drugs are expensive and may be rendered ineffective
by drug resistance, vector control can be environmentally damaging
and difficult to maintain, and there is no vaccine for ATT. In
consequence, despite a century of research, ATT still ranks among
the world’s more serious livestock diseases.

A small number of indigenous African ruminant breeds that
are “trypanotolerant” (i.e., relatively resistant to the conse-
quences of infection) may provide a means to mitigate the
ravages of the disease. Under ATT challenge, trypanotolerant
animals are better able than trypanosusceptible animals to
control parasite proliferation, maintain their packed red blood
cell volume (PCV), mount an immune response, and maintain
body weight. Among trypanotolerant cattle breeds, the West
African N'Dama (Bos taurus) is the best characterized (4-11).

Trypanotolerance in N'Dama cattle was identified as a poten-
tially rewarding area for quantitative trait loci (QTL) mapping (12).
Construction of the required F population between trypanotoler-
ant N'Dama and a susceptible breed was initiated in 1989 (13).
Thus, the experiment described here was among the first to
construct a livestock population specifically for QTL mapping.

Materials and Methods

Resource Families for Mapping. In 1983, with the assistance of the
International Trypanotolerance Center (Banjul, The Gambia),

www.pnas.org/cgi/doi/10.1073/pnas.1232392100

embryos were collected from N’Dama cows in The Gambia.
They were implanted into recipient cows of the trypanosuscep-
tible improved Kenya Boran breed (Bos indicus; in all that
follows, the term “Boran” will refer to “improved Kenya Bo-
ran”), and five N'Dama males and five N’Dama females were
born in 1984 (14). In 1989, construction of large full-sibling F,
families was initiated by crossing four of the five N°'Dama males
with four Boran cows by using multiple ovulation and embryo
transfer (MOET) into surrogate Boran dams (13, 14).%¢ Four
large F; families were produced and subsequently intercrossed to
produce by MOET seven F; families, comprising 177 offspring
in total, that were genotyped and used for QTL analysis. Family
size ranged from 21 to 39; families 1, 2, 5, and 6 had the same
N’Dama and Boran grandparents; and families 3, 4, and 7 shared
a different set of N'Dama and Boran grandparents. The F,
animals were born between November 1992 and September
1996. The structure of the pedigree can be found in Fig. 1, which
is published as supporting information on the PNAS web site,
WWW.pnas.org.

Challenge and Phenotypic Recording. Twenty-three groups of F;
animals, each containing 3-13 calves born over a period of 3
weeks, were reared on their Boran dams at Kapiti Plains Estate,
a tsetse fly-free area near Nairobi. Weaning was at 8 mo of age,
and after a further 2 mo the animals were moved to the
International Livestock Research Institute (ILRI), also a tsetse
fly-free area, for a 2-mo period of acclimatization. This was
followed by ATT challenge at 12 mo of age with Trypanosoma
congolense clone IL1180 (16, 17), delivered through the bites of
eight infected tsetse flies Glossina morsitans centralis (18, 19).
Phenotyping of the last group ended in January 1998.

Trait monitoring began 3 wk before challenge and continued
until 150 days after challenge. PCV, level of parasitemia (estimated
by the dark-ground/phase contrast buffy coat method) (20), and
body weight were recorded at least once per week. Twenty-eight of
the F; offspring in which PCV declined to =12% were treated and
removed from the experiment. The mean day of treatment was day
98 (minimum day 14, maximum day 146) after ATT challenge. For
these animals, the value of the phenotypic traits on the last

Abbreviations: ATT, African tsetse fly-transmitted trypanosomosis; PCV, packed red blood
cell volume; QTL, quantitative trait loci; ILRI, International Livestock Research Institute;
PCVI, initial PCV; BWI, initial body weight; BWM, mean body weight; BWF, final body
weight; FDR, false discovery rate; PCVM, minimum PCV; PCVF, final PCV; PCVFM, PCVF
minus PCVM; PCVD, percentage decrease in PCV; PARMLN, mean of natural logarithm of
parasites; PARLNM, natural logarithm of mean number of parasites.
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Table 1. Phenotypic traits for QTL mapping analysis

Prechallenge {nontrypanotolerance) traits

PCVI PCVI (mean PCV days 21-0) before challenge
BWI BWI (BWM days 21-0) before challenge

Ambiguous (trypanotolerance or
nontrypanotolerance traits)
8WM
Postchallenge (trypanotolerance) traits
PCV
PCVF
PCVM
PCVI minus PCVF (PCVIF)
PCVI minus PCYM (PCVIM}
PCVFM
PCV variance (PCVV)
PCVD150

BWM after challenge (days 0-150)

PCVF (day 150 or day before treatment)

PCVM recorded during the postchallenge period (days 0-150)
PCVI (day 0) minus PCVF

PCVI (day 0) minus PCVM

PCVF (day 150 or last day before treatment) minus PCVM
Variance of the PCV values postchallenge (days 0-150)
Percentage decrease in PCV up to day 150 after challenge

[(Mean PCV days 0-11) — (mean PCV days 13-150)]/(mean PCV days 0-11)

PCVD100

Percentage decrease in PCV up to day 100 after challenge

[(Mean PCV days 0-11) — (mean PCV days 13-100)]/(mean PCV days 0-11)

Body weight
BWF/BWI
BWD 150

BWF scaled by BWI
Percentage decrease in body weight up to day 150 after challenge

[(BWM days 0-11) — (mean BWM days 13-150)]/(BWM days 0-11)

Parasitemia
PARMLN

Mean of natural logarithm (ni + 1), ni = number of parasites at day /

after challenge (days 11-150)

PARLNM
Detection rate (DR60-150)

Natural logarithm of the mean number of parasites after challenge (days 11-150)
Number of times an individua! is detected to be infected (days 60-150)

BWD, percentage decrease in body weight.

recording day before treatment was taken as the value of the trait
for the remainder of the challenge period. Six N’'Dama controls and
six Boran controls were challenged with the F; offspring to serve as
positive controls for the challenge procedure.

Phenotypic Traits for QTL Analysis. We used a set of 16 phenotypic
traits (Table 1). Some of these traits correspond to traits that
were analyzed biometrically by van der Waaij (ref. 21; and see
ref. 22). The two prechallenge traits, initial PCV (PCVI) and
initial body weight (BWI), were considered unrelated to
trypanotolerance. Mean body weight (BWM) in the postchal-
lenge period is an ambiguous trait because it can be affected by
both BWI, a nontrypanotolerance trait, and weight loss after
challenge, a trypanotolerance trait. Thus, alleles with positive
effects on BWM can derive from nontrypanotolerance loci
through effects on BWI or from trypanotolerance loci through
effects on weight loss after challenge. The remaining postchal-
lenge traits were all directly related to trypanotolerance. These
include traits related to changes in PCV, body weight after
challenge, and parasitemia. It should be noted that for most of
the trypanotolerance traits, a lower trait value is associated with
higher trypanotolerance. The exceptions are minimum PCV
(PCVM), final PCV (PCVF), PCVF minus PCVM (PCVFM),
final body weight (BWF), BWI, and BWM. Spearman correla-
tion coefficients between the 16 traits are presented as Table 4,
which is published as supporting information on the PNAS web
site. Means and SD were calculated by using the MULTIQTL
software package (http://esti.haifa.ac.il/~poptheor).

DNA Isolation and Molecular Typing. DNA was isolated from blood
according to a standard protocol (23). PCR conditions for micro-
satellite amplification were as described (24, 25). Fluorescent PCR
products were coloaded and separated on automated DNA se-
quencers (ABI PRISM 377, Applied Biosystems). Fragment length
identifications were performed by using GENESCAN 672 (Version
2.0.2, Applied Biosystems) and GENOTYPER (Version 2.0, Applied
Biosystems) software. Approximately half of the microsatellites
were genotyped at ILRI and the remainder were genotyped at the

7444 | www.pnas.org/cgi/doi/10.1073/pnas.1232392100

Shirakawa Institute of Animal Genetics (Fukushima, Japan) and
the University of Liverpool (Liverpool, UK.). Nonmicrosatellite
markers were genotyped at the Bernhard Nocht Institute of Trop-
ical Medicine (Hamburg, Germany).

QTL Analyses. Four hundred seventy-seven markers, mainly micro-
satellites, distributed among the 29 cattle autosomes were geno-
typed in the 177 F, animals, 14 F; parents, and 8 F grandparents.
By tracing alleles from the grandparent to the F, generation, F,
marker genotypes were recorded as NN (both alleles of N'Dama
origin), BB (both alleles of Boran origin), or H (NB or BN, with one
allele of N’Dama origin and one of Boran origin). The genotyping
data on the seven F, families were pooled, assuming the grandpa-
rental generation Fy to be fixed for alternative susceptible or
tolerant QTL alleles (26-28). The linkage map position of the
markers is available from the U.S. Department of Agriculture
(USDA) and Commonwealth Scientific and Industrial Research
Organization (CSIRO) publicly available linkage maps (www.marc.
USDA .gov/genome/genome.html and www.cgd.csiro.au, respec-
tively). The markers in common with the USDA cattle linkage map
were first placed along each autosome in accordance with the
published order, then, by using the information of the CSIRO map,
the remaining markers were placed into the linkage group. In the
few cases where the position of the marker was ambiguous, the
position of the marker showing the smaller number of single
crossing-over with flanking markers was chosen. Genotyping data
of markers <10 centimorgans (¢cM) apart were combined, filling in
for the most informative marker the missing genotypes (NN, BB, or
H), as inferred from the other markers when available. Data on
markers or groups of markers showing <120 observations were not
used in the analysis, with the exception of one marker on BTA22,
n = 113, and two markers on BTA21, » = 117 and n = 119. The
total number of markers or groups of markers was consequently
reduced to 210 (genotyping data available on request from O.H.).
The total length of the autosomal map, calculated by adding the size
of each chromosomal linkage group, was 2,256 ¢cM or 82% of the
USDA linkage map.

All traits were corrected by least-squares analysis of variance for
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Table 2. Characteristics of the phenotypic traits of N'Dama (trypanotolerant) and Boran (trypanosusceptible) controls and F, animals

N’‘Dama control,  Boran control,

mean = SD mean * SD Fa, F2,
Traits* (n =6) (n=286) Interpretation F2, mean £ SD  maximum  minimum Fa, outliers
PCVI 36.60 = 5.47 38.70 + 3.98 No breed difference in PCV 36.63 = 3.36 46.16 27.18 —
BWI 135.50 + 24.67 253.90 + 115.63  Breed body weight greater in Boran  156.31 = 90.35 202.55 98.14 90.35
BWM 140.05 = 26.38 241.40 = 111.44  Breed body weight greater in Boran  154.51 + 20.66 209.42 100.87 20.66
PCVM 20.57 + 2.88 14,00 = 1.37 Lower decrease in PCV in N’'Dama 16.26 + 7.91 24.45 10.85 25.27, 27.04
PCVF 28.80 = 3.33 14.76 + 2.43 Faster PCV recovery in N'Dama 21.78 = 4.24 36.5 10.90 —
PCVIF 7.83 + 6.06 23.98 + 4.50 Faster PCV recovery in N'Dama 15.04 = 3.62 33.45 —1.55 —6.94
PCVIM 15.98 + 6.82 24.65 = 3.73 Lower decrease in PCV in N'Dama 20.23 + 6.24 29.34 9.09 5.44, 9.09, 32.39
PCVFM 8.20 + 2.40 0.70 = 1.40 Little or no PCV recovery in Boran 5.29 * 2.06 16.16 -0.04 17.45
PCVV 17.57 = 7.09 35.60 = 7.72 Less variation of PCV in N'Dama 26.95 £ 6.30 42.55 13.59 46.39
PCVD150 26.68 = 13.12 47.48 + 5.45 Lower decrease in PCV in N'Dama 42.11 £ 9.36 62.41 14.16 13.01
PCVD100 27.88 = 14.07 44.49 + 4.44 Lower decrease in PCV in N'Dama 40.99 + 8.00 60.2 19.21 11.18
BWF/BWI 1.14 = 0.09 0.88 = 0.23 Greater weight recovery in N'Dama 0.97 £ 0.12 1.26 0.71 —
BWD 150 16.14 = 4.83 25.79 =474 Less decrease in weight in N'Dama 20.25 = 0.45 21.52 18.78 —
PARMLN 2.66 = 0.72 5.17 £ 0.43 Fewer parasites in N'Dama 3.37 = 0.16 5.53 1.61 0.84
PARLNM 2.42 + 0.86 489 £ 1.22 Fewer parasites in N'Dama 3.47 £ 0.75 5.51 1.60 5.95
DR&60-150 0.27 = 0.08 0.46 + 0.07 Fewer parasites in N'Dama 0.45 = 0.16 0.85 0.02 0.97

*See Table 1 for definitions of the traits.

sex and time of challenge. With the exception of BWI, none of the
traits were corrected for group effects, because the groups were of
different sizes and with unequal representation of F, individuals
from different families. BWI was corrected for group effect,
because this trait is subject to seasonal environmental factors, and
the animals were reared for the first 10 mo of their lives at the ILRI
Kapiti Plains Estate and only then moved to more controlled
conditions at ILRI Kabete. Outliers (listed in Table 2) with trait
values greater than *3 SD of the mean of the trait were removed
before QTL analysis. The distributions of some traits deviated from
normality (namely, PCVEM, PCVM, PCVD150, PCVD100, and
PARLnM). These traits were transformed and the QTL analysis
was repeated. Very similar results were obtaincd with only a slight
improvement in statistical significance (data not shown). Therefore,
for consistency, only nontransformed traits were used for QTL
mapping.

Single-trait QTL mapping analysis was performed on the basis of
the standard single-interval maximum likelihood model (29) by
using the software package MULTIQTL. For each marker, the
MULTIQTL software package uses “virtual” marker restoration by
calculating the three probabilities (for NN, BB, and H) for each
missing genotype based on available scores of the nearest-neighbor
markers, and these probabilities enter the likelihood function.
Logarithm-of-odds scores and P values were calculated for
all trait-by-chromosome combinations with the significance of
the QTL estimated after 10,000 chromosomewise permutation
tests (30).

The MULTIQTL program was first run as a general model, with
parameters d (main effect) and & (dominance) both fitted. The
dominance ratio, D, was taken as 2k /d, where d is the difference
between the means of the F, homozygotes calculated as NN —
BB, and 4 is the mean value of the F; heterozygotes minus the
mean of the NN and BB homozygotes. The trypanotolerant
allele was assigned to the N’ Dama grandparent when the sign of
d or h was the same as the sign of the difference of the mean
values of the trait in the control animals (N'Dama mean minus
Boran mean). The trypanotolerant allele was assigned to the
Boran grandparent when the reverse was true.

The genetic model for the QTL allele was then set as additive
when —0.50 << D < 0.50, dominant when 0.50 << D < 3.00, recessive
when —0.50 > D > —3.00, and overdominant when D > 3.00 or D <
—3.00, and the analysis was repeated under the appropriate genetic
model: additive (¢ = *d/2), dominant or recessive (¢ = *d), or
overdominant (d = 0). The cut-off point for the additive model was
set as half the distance from complete additivity (D = 0) and
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complete dominance or recessiveness (D = 1.0 or —1.0). An
overdominant model was chosen when the main effect was very
small relative to the dominance effect. There was a fairly continuous
distribution of D values until D = =3.0; then there was a series of
very high values. Hence, D = 3.0 was taken as the effective cut-off
value for overdominance. The MULTIQTL package does not estimate
the power of discrimination between corresponding models. There-
fore, only tests of significance between the models were performed.
This was tested for situations where the logarithm of odds was
rather high, so that one could expect some of the submodels to
differ from the general model (see Table 5, which is published as
supporting information on the PNAS web site, for the full results of
the QTL analysis).

