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1. BRIADEEEAE

REBROERIE, BAEORT = EEIHE L. BRI NIIED W@k 2T,
B ENAEARE OLE D 5 KRR EFET L &), —BEOEELZRIRT A2 L12 X
D, LFLWEETAEZEENICERTLIZEICH L, TO720H, MFEEHRE LB
OV TREHEZFITFERIC L ) S OB 2 e LER P ThN T &7z, —7.
77 LATFROBERIE G RFBICBWTH BT OERAEFITEA, DNAT—F —
EREFIREICRG-9 A BIREES B WV ITE (BT @m)kw@%%ﬁﬁﬂ%mﬁoto
MR A DIE, DNAY— /7 — 2 fBiE & LC, BEHEICHE LS m R 2 2
LZHLVWEREOHENHETE S, £72, DNAV— 7/ — %?ET?Q & L7 BRI IE
BETOXFY ) TOAZ ) -y 7 HARRICR 5,

KOFEOFEL, SEOZI L CTEIEREOGIK., SKEOANFELZ L EbDT
FELWSEETFTTERI A ML BREAEIE2L20NE% S 2 0IkRicH b, 20720
”iﬁﬁﬁﬁ®%xf%%ﬁﬁﬁﬁ«®§@%%$m AT TEPWIETH Y, B

L WERSS O RSE IS %i?éZ%#%otou®i7 2R D RWKE
”@%E@%k&\8$¢¢ﬁ@“ (ﬁ)AI%% PER By O TR A 15T

HZAR R 5t B S O & RIS SO I \<ﬁ>*ﬁﬁm% S 8 =D W AT R FT
DRI END Z L o7z,

1992 (CEpe4 ) EERSBBESNIEO 70V 2 7 NI, 7 VEEE Y A F 4D
FIZED LT D . EEERRONABRIEOME LR R EERETRE D7 ) AET~ LR
RILRKESNTE Tz, RN D AT L OFETIEZHDOINAY — I — D% - EEHIX
EANOREMTEZIT, INO6DOY—h—2@ERRTAHZ EI2L0, EMEFRINRLEBT
BENEM LR TEDL WL L, BE#NoTEL, A0 L —5
V)54 RARRET A AR T E b o T B, BRI T, BRAE, BTN
fi, RVAY A REIZR O N 725 8 MOEIRAYER OEE T2 iFE L TF v 1) 7 DDNA
TWrE e B% L7z EEMEIROMITIE. 205k, ﬁ/é¢/A@%m<mw¢>
BT ANPOERRL Y VEETHEDOHEHZEOERIZLIVIMHESI N TV A

19044EFE D SRR FIE DM IR E - 727 \pmﬁﬁfﬁﬁﬁ%mjﬁﬁ &@&%
T oo, BHIEICE S T Tk S e, UGS O RIZ & > TR R 7%
BelhoTwd, ETEOBEN I, B HAERICEST 4S5 OQILE L
BT (P < 0.01), ZQILOMEOHE %A, QLOBLETFOLDEFEET LS
NERT T b, BFBEORITIIBNTS, &7/ AOBFIED v — L ORHIZ &
> TR TEZFOLDORRMEM O ) L7 4 FEEBH~FEEL TWA



BRIZI992ME AL 2 %, MEE 2 4Ot 4 B bRE L, EOER - k&
EHITNEKIER L, 2010 FERICIEIT R & B HEM 3 4. MPFERRM 114 (MF7E8 6
%, WHRMB R 5 %) Lo 7
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1. MRHEEDRSA
1) 9245/ LERAY — VOB

(1) 7% LB OBIK

7 2 ) LB (Bos taurus, NV 74— NHE)IE, BHE2 2072 7 HIEEE-L
SN Twad, 120, BaylorERFRBIM O N/ Ly —Fr oy rvry—|24k
DIEERTIOWEE T2y TP ThbNIZb DT, 2V V=V T AIZEAT /) F—2 3
Y EFAF) AT, 200094 Alcy v LAERAIEZE L L CSciencert i LRHE S
L (Btau_4.0). 20104E10H 1213, YSOARDOES] 2N 2 72Btau_4. 5558k 2B & v 7z,
BI1ODOT T IIE, AU =T FKRA, Btau 4. 0& W UHEER 2 HWTHOT
ETTE TN L2b DT, 20104E10H IINCBIO/SA 754 »TF7 /57— a v Eh:
(UIMD3.1)o EEHDT7 2y TNIZH, NS LTy 7RENOO% ERE (TR T
VLT =) ENTWAETD, 7/ AEVIOZRES LIS Z EAMBERREEE - T
WhH, BOMeE N L= ey —TlE, T AREAEE UFE [= BAC
70— WS (Whole Genome Shotgun @ &7/ A &XTRIZT V¥ MZED 2w L7z
D) TMAGELELOD|ITER LT v VoY AN E, Hlly — 7 -7
=Y ZMATHELTEY, 7D7 ) LAFRFIS RO ) FTURTE S LT
720 SROMERIMEE L7z,