The false discovery rate (FDR) (31, 32) was used to set signif-
icance levels. Critical comparisonwise error rates (P values), esti-
mated by permutation test for FDR 0.05, FDR 0.10, and FDR 0.20,
were P < 0.0008, 0.0043, and 0.0185, respectively. The chromo-
somal location of the QTL was taken as the position with the highest
logarithm-of-odds score; its SE was calculated after 5,000 boot-
strappings (33). With the exception of BTA16, the results were
consistent with a single QTL per chromosome affecting several
correlated traits; hence, the estimated QTL location was calculated
as the average location across traits weighted by their SE. The
individual QTL effect for a given phenotypic trait was estimated as
the proportion of the observed F, phenotypic variance explained by
the QTL.

Results

BWI of the Boran control animals were almost twice that of the
N’Dama, whereas PCVI were similar. Under challenge, the supe-
rior trypanotolerance of the N'Dama was evident in all traits (Table
2). None of the six N’'Dama controls needed treatment at any point
during or after the challenge period, whereas five of the six Boran
controls had to be removed from the experiment when their PCV
values fell to 12% or less and treatment was required to prevent
probable death. The Boran suff:red a greater proportional loss of
body weight than the N'Dama (BWD 150). By the end of the
experiment, the N’Dama had recovered their body weight, whereas
the Boran had not (BWF/B*VI). The decrease in PCV (PCVI
minus PCVM) was less for N'Dama than for Boran, and the
recovery in PCV (PCVFM) was greater for N'Dama than for
Boran, which showed little recovery. Mean number of parasites
after challenge (PARMLn and PARLnM) and parasite detection
rate (DR60-150) in the N’Dama were about half those in the
Boran.
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Table 3. Characteristics of the mapped QTL

Trait 1 2 4 7 8 13 14 16 17 20 22 23 24 25 26 27 28 29
PCVI

BWI

BWM R*9.6 D 7.8

PCVM AYT7.2

PCVF

PCVIF R*™ 119

PCVIM R 15.3 o8t R 8.1

PCVFM

PCVV

PCVD150 A*6.6

PCVD100 {A) 6.7

BWF/BWI 07204
BWD 150

PARMLN R 16.4

PARLNM D112 (D)6.1 D" 13.4
DR60-150 (R)8.2 D88

Numbers on the top row of the table indicate BTA (e.g., 1 indicates BTA1). For each chromosome-trait combination, the significance, genetic model, and breed
origin of the QTL are indicated as well as the percentage of the F, phenotypic variance explained by the QTL. Genetic model: A, additive; R, recessive; D, dominant;
D, overdominant; R, negative overdominance; level of significance: () = P < 0.1; *, P < 0.0185 (FDR 20%); **, P < 0.0043 (FDR 10%); ***, P < 0.0008 (FDR 5%).
The origin of the aliele conferring higher trypanotolerance or increase in body weight is indicated by black (for N'Dama) or gray (for Boran).

All F, animals showed a decrease in PCV and loss of body
weight after challenge. By the end of the experiment, none of the
PCV values in the F, offspring had reached prechallenge values,
although some of the animals had recovered their body weight
(Table 2, BWF/BWI). Typically, the level of parasites decreased
over the course of the experiment. A proportion of F, animals
had become aparasitemic based on the visual scoring method
used. It is possible that these animals were truly free of parasites.
However, this would be somewhat surprising, because persis-
tence of infection, albeit at very low levels, is common even in
the N'Dama. A more plausible alternative is that apparently
self-curing animals were parasitemic, but at levels below the
detection limit of the method used.

Table 3 shows the traits with significant effects at FDR =0.20,
according to chromosomes. In addition, because of the strong
correlations among trypanotolerance traits (see Table 4), if
one of the trypanotolerance traits on a chromosome was signif-
icant at FDR =0.20, then all trypanotolerance traits having
comparisonwise error rates of P < 0.10 are also shown, on the
assumption that they all reflect effects of the same underlying
QTL. For each listed trait, Table 3 also shows the breed origin
and dominance status of the chromosomal haplotype with
positive effects on trait value for the nontrypanotolerance traits,
and degree of trypanotolerance for the trypanotolerance traits.
The full details of the QTL analysis are in Table 5.

All 16 defined phenotypic traits were associated with putative
QTL, with 40 significant trait-chromosome combinations on 18
different chromosomes (FDR =0.20). All but four traits (PCVI,
PCVF, PCVFM, and PARMLn) were associated with significant
effects on more than one chromosome.

For the nontrypanotolerance traits, highly significant effects were
found for PCVI on BTA1 and for BWI on BTA28. The effect on
PCVI was not accompanied by an effect on the trypanotolerance
traits. The positive effect on BWI was associated with the haplotype
derived from the Boran grandparent, as expected on the basis of the
breed difference. This positive effect was recessive.

With respect to BWM, there was also a significant effect on
BTAZ28 with the positive effect derived from the Boran. This is
probably a secondary consequence of the etffect on BWI of the
putative QTL on this chromosome. Hence, we do not include this
effect among the positive effects on trypanotolerance. In addi-
tion, there was a significant negative overdominance effect on
BTAS, which was not associated with significant effects on either
BWI or the trypanotolerance traits. Its interpretation is unclear.
Three remaining effects on BWM on BTAZ2, -7, and -26 (one
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significant, the other two at P < 0.10) were all associated with
strong effects on one or more other trypanotolerance traits,
without a significant effect on BWI. In all three cases, the
haplotype with positive effect derives from the N'Dama. Thus,
the positive effect on BWM in these instances is probably a
secondary effect of the trypanotolerance locus.

Fifteen chromosomes had effects on the trypanotolerance
traits. Of these, seven chromosomal haplotypes of N’'Dama
origin (BTA2, -7, -14, -22, -24, -26, and -27) and two chromo-
somal haplotypes of Boran origin (BTA17 and -20) were asso-
ciated with positive effects on trypanotolerance. In addition, the
positive haplotype of BTA16 had a mixed origin with two
positive effects of N'Dama origin and one of Boran origin, and
BTA13 had a positive effect of Boran origin and two due to
overdominance. Four chromosomes (BTA4, -23, -25, and -29)
showed significant effects due to overdominance.

QTL were identified on BTA4, -14, -22, and -23 through only
one of the defined trypanotolerance traits. QTL on the remain-
ing 11 chromosomes were identified through more than one trait
(i.e., at least one significant effect at FDR =0.20 and one or
more effects that were either significant or at P < 0.10). For two
of these chromosomes (BTA4 and -23), the effect was due to
overdominance, and it involved a parasitemia trait. On the other
two chromosomes (BTA14 and -22), the effects were recessive
with the positive haplotype derived from the N'Dama.

A conservative interpretation of these results is that, with the
exception of BTA16, a single QTL has been identified per
chromosome and that differences in the spectrum of effects
presented are due to sampling variation.

Of the 40 significant effects (FDR =0.20), 22 showed a
recessive or negative overdominance mode of action, 12 showed
a dominant or overdominant mode of action, and 6 showed an
additive mode of action. The majority of the recessive effects was
concentrated among the correlated PCV trypanotolerance traits,
whereas for the parasitemia trypanotolerance traits, there was a
slight excess of dominant compared with recessive effects. The
genetic model for the inheritance of the trypanotolerance allele
was the same for all significant trait-chromosome combinations
on BTA13, -16, -17, -20, -24, -27, and -29. However, on BTA2,
there were additive and recessive effects for trypanotolerance,
and on BTA26 there were recessive, additive, and dominance
effects for trypanotolerance. The overall consistency of domi-
nance effects on a given chromosome supports the hypothesis
that all effects detected are associated with a single QTL.
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When a higher trait value is associated with higher trypano-
tolerance, dominance for trait value is also dominance for
trypanotolerance. As noted above, however, for most of the
trypanotolerance traits, a lower trait value is associated with
higher trypanotolerance. For these traits, a recessive effect on
trait value is a dominant effect on trypanotolerance. Therefore,
when coded to express effects on trypanotolerance, 17 of the 35
significant effects on trypanotolerance traits showed a dominant
(or overdominant) mode of action, 6 showed additive action, and
12 showed a recessive (or negative overdominant) mode of
action. Thus, there is a slight preponderance of dominant effects
at the trypanotolerance level. In this case, the dominant effects
were concentrated among the PCV traits, body weight traits were
equally divided among dominant and recessive effects, and
parasitemia traits showed mostly recessive effects.

Table 3 indicates also the proportion of phenotypic variance
of the traits in the F, population explained by individual QTL
identified at P < 0.1, for chromosomes with at least one effect
significant at FDR =0.20. The proportion explained for indi-
vidual chromosome—trait combinations ranges from 6% to 20%.
Effects averaged ~10% and were similar among categories
(PCV, body weight, and parasitemia). The total proportion of
the phenotypic variance explained across all chromosomes car-
rying putative QTL ranges from 8.2% (PCVF, one chromosome)
to 63% (PCVD150, seven chromosomes).

Discussion

The results strongly support a multilocus model for the inheri-
tance of trypanotolerance. Several QTL on several chromo-
somes contribute to the three major tolerance indicators: ane-
mia, body weight, and parasitemia controls. Summing the
individual gene effects at a single trait, the proportion of the
phenotypic variance of the traits explained by these QTL remains
relatively low (Table 3). It should also be noted that estimated
effects of QTL that are detected in experiments of only moderate
power tend to be overestimated. This suggests the presence of (i)
other QTL affecting trypanotolerance that are segregating in the
N’Dama; (if) other QTL with effects too small to be detected in
this experiment; and/or (iif) environmental or complex epistatic
effects affecting the traits under consideration.

At four chromosomes (BTA13, -16, -17, and -20) showing
significant effects on trypanotolerance, the trypanotolerance hap-
lotype appears to derive from the susceptible Boran. The origin of
these Boran trypanotolerant haplotypes is unclear. The improved
Boran at Kapiti Plains Estate that were the source of “Boran” genes
in this study have not been exposed to ATT, because the herd was
established many decades ago. Moreover, the four Boran founders
of the F, population required treatment when challenged with the
same clone of parasite as that used in the F, study, whereas the
N’Dama founders did not. However, all existing evidences point to
the Boran breed having evolved in a broad region from southern
Sudan across southern Ethiopia to southern Somalia, and tsetse
flies were present in parts of this region until relatively recent times.
Thus, it is possible that the forebears of the Kapiti Plains Estate
Boran had been exposed to ATT and, as a result, may have evolved
a degree of tolerance. There are also anecdotal reports that the
Boran, although susceptible when compared with the N'Dama,
withstand ATT better than exotic European breeds. In this context,
the Orma Boran, a breed with the same origin as the Kenya Boran
but which, unlike the latter, has been maintained in a high-challenge
tsetse-infested area (34), has been reported to be relatively trypano-
tolerant (35, 36). Moreover, positive heritability estimates for
trypanotolerance were found in East African B. indicus cattle in
Ethiopia (37). Alternatively, the improved Kenya (Kapiti) Borans
have probably always faced, and are relatively resistant to, tick-
borne diseases. These are caused by hemoprotozoa that induce
severe anemia in susceptible individuals. Although not sufficient on
their own to provide protection against ATT, the loci involved
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might contribute to anemia control after ATT infection in cross-
bred N'Dama X Boran animals. Indeed, three of the four Boran
trypanotolerance QTL (BTA16, -17, and -20) exerted their primary
positive effects on control of PCV.

Although the two parental breeds differ strongly in body weight
and trypanotolerance, the experiment uncovered (excluding those
with ambiguous effects) only a single chromosome (BTA28) af-
fecting BWI with a QTL explaining ~10% of the F, phenotypic
variance, whereas 15 chromosomes affecting trypanotolerance were
revealed. This seemingly anomalous result is readily accommodated
by the different evolutionary histories of the two traits. Trypano-
tolerance is a trait for which an extreme phenotype is optimal.
Hence, alleles of strong positive effect will tend to reach fixation
rapidly. The experiment was of a magnitude that can detect alleles
of large effect (26, 38). In contrast, body weight is a trait for which
an intermediate phenotype is optimal. In this case, alleles of large
effect are eliminated by stabilizing selection, and genetic variation
is due to alleles generally of too small effect to be detected in an
experiment of the present size.

Of the five chromosomes affecting parasitemia, only two
(BTA13 and -29) show a significant effect on PCV or body
weight. Furthermore, in the case of BTA13, the parasitemia
effect maps as an outlier with respect to the PCV effects. It
should also be noted that a recessive model applies to most of the
PCV QTL, whereas a dominant or overdominant (dominant)
model is associated with four of five of the QTL controlling
parasitemia. Thus, the genetic control of anemia and parasitemia
after infection may be distinct.

The use of only measures of change in body weight under
challenge to select for trypanotolerance in a synthetic popula-
tion, although convenient, might miss many of the relevant QTL.
Indeed, although in a number of chromosomes (BTA2, -7, and
-26) body-weight effects under challenge were associated with
trypanotolerance as reflected in PCV and parasitemia, there was
an isolated high-body-weight effect on BTA28. Moreover, on
most chromosomes, positive PCV and/or parasitemia effects
were not associated with effects on body weight. Selection for
trypanotolerance in N°Dama populations or in synthetic popu-
lations formed by crossing N'Dama and susceptible breeds
might, however, be based jointly on parasitemia and PCV traits,
because control of anemia is often unaccompanied by control of
parasitemia and vice versa (refs. 2 and 21; see Table 5). Also, the
finding that BTA28 carries a QTL with a strong positive effect
on body weight without any effects on trypanotolerance suggests
that marker-assisted introgression of this chromosome from the
Boran to the N°Dama may result in an increase in body weight
while preserving trypanotolerance.

The finding of trypanotolerance QTL not present in the N'Dama
but present in the Boran (BTA17, -20, and -16) raises the exciting
possibility that selection for trypanotolerance within an F, cross
between N’Dama and Boran cattle would produce a synthetic breed
that would exceed either parental breed in trypanotolerance terms.
This is supported by the presence of some F, animals showing
higher levels of trypanotolerance than any of the N'Dama controls
(Table 2). Also, chromosomal regions carrying positive QTL alleles
identified in this study and heavily marked by microsatellites and
single-nucleotide polymorphisms could be introduced into more
productive breeds to provide a degree of trypanotolerance. How-
ever, the large number of chromosomes carrying trypanotolerance
QTL identified suggests that in most instances marker-assisted
selection from an F, population, rather than marker-assisted in-
trogression, would be the most effective way to produce synthetic
breeds combining high productivity and trypanotolerance.

The map locations of the trypanotolerance QTL also provide
a platform for a search for population-wide linkage disequilib-
rium between marker loci and QTL affecting trypantolerance in
purebred N'Dama cattle and, particularly, in admixture popu-
lations produced in the recent or more distant past by crosses
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between N’Dama and susceptible breeds. Population-wide link-
age disequilibrium of this nature can be a powerful tool for
within-breed selection.

Recently, trypanosomosis-resistance QTL have been mapped
in a mouse model (15, 39) after infection with the same clone of
T. congolense as that used in the cattle study reported here.
Ongoing comparative mapping has so far revealed a region of
homology between one of the cattle chromosomal regions
containing a trypanotolerance QTL identified in this study
(conferring control of parasitemia on BTA7) and a chromosomal
region in the C57BL/6 mouse containing a major QTL linked
to survival time after infection (40). Thus, the mouse model
may enable the genes corresponding to the mapped cattle
QTL affecting trypanotolerance to be identified. This will en-
able much more effective use of marker-assisted selection and
introgression for improvement of trypanotolerance in domestic
livestock.
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Construction of YAC/BAC Contig Map for the BTA
6q21 Region Containing a Locus for Bovine
Chondrodysplastic Dwarfism

Haruko Takeda* and Yoshikazu Sugimoto

Shirakawa Institute of Animal Genetics, Odakura, Nishigo, Fukushima, Japan

ABSTRACT

To characterize the bovine chromosome 6q21 for bovine chondrodysplastic dwarfism
(BCD), we developed 48 new microsatellite markers from yeast artificial chromosome
(YAC) and bacterial artificial chromosome (BAC) clones using a modified magnetic
bead capture method. These new markers were used to construct a high-resolution
physical map of the region with a total of 85 loci. The physical map will be a powerful
tool for successful positional cloning experiments.

INTRODUCTION

A high resolution physical map of clone contigs is critical for positional cloning. The
map enables the ordering of genes and markers using a sequence-tagged site (STS)-content
mapping and provides sequence-ready genomic resources for cloning the targeted genes.

Bovine chondrodysplastic dwarfism (BCD) in Japanese brown cattle is an autosomal
recessive disorder with the phenotype of short limbs, joint abnormality, and ateliosis (1,2).
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A locus responsible for BCD was mapped in an 11-cM region between microsatellite
markers BP7 and BM9257 on bovine chromosome (BTA) 6q21 (3). To characterize the
BTA 6q21 region, we modified the magnetic bead capture method to rapidly and efficiently
isolate microsatellites from yeast artificial chromosome (YAC) and bacterial artificial
chromosome (BAC) clones. Among STS markers, microsatellite markers are particularly
useful for coordinating the physical map with a genetic map of the corresponding
chromosomal region. Several approaches using the magnetic bead capture method were
recently developed for a rapid isolation of microsatellites from total genomic DNA (4,5).
In this method, biotinylated (CA)n probes are used to capture the complementary
microsatellites. The captured microsatellites are subsequently immobilized on streptavi-
din-coated magnetic beads, purified, and employed to construct a (CA)n-enriched library.
Because all experimental steps are performed in solution, the method is time- and space-
saving as compared with a typical colony-hybridization strategy.

In the present paper, we describe details of the construction of a high-resolution
physical map spanning an 8-cM region of BTA 6q21, a critical region for BCD.

MATERIALS AND METHODS

Screening of Yeast Artificial Chromosome/Bacterial
Artificial Chromosome Clones

A bovine YAC library (6) was screened using a polymerase chain reaction (PCR)-
based method. The bovine BAC library (RPCI-42) purchased from Children’s Hospital
(Oakland, CA) was screened by colony hybridization with high-density filters. The bovine
YAC/BAC libraries were screened with microsatellite markers and genes located in the
critical region of BTA 6q21. Newly developed microsatellite markers and STS markers
derived from the screened YAC/BAC clone ends were also used for screening.

Isolation of (CA)n Microsatellite Markers from Screened Yeast Artificial
Chromosome/Bacterial Artificial Chromosome Clones with Modified
Magnetic Bead Capture Method

Microsatellites from YAC 192D2 and YAC 74A6 clones were isolated using a
standard colony hybridization strategy (7). Microsatellites from the YAC/BAC clones
listed in Table 1 were isolated using the magnetic bead capture method (4,5) with some
modifications as follows. The YAC/BAC DNAs were randomly fragmented by neb-
ulization rather than digestion with restriction enzymes, because digestion depends on
genome base compositions and recognition sequences. Transformed clones were sub-
jected to sequencing without selection by colony-hybridization or plasmid DNA
purification.

For the modified magnetic bead capture method, YAC DNAs were separated in 1.2%
low-melting point agarose using pulsed-field gel electrophoresis, cut out from the agarose,
and solubilized with beta-agarase (FMC BioProducts, Rockland, ME). Bacterial artificial
chromosome DNAs were extracted using a standard alkaline lysis protocol. One to five
YAC or BAC DNAs (1-10 pg in total, Table 1) were pooled and sheared using a disposable
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medical nebulizer (Okada Medical Products, Tokyo, Japan) (8). Nebulization for ~90s at
~3 kg/cm® generated DNA fragments in the range of 4001500 bp. The DNA fragments
were blunt-ended with a Blunting High Kit (Toyobo, Osaka, Japan) at 72°C for 5 min. The
enzyme and small fragments of DNA were removed using Micropure-EZ and Microcon
YM-100 columns (Millipore, Bedford, MA). The 5’ ends of sheared DNA were phos-
phorylated with a Kination Kit (Toyobo), followed by single A tailing of the 3’ ends with
2mM of dATP and 15 U/mL of Taq DNA polymerase (Takara Shuzo, Kyoto, Japan) in the
same kinase buffer at 72°C for 10min. The DNA fragments were purified using
Micropure-EZ and Microcon YM-100 columns and ligated with linkers consisting of
two synthetic oligonucleotides, LinkBlunt24Phos; 5’ phosphorylated-TGCGGTGA-
GAGGCTGGAGAGTGCT and LinkBlunt21T, ACTCTCCAGCCTCTCACCGCAT.
Excess linker was removed by washing through SUREC-02 columns (Takara Shuzo).
The 3’ A-overhangs prevented ligation between DNA fragments and increased the
efficiency of the linker-ligation.

For enrichment of microsatellites, the DNA fragments were denatured at 95°C and
hybridized to 0.28 mM of biotinylated (CA),, probe in 0.5 saline sodium citrate (SSC) at
45°C for 1 h with 0.05 mM of LinkBlunt primer AGCACTCTCCAGCCTCTCACCGCAT,
which hybridized to the linker sequences of the single stranded DNA and thereby
prevented hybridization between the DNA fragments within the linker sequences. DNA
molecules hybridized to biotinylated (CA),o probes were captured with streptavidin
magnetic beads (Streptavidin MagneSphere Paramagnetic Particles; Promega, Madison,
WI) in 0.5x SSC at room temperature for 10 min, washed three times with 0.1xSSC at
room temperature, and eluted with H,O. The DNA was then spin-cleaned on SUREC-02
columns and resuspended in 15 pL of Tris—=EDTA buffer. Five microliters of recovered
DNA was amplified by 10-30 PCR-cycles with denaturation at 94°C for 45 s, annealing at
60°C for 455, and extension at 72°C for 60's in 20 uL of 1x Ex Tag™ buffer containing
2.5U of Ex Tag™ DNA polymerase (Takara Shuzo), 200ng of LinkBlunt primer, and
0.2mM of each dNTP. The PCR products were directly ligated into a pGEM-T vector
according to the manufacturer’s instructions (Promega).

Epicurian coli XL1-Blue cells (Toyobo) were transformed with the ligation reaction
and plated on LB/ampicillin/X-gal/IPTG agar plates. White colonies (72-192) were
picked up and amplified by 36 PCR-cycles with denaturation at 94°C for 20 s, annealing at
58°C for 205, and extension at 72°C for 2min in 30 uL of 1x PCR buffer containing
0.75U of Tag DNA polymerase (Takara Shuzo), 4 pmols of each T7 and SP6 primers, and
0.2mM of each dNTP. The PCR products were purified using MultiScreen 96-well
Filtration Plates (Millipore) to remove excess primers and dNTPs. One microliter of the
PCR product was used for sequencing analysis using T7 and SP6 primers, and BigDye
terminator chemistry (Applied Biosystems, Foster City, CA). Sequences derived from
yeast DNA were eliminated using DNA Space software (Hitachi Software Engineering,
Yokohama, Japan) with BLAST searches of the GenBank yeast database. Overlapped
sequences were assembled using Sequencher software (Gene Codes, Ann Arbor, MI).
Sequences containing more than six perfect CA or CAG repeats were regarded as
microsatellites. Unique microsatellites were selected using DNA Space software with
BLAST searches of the GenBank dbSTS database of Bos taurus. The microsatellites
sequences have been deposited in the GenBank database (accession nos. AB080341,
AB080342, and AB093333-AB093422). Primers were designed using Primer 3 software
and used for subsequent screening of bovine YAC/BAC libraries.
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Yeast artificial chromosome end sequences were obtained by the end rescue method
(9). Bacterial artificial chromosome end sequences were identified by direct sequencing of
BAC DNAs using T7 and SP6 primers with BigDye chemistry. Primers were designed
using Primer 3 software and used for subsequent screening of bovine YAC/BAC libraries.
Primer sequences of STS markers at clone ends are shown in Table 2.

Sequence-tagged site contents of YAC/BAC clones were confirmed by PCR using a
DNA panel of the screened clones and all STS markers for microsatellites, genes, and
clone ends, shown in Fig. 1. The STS-content data were used to construct a YAC/BAC
contig map, as described by Green and Olson (10).

RESULTS AND DISCUSSION

A critical region for BCD has been mapped in an 11-cM region between microsatellite
markers BP7 and BM9257 on BTA 6q21 and the region corresponds to human chromo-
some 4 (3). To refine the region, we screened bovine YAC/BAC libraries with two
microsatellite markers [ETHS8 (11) and JMP8 (12)] located in the critical region, and seven
genes (MLLT2, DMP1, WFS1, PPP2R2C, CRMP1, HSA250839, and MSXI) located in the
corresponding region of human chromosome 4 (GRL human genome database,
http://grl.gi.k.u-tokyo.ac.jp) (13) (Fig. 1). Seven contigs were constructed with 19 YAC
and 9 BAC clones (Fig. 1).

To test the modified magnetic bead capture method for microsatellite isolation, we
first constructed a microsatellite-enriched library from a 250-kb fragment of YAC 86F6
clone purified by pulsed-field gel electrophoresis. Of 72 clones, 59 (82%) had more than
six perfect CA repeats, five (10%) had four or five perfect CA repeats, and the remaining
eight (11%) were not sequenced well. The 59 microsatellite sequences were derived from
14 microsatellite loci, and we could design suitable PCR primer pairs for 10 of the 14
(Table 1), giving an average marker resolution of approximately one every 25kb. Thus,
this protocol is useful for microsatellite isolation from YAC clones.

Using the modified protocol, we employed pooled YAC and BAC DNAs to develop
microsatellites as shown in Table 1. Developed microsatellite markers were used for
further screening of bovine YAC/BAC libraries. From a total of 11 YACs and 12 BACs,
we isolated 103 microsatellites with an average of 12 simple repeats, and developed 64
microsatellite markers (Table 1). We could not develop microsatellite markers from the
remaining 39 microsatellites, because of the lack of suitable flanking sequences for primer
design and unreliable PCR amplification of the loci. Of the 64 microsatellites markers
developed in this study, 59 were located in more than two YAC/BAC clones while the
remaining five were in only one-YAC clone (Table 1). The YACs could be chimeric and the
five microsatellites might be derived from other chromosomal regions, so these markers
were excluded from the physical map.

We performed STS-content mapping using all of screened YAC/BAC clones to order
85 STS markers (59 microsatellites isolated by the magnetic bead method, four micro-
satellites isolated by the colony-hybridization method, eight genes, 12 clone ends, and two
microsatellites ETH8 and JMP8; Fig. 1). We constructed a closed contig map of an 8-cM
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Figure 1. Physical map consisting of YAC/BAC clones with high-density STS markers. Shaded
boxes represent YAC/BAC clones used in the magnetic bead capture method. Sequence-tagged sites
are represented in the most parsimonious order as determined from STS content of individual
YAC/BAC clones. Key: +, STS content of individual YAC/BAC clones, -, conflict in the contig,
given marker order. Sequence-tagged sites reported previously in Takeda et al. (14), Toldo et al. (11),
and Lumsden et al. (12) are included *, **, and ***, respectively.
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region of BTA 6q21, consisting of 31 YAC and 27 BAC clones and the 85 STS markers,
given a resolution of 0.09-cM per STS (Fig. 1).

This strategy using the modified magnetic bead capture method enables rapid isolation
of microsatellites from genomic clones and facilitates construction of high resolution
physical maps in genomic areas of interest. The physical maps will be a powerful tool for
successful positional cloning experiments. This map provided a valuable resource for a
positional cloning of BCD in Japanese brown cattle (14). In addition, our work provides a
set of overlapping BAC clones that can be used as templates for genome sequencing of
this region.
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SHORT COMMUNICATION

Mapping of 1400 expressed sequence tags in the bovine genome

using a somatic cell hybrid panel

T. ltoh, A.Takasuga, T. Watanabe and Y. Sugimoto

Shirakawa Institute of Animal Genetics, Japan Livestock Technology Association, Odakura, Nishigo, Japan

Summary

A bovine/hamster hybrid cell panel consisting of 30 independent hybrids was developed to

locate genes. Polymerase chain reaction analysis of 279 microsatellites on the cattle linkage

map in this panel revealed the presence of all chromosomes in either entire or fragmented
form. Among primer pairs prepared from bovine 3’-expressed sequence tags (ESTs), 1400
ESTs were assigned to specific chromosomes, of which 1303 were newly assigned in this
study, and mapped 854 (61%) to 1 of 192 chromosomal segments using this panel. The
regional mapping of new genes to cattle chromosomes can be rapidly achieved using this

panel.

Keywords cattle, expressed sequence tags, microsatellite, regional localization, somatic

cell hybrid panel.

The construction of mapping tools such as a somatic cell
hybrid (SCH) panel is important for gene mapping in cattle
(Heuertz & Hors-Cayla 1981; Womack & Moll 1986;
Konfortov et al. 1998). The current cattle genetic linkage
maps contain more than 1000 markers, most of which are
microsatellites (Barendse et al. 1997; Kappes et al. 1997).
These microsatellite markers have also been used to develop
framework radiation hybrid maps (Williams et al. 2002). By
using microsatellites selected from the linkage map to
characterize the SCH panel, the utility of the SCH panel for
locating genes to the sub-chromosomal level and for com-
parative mapping is increased.

The hamster BHK-21-derived tk™*13 cell line (2n = 50—
151; RIKEN Gene Bank, Tsukuba, Japan) was transfected
with pL2neo using Lipofectamine (Gibco-BRL, Rackville,
MD, USA), and a subclone named BHK-21-tk 13neo was
fused with bovine fetal fibroblasts derived from a Japanese
black bull. Thirty independent hybrid cell lines were isolated
and the presence of cattle chromosomes in each cell line was
confirmed by fluorescence in situ hybridization, using cattle
genomic DNA as a probe according to the standard proto-
cols. An average of 70 mg DNA (18.6-137.2 mg) was
isolated from each hybrid. Microsatellites were selected at
intervals of approximately 10 cM from the bovine genetic
map (Kappes et al. 1997). The primers were synthesized
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using sequence information from the following web site
(http://www.marc.usda.gov/genome/). Polymerase chain
reaction (PCR) products were purified using MultiScreen-
PCR (Millipore, Cambridge, MA, USA), followed by
electrophoresis using an ABI3700 DNA Analyzer (Applied
Biosystems, Foster City, CA, USA). Markers were scored
using Genotyper (Applied Biosystems).

Marker retention by cell line can be viewed at the fol-
site:
dex.html. The overall average marker retention of the
hybrid panel was 37.2%, ranging from 9.5% for BTAS to
97% for BTA19, where the TK gene which was used as the
selectable marker during the creation of the hybrids is
located. All except two markers (BMS1248 and ETH2)
located in the telomeric region of BTAS were amplified in at

lowing web http://www.siag.or.jp/paper/SCH/in-

least two hybrids, indicating that our SCH panel provides
coverage of the complete cattle genome. The marker
retention patterns in the panel revealed that 29 autosomes
and the X-chromosome could be divided into 215 regions:
192 unique regions (or bins) and 23 regions each of which
could be described by a unique PCR profile, but included
several microsatellites that are not contiguous on the same
chromosome (Table 1). Any PCR profile was chromosome-
specifically observed and did not exist in other chromo-
somes. Thirteen chromosomes (BTA3, 6, 13, 15-17, 19,
23, 25, 26, 28, 29, X) were composed of unique regions,
whereas 12 chromosomes (BTA4, 5, 7-10, 12, 14, 18§,
20-22) contained one region including several microsatel-
lites that do not map to contiguous locations on the USDA-
MARC linkage map of the chromosome (Kappes et al
1997). Approximately 80.9% (2350 cm) of the cattle gen-
ome belonged to unique regions and could be regionally
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MS21 (AGLA17)
MS2 (TGLA49)
MS3 (BM8139)

MS4 (BMS711T)
MS5 (BM4307)
MS9 (URB038)

MS1 (BM81124)
MS2 (TGLA44)
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MS12 (BMS1987)
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Table 1 (Continued.)