—7J5. KRIEEBEE (USDA-ARS) Tlx, HHRDO Y D350 1 % Ko, B EICIG L
72Bos indicus®D 7/ LN ZRET L0, il —Fr oY —aHWT, ru—Lff
TR DGR INRE & 72 > 7). SNPEEZE, mRNARCHIDPE R £ 24T Tz, &6
(2. K (Bubalus bubalus) iZ2oWTh ., 3. W, A, #7 EFEFEICIERIC
BENTHWEIENL, 7 ARFIED OO =3 T AT Tz,

LS KEHIOT ) 5= 5 20T, B, [Btau 4.27 & > 7 U 121324, 000 |
M DR T4, UMD3. 17 > 7 ) 121326, 000 DA ER EN T 5, SOz,
b b SO EYEDRET L OBESIOMARS S FESh 22 Db % G ER D,
BIZF D5 B L O3 MZEEIER s I A= & OFCHIOM AED S < iz, Fill
HIRT-O5 3B L O3 MPERFREBUIFER S T v, KRERESE (USDA-ARS) (X, 7
Y OSIEH DM & F NN L 720RNADE G % T Y — 7 v 4 — THE L,
WD3. 17> 7T 74 ¥ A2 b6 28T, EET O B LU MIEHREEE
ELCHREL . ZOFE, w27 aho sy ) YU, 32 Mb (3,200 /5385




X)) 540 Mb& % o 72,

(2) FY =7 o —EWERD Y =7 ) — DB

RO Y =7 o —1F, T H =g w9 FikT500-1,000 bp ($RAEXS) DDNARLSI %
MELCHOIEDPTE S, BFEITTHEM L TWAABL 3730 DNAY — 7 »H—id, —
FEIZ96ME DDNAY & 7V % 1 e TRiidro BACY B — Y DR E150 kb (155 EN) < Hw»
%5 EONARS % 2% EEDETHREDFERT 5. ZOEEOHYEBEL TR/ 4
WERIZELDTH 5,

—J, FY —r =k T YT 5 — 1T36 bp x 2 DDNARCH| ZAOKFIE TRl 2 &
WTEDL, BRI L2HDT, BEEL 00A0, 7¥ 75 =131 — 122, 7507 i &
D 1TRO#FETL — 224720 7 LAD2/3F AT %2 Gh (2063EEE) 2t 2 &
BTEL, 8T8 L—flig L, 16 Cb. 5.37/ AMB L% 5%, 36 bphih %
HWIZDGRTWLZEIITERV, E2AD, U7 ) LR TY 2 OZIRESAS5EK
LTWADT, 36 bpTH-o THEMEH| & TS5 (BT Twnw) ZETo%wn
TWiT 5, bbb, il —F 89 —d7 7 L OZBENDPERE L TEloTHRIZIL

o

(3) B> —4 B —12 X BT VNPD KBRS

R = o —Tr ) bl ek )=y TEVnIAN, V=T
T3HE% DN (BERELH) PRO»L, KEICHELAZSNPEZFLOTT v 7%
TLALL BB RSN T 5

T VSNPF v FUEL ANV A T L AR 50K (20074E12 /) W EREAAS) . HD
(20104E7/1) . 3K (201045 7 H) 0 3FMATHI ST a5, 4l (774 A1) 7 X|
H2%Axiom BOS 17 LA ®%E L7z, 2iid. Bos taurus¥ Bos indicus@Hrlly —4
Y= TERARZE L TV AMEENENENO T =5 %27 74 A MY 7 ACRMEE L,
Bea O T — 5 B E5DLETHINT A2 LT, BOBEWEEONPES % T EEIZ L7
bDTH B, WS NT24, 6007 MEDOSNPD ) &, 2 mpAELL TR S 724530077 18 %
A7) ==y 7T L AZEE, 2008 FH0VEERTY A Y 7L, KB BT 5
N % 32, BRI N FEPRAE 25 L) IINPEER L 72, TOREE, Axion
MSDWMHM8ﬁM®WMﬁ“wi AV 3 FHD SNPF- v 7 (/) L EICEE I L2 SNP
AEET A L) ITEIR L7277 SHEONPZ #H) L Y b KRBT AELEK I /N —2
B8 <, Bos taurusT88-99%. Bos indicusT79-87%% 1 /3— L TWwAh &\,




(3) v T rF T F v —

EI VR Ty —E WRLLZY ) A sy v (= EEF & L ToRNA
CHRE SN A RS HoviERL TR BSAETH Y, Fifl — 7 5 — Ty
THZEWL Lo TLI Y VEGICA L ERERERRETE S, b POERBEOR
WEEZ RBTHEE LTHESN DT, EMEO D2 VI 2B mmICB
WTHFERERLZFET S LN TELHLVENFETHE, e sy v Fx T
Fry—HF v I, BWE, v ¥ aNimblegen, 7PV b, ANV F D3NSR
ENTWT, K62 Mb (IRFT e FRefSeq7 — 7 N—ZAD91%, ¥ /37 a— FEED
OB%ZA/N—) "y —7r v he LTwh,

TUIIIBVTHELFBRVIERSINTCE LIRS (1) HER), 700 M
DOKEEBE (UDA-ARS) & HEFIT, wiarsy vy 7 Frv—HE v oz
T 723 ER AT S8l olze Uy DBIEEBBITOT-OOF Ly — Ve %72
TR T/ LAER e RBEICBWICEEFEBORERWLINPHEICFIHTE A2 L
PHIFEE LA,

(4) 7z BFREMEE T -7/ S ERLoER

T NEE R, TR TEIZOWTOEGET & FEMEREM e OME 2 2128
SNPOEAA FHIZ A aT Z2fF7 THB &, MR EMFORD 2 EEZFRHIZLZ2 207 T
FHMIL, EET L0 bDOTHL, KETIE, 20001 ADSRVAY A YOS )
LEEM A GEEEM L T) SELTwA, 7 L8R, BAKREICIERT,
BROBIEL 155 T TORERR I A P2 KIFICHIRTE L LWV A v bDSH LA, —
FEOLMEE S50, 2EEF L L CHTHEHOBBTSLE L2, KELDIO
EC O fEIZBNTT ) AERE WS 5O L 2o 72, Hayes b1, S BEESNP
FoTERWAZEIZLoT, 7/ LBREOEME Y BV, T2, B2 HBEICH #EH
TEAUEEME LR LT, HIZE AL, AV F50K SNPT- v 7 THA L 7 LizRN
AL A L2, 203F S DY B, ZOEFNICKE 2BENEEL 5 2 T AT
A5E LA 40088% 1V I FHD  (FI800K) SNPF-v 7 TH A K/ §5 28128 - T,
7% DAL DRO0K SNP BIEFEI 2 97% Ll EOTFEMES THEET A 2 L A5C % .| 800K SNPi&
{EFRCIS0K SNPEETAEIL D DR LA BE & OB AR L7z, #7210t s
N7z, ¥V — Y —H308FMEA IC BT FH SN, KIT, TSR,
RWVAL A CHE] 88650 + Vv — Y —H3BHEDBEEE L, RIVAY L LHEIITHE 4+
Uy — UM ORI TE L, 50K SNPE{RFTY & 800K SNPEL TRl #4112
NTr/ rEMEMEREHR L2 A, FOME (0.5-0.6) EFWTALH 800K SNPE{LT




O FARR Elilo Tz, 513, [800K SNPRET R 647 ) AR5 (§TD |
SNPEIETH) AHETHI L2 ROFEL LT EMRIDEESFO 7 40 >
— LY AT =y R L, 7 AESHEEO OO EEFE LTFHIHTES
[1,000%& it 7" &) A REL TWwiz,

WD T ) LFERIZOWTIE, GarrickS 2%, 50K SNPE{ETH A IWTC, 7o 7 A
wEER, ANV T - FEZEENE L2BE L. FOMOEE TR L TWizos,
WD B & OB D - 72 (0.16-0.18) 6