Characterization of sub-chromosomal regions

Chr. Region Segment 1 Segment 2 Segment 3 Segment 4 EST'
2 MS2 (INRAT33) 2
3 MS3 (BM1329) 6
4 MS4 (BM143) 0
5 MS5 (BM4322) 0
6 MS6 (ILSTS097) 3
7 MS7 (CA028) 4
8 MS8 (BM1236) 0
9 MS9 (AFR227) 3
10 MS10 (BM2320) 17
1 MS11 UMP12) 0
1,9 1
2,6 4
2,7 1
3,10 1
3,4 1
6,7 2
7 1 MS1 (BM7160) 0
2 MS2 (RM0O12) 12
3 MS3 (DIK079) 5
4 MS4 (IL4) 6
5 MS5 (TGLA303) MS9 (BMS2258) "
6 MS6 (BM741) 0
7 MS7 (UWCA20) 6
8 MS8 (BMS904) 7
9 MS10 (BM1853) 3
10 MS11 (AET29) o]
11 MS12 (MBO27) o]
12 MS13 (MBO57) 1
MS14 (DIKT19)
MS15 (BL1043)
2,4 1
2.7 2
3,12 4
3,5 2
35912 4
47,8 2
7.8 6
9,12 4
8 1 MS1 (BMS1864) 1
2 MS2 (227077) 0
3 MS3 (BMS15917) MS9 (BM711) 15
MS10 (DIKO74)
MS11 (CSSM47)
4 M54 (BMS678) 13
5 MS5 (CSSM37) o]
6 MS6 (TGLA1T3) o]
7 MS7 (BMS2072) 8
8 MS8 (MB065) 3
9 MS12 (BMS2629) 10
4,6 1
8,9 1
9 1 MS1 (BM1227) 4
2 MS2 (BM2504) 1
3 MS3 (BMS1267) MS8 (INRAO84Y) 4




Table 1 (Continued.)

Characterization of sub-chromosomal regions

Chr. Region Segment 1 Segment 2 Segment 3 Segment 4 EST’

4 MS4 (CSSMO025) 0

5 MS5 (BMC707) 0

6 MS6(BMS2753) 0

7 MS7 (BM7209) 0

8 MS9 (BMS1943) 1

9 MS10 (BMS2094) 4
23 3
3,6 3
4,5 1
57 1

5,7,9 3

59 2

79 6

10 1 MS1 (BM3033) 4

2 MS2 (CSSM038) 0

3 MS3 (BM1237) 21

4 MS4 (MBO77) 5

5 MS5 (ILSTS053) 4

6 MS6 (BMS2742) MS8 (BR1603) 24

7 MS7 (BMS419) 4

8 MS9 (INRAD37) 4

MS10 (DIK020)
MS11 (BL1134)

9 MS12 (DIK107) 1
3,5 1
358 1
4,7 1
56 4
5.8 1
6,8 2
11 1 MS1 (BM827) 1
2 MS2 (BM716) MS8 (BMS607) 36

3 MS3 (BM304) 17

MS4 (TGLA327)
4 MS5 (BMS1716) 8
MS6 (ILSTST00)

5 MS7 (IDVGA-3) MS9 (BMS2208) 11
34 1
45 4

12 1 MS1 (BMS410) 0

2 MS2 (TGLA36) 6

MS3 (IDVGA-57)

3 MS4 (BMS712) 0

4 MS5 (BM1827) 1

5 MS6 (DIKO16) MS9 (BMS1316) 17

MS7 (BM4028)
6 MS8 (ILSTS033) 6
13 1 MS1 (DIK083) o]

2 MS2 (BMS1742) 0

3 MS3 (ILSTS077) 0

4 MS4 (BMS1580) 15

MS5 (BM4509)
5 MS6 (AGLA232) 3
6 MS7 (DIK093) 16




Table 1 (Continued.)

Characterization of sub-chromosomal regions

Chr. Region Segment 1 Segment 2 Segment 3 Segment 4 EST'
45 1
14 1 MS1 (BMT508) MS4 (RMOTT) 10
2 MS2 (ILSTS011) 5
3 MS3 (DIK127) 0
4 MS5 (BM302) 2
5 MS6 (RM17192) 0
6 MS7 (BMS947) 1
7 MS8 (BM4513) 1
8 MS9 (BM4305) 0
9 MS10 (BL7036) 12
10 MS11 (BM6425) 0
39 1
15 1 MS1 (MGTG1T3B) 18
2 MS2 (BR3570) 0
3 MS3 (MB085) 0
4 MS4 (JABT) 5
5 MS5 (MB069) 0
6 MS6 (BMS2684) 0
7 MS7 (MB064) 5
8 MS8 (INRAT45) 1
9 MS9 (ILSTS067) 15
10 MS10 (TGLA75) 0
11 MS11 (BMS927) 0
1,9 1
16 1 MS1 (BMS357) 1
2 MS2 (BM6721) 0
3 MS3 (BM121) 4
4 MS4 (BM4025) 2
5 MS5 (CSSMO028) 12
6 MS6 (IDVGA-69) 22
7 MS7 (BMS462) 0
3,6 2
17 1 MS1 (BMS5499) 1
2 MS2 (VHI8) 0
3 MS3 (BMS1510) 0
4 MS4 (FCB48) 10
MS5 (BM305)
5 MS6 (BM1862) 14
6 MS7 (BM1233) 26
5,6 1
18 1 MS1 (BMS3004) 8
2 MS2 (BMS2559) 7
3 MS3 (BR4206) 0
4 MS4 (INRAT21T) MS7 (BM6507) 23
5 MS5 (BMS2554) 29
6 MS6 (BMS833) 0
245 2
25 23
45 1
19 1 MS1 (BM6000) 9
2 MS2 (X82267) 6
3 MS3 (BP20) 0




Table 1 (Continued.)

Chr.

Region

Characterization of sub-chromosomal regions

Segment 1

Segment 2

Segment 3

Segment 4

EST'
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MS4 (BMS2389)
MS5 (CSSMO065)
MS6 (JOBT34)
MS7 (RM388)
MS8 (BMC1073)
MS9 (BMS601)
MS1 (BM3517)
MS2 (BMS1282)
MS3 (TGLAT26)
MS5 (BMS2367)
MS6 (BMST120)
MS7 (BM5004)
MS8 (UWCA26)
MS1 (BM8115)
MS2 (MBO717)
MS3 (BM103)
MS5 (TGLA337)
MS6 (BMS2382)

MS1 (CSSM026)
MS2 (MB116)
MS3 (BM3406)
MS4 (BMS2573)
MS5 (CS5M47)
MS6 (FCB304)
MS1 (CSSMO005)
MS2 (UWCAT)
MS3 (CSPS107)
MS4 (RM185)
MS5 (CSSM024)
MS6 (BM1905)

MS1 (BL6-1)
MS2 (BMS917)
MS3 (BM71517)
MS4 (CSSM023)
MS5 (CSSM031)
MS6 (BMS1862)
MS7 (DIKO21)
MS1 (ILSTS102)
MS2 (BM4005)
MS3 (BP28)
MS4 (BM1864)
MS1 (BM7226)
MS2 (MBO067)
MS3 (BM4505)
MS4 (IDVGA-59)
MS5 (BM804)
MS6 (ILSTS09T)
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MS4 (UWCA4)
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Table 1 (Continued.)

Characterization of sub-chromosomal regions

Chr. Region Segment 1 Segment 2 Segment 3 Segment 4 EST'
27 1 MS1 (BM3507) MS4 (INRA183) MS6 (INRAT34) 3
MS2 (TGLAT79) MS7 (BM1857)
MS8 (INRAD27)
MS9 (BM203)
2 MS3 (BM6526) 2
3 MS5 (CSSM043) 1
28 1 MS1 (BMS2060) 5
2 MS2 (IDVGA-29) 1
3 MS3 (DIK068) o]
4 M54 (IDVGA-43) 8
5 MS5 (DIKO8O) 2
6 MS6 (BM7246) 0
7 MS7 (MB023) 2
8 MS8 (DIK107) 0
1,5,8 4
1.8 5
4,7 2
29 1 MS1 (BM4602) 0
2 MS2 (ILSTS057) 2
3 MS3 (ILSTS019) 0
4 MS4 (RM179) 51
MS5 (HH22)
5 MS6 (BMC1206) 0
6 MS7 (ILSTS087) 0
3,4 3
X 1 MS1 (BMS637) 0
2 MS2 (BL1098) 1
3 MS3 (XBM7) 0
4 MS4 (BM4604) 8
5 MS5 (XBM1T) 1
6 MS6 (BR215) 20
7 MS7 (BMC6021) 0
8 MS8 (XBM24) 0
9 MS9 (INRA30) 6
59 1
Total 215 279 MS 241 segments 1400

"Number of expressed sequence tags (ESTs) assigned to each chromosomal region (or regions). Most likely location is shown. ETSs that were linked to
more than two regions on the same chromosome with the highest correlation value are shown separately.
’MS1, MS2 and MS3 are microsatellite markers as ordered on the USDA-MARC linkage map. The identity of each microsatellite is shown in

parenthesis.

dissected as shown in Fig. 1 and http://www.siag.or.jp/
paper/SCH/bin.html.

Next, expressed sequence tags (ESTs) were mapped using
the marker-characterized SCH panel. PCR primers for EST
were designed to target previously produced 3’-ESTs
(Takasuga et al. 2001) using Primer 3, version 0.9 http://
www-genome.wi.mit.edu/genome_software/other/primer3.
html. To prevent amplification of host DNA present in the
hybrid cells, the human and mouse EST sequences that had
the highest sequence identity to the query sequence were
put into a mispriming library of Primer 3. The list of primer

sequences and annealing temperatures is available from
http://www.siag.or.jp/paper/SCH/primer.html. Among 3826
primer pairs from bovine 3’-ESTs, 2851 (74.5%) gave a
specific PCR product on bovine genomic DNA and were
submitted to SCH mapping. A correlation value of 0.71 was
used as the threshold for the assignment of a marker to a
chromosome (Chevalet & Corpet 1986). A total of 1434
ESTs (50.3% of those typed across the SCH panel) were
assigned to a specific chromosome. There was some
redundancy with more than one EST, derived from some
genes (n = 34) mapped. The reliability of our mapping
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Figure 1 Mapping of bovine expressed 10 6
sequence tag (EST) with a marker-characterized 1 D 0 3
somatic cell hybrid (SCH) panel to chromosomal 9 T 5 7 '?
regions. The x-axis indicates dissected and I L L . o L
numbered chromosomal regions. Each region |l[ 2 I 3 I 4 l 5 |
0 50

represents the defined PCR profiles of 279

microsatellite markers in 30 hybrids. The upper
bar on the x-axis indicates the genetic position
of a microsatellite marker. The number of EST
linked to the marker is shown on the box.

When two consecutive markers define the same
region, the box is located between the markers.
Grey boxes indicate how many ESTs are linked
to the regions defined by the same PCR profiles
of inconsecutive markers. Such a region is

(c) BTA11 34

composed of more than two segments. Hat-

ched boxes in BTA11 indicate how many EST
are similarly linked to two consecutive regions.
(a) BTA3, (b) BTA5 and (c) BTA11.

protocols was confirmed by the mapping of such redundant
groups of ESTs to single locations. On the contrary, there
were 1417 ESTs that could not be assigned to a specific
chromosome. This indicates that our EST mapping method
with the SCH panel should be improved by the addition of
more microsatellites in the framework as well as more
information on human and mouse orthologs to distinguish
a target from pseudogenes or family genes. The ESTs
assigned in this study include 97 genes that had been
mapped in previous studies (BOVMAP database (http://
www .locus.jouy.inra.fr/) and 1303 newly assigned. Thus,
the total number of bovine genes assigned to specific chro-
mosomes has been increased to 2779, including 36 genes
from the major histocompatibility complex region (BOVMAP
database (http://www.locus.jouy.inra.fr/). The number of
mapped ESTs per genetic length was high in BTA18, 22,
and 29. The BTA18 was predicted to be gene-rich in a
previous report (Band et al. 2000), consistent with the fact
that BTA18 shares homology with HSA19, the most gene-
rich chromosome in humans (International Human Gene
Sequencing Consortium 2001; Venter et al. 2001).
Fifty-nine ESTs were mapped to chromosome 3 (BTA3),
with each EST assigned to one of the 11 sub-chromosomal
regions (Fig. 1a). In contrast, of the 57 ESTs mapped to
BTA5, 12 were assigned to region 9 which corresponds to
two non-contiguous segments, as defined by the mapping of

1235 (cM)

microsatellites in the SCH panel (Fig. 1b). The BTA11 was
composed of seven chromosomal segments in which neither
the second and the sixth nor the fifth and seventh can be
distinguished on the basis of SCH PCR profiles for micro-
satellites selected from contiguous regions on the BTA11l
linkage map. Thus, the scope for sub-chromosomal assign-
ments of ESTs on BTA11 is limited (Fig. 1c). A total of 854
ESTs (61%) among 1400 were located to 1 of 192 unique
regions. The list of the ESTs assigned in this study is avail-
able at http://www.siag.or.jp/paper/SCH/primer.html. The
mapping data for 1400 ESTs as well as human and mouse
comparative data will facilitate the construction of a com-
prehensive bovine physical map.
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Quantitative trait loci analysis for growth and carcass traits
in a Meishan x Duroc F2 resource population
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ABSTRACT: We constructed a pig F2 resource popu-
lation by crossing a Meishan sow and a Duroc boar to
locate economically important trait loci. The F2 genera-
tion was composed of 865 animals (450 males and 415
females) from four F1 males and 24 F1 females and was
genotyped for 180 informative microsatellite markers
spanning 2,263.6 cM of the whole pig genome. Results
of the genome scan showed evidence for significant
quantitative trait loci (<1% genomewise error rate) af-
fecting weight at 30 d and average daily gain on Sus
scrofa chromosome (SSC) 6, carcass yield on SSC 7,
backfat thickness on SSC 7 and SSC X, vertebra num-
ber on SSC 1 and SSC 7, loin muscle area on SSC 1
and SSC 7, moisture on SSC 13, intramuscular fat con-

tent on SSC 7, and testicular weight on SSC 3 and
SSC X. Moreover, 5% genomewise significant QTL were
found for birth weight on SSC 7, average daily gain on
SSC 4, carcass length on SSC 6, SSC 7, and SSC X and
lightness (L value) on SSC 3. We identified 38 QTL for
28 traits at the 5% genomewise level. Of the 38 QTL, 24
QTL for 17 traits were significant at the 1% genomewise
level. Analysis of marker genotypes supported the breed
of origin results and provided further evidence that a
suggestive QTL for circumference of cannon bone also
was segregating within the Meishan parent. We identi-
fied genomic regions related with growth and meat
quality traits. Fine mapping will be required for their
application in introgression programs and gene cloning.

Key Words: Growth, Linkage Analysis, Meat Quality, Pigs, Quantitative Trait Loci

©2003 American Society of Animal Science. All rights reserved.

Introduction

Quantitative trait loci affecting economically im-
portant traits of livestock are of great interest. Several
recent studies reported the location of QTL regions on
a variety of pig chromosomes. Andersson et al. (1994)
first reported a cluster of loci affecting growth and fat-
ness on Sus scrofa chromosome (SSC) 4 in wild boar
and Large White pigs. A more detailed whole-genome
scan of the same population identified more QTL (Knott
et al., 1998). Marklund et al. (1999) confirmed the pres-
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ence of QTL with major effects on growth and fatness
on SSC 4 by backcrossing.