(5) MBI BIF A A FElY — 7 o8 —% v 7 R M sk O SNP R 5
SNPIZRIERENT 22 & D7 ) WBHTICE R RDNAY — N —TH b 7 OERT ) LEHIN
ToTELT LX), FH 5 U — % 7R 2 SNPHEER ST REIC 22 - 72,
BENE TN 7 AT AT 720, BENETHEREDL VNP [ A4 F—7T
JOVEERE (MAF) = 0.05]%BZE L. [BREMESNP~ Y 7] & LTTF =7 =21 L7,
HEMMEEMOSNP 2R Y % CHERTH72012, 4V 2 F50K SNPIE(ZE TR % w2 &
B AT & S EEOMARTERICE D&, 40DRMI N — T3, FE L) 72nEiE
T V528H (5UESR ; 168H, HEFLR ; 199H, BREGR ; 1198, K45k 79H) ORFEE
RFEIR LT 7 ADNAE, F V=TT T— VL7 (K1),

T = oA

1. BEMEEE & EREFDO S



INS4DONAT = WiZat LT, #NFNPaired-EndH>—o v v 754751 —
#VEB L. Genome Analyzer IIWCCY—F v v 7 %dfio7z, 7H—kNVIF8L— VI
GhENTWAEID, 7 V—T122— 3T OMHA LT, 36 bpPreadET4T >, 40 bp
TI1T Y4727 U 7 7 L ¥ AEFNZIZUMDS. 0% V>, 10,000 > depth = 20T /¥—
SNTWALHEEZNG L L TINPERELITW, A F—T VA 2 readsbh . HEEMAF
(eMAF) %% 0.05LA ET3 5 EALESNPE L TR L 726

£157 ~T170.8 Gb (x 63.94: 1,708(&IEEX) OEFIT— 5 B EFEL NIz, K7V —
TV TIE, KiEsk 5 40.8 Gb (x 15.27). HFAFR 5 43.9 Gb (x 16.45), BEER ;
44.8 Gb (x 16.77). £4%;41.3Gb (x 15.45)TH V), &7 V— TS THEHEEDOEYT
— Y HEL NIz, Eread?93. 2%1FUMD3. 0IC~ v 7T, BITICHEH SN, Zhb
read (FYEHEE = 159.4 Gb; x 59.70) 12X > T, 7/ 4 D95.3%%% 20 depthbh ETH
NS | ERERB L Otk 5 B L72SNP (#EEMAF = 0.05) O#Ekid]
(13,281,834 TH H, ) ¥— MEBIFTIZ 4,594, 381 & % - 7=, | FHHEEMAFIZ0. 26
(V) ¥— MEEAY. 0.28). FHMFE; 13202 bp (U ¥ — MEBSL. 308 bp) TH o720 K
WHAEAEDOMRE S N2NPE L BV OE S XFERDNY — v ZRT 720, SNPEERIZY
LAEEPHIRY 2 ATH e TELEEZONS (M3),

2 . eMAF & SNP#L



3. BEBERDOSNPHERS

FENT DX R L L7:528% 1 VI FHD SNPF v 7 CHRIHE L THES - faE 20%0
SNPOMAF %, Z 2 CHESN7zeMAFE i L7z, 4 V3 FHD SNPF v 712120.05 < MAF <
0.20 DSNPIZ4,068M > b . € DA2, 684148 (66.0%) 721 H5528HD ) ¥ — 47 > ¥ ¥ FTH,
Hahzz, L2EL, V=7 vy 7 Threadfin% { % HMF = 0.20DSNPTIid
6, 8091H FF 6, 52218 (95.8%) * I TE 7z U ¥ —4 ¥ T ¥ 7 THRIM L72SNPDeMAFIX, HD
F v TOMFE & { —BLTWAT E2b, MRERDEBIEIEREZ LA ho 72,

A lB%E L72SNPIE REMETT VIVEHED S W —#A 72 SNP (Common SNP) T& 5,
T VVHHEDRWSNPIZE N2V T, AEREORERENPEM KV ACHNIZOE
Had Lz,

(6) SNP % H\ 5% qnfld & Tk DL

LT TIEINE TS, DA 7 0HT7I 4 (MS) ~— A —%HWAEEM
FEEARIWVAY A U, F1I (BEMExRNVAY A V) OREENEZBHERELZ
(Watanabe et al., Anim. Genet., 2008)s L2*L7%HH, MS¥—Hh—D¥ A ¥V 7IE,
ZRBRDOMIIZIIAMETH L, —hH, REFKEKINTZT VHapMapT V=¥ T LD
LI BV TIE, #37, 000 DOSNPOBIZFHRZ ERDTHT A LIZL), 7D
A 7 T AY — AL TEL I EHPRENTWS  (Science, 2009), 2T, SNP% FW
7o Mg E 2 ST 572012, BEMEE RIVASY A V1, FIORICLE R



SNP~ — 71 — & 3ER L 72,

EIND RNV A S A A 1250E & BEMMEEZA1200 (MapfEE bFE X L) L2nr
EF ) BANIFE0K SNPF v S TIA 7L, A F—T7 UNEED. 1L ET
T = & RIED 728933, 00018 OSNP & FEATIZ V72 BSNPIZDWT, FNEFNOmiEIZ
BIFAANT REERMFHMEOTHME (Hy) & WamfED 7 ) VIR OMEIIEE 2 5T S
NDANTUBEAREE H) ZHY ONright OFspftat &4 55 L7: [Fao= M - He)/
Hrlo

FsrD R EWJEIZISMEDINP (r? < 0.12) %D, 9EHOFIZ A, e 21T - 72,
SNP 18fH DB s 1% F\»CTLinear Discriminant AnalysisZir-o7:& 25, BEMAE
AARNVAS A YHEROFLERIT 22 L2 L7z, 55, LBOMKTHRIET S & &
biZ, T T Ly 7 AT L B EE R SR O Hig T,

(7) 5HOED S

(7)-1. SNPF v 7

774X MY 7 AAxiom BOS 17 VA OEREFENMIIBIT AR ZMHERET L, A V3
FTHD SNPF v 7% . BEMEOZRKEICE T H51528 (P& ) 2wt EEnrv) TiF
fliss &, ~4F—7VIVHEED 01LL Lo Gtk LDOSNPA 59T, 500 kbl Lo
Fy v TPOROGAAAR LIZTEFT (e Kk1.47 Mb) FFE L 7. Axiom BOS 17 L A1 i,
SNPIRZE (2RO 7 AFISHEbnB ). £, BRI NP3 E R 5 L) TSNP
BRI NTwL20, DTy 7EVERTH L2 LNk v, Axion BOS 17 LA 124
HENSNPx . FEEEMMES20E A H TER L 72 [[BEIHESNP~ v 7| [ L Ba L.
FOH MM LT 5,

(7)-=2. VBRIV F X T T v —

NCBITZAB SN TwWABtaw 4.27 > 7 EBXTD WD3.17 1> 7)) FOE2H6F
HOBETHEREFWT, ByFy 79 v —HoDOBa v ¥ aNinblegen A% L7 L A %
EHCH 2, TNEHNT, THREFEOT / LBITICH Y ML, =z 7Y ko
SNPAEFRICERETEADT, FHCRB LSNP N2 T [EEMESNP~ Y 7| &
FESGL, TVL Y MEORELOEH O HETT 5,




2) 77 BRI DDNAZSITE D BR
(1) WFZe4EKk: 19974E-20104F CERK 9 4F — FHi224F)

(2) BrFeEH L fF S B R

7Y OBIEHFEIROSL CIFHEMBERERTH Y . FBET 5 LRIER THOEE S
), BENGEFRIIRKEV, RFETIE, ZNODOERBIZOVT, DNATER L L7C
A7) ==y TR T 5 LR, S 5ITEA CHEEMEN R KB R T OB -
BEZITIo 20X ZHBPER S NIUE, BIETOERLBHT HDNAZHNIC & -
TEXYVTORAZ )=y IR TEL0, BEWEROBELZFIHL>OF v 1) 74
DBIGHIREN A BRICAENPT I LB TE S, 2010EE T TIZ 8EOBEMEROFEZE
BEeWo»IZL, ERTFEMELHLL: E1)

®1. BEERROEEFEMD20100FEETOEEH

ptEGRE | G | ERRET | 2RomE | D |
Ja—54 v-16K , Claudin-16 -
T u D KRIA 3
- me (O g woxi | b S8
T T KRR MCSU . -

L HEMfE . 1 AR IR =
i | N | s ) ST
Chediak-MigashiE | werm |  (nsy | LELER ) .
fEht
7a—7"4 v-16% . -