We generated an F2 resource population from a cross
between a Meishan female and a Duroc male in order to
map loci affecting economically important traits. Duroc
boars are extensively used in terminal crosses as sires
for the production of pork meat with improved meat
quality in Japan because the Duroc breed is character-
ized by high meat quality and large muscle mass. Meis-
han, characterized by large litter size, differ from com-
mercial breeds in many respects, including genetic
characters. These two breeds exhibit large differences
not only in growth performance, carcass composition,
and meat quality, but also in reproductive traits. There-
fore, we selected Meishan and Duroc breeds as parents
for a resource population to detect QTL affecting
growth, carcass and reproductive traits in pig and to
obtain information and tools for breeding programs,
such as marker-assisted introgression. We report por-
cine QTL results for 48 traits, including carcass traits
and meat quality.
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Table 1. Performance, growth, carcass composition, and meat quality traits of F2
animals from an intercross of F1 derived from a Meishan sow and Duroc boar

Trait n Avg SD Minimum Maximum

Testicular wt

Right, g 449 9.10 3.31 1.57 23.32
Left, g 449 9.54 3.32 1.62 24.01
Total, g 449 18.64 6.51 3.19 46.31
Growth
Birth wt, kg 864 1.07 0.17 0.50 1.65
Weight at 3 wk, kg 859 4.51 0.89 1.62 8.00
Weight at 30 d, kg 859 6.90 1.50 1.14 10.90
Weight at 60 d, kg 292 18.40 3.28 7.00 27.70
Day at 30 kg body wt, d 165 80.42 5.71 65 107
Day at 90 kg body wt, d 165 164.10 16.29 133 226
Days from 30 to 90 kg body wt, d 165 83.67 14.18 57 146
Daily gain from 30 to 90 kg body wt, g/d 165 734.4 106.7 421.2 1,026.3
Slaughter wt, kg 165 86.36 1.83 82.0 91.2
Body length at slaughter, cm 165 108.00 4.97 95.0 122.7
Body size
Circumference of chest, cm 165 100.91 3.06 93.5 112.0
Circumference of cannon bone, cm 165 15.30 0.89 13.8 18.0
Height at withers, cm 165 61.09 2.95 52.2 70.8
Chest depth, cm 165 34.27 1.53 25.7 37.8
Chest width, em 165 27.43 1.84 22.0 38.0
Carcass measurements
Carcass wt, kg 165 64.54 1.93 60.0 69.3
Carcass yield, % 165 74.74 1.59 69.2 78.3
Carcass length
I, cm 165 86.46 4.22 74.0 98.5
II, cm 165 72.28 3.24 65.8 82.0
III, cm 165 62.52 3.20 55.3 72.0
Carcass thickness, cm 165 34.08 1.22 31.1 38.0
Vertebra number
Thoracic 165 14.84 0.62 14 16
Lumbar 165 5.68 0.54 5 7
Total 165 20.52 0.70 19 22
Subcutaneous fat thickness
Shoulder, cm 165 5.57 0.78 3.0 7.5
Back, cm 165 3.15 0.67 1.6 5.2
Loin, cm 165 4.33 0.72 2.3 6.8
Avg, cm 165 4.35 0.65 2.63 5.87
Forebelly, cm 165 2.87 0.56 1.3 4.5
Middle belly, em 165 2.20 0.49 1.0 3.4
Hind belly, cm 165 3.57 0.61 1.8 4.8
Avg, cm 165 2.88 0.40 1.93 3.80
Longissimus muscle
Length, cm 165 52.30 2.91 45.0 60.5
Loin muscle area
at 4-5 rib, cm? 165 10.65 1.79 6.6 16.4
at the middle, cm? 165 17.68 2.68 11.7 27.0
Wholesale cuts
Shoulder and picnic, % 165 31.53 1.63 27.00 35.51
Loin and belly, % 165 42.68 2.07 36.30 48.18
Ham, % 165 25.78 1.29 22,27 29.20
Meat quality
Redness (a value) 165 9.57 1.14 6.10 12.60
Yellowness (b value) 165 8.73 1.54 6.28 16.09
Lightness (L value) 165 44.25 3.72 29.14 51.57
Cooking loss, % 165 31.09 2.70 22.08 41.39
Shear force value, kg/cm? 165 41.44 9.94 21.15 71.70
Moisture, % 165 72.16 1.72 61.25 74.89
Intramuscular fat, % 165 5.45 1.95 2.01 11.94
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Table 2. Summary of QTL location, genomewise probability, additive and dominance effects

Genomewise?® Location
Additive® Dominance® Variance
Trait 5% 1% SSC cM F-ratio effect effect explained
Testicular wt
Right, g 8.6 10.4 3 47.3 10.57%* -1.01 0.56 0.05
X 77.7 20.26%* -1.02 0.09
Left, g 8.6 10.5 3 47.3 10.53** -0.99 0.61 0.05
X 77.7 15.99%* -0.92 0.07
Total, g 8.5 10.4 3 47.3 11.62%* -2.05 1.23 0.05
X 77.7 19.36%* -1.96 0.09
Growth
Birth wt, kg 8.6 10.2 7 84.7 10.97* ~0.04 -0.02 0.03
Weight at 30 d, kg 8.5 10.2 6 102.7 16.16%* 0.36 -0.20 0.04
Day at 30 kg body wt, d 8.7 10.7 7 70.2 9.27* 2.54 -1.83 0.10
Days from 30 to 90 kg body wt, d 8.9 11.1 6 126.2 9.93* -6.72 2.61 0.11
Daily gain from 30 to 90 kg body wt, g/d 8.9 10.8 4 81.1 9.62*% 3.18 62.66 0.11
6 116.7 12.65%* 49.95 —-7.89 0.14
Carcass measurements
Carcass yield, % 8.8 10.7 7 63.2 13.00%* 0.95 -0.07 0.14
Carcass length
I, cm 8.9 10.8 6 138.2 9.37* -1.98 1.36 0.10
II, cm 8.9 10.9 X 76.7 10.64* 1.03 0.12
111, cm 8.8 10.8 7 113.3 10.24* 1.51 -0.72 0.11
Vertebra number
Thoracic 8.8 10.7 7 98.1 70.77%* 0.64 0.10 0.47
Lumbar 8.9 10.9 1 132.9 12.54%* 0.29 0.04 0.13
Total 8.9 10.8 1 130.9 25.94%* 0.48 -0.22 0.24
7 100.1 35.93%* 0.60 -0.02 0.31
Subcutaneous fat thickness
Shoulder, cm 8.8 10.7 7 56.2 11.45%* 0.35 0.24 0.12
Back, cm 8.8 10.9 X 74.6 15.79%* -0.29 0.16
Loin, cm 9.0 11.0 X 73.6 11.54%* -0.27 0.12
Avg, cm 89 11.0 7 56.2 11.11%* 0.28 0.20 0.12
X 73.6 14.67%* -0.28 0.15
Middle belly, cm 8.9 10.7 4 30.7 9.35% -0.16 0.26 0.10
Avg, cm 8.8 10.8 1 63.7 9.38* 0.15 0.15 0.10
Longissimus muscle
Length, cm 8.9 10.8 1 130.9 14.42%* 1.51 -0.50 0.15
7 111.3 11.20%* 1.43 -0.53 0.12
Loin muscle area
at 4-5 rib, cm? 8.8 10.7 1 137.9 10.75%* 0.93 -0.53 0.12
7 59.2 15.54%* 1.01 -0.46 0.16
at the middle, cm? 8.8 10.8 7 63.2 9.19*% 1.23 -0.61 0.10
Wholesale cuts
Loin and belly, % 8.8 10.9 8 6.0 9.37* -0.91 0.89 0.10
Meat quality
Lightness (L value) 8.8 10.8 3 37.6 10.14* -0.41 2.43 0.11
Moisture, % 8.5 10.5 7 114.3 10.48* -0.73 0.68 0.11
13 112.6 11.04%* -0.74 0.54 0.12
Intramuscular fat, % 8.9 11.0 7 113.3 13.60%* 0.95 -0.88 0.14
9 0 10.75% 0.61 -0.94 0.12

2Genomewise F-statistic thresholds at the 1 and 5% levels determined by permutation test.

b and ** = 5 and 1% genomewise significance levels, respectively.

¢Additive (a) and dominance (d) QTL effects correspond to genotype values of +a, d, and —a for, respectively, individuals having inherited
two Durocs alleles, heterozygous, and individuals with two Meishan alleles. Positive additive effects indicate that Duroc alleles increased the
trait and negative, that Duroc alleles decreased it. Dominance effects are relative to the mean of two homozygous.

Materials and Methods

Phenotype Measurement

Population. Construction of an F2 resource family
and measurement of phenotypes were performed in the
Ibaraki Branch of the National Livestock Breeding Cen-
ter. An F1 generation (27 males, 25 females) was pro-

duced from a Meishan sow and a Duroc boar. A total
of 865 progeny (450 males, 415 female) was produced
with six farrowings from 4 F1 males and 24 F1 females.
The same sows were always mated to the same boars.

Coat Color. Coat color was recorded from six angled
photographs taken of each animal, and scored as fol-
lows: Class 1 score = gray coat color; Class 2 score =
brown coat color; Class 3 score = black; Class a score =
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Figure 1. SSC 1. Plot of the F-ratio from multilocus least squares analysis (Haley et al. 1994). The x-axis indicates
the relative position in the linkage map. The y-axis represents the F-ratio. Triangles on the x-axis indicate a marker
position. Horizontal lines indicate threshold values for genomewise 5% level (dashed line) and genomewise 1% level
(solid line). These levels were different for each trait but, for simplicity, values of 9.00 and 11.00, respectively, are
indicated. The specific thresholds are in Table 2. Curved lines indicate information content, A = loin muscle area 4th

to 5th rib, O = loin length, and x = vertebra number.

spotting; Class b score =no spotting. Although coat color
is a qualitative trait, we treated it as a quantitative trait
for analysis.

Data Collection. Pigs were weighed at birth and at
21, and 30 d of age. From these pigs, 292 were weighed
at 60 d of age. Testicular weights were recorded from
F2 males that were castrated at 2 mo of age. Among
the castrated males, 165 were raised until they obtained
a body weight of 90 kg. Average daily gain was calcu-
lated between 30-kg and 90-kg body weights. These
males were slaughtered at a live weight of approxi-
mately 90 kg. At slaughter, these males were recorded
for body weight, size, and length, including the circum-
ference of the chest and cannon bone, the height at the
withers, and the chest depth and width. Carcasses were
scalded and dehaired, and chilled overnight. Then car-
cass measurements were recorded for weight; lengths
I, IT, and III; thickness; and vertebra number. Carcass
lengths I, I, and III refer to the lengths from the first
cervical to the pubic bone, from the first rib to the pubic
bone, and from the first rib to last lumbar vertebra,
respectively. Depth of backfat over the midline was
recorded at the first rib (shoulder), the thinnest depth
at ribs (back), and the first lumbar vertebra (loin) with

a ruler. Depth of belly over the midline was recorded
at the last rib (forebelly), at the diaphragm (middle
belly), and at the last lumbar vertebra (hind belly). One
side of the carcass was split between the 4th and 5th
ribs, last rib, and the first lumbar vertebra (at the mid-
dle); the longissimus muscle was traced on acetate pa-
per; and the area was determined using computerized
morphometric planimetry. The remaining side was
then weighed and cut into the major wholesale cuts.
The weight of each wholesale cut was recorded. Intra-
muscular fat (IMF) content was measured as described
by Gerbens et al. (1999). After minced meat was dried
by heating to 102°C for 24 h in a drying oven, moisture
was calculated from weights taken before and after
drying and was expressed as a percentage. Objective
measurements of meat color were taken with a color
meter, model ZE 2000 (Nippon Denshoku Industries
Co., Tokyo, Japan); L values measure light reflectance,
a values represent the degree of redness, and b values
represent the degree of yellowness. Cooking loss and
shear force were measured as described by Hovenier et
al. (1992).

Table 1 summarizes the data of 48 traits, including
ADG, vertebra number, backfat thickness (BFT), and
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Figure 2. SSC 3. Plot of the F-ratio from multilocus least squares analysis (Haley et al. 1994). The x-axis indicates
the relative position in the linkage map. The y-axis represents the F-ratio. Triangles on the x-axis indicate a marker
position. Horizontal lines indicate threshold values for genomewise 5% level (dashed line) and genomewise 1% level
(solid line). These levels were different for each trait but, for simplicity, values of 9.00 and 11.00, respectively, are
indicated. The specific thresholds are in Table 2. Curved lines indicate information content, ® = lightness (L value)

and * = testicular weight.

IMF. Because the 165 F2 males were produced in three
independent groups and in different parities, possible
phenotypic differences derived from groups and parities
were corrected for using the mixed-model least squares,
maximum-likelihood computer program described by
Harvey (1977).

Genotyping

The DNA was extracted from blood using an auto-
matic extraction machine (Kurabo, Osaka, Japan), and
the DNA concentration was adjusted to 20 ng/pL. Poly-
merase chain reaction primers for microsatellite mark-
ers were labeled with fluorescent dyes: 6-FAM, HEX,
and TET (Perkin-Elmer, Foster City, CA). The PCR
was performed in a total volume of 15 uL containing
20 ng of genomic DNA, 6.25 pmol of each primer, 0.2
mM each dANTP, 10 mM tris-HCI (pH 8.3), 50 mM KCl,
1.5 mM MgCl,, and 0.375 U of recombinant Taq poly-
merase (Takara, Kyoto, Japan). Reaction mixtures
were denatured at 94°C for 4 min, cycled 30 times (94°C
for 30 s, 55°C or 60°C for 30 s, and 72°C for 30 s), and
incubated at 72°C for 5 min. The PCR product sizes

were measured using an ABI 377 sequencer and ana-
lyzed by Genescan software and Genotyper software
(Perkin-Elmer).

Linkage Analysis

Linkage maps were constructed using CRI-MAP
(Green et al., 1990) for 18 autosomes and the sex chro-
mosome. The sex-averaged map was used for the whole-
genome scan of QTL. The information content was cal-
culated using the method described by Knott et al.
(1998). When a given location belonged to a pseudoau-
tosomal region of a sex chromosome, analyses were per-
formed using the same method as for autosomes. For
testing QTL in sex-specific regions of the sex chromo-
some, the analysis model was modified as described by
Knott et al. (1998). We assumed that the Y chromosome
contained no loci. A test statistic for detecting QTL and
the threshold was constructed as for autosomes.

A QTL analysis for each trait was performed using
the method developed by Haley et al. (1994). The statis-
tical model in the method is based on a linear regression
of phenotypes on the probabilities of QTL genotypes at
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Figure 3. SSC 6. Plot of the F-ratio from multilocus least squares analysis (Haley et al. 1994). The x-axis indicates
the relative position in the linkage map. The y-axis represents the F-ratio. Triangles on the x-axis indicate a marker
position. Horizontal lines indicate threshold values for genomewise 5% level (dashed line) and genomewise 1% level
(solid line). These levels were different for each trait but, for simplicity, values of 9.00 and 11.00, respectively, are
indicated. The specific thresholds are in Table 2. Curved lines indicate information content, ¢ = 30-d weight and +

= ADG.

a given location. We assumed that the grandparental
breeds were fixed for alternative alleles at a QTL. Two
alleles at a putative QTL at a given location were de-
noted by @ and q. Probabilities of QTL genotypes, de-
noted by Prob(QQ), Prob(Qq), and Prob(qq), were calcu-
lated from the observed genotypes of markers linked
to the QTL. The calculation was described by Haley et
al. (1994). In the analyses of real data, sex difference
was taken into account.