E' ~ SR _ =4 o
W 5 4 79 BEMM | Claudin-16 | 56 kb?D /K8 HY = PR
‘ 1AL E
B R T P LOBIN | A B
EHIF N IHF D235 3 =4
S
. BRIV A —
L TS w0 nkoxE | By | Em
AN AE | REAE| WL | LEEIEA AR
<V T 7 VIR ATTA T ) )
TR memm ) ma - By | BT
HARIYE IR




(3) v VB EEE B O
(3)-1. Al shREiE (RIILKRS: & o FEFE)

HEMEIZR S N LM s iE (FMA: Forelimb-girdle Muscular Anomaly) O
AT 24T 5 720 F—HIOEMIZB VT INFE TIZ2EZSELBES L 72AY, 2CH O
TR TE, L2 LADPE, ok, SEEHOEESR Y ES Nz, XiF&s )72
WER GHEOBEHEF A ED) BT A2600EDFEF 2 £, DNAZ TR L 72, 2Ralk
FICEE L2258 D<A 705754 hv—0—%HOTRE L OFENEZ R/ L
A, I VRBRBEDTAATHIIH LY - —HEPIEEAEICESH L TWE I L
Bhhrol, 2T, SOEBICESIIT—T—%BIMLNTO% A4 T 5 LR
20074E ) ¥ TICFMAER I Z 3 MbE TR o 7245, Ik L CE R OBME R T 0T
3% (Masoudi et al., Anim. Genet., 2008)o € ZTHE Y —7r W —nHWT, I
&5 RVHERO D LFVAF v ) T LR FO T LRI Z OMEIRODNARLY %
BT A E IR, 20094 FE ICFMATEIRL O DNABLH MG 2 44 T L, FMASF v U 7R TAT
OpDEFFCREDY —H—El 2R3, 7008 ONPE B L7z,

2010F L, Gl &RV THEIRORE L 2 AR TR LT,

(3)-2. XNV 77 VEBHFARTZE (KRR & OILFEFIE)

BEEHNBOSFEMEBESOETICRT AR SN £ ORI EIRE, FEid
EEEEZRTPEEIE SRV (EETTOLHIR), b NORICH L EMIE
W) RETHL, INLOERIE, e oYL T 7 VEBRBETRONAEIR (B
H. SN, BNESICLAEDET /230 EE, BFE, FESLESM TRV,
EHEROMEI, HE, KREVEA) IZEMLTWwE, b M CIEEROEEFRAERL,
Fibrillinl (FBN1) OZEEMNFEKRO D LHBHL TV,

s ld, BEPFAORKFFE £ 9 20k (BAIREFEL368E, ILFF108H) 2 Hw
TAIIF50K SNPF v 7 CHRIHIE L, Jefufkl0FiIc~ v ¥ 7 Lize gmik10FIc~
A8 T T4 MY I —%2LIEELTHITLZEZA, FEROERIEOL N,
vy ¥ ENTAEBIIFBNI N E L. BEFoNTay L FiEATaThHb Ly
5. CORREIE VT 7 VEFER & FARRICEMRERER 2 RS L E 2 5N h B
MEFAIFIEL T\, 22T, FBNIX OEA 7z & 2 A, HHifEFAD T 7 Y 265
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lonotropic Glutamate Receptor AMPA 1 Is Associated
with Ovulation Rate
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Abstract

lonotropic glutamate receptors mediate most excitatory neurotransmission in the central nervous system by opening ion
channels upon the binding of glutamate. Despite the essential roles of glutamate in the control of reproduction and
anterior pituitary hormone secretion, there is a limited understanding of how glutamate receptors control ovulation. Here
we reveal the function of the ionotropic glutamate receptor AMPA-1 (GRIA1) in ovulation. Based on a genome-wide
association study in Bos taurus, we found that ovulation rate is influenced by a variation in the N-terminal leucine/
isoleucine/valine-binding protein (LIVBP) domain of GRIAT1, in which serine is replaced by asparagine. GRIA1%" has a weaker
affinity to glutamate than GRIA1°*', both in Xenopus oocytes and in the membrane fraction of bovine brain. This single
amino acid substitution leads to the decreased release of gonadotropin-releasing hormone (GnRH) in immortalized
hypothalamic GT1-7 cells. Cows with GRIA1*" have a slower luteinizing hormone (LH) surge than cows with GRIAT®". In
addition, cows with GRIA1%*" possess fewer immature ovarian follicles before superovulation and have a lower response to
hormone treatment than cows with GRIA1%®". Our work identified that GRIA1 is a critical mediator of ovulation and that
GRIAT might be a useful target for reproductive therapy.
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Introduction

Cattle, like humans, usually have single ovulations. Superovu-
lation is a method often used in the livestock industry to obtain
more descendants from exceptional dams, but the treatments
produce inconsistent results [1]. Identifying the gene variants
responsible for the variable responses to superovulation treatments
may help toward selecting cows that will be more responsive to the
superovulation treatment. The molecular mechanisms that
regulate ovarian follicular development in mammals are poorly
understood, mainly because of species-specific differences between
mono-ovulatory and polyovulatory animals. Analyses of mouse
models with female fertility defects have revealed numerous gene
products with key roles at various stages of ovarian folliculogenesis
[2]. It is important, however, to identify specific gene products that
control ovulation in mono-ovulatory animals.

Although genome-wide scans to identify the genes that influence
ovulation rate in cattle have been performed, no specific genes
have been identified to date [3]. The estimated maternal
heritability of ovulation rate is relatively high (0.23) [4], but other
factors, such as environment and technical expertise, are potential
impediments to determining genetic variations and identifying the
specific genes involved. To overcome this problem, we collected
blood and superovulation records of 639 Japanese Black cattle at

@ PLoS ONE | www.plosone.org

the Embryo Transfer Center ZEN-NOH, where professionals
routinely perform repeated superovulation treatments to collect
embryos for commercial purposes. The average number of ova
and embryos collected over five treatments ranged from 0.4 to
44.2 per superovulation with a median of 13.8 (Figure 1).

Using these samples, we found that ovulation rate in cattle was
associated with the GRIAL. GRIA] mediates most excitatory
neurotransmission by opening ion channels upon the binding of
glutamate [5], Cows with GRIA1*™, in which serine is replaced
by asparagine, have fewer immature follicles in their ovaries than
cows with GRIA15®". This single amino acid substitution decreases
the affinity of the receptor to glutamate. Immortalized hypotha-
lamic cells transfected with GRIA1**" release less GnRH than do
cells with GRIA15". Cows with GRIA1**" have a slower LH surge
than cows with GRIA15®. Our work would lead to more efficient
breeding practices for cattle and to a better understanding of
folliculogenesis in mono-ovulatory animals.

Results

GRIA1 is associated with ovulation rate in cattle

Among the samples we collected at the Embryo Transfer Center
ZEN-NOH, we selected 42 cows from which many ova and
embryos were collected (high, =18.2) and 42 cows from which
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Figure 1. The average number of ova and embryos collected
per superovulation over five treatments.
doi:10.1371/journal.pone.0013817.g001

only a few ova and embryos were collected (low, =9.6). To reduce
the effects of specific sires, fewer than five cows derived from the
same father were included. Based on typing 1154 microsatellite
markers covering from chromosomes 1 to 29 and X, the

GRIAT Is Linked with Ovulation

population structure of the selected samples was evaluated with
STRUCTURE [6] and we found no evidence of a systematic bias
(Figure S1). The stratification [7] of our samples was also low
(A=1.104). The estimated effective population size [8] of the
selected samples, 29.6, was similar to previously reported
population sizes of Japanese Black cattle [9] (14.0-52.1), indicating
that the sample in this study well represented the Japanese Black
cattle population.

We scanned a total of 84 bovine genomes and revealed a
significant association at the chromosome-wise or genome-wise
level between ovulation rate and markers associated with
chromosomes 2, 3, 4, 6, 7, 8, 9, 10, 13, 14, 15, 16, 19, 21, 23,
24, 27, and X (Figure S2, Panel A). Minor haplotypes whose
frequencies were less than 5 % were removed from the calculations
and all of the markers were reasonably within Hardy-Weinberg
equilibrium (HWE, £>0.002 for either high or low). When the
number of samples was increased from 84 to 134 (67 high =16.6,
67 low =7.7), the analysis demonstrated that chromosomes 6, 7, 8,
14, 16, 19, and 24 maintained a significant association (Figure S2,
Panel B). Further analysis with an additional 50 markers showed
the most robust association on chromosome 7 (Figure S2, Panel
C). Scanning of this chromosome with an additional 86 markers
indicated that candidate genes were located in the region between
62 and 63 Mb (Figure 2, Panel A), which harbors GRIA! (Figure 2,
Panel B).
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macaque  RPKYTSALTYDGVKVMAEAFQSLRRQRIDISRRGNAGDCLANPAVP
mouse RPKYTSALTYDGVKVMAEAFQSLRRQRIDISRRGNAGDCLANPAVP
rat RPKYTSALTYDGVKVMAEAFQSLRRQRIDISRRGNAGDCLANPAVP