There are three possible genotypes, QQ, @q, and qq,
for a QTL at the given location on an autosome. Let
the effects of genotypes Q®, Qq, and gq be denoted by
a, d, and —a. We assume that phenotypic value of a
trait is written for the ith individual in F2 as follows:

Y=+ Sih + cga + cgd + e

where p is the mean; s; is the indicator of the sex of
individual i, which is equal to 1 or —1 for male or female,
respectively; A is a sex effect; c,; is the coefficient for
the additive component for individual i at the given
location that is calculated from the probability of QTL
genotypes, and equal to Prob(QQ) — Prob(gq); ¢4; is the
coefficient for the dominance component for individual

i at the given location, which is equal to Prob(Qg); and
e; is the residual error. Model parameters, ., &, a, and
d, are estimated by a least squares method. That is,
estimators of the parameters are obtained such that a
sum of squares,

n

S= i - sih - caa — cad)?

i=1

is minimized, where n is the number of individuals of
F2. Denoting least squares estimators of w, &, a, and
d, by the terms i, ﬁ, &, and d, the minimum sum of
squares is obtained as

n A A
Si=% ¢, — 0 —sih —cad — caid)?
i=1

Under the null model corresponding to no QTL, where
a =d =0 is assumed, the minimum sum of squares is
denoted by Sy. Significance detection of QTL is declared
based on the ratio of S; and Sg. In this report, we used F-
ratio, [(So—S1)/2)/[S1/(n — 2)], as a statistic for detecting
QTL. Significance thresholds were obtained with
10,000 repeated permutation test cycles for each trait.

— 100 —



2944

Sato et al.

F-ratio

Information content

SW2564
SWR1343
S0064
SW1369
TNFB
SW1701

S0212

SW263
SW1083
SWR773
SWs581
SW764

Figure 4. SSC 7. Plot of the F-ratio from multilocus least squares analysis (Haley et al. 1994). The x-axis indicates
the relative position in the linkage map. The y-axis represents the F-ratio. Triangles on the x-axis indicate a marker
position. Horizontal lines indicate threshold values for genomewise 5% level (dashed line) and genomewise 1% level
(solid line). These levels were different for each trait but, for simplicity, values of 9.00 and 11.00, respectively, are
indicated. The specific thresholds are in Table 2. Curved lines indicate information content, [1 = backfat thickness, A
= loin muscle area 4th to 5th rib, O = loin length, and x = vertebra number.

In chromosomal regions exceeding the suggestive and
significance level on some QTL, P-values of the nearby
markers were computed by SAS-GLM (SAS Inst. Inc.,
Cary, NC). When two parents have more than two
marker alleles, an analysis of the individual marker
genotypes will efficiently detect the associations of the
different alleles in one or both breeds with specific
traits. Phenotypic difference among genotypes of
nearby markers was estimated with SAS-GLM. The
number of marker genotypes was different depending
on the genotypes of the parents. This analysis of vari-
ance supported results of QTL analysis and estimated
within-breed allele effects rather than between-breed
allele effects.

Linkage Map

We searched for informative microsatellites from the
USDA-MARC linkage map (Rohrer et al., 1996) and
selected 180 microsatellites at approximately 20-cM in-
tervals in the whole pig genome. The 180 microsatellites
were genotyped across parents, 28 F1, and 865 F2 ani-
mals. A sex-averaged linkage map was constructed with
multipoint analysis. The order of the markers was the
same as in the USDA-MARC linkage map (Rohrer et

al., 1996). The average interval was 12.6 c¢M, and the
total length was 2,263.6 ¢cM, which was comparable to
that of the USDA-MARC linkage map (Rohrer et al.,
1996). Two large gaps existed between SW274 and
SW72 on SSC 3 (34.6 ¢cM) and SW949 and SW980 on
SSC X (40.7 ¢cM). The average information content
was 0.80.

As this F2 population consisted of only full-sib fami-
lies, each genotype was checked for segregation distor-
tion. To confirm the presence of a lethal allele, we exam-
ined whether the segregation ratio at each marker fit
with mendelian ratios 1:2:1, Duroc homozygous, hetero-
zygous, and Meishan homozygous, respectively, by chi-
squared test.

Results and Discussion

Population

Although we constructed a pig F2 resource population
by crossing only a Meishan sow and a Duroc boar, the
genotypes (Duroc homozygous, heterozygous, and Meis-
han homozygous) segregated in a ratio of 1:2:1 at 159
markers on autosomes. Another 11 markers had segre-
gation distortion (P < 0.05). However, adjacent marker
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Figure 5. SSC 7. Plot of the F-ratio from multilocus least squares analysis (Haley et al. 1994). The x-axis indicates
the relative position in the linkage map. The y-axis represents the F-ratio. Triangles on the x-axis indicate a marker
position. Horizontal lines indicate threshold values for genomewise 5% level (dashed line) and genomewise 1% level
(solid line). These levels were different for each trait but, for simplicity, values of 9.00 and 11.00, respectively, are
indicated. The specific thresholds are in Table 2. Curved lines indicate information content, B = IMF %, — = moisture%,

and bold line = carcass yield.

information indicated that this F2 population did not
have lethal alleles. This mating made linkage analysis
simple and results easily understood.

Mapping of Coat Color Traits

The F2 animals exhibited coat colors of black (n =
373), brown (n =383), and gray (n = 109). Several brown
and gray pigs had black spotting (spotting, n = 289; no
spotting, n = 576). The regions associated with coat
color were mapped on SSC 1 (107.7 ¢cM) at an F-ratio
of 28.2 and SSC 6 (1 ¢cM) at an F-ratio of 122.0. The
spotting region was also mapped on SSC 6 (2 ¢cM) with
an F ratio of 111.7. The locus on SSC 1 was not pre-
viously reported. On SSC 6, the genotypes of marker
S0035 at the coat color and the spotting loci were tightly
linked to black and brown coat color and spotting. Be-
cause the melanocortin-1 receptor (MCIR) gene was
mapped on the SSC 6 telomeric region (Mariani et al.,
1996) and the mutations were associated with pig coat
color and spotting (Kijas et al., 1998, 2001), partial
MCIR was amplified by PCR using genomic DNA from
F1 and F2 pigs, and sequenced. We confirmed a previ-
ous report that Duroc and Meishan pigs are homozy-
gous for MCIR*4 and heterozygous for MCI1R*2/3 (Ki-

jasetal., 1998), respectively, suggesting that the MCIR
gene is responsible for coat color and spotting on SSC 6.

QTL Mapping Results

The QTL mapping results are summarized in Table 2.
Weidentified 38 QTL for 28 traits at the 5% genomewise
level. Of the 38 QTL, 24 QTL for 17 traits were signifi-
cant at the 1% genomewise level. The significant QTL
are presented in Figures 1 through 7 in detail. Some
of the detected QTL replicated previous findings.

We mapped significant QTL for 2-mo testicular
weight on SSC 3 (Figure 2) and SSC X (Figure 7). Our
results show that males with Meishan alleles at each
QTL had larger testicular weight than males with Du-
roc alleles. The onset of sperm production occurs at a
much younger age (56 to 84 d) in Meishans than in
conventional boars (120 to 180 d; Lunstra et al., 1997).
Ford et al. (2001) have reported mapping a QTL for
220-d testicular size on SSC X using a Meishan x White
composite crossbred population. Boars with Meishan
alleles at SSC X QTL had smaller testicles than boars
with White composite alleles. Therefore, our results for
testicular weight at 2 mo of age support the Lunstra
et al. (1997) report and are not inconsistent with the
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Figure 6. SSC 13. Plot of the F-ratio from multilocus least squares analysis (Haley et al. 1994). The x-axis indicates
the relative position in the linkage map. The y-axis represents the F-ratio. Triangles on the x-axis indicate a marker
position. Horizontal lines indicate threshold values for genomewise 5% level (dashed line) and genomewise 1% level
(solid line). These levels were different for each trait but, for simplicity, values of 9.00 and 11.00, respectively, are
indicated. The specific thresholds are in Table 2. Curved lines indicate information content, B = IMF % and —

= moisture%.

result of Ford et al. (2001). The androgen receptor (AR)
gene was mapped to the same region of SSC X (Seifert
et al., 1999), and testicular weight in AR-knockout mice
was 80% smaller than wild type mice (Yeh et al., 2002).
The location of the QTL on SSC X corresponds to human
chromosome Xp11.23-21 and the distal end of mouse
chromosome Xp, where mouse Ihtwl (Interspecific hy-
brid testis weight 1), one of the loci responsible for testic-
ular weight, was mapped (Elliott et al., 2001). Although
the two genes were located near the testicular weight
QTL, there could be additional genes affecting testicu-
lar weight on SSC X.

We located a significant QTL for birth weight on SSC
7 (Figure 4) and QTL for 30-d weight and ADG (from
30 to 90 kg) on SSC 6 (Figure 3). A potential QTL for
ADG was detected on SSC 4, and almost the same re-
gion was previously characterized as a QTL affecting
growth rates between weaning and 70 kg (Knott et al.,
1998) and between weaning and 35 to 56 kg (Paszek et
al., 1999). Growth-related QTL other than on SSC 4
that were reported previously, however, were not de-
tected in the present study. On SSC 4, large overdomi-
nance effects detected in this study may be due to two
QTL linked in repulsion or the negative effect of homo-
zygotes at this QTL. The unique effect at this QTL in

our family will provide good information on the role of
genes responsible for growth traits. The overdominance
effect at this QTL needs to be investigated further.
Understanding this QTL based on molecular genetics
may aid our understanding of the heterosis effect.

For carcass traits, significant QTL affecting vertebra
number were located on SSC 1 and SSC 7 as shown in
Figures 1 and 4. At the same regions on SSC 1, we
detected QTL for loin length and loin area (Figure 1).
Rohrer and Keele (1998a) and Wada et al. (2000) re-
ported QTL for carcass length and vertebra number on
the corresponding region of SSC 1, suggesting that a
vertebra number QTL could be important for carcass
length. A potential QTL was mapped on SSC 6 for car-
cass length (Table 2) and probably replicated the car-
cass length QTL on SSC 6 (P-value < 0.01) reported by
Paszek et al. (2001). We confirmed the presence of a
BFT QTL reported previously on SSC 7 (Rohrer and
Keele, 1998a; de Koning et al., 1999; Wada et al., 2000;
Malek et al., 2001b) and on SSC X (Knott et al., 1998;
Rohrer and Keele, 1998a). Near the BFT QTL on SSC
7, we located a significant QTL for carcass yield and
loin muscle area.

For meat quality, we located a significant QTL for
IMF on SSC 7, where a potential QTL for muscle mois-
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Figure 7. SSC X. Plot of the F-ratio from multilocus least squares analysis (Haley et al. 1994). The x-axis indicates
the relative position in the linkage map. The y-axis represents the F-ratio. Triangles on the x-axis indicate a marker
position. Horizontal lines indicate threshold values for genomewise 5% level (dashed line) and genomewise 1% level
(solid line). These levels were different for each trait but, for simplicity, values of 9.00 and 11.00, respectively, are
indicated. The specific thresholds are in Table 2. Curved lines indicate information content, (1 = backfat thickness and

* = testicular weight.

ture was detected (Figure 5). In addition, we located
both IMF and muscle moisture QTL at the same regions
of SSC 9 (near SW983) and SSC 13 (near S0289; Figure
6). On the SSC 9 QTL, the F-ratios were 10.75 for IMF
and 5.18 for muscle moisture. On the SSC 13 QTL, F-
ratios were 6.20 for IMF and 11.04 for muscle moisture.
Paszek et al. (2001) mapped both QTL on the same
region of SSC 6. Whether IMF is directly associated
with muscle moisture is not known. Uncoupling pro-
teins 2 and 3 (UCP2 and UCP3), which are mitochon-
drial membrane transporters involved in thermogene-
sis, were mapped to SSC 9p21-p24 (Werner et al., 1999).
Because UCP2 is associated with hyperinsulinemia and
obesity in mouse and human (Fleury et al., 1997), UCP2
and UCP3 might affect lipid metabolism related to por-
cine IMF phenotypes.

The results (P < 0.05) from analysis of variance based
on allele sizes for 22 QTL for 17 traits are shown in
Table 3. The genomewise suggestive (P < 0.10) QTL for
circumference of cannon bone had the highest P-value
based on analysis of allele sizes. This QTL was mapped
at 56.2 ¢cM on SSC 7 with an F-ratio of 8.5, and the P-
value of the nearby marker SW1856 was 9.51 x 1077
(Table 3). Most of F2 animals that inherited allele 1
from Meishan had larger circumferences of cannon

bone. The Meishan population may have genes that
affect the circumference of the cannon bone near this
marker.

In this study, we detected 24 QTL for 17 traits at the
1% genomewise level. Although crosses with a Meishan
breed have been used for detection of QTL by whole-
genome scan (de Koning et al., 1999; Paszek et al., 1999;
Rohrer and Keele, 1998a,b; Jeon et al., 1999; Wada et
al., 2000), we detected more QTL at the 1% genomewise
level in this study than previously reported. First, our
F2 resource family had a simple structure, with a single
boar and sow as founding parents. Second, we geno-
typed 180 microsatellite markers across 865 F2 off-
spring, resulting in a high information content of 0.80
in the pig linkage map. These two factors facilitate
performing a reliable linkage analysis. Finally, we ana-
lyzed a comprehensive set of pig traits, including perfor-
mance, growth, body size, and carcass and meat quality
(Table 1).

Our results identified the presence of several pre-
viously identified QTL, such as for testicular weight on
SSC X (Ford et al., 2001), growth on SSC 4 (Knott et
al., 1998; Paszek et al., 1999), vertebra number on SSC
1 (Wada et al., 2000), and BFT on SSC 7 (Rohrer and
Keele, 1998a; de Koning et al., 1999; Wada et al., 2000;
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Table 3. Results from analysis of alleles sizes

Trait SSC Marker Alleles? P-value
Testicular wt
Total 3 SWR1637 2/3, 1/3 < 0.001
3 S0100 2/2, 1/3 < 0.001
Growth
Birth wt 7 SJ047 1/3, 1/2 0.002
Weight at 30 d 6 SWT71 171, 2/2 < 0.001
Daily gain from 30 to 90 kg body wt 6 SW1881 2/3, 1/1 < 0.001
Body size
Circumference of cannon bone 7 SW1856 3/3, 1/2 < 0.001
Carcass measurements
Carcass yield 7 TNFB 3/4, 1/2 < 0.001
Carcass length III 7 SWR773 1/1, 2/3 0.005
Vertebra number
Thoracic 7 SwW252 1/1, 2/3 < 0.001
Total 1 SW705 111, 2/2 < 0.001
Subcutaneous fat thickness
Shoulder 7 TNFB 3/4, 1/2 < 0.001
Hind belly 6 SW316 1/4, 2/3 0.011
Longissimus muscle
Length 1 SWT705 1/1, 2/2 < 0.001
Loin muscle area at 4-5 rib 7 TNFB 3/4, 1/2 < 0.001
Wholesale cuts
Loin and belly 8 SW905 1/8, 2/2 0.004
Meat quality
Lightness (L value) 3 SW72 2/2, 1/3 <0.001
Moisture 7 SWR773 1/1, 2/3 < 0.001
9 SW983 1/4, 2/3 0.011
13 50289 2/2, 1/3 0.001
Intramuscular fat 7 SWR773 1/1, 2/3 < 0.001
9 SW983 1/4, 2/3 0.002
13 SW769 2/2, 1/3 0.003

#The value on the left indicates grandparent Duroc alleles, and the value on the right indicates grandparent
Meishan alleles. Allele 1 is the smallest-size allele at marker; Allele 4 is the largest-size allele.