Figure 2. GRIA1 is associated with ovulation rate in cattle. (A) Association signals with ovulation rate on chromosome 7 using plots of the P
values for Fisher’s exact test after estimating haplotypes of consecutive marker pairs by expectation-maximization algorithm. The red line represents
the threshold for genome-wise significance after correction using the Bonferroni correction for multiple comparisons. (B) The map of markers (blue
circles) and a gene (black line) found in the candidate region of chromosome 7. The red circle represents an SNP found in the gene. (C) Schematic
illustration of GRIA1 that harbors 4 transmembrane (TM) domains and the LIVBP domain, which includes alignment of partial mammalian amino acid
sequences. (D) The average number of ova and embryos collected per superovulation of S/S, S/N, and N/N cows over five treatments. Data are

presented as mean * SEM. P values were calculated by Student’s t-test.

doi:10.1371/journal.pone.0013817.g002
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To detect possible causative polymorphisms in GRIAI, we
sequenced all exons of this gene in selected samples with
homozygous high- or low-specific haplotypes (Figure S3) and
found that the high samples had G alleles, while the low samples
had A alleles in exon 7 (Figure 2, Panel B). The identified single
nucleotide polymorphism (SNP) and its thrce neighboring
microsatellite markers were in strong linkage disequilibrium (LD)
with each other; pairwise XT measures were all greater than 0.7
(Figurc S4). This SNP replaces a serine with an asparagine at
amino acid residue 306 (S306N) in the LIVBP domain of GRIAL,
which is highly conserved from rat to human (Figure 2, Pancl C).
Encouraged by this finding, we sequenced GRIA in all 639
samples and confirmed that S306N of GRIAI is linked to
ovulation rate and onc copy of GRIA1**" decreases the number of
ova and embryos collected per superovulation by three ova
(Figure 2, Panel D).

To check the general ratio of this naturally occurring variant in
cattle, we sequenced GRIA! in commercially available sires and
observed that the Mendelian 1:2:1 genotype ratio remained and
this SNP does not depart from HWE in either the Japanese Black
(P=0.125) or Holstein populations (= 0.547, Figure S5, Panel A).
Intensive genetic sclection for high yields of meat or milk among
beefl or dairy cattle has not changed the frequency of variants in
GRIAI. On the other hand, in the Embryo Transfer Center ZEN-
NOH, they choose cows to collect many embryos after conducting
three to five superovulations, which might reduce the number of
N/N cows in their population (44/618=7.1%; HWE, P=0.004,
Figure 2, Pancl D). We did not have enough superovulation
records to confirm that GRIAI influences ovulation rate among
Holsteins; however, the average conception rate of the N/N
population was lower than the S/S population based on artificial
insemination (Al) records (Figure S5, Panel B). GRIAL might
affect the conception rate through effects on the ovulation rate in
cattle.

S306N in GRIA1 affects ligand affinity

The functions of the N-terminal LIVBP domain of GRIAI are
largely unknown. A 170-residue deletion in the LIVBP domain of
the ionotropic glutamate receptor delta 2 (Grid2) impairs its exit
from the endoplasmic reticulum in mice [10]. To examine
whether S306N in GRIAI affects protein transport to the cell
surface, we stained GRIAl-expressing HEK 293 cells with an anti-
hemagglutinin (HA) anubody under nonpermeabilizing condi-
tions. There was no difference between GRIA1®, GRIAI™, and
murine wild-type Grid2 as a positive control (PC) in the
fluorescence intensity ratio of the HA staining to green fluorescent
protein (GFP) expressed in the nucleus (Figure S6, Panel A).
Expression of murine deletion mutant Grid2 as a negative control
(NC) under nonpermeabilizing and permeabilizing conditions
confirmed the plausibility of the experiments (Figure S6, Panel B).
We also compared GRIAL expression in membrane fractions from
the brain of S/8, S/N, and N/N cows and found no difference
(Figure S6, Panel C). A single mutation, not a large dcletion, of the
LIVBP domain might not affect quality control mechanisms.

The N-terminal domain of ionotropic glutamate receptors
mediates  dimerization [11] and affects ligand affinity [12].
GRIAI™ might have lower ligand affinity