Malek et al., 2001b) and on SSC X (Knott et al., 1998;
Rohrer and Keele, 1998a). On the other hand, we de-
tected IMF QTL on SSC 7, SSC 9, and possibly SSC
13, although IMF and marbling have also been mapped
on SSC 1 (Malek et al., 2001a) and SSC 2, SSC 4, and
SSC 5 (de Koning et al., 1999).

Implications

The findings from this study have provided the basic
information on the transmission of porcine quantitative
traits. Because quantitative trait loci associated with
reproduction, growth, and carcass characters were lo-
cated at the 1% genomewise level in this study, addi-
tional markers are necessary to refine the regions. The
refined regions should be tested in more commercial
populations to estimate their effects. Several quantita-
tive trait loci replicated in this study could be promising
targets for marker-assisted selection.
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Source/description: The peroxisome proliferator activated receptor
alpha gene (PPARA) is a ligand-activated nuclear hormone
receptor that mediates the effects of fatty acids and their
derivatives at the transcriptional level.® Primers were
designed in exon 4 (PPARA1-F) and exon 5 (PPARAI-R)
from a published porcine partial cDNA sequence (GenBank
accession number AF228696). The 1700-bp product was
sequenced (GenBank accession number AY364466) with 85
and 87% nucleotide identity to the corresponding human and
mouse exon sequences, respectively. Sequence analysis of the
polymerase chain reaction (PCR) products from several indi-
vidual pigs of different breeds revealed a nucleotide substitu-
tion in intron 4 at nucleotide 251. Because a natural
restriction endonuclease recognition site did not exist, ‘a
restriction site for enzyme BsrGl was created using a mis-
match primer (PPARA2-F and PPARA2-R). The PCR frag-
ment from these primers was 317 bp in length and spanned
intron 4 and exon 5.

Primer sequences:

PPARA1-F: 5-TCT CCA GCC TCC AGC CCC TC-3’
PPARAI-R: 5-CAC AGG CTT CAT ACG CAG GA-3’
PPARA2-F: 5’-CAT TCG GCT AAA GCT GGT CT-3’
PPARA2-R: 5-TGA CTA GTT CTA ATT ATT CCG AGG ATC
TGC TGT AC-3’

PCR conditions: Both PCR reactions were performed using
12.5 ng porcine DNA, 1x PCR buffer, 1.25 mm MgCl,
(PPARA1-F and PPARA1-R) or 1.0 mm MgCl, (PPARA2-F and
PPARA2-R), 0.125 mm dNTPs, 0.3 pum of each primer, and
0.5 U Taq DNA polymerase (Promega, Madison, WI, USA) in a
10 pl final volume. The PCR profile included 4 min at 94 °C;
35 cycles of 45 s at 94 °C, 45 s at 60 °C (PPARA1-F and
PPARAIL-R) or 57 °C (PPARA2-F and PPARA2-R) and 30 s at
72 °C; and a final 7 min extension at 72 °C in a PTC200
thermocycler (M] Research, Inc., Watertown, MA, USA).

Polymorphism and Mendelian inheritance: The BsrGI digestion of
the 317-bp PCR product produced allelic fragments of 317 bp
(allele 1), or 286 and 31 bp (allele 2) that were resolved on 4%
agarose gels. Mendelian segregation of the BsrGI PCR-RFLP
was observed in the three-generation lowa State Berk-
shire x Yorkshire resource population.? Allele frequencies were
determined by genotyping several commercial breeds. Allele 1
was the most common allele, with a frequency of 0.87 in
Landrace (n = 16), 0.68 in Yorkshire/Large White (n = 331),
0.75 in Berkshire (n = 16) and 0.90 in Duroc (n = 20).

Chromosomal location: Two-point and multipoint linkage ana-
lyses (CRIMAP*) were performed using the genotypes of the
Towa State Berkshire x Yorkshire resource population.’ PPARA
was significantly linked with several markers on porcine
chromosome 5 (SSC5). Two-point linkage analysis determined
that the most closely linked markers (recombination fraction
and LOD score) were ACR (0.06, 21.8) and SW413 (0.10,
15.0). The best map order for this region of SSC5 produced by
multipoint linkage analysis (with distances in centimorgans

listed between markers) was: PPARA — 6.3 — ACR — 2.3 -
SW413 - 27.3 - SW1482.

Comments: Peroxisome proliferator activated receptor alpha
belongs to the superfamily of steroid/thyroid nuclear hormone
receptors. Its role in lipid metabolism makes it an interesting
candidate gene affecting intramuscular fat and other fat-related
meat quality traits.* PPARA expression is mainly detected in
tissues exhibiting high rates of f-oxidation, i.e. liver, kidney,
heart and skeletal muscle, where it promotes cellular uptake,
activation and oxidation of fatty acids through activation of
farget gene expression.”> PPARA trancriptionally regulates the
production of enzymes such as acyl-coenzyme A (CoA) oxidase
(the key enzyme in the peroxisomal -oxidation pathway) and
carnitine palmitoyl transferase I (implicated in the transloca-
tion of fatty acids across the inner mitochondrial membrane) as
well as CYP4A6, which is an important microsomal
w-hydroxylase.*
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Source/description: CCAAT/enhancer-binding proteins (CEBPs)
and peroxisome proliferator activated receptor y (PPARG) are
transcription factors that regulate the expression of fat-specific
genes, and have been reported to control differentiation of
mouse preadipocyte cell lines. These bovine orthologs may
influence body fat composition and distribution, which are
economically important traits in beef cattle. We have mapped
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bovine CEBPA and PPARG genes to BTA18q24 and
BTA22q24, respectively.” Here we report the mapping of
bovine CEBPD gene to BTA14q15-17 by fluorescence in situ
hybridization (FISH) using a yeast artificial chromosome (YAC)
clone harbouring the gene, and by genetic linkage mapping of a
polymorphic microsatellite marker isolated from the YAC clone.
Polymerase chain reaction (PCR) primers (DS4; 5-AGC TGC
CGC GTG GAC CCT AAG T-3" and DA4; 5°-CAT GCT CAG TCT
TTC CCT CGT ATC-3") were designed from the bovine CEBPD
gene sequence’ (GenBank accession no. D82986). Three YAC
clones, Y122D11, Y130E11 and Y175F8, were isolated by PCR
screening® and validated by sequencing. Clone Y122D11,
which contained a 800 kb non-chimeric insert was randomly
amplified with primers designed from consensus bovine short
interspersed nuclear element (SINE) regions with slight modi-
fications (retrola: 5-AAT ACT GGA GTG GGT TGC C-3’ and
retro2a: 5-AGG CTACAG TCC ATG GGA T-3"),° (AMSla:
5'-AAT CTT CTC CAA CAC CAC AG-3")® and YAC right/left
arm regions (YAC-right-R: 5-AAC GCC CGA TCT CAA GAT
TA-3" and YAC-eft-S: 5-CAA GTT GGT TTA AGG CGC AA-3).7
The PCR products containing microsatellites were verified by
Southern hybridization using a fluorescent-labelled (dC-dA/dG-
dT) probe (Pharmacia, Uppsala, Sweden) and subcloned into
pCR2.1 (TA Cloning Kit; Invitrogen, Carlsbad, CA, USA) fol-
lowed by colony hybridization. Positive clones were sequenced
using an ABI 377 automated DNA Analyzer (Applied Byosi-
stems, Foster City, CA, USA), and primers that amplified
microsatellite DIK121 were designed (5-CTA CAG TCC ATG
GGA TCA CA-3’ and 5-GCA GCT TGC AGC AAG AAT TC-3/;
GenBank accession nos. AB107878 and AB107879, respect-
ively).

PCR conditions: SINE PCR mixture contained 2 mm MgCl,,
0.2 mu each dNTPs, 2.5 U Ex Tag™ (Takara Biomedical, Otsu,
Japan), 50 pM primer, and 100 ng of Y122D11 DNA. The profile
for SINE PCR was 2 min at 94 °C, 30 cycles of 30 s at 94 °C,
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—BMS1747
[—— BMS1678

—ILSTS011
L RM180

= —DIKI2] (CEBPD)
— RMO011
—BL1009
—BMCI1207

—BMS740
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— BM?2934

66.4 cM
BTA14

Figure 1 Genetic localization of bovine CEBPD gene on BTA14.

2 minat 53 °C, and 3 min at 74 °C, and a final 10 min at 74 °C
followed by cooling to 4 °C. The PCR mixture for DIK121 con-
tained 1.7 mm MgCly, 0.2 mm each dANTP, 0.75 U Taq DNA
polymerase (ABgene, Epsom, UK), 6.25 pwm primer, and 20 ng of
genomic DNA. The profile for microsatellite PCR was 2 min at
94 °C, 29 cycles of 1 min at 94 °C, 2 min at 60 °C, and 20 s at
72 °C, and a final 10 min at 72 °C followed by cooling to 4 °C.

Polymorphism and chromosomal locations: Using FISH, Y122D11
DNA was hybridized to BTA14q15-17 (data not shown) cor-
responding to HSA8q11 where human CEBPD gene is located.®
Heterozygosity of DIK121 was 0.62 across 28 parents in the
USDA-MARC mapping population,® with identification of seven
alleles and a product size of 189-201 bp. Using CRIMAP
version 2.4,'° DIK121 was linked to RM180 (recombination
fraction = 0.004, LOD = 65.2) and RMO11 (recombination
fraction = 0.073, LOD = 42.1) on BTA14 (Fig. 1). Thus there
is a good agreement between the physical assignment of CEBPD
gene by FISH and genetic localization by linkage analysis.
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ABSTRACT

The present study was performed to estimate the genetic parameters and

the breeding values (BV) of the carcass traits and serum total cholesterol (TC) values

for 1,132 head of Japanese Black beef cattle entered in meat fairs in Yamagata

Prefecture from 1997 to 2000. As a result, it was found that high hereditary correlation

was seen between serum TC and hot carcass weight (carcass wt.) and beef marbling

standard (BMS).

Heritability of serum TC and also carcass wt. were high, 0.85 and

0.66, respectively. Heritability of BMS was 0.34. The constant effects of carcass wt and

serum TC differed significantly depending on sex and seasons. Negative correlation was

seen in heifers, and in July and September; conversely positive correlations were seen in

steers and in November. Findings suggested that carcass characteristics were influenced

by hereditary factors and seasons, and serum TC was seen to be a useful biochemical-

monitoring marker to estimate carcass wt and BMS.

— Key words: beef cattle,
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OB FIEHE & & BEIICOWT U O T T ORRA
BB B T, B, M, EREMIIBTEEE
HEB BT, MIET CHEIZOWTIEENLS 3 ODOFR
FTRUTHEBENBOLNT (F1 ),

(2) &FHBLUCBEBIROKE (RN _FFHE)
METCHEICBTHHEOFEINRIL, FET+3.19,
HT-3.19THo7-, EERBHOBHHELAZ L, M
HTCHEZ EHEY (B) LB OBEIZE, TBLV
9HPRIFATH A Db, EFIETLBD AL
PTTEL BB ENFEDOLNS, HRERIZBWVTYH
O HRBIIBW TR AEEAN AL (F2), &
KEMAOEFHE, WA HE62H . HAEE405.87Tkg,
B.M.S.No. 819, ©— A58.55ctf, /Y78 10em, &
UMLETCM13Ing/d1Tdh - 72,
(3) KWEDMEN/ ST A5

FEAHBIER Q0% AL Lok L7-, RAEETIE,
MmETCMEBRAEENMIZ0.32, HELO—-R, X
EHZ0.38, 0.65, BM.S.No. Ea—A, NTED
f9120.49, 0.41, T—2ENFEDORIZ0ETE FNEFR

x®1. RINZEECL S DEANER
" . ETA - i -
H i BREE B INT] - BMS BCS MmiETC
TEHEL * % % % % % * % * %k * % ns % %
14 % %k * % % %k % %k * % ns * % % %
& FrRpER* * % * * % * % ns % % * ok % %
% p<O.0BUATCTHEBEDD . *x : p<O 0T CTHAEED ) ns AEEL L
kT 3 A B e e LY
x2. TS SUBEHROKE(HRN_FE)
. N HRERE T-AE NFE ETHER MiEHTC
R0 B () () oNe BOS
g 1,132 962.19 405.87 58.55 8.10 2.54 8.19 3.81 131.08
{3
=% 438 -10.87 30.43 1.08 0.31 -0.07 0.1 0.1 3.19
i3 694 10.87 -30.43 -1.08 -0.31 0.07 0.1 0.1 -3.19
& RRRER
1997. 9. 4 139 -4.31 -5.97 -2.05 -0.34 -0.08 0.03 0.08 -11.89
1997.11.23 142 -18.59 -1.27 -3.61 -0.36 0.18 -0.01 0.28 28.79
1998. 7.23 117 17.86 5.40 1.85 0.24 -0.03 0.71 -0.11 -5.78
1998.11.17 131 -2.08 2.19 1.71 0.01 0.12 0.73 -0.07 10.55
1999. 7.22 97 1.53 3.38 0.42 0.02 0.00 -0.39 0.07 -9.21
1999. 9.10 56 -20.57 -8.79 0.36 0.16 -0.09 -0.49 0.04 -11.09
1999.11.11 152 -3.34 5.09 1.83 0.19 -0.06 -0.18 -0.08 6.70
2000. 7.18 148 7.48 2.86 -1.54 -0.02 0.05 -0.77 -0.07 0.69
2000. 9.12 150 22.01 -2.88 1.01 0.10 -0.08 0.37 -0.13 -8.76

R ot 2 R R
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LOHEEOHENA L2,
KIC)ONALTHFRGHETH S, EREARDRE
MR CIE, IVETCHE L AER, NFE, B.M.S.No.
DfF120.90, 0.81, 0.40, HAEE L /NFEDMIZ0.81,
BM.S.No.&¢m—A, NZEDMIZ0.60, 0.75, 7 —
AENFE, ET, B.C.S.2%0.46, 0.32, 043, T &

B.C.S 049, FNFNIEDOHFREEL L OMHBENAL
n7z,

RIBOMABRLORFHFHVREETH S, EHE
OEEFE, METCHEA0.85, HAERHT0.66% &\
BERE -T2, T2, T—AH%0.39, /NTEHT0.39,
BM.S.No.250.34TH -7z,

#3. FAME MET COBEM/IST A—4%
(1) FEGEIG#
H H H #% BRAEER o — A NT BTHEHE  BMS BCS MmETC
H#  4313.90
BAE=R 14494 1484.91
o—2 17.80 117.93 63.80
AL -1.27 22.11 4.02 0.79
B FHRRHE -0.87 8.00 -0.37 0.12 0.64
BMS 8.39 14.15 9.58 0.89 -0.06 5.90
BCS 3.24 -1.22 -0.61 -0.07 -0.02 -0.38 0.34
MmETC -136.48 412.14 31.65 8.36 2.07 6.28 -0.14 1151.05
(2) BIEHEHILTE
H H H i HAER 71— A NG ETHE  BMS BCS mETC
H#  469.33
BAES -238.46 977.75
o—2 18.98 19.52 24.52
NFE 2.52 13.96 1.25 0.30
B T RERHE -3.34 3.09 0.70 0.08 0.18
BMS 16.76 11.30 4.18 0.58 0.17 1.99
BCS -0.80 0.94 0.24 0.04 0.02 -0.01 0.01
MmETC -3.65 877.21 30.89 14.00 0.68 17.75 -0.27 972.02
(3) FTEMBE, BIEMHESB L EEE
®H H HE HAER o2z NT FETHEHE BMS BCS M#ETC
H 0.11 0.06 0.03 -0.02 -0.18 0.05 0.08 -0.06
ERER -0.35 0.66 0.38 0.65 0.26 0.15 -0.05 0.32
o— 2 0.18 0.13 0.39 0.57 -0.06 0.49 -0.13 0.12
NFE 0.21 0.81 0.46 0.39 0.17 0.41 -0.13 0.28
BT BRiEE -0.36 0.23 0.32 0.32 0.29 -0.03 -0.04 0.07
BMS 0.55 0.26 0.60 0.75 0.27 0.34 -0.27 0.08
BCS -0.35 0.27 0.43 0.62 0.49 -0.11 0.04 -0.01
Mm#ETC -0.01 0.90 0.20 0.81 0.05 0.40 -0.07 0.85

E) oG L(RUASCE) ; REMBE, MALT ; BEMEE., A KF ;) #BEER,
O—A ; 0—ANHEHE., BMS ; Beef Marbling Standard.
BCS ; Beef Color Standard, T C ; MK I L AT —)b
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(4) BLUPIZLBEESOHEEEEM
F4ZIEEF S OMAER, BM.S. No., MMiE
TCEDO KB Z /R L, MIETCHED SRR
Rz, PiXBE, LET D8, &ZHE166— 9 %k ERAEE -
B.M.S.No. {2 8 117258 #E 413 ) 7 TC O F H i 5740
ng/d1EA R EE <, FROEHEFIIRAER S 40kg Ll
B.M.S.No.3 L0 LEd o 72 2FICMETCO B &M
PR TERER IR AR R B L UB.M.S. No. O F f fifi 5
EBDIED o7z, B, BARER ETERAERDE
RS DDB.M.S. No. OFHEMIIEm 272,

E =

SEOFED L HATEITEENTELZITLH, &
P THHAERICBV TEENEZEITRE WD LA
L7
BEROBII—RICERAICL->TER22[12], 5O
15 AN AR (bt S EIIT AN T I s S AP e st oR=
N5 0T, FHHTHELIB2HEELS . DFY
B.M.S.No.#8.19¢ EbOTHEWENTH -7z, B5
N-HEAREORBREEL, BEHROB I EL L ILF
B (7 == ETVIC L 5 EREMEFME R, $£20mE -
FRI4E2 B) OBMERICEEL T, HREE TR
REL, BHRHETRREL 2720 DO T - ABLUN
FECTIHEBERAEFETH 7, IIHG[8 JoaFREHA
DEEMBEHOBITCIE, ERBEBEOEEEIR
BM.S.No.#%0.66, HAER064, T—AKHEFE0.36,
NZJE0.25, B TERIAE0.33TH b . SE OB IIHA
Hag, 0 A NARORERICOVWTRIZIZE CERT
Ho72H5, BM.S.NolzoWwTidfEd -7, ThigE
NOBRLESHETZHW 720, BEREORR S
%, BMS No oW IHEREBOEN LD
CHENZ TR R EHREISNT,
METCEISHRAEROE=V ) 7L LTEERD
BEVI)HEEH HD1,5,7,19,20], HMESOBRAEE
TRMB XU B2 CORENEROEEIZOWT
DEZASNL Y, SEHOFET, BALMNOEE T
HLHMETCHEOEEEIFEFIE NI &, 2OMMFETC
EREAEEBLUNTE L OBCHETEV L5
ZAZHB L, METCEIIZEEHRANKE S BEY
LT ENbrol, T/, 6HEOMHEBEFOFREMIZIB Y
T, ~HRICHAEREN K E {2»2B.M.S.No. b &V
HAOEFIIMETCEEE VW AR ENT, BEDS
FIETO8REHBEROEELZ LML, FLA LK
I OETHMBFETCMEIREL D, METCHELE  HR

F4. BLUPICK 3t EEM

BAEEE MR
Aty BB BAEE BMS  METC
HSK 4 54.25 1.97 58.06
K73 4 51.70 0.35 43.50
KTF 6 48.30 0.11 42.87
Y1669 7 44.13 1.55 42.38
K78 216 43.60 1.22 50.80
YH 6 42.96 1.03 35.98
D5oN 10 27.13 0.18 16.85
TE 46 25.38 -0.37 35.42
THS 13 21.85 -1.1 4.04
K79 14 16.50 -2.68 -1.86
AHS 3 15.65 0.55 21.14
0] 4 15.10 -0.11 9.42
D7Y 3 12.06 0.91 17.00
SK 87 11.79 0.67 6.05
D33HS 5 11.24 1.08 18.10
IF 3 8.20 0.35 4.80
TM6 5 4.20 -0.41 2.10
MF 5 4.10 1.82 12.10
0S 39 -1.95 -1.73 -12.66
FK 8 -2.63 0.93 11.88
YN 3 -6.03 -0.48 -9.56
D2NS 167 -6.43 0.73 2.16
SIN 102 -9.58 1.65 -22.40
KSN 6 -10.01 0.23 -7.63
TT3 7 -10.52 -1.47 -10.87
KT 21 -10.71 0.12 -11.35
YFZ 3 -11.02 -0.23 -9.56
SSN 7 -11.86 0.26 -6.73
KT 52 -16.30 0.25 -3.60
AF 3 -16.57 0.37 -12.90
YK 28 -18.28 -0.82 -20.04
YFS 24 -18.62 0.16 -11.71
MAF 32 -19.22 0.37 -56.04
KY 14 -20.64 -0.78 -13.19
SM 5 -21.83 -0.20 -24.58
KTU 10 -21.85 -2.44 -30.60
AAD 8 -22.02 -1.69 -25.18
FK 8 -22.03 1.82 -7.37
TM6 3 -24.74 -1.22 -28.52
TH 8 -30.51 -1.40 -29.88
YT 3 -31.55 -0.77 -26.99
TZ 5 -32.07 -1.16 -33.81
MJR 36 -34.22 -0.29 -38.78
TS 12 -40.32 -1.46 -44.78
AS 15 -43.42 -0.06 -44.77
OKS 62 -47.06 0.38 -39.67
oy -2.24 -0.05 -2.15
HiRE 26.96 1.12 26.09
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L7Z3kE 7 0 8 RO FETHABREISKE VI LHEL7
(20125, AREIOBEIELZOMEL*EFTEIOTH72,
METCAHEFY Y I YEMELRVHEEAA S, f#H
BHNERETLEnhRTWA[1920], Sh/2oH, I
BTCHEPEVE V) 2 EFHEHENEI BV E D VR,
IO EVEREERBM.S.No. @ EZD%H 5T
WBHDPH LRy, Ll MFTCEIREESOHR
BETHEOE L WFIIBWTEEFTBEV OV O
RME% Fifey 2 AL A6 n[19], £/4B.M.SNo.®
BNIETHRCEEIFET 5, SHIMAKE. K
TH, E-vii Y omEOEARRS TENT AL
FHRISNTWABE[5 ], L7zA > T, MTCHE A EMR
LorbosftFE- -V EDE LTRIATE A5,
Z DRI ECHTECRGFAREZER L TERL TS
VENHLEBDNS,
METCEOBHEHMEIELEETT -9 IET L. 118
WZHM L7z, FRICHAEE LB M.S. No. OB %N E
BEFORERIIBVTETHAL N, WEOEIZ3D
CULIZR2HAB L B, INHHEAREORTIE
BHRAMLALZNICEAERE TR LI-bDLE
Zbh, BRNECEERIRD TRBTLIOTH -
oo — BB THR—EEY EHTE LEE D ORERT -
& T b EFIIRAFIIE L CIE TCME A720% §i 41K
TT5IL3BOTVE, MFETCHEIZEE., BELF O
FETEZV) VI THREHEL L TEY IVABL
CMERESE (BUN) L QIR BEINR TV S
2. REEEZHZRTAREFHOPELZET HLE
BHLLELND,
AEOREE., BEL BV TMETCHEISEZDE
BEEZITTWAET L, BLUOHAEREIHRAER,
NTEBIUBM.S.No. L BEEIHNZ EAHL 2
IZL72, INHD/RONBHET BRIEEIERT S L
LB, MFOERYU R REOFKREMIGEITRID
FrzhfbEr— -2 EEL, AT OEERR EICE
H L7,

A OB
COMREEITRIICHIZY, B EEB D> ZNOSAI
WO EEEM, (LBRAEEAAH, AERARE
AR, BRUGEEHELE S L CEEZF IO 6 K
5o AFRO—ARL (A) FELITH IO HEATF %
ZEAFRTER L7z, AL THEE LT,

X #®
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2. BYHIREHE

Plant & Animal Genome XII (ZB12E1%E¥E4 T / LFR) ICSIIL T

l:lU

EHE A TR BOR

20044F 1 HI0H2*514H FTOS5 HBE. KEAY 7 V=T MY > 74 ZTI2B W TPlant &
Animal Genome XIIZSBAME S N7z0 ZOFRITWERMIC TRME SN, FICEEEKEBRROE
WREIZBIT A7 AR DEFEN 2RO L o Tnb,

T T TR EEEORBE R AEICEEINTED, 1HEW) ODLZ*?EE“C“?&?/Q’%%H%B&
ED, HRTEzI iE@%@HﬁfJ‘éﬁ‘%oto ZDOHD Town & Country Hotel IV Y-
T, HERBENFFR—VIZBVT, fx&—“%&A%ET#ﬁT%$%®ﬁk&Eﬁ lZBWnT
ﬁbhto““ﬂé&iv 723y TD2TE, RAY =95 TH o720 T—27 3 v 7id
REOHYWR T &, MY OFEE M & ﬁ\#nﬂ\tb %éw IBATELRG 2 B T8
GHIT Wiz Lz, M EE L V) i a3 5 &, HERE L CIIAEY O ED B Y O
FNEDY 3~ ABEVEHIREH -T2 LT, KH ESWJ%E F%é@“%?é@@ﬁﬂﬁ ZOWT — BB
L7z, BEEDETLF ) —kyvar, U—rvay IR EDOEBEICONT, EED
i C’ﬂfzﬁ_y\{% IOWVTHINT 5o

LSHEDRET ) LORRKOEREIZ, =T NIDOEF ) LA RT 7 MEHIRETHY ., REOH
f@ﬁ@@é#/Amﬂ&m&&oto:huiof‘zvaf@\Yi/@E@%éué
L9 4R (SNP) SV EHEENLIE, T2, b hEDY Uy TFo—E, Al kD
231 & A2 < . HEALDBEFE THBARNIN AT o 722 EDMEE I NE T LR EDVHL TR
o7 LLARDVS, oI ENT ) A EHCTOQILY v ¥ 7, KY T atuy
D= 7O AL, BRahs, TNt/ 2ATHo7, =7 ML
T LA ZXPNENWT L BEOMFREN) Z T, 7/A/—71///7®ﬂ%”ﬁ
ENT2DIF 72D, &7 A 8T 7 MEINRED . REWIEEDLEMITEA U AT b L&D
»H5bo

=, v ACELTE BlfE, REDSHFLE R TEETT Y 27 PE LTERTLT
WBBACT 4 =71 v MO, BXO, &7 LAY =710y 7O HE
SENTzo BACT7 4 =71 ¥ ML, WEEED Z DA TEREBE EHE SN, ZOHEREDF
SIWCREGEHEL T 720, R, BRICIZIFLET LI LIl holz, TOREKTIE, THE
ﬁE@ﬁE&@#ﬁ%ﬁbd%#ot®ﬁﬁ HARIZE->TET, EBRIfE-TAHAL L, HIY
FEIBOBACT ¥ T 4 ZOVERICKWICHERT D DE L) 2 &b h o 7o, BACO K itk 25
b BIE. 283, 000841 A5GenBank “ﬁéhfbb F 725 TlE VS, SNPORER S ZFIH
T%éU/ ADVEAVEMEINODOH L L-BbNL, 5HOET ) LY =T Ly Y THK

RIS,

7D%U—b7%v T, 70T F I 7 ADOWGEN 205N ENz2 L2, LWL %
”ZLf:o —2l, EBT7u 7 MEe LT, RO U7 E R L D iE T TR, FET
L7720, BiAa e LNV THMNBERPITONTWAEWIFEE, ) —2F, [Yavy o7
UTﬁ\72Jk%HHT\Hom#%&/hﬁ LRI L T, TR Z DL LV F
FrebZEILoT, MIBRNOA VT AT, EYOIEN WA 72 12EFoNTw5S
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EWVIFETH o720 BT/ LE, &F )L —=0 20 7IZEREAD L QQME)FEEA D05
ERONDLD, A ADET I LY=Ly I RET Lo b2, BEEs
AR/ e el ARl A N - A VAR A VA

QL7 a—= Y FEEENTZT—2 v ay FI2BWTE, BEEKI2ED ) bRSICET S D
DIIZETH o720 ZDH)ED—DIE, NVF— 1) 2=V 2RFED M. Georges I2LBHDT,
RIGEEAFD IV 7 B EOQTLAY DGATI BIZT-OLRICL 25D THAH I L 25X 1ED
TRE B D Do FIAT =T Y - T ITRELEDIFETT Y DERFGHEOQILL IGF2 #ix
FOIEFMRBEIBICBIFALLATHL I L 2@mLERLTBY, V= ay TR LENIIOV
TOFMZ S 217> 72,

D) —DODORZFITH T A EEITKE - BEEWENZEET (US-MARC) @ D. Nonneman (Z& %7
Y DREHEY A XOQLICE T2 HiETHh o7, HHIEIQLY vy €Y Z7OFFEICL YV EERY A X%
I MU= VT BQILAX R EICH B L 22X D7z, &M IZ thyroxin binding
globulin (TBG; ®V > 7usF7—¥A sy —n—f) OF I/ EHEREED ZRIHER
A XA H S Z L E/RL72, TBG & thyroxin (FRERAVEY) ITHET 2IEESDH
LA, FoHEICB VT thyroxin IABEO LNV ) —HBOREIEICES L TWAHEDLDH D |
2L TBG AHEHY A XD QIL THAHZ L2l mETLHDTH S,

RAY —HRKOPTHZRIFE 725 DX LT ICHNT 5,

JEC S BE G ASH B A AR (RH) 78 4 V2 X ARHMLEIE 7 AWFZEIC BT A58 )% Y — Vv Th 5 (R
FERMOMEREEZSH) . 7. 7% ORHMHOIME LRI N6 H o 7245, 40, v=x&7 ) 4,
Ly VeEr A, =7 N )AFEROARORMN % /F# L i B2 27T 30 ZAAMKF,
YRF, D=7 v REREICE o THRWTHE SN2 DL IAINL OEFEIC
B3 2 QILIAAT D561 & 2 WCIZEIIBNE D e W hS, #7270 Y — VOIS X » TS B Z OENT
PHERT L Z PRI ENn s,

KETIEFRWDOZES 2 E (tenderness) VFEIFMICEELRIREDO —D2 L S NLTW 5 A%,
tenderness (29 S QTLIE K & {51 & L CCAPNIZASUS-MARCIZ & V) [A]5E S L7z, [RGB L T3 B4
BOWMMEY YNV BESRT AT T T —ED—DTHD u-HW84 % a—FLTWh,
p=-HNNA Y DOIHFEHD 7)) 2 T T =N, TEE0FEHONY) U4 AT AT
IEREREBITEVWTND tenderness% ER-E¥ 5, AEICAPNIO A >~ b & Y HEIEIZ3DD
WHEZR 2 B n7Z L, IS tenderness E MR H A Z & 27 1C#miE L7z, oI
DEREI~— 5 — P SN ERICBWTHOMHBEARE L, MEFEE LTCEHBTH
52 EERL TS, CAPNUIQTLI#HT & Bt 7 7' 0 —F OF L TRHE S N 72QTLE MiE (=
TTHY, BHEZETORYVARDES TH o220t~ —H— & L TOERILANDEHIE
WEITH B,

B, FRPEPICENDORFEMEBERLKANIL L HIREVHY ., BFEELLICLEN
LIS LT AL TR EDOZ S DRI E ST A I ENTE 2, SRIOMEIMIEIEZORE
RTHERELBRITHo2 LD,
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T113-0034 HEECOEIX %3209 fii-F AR
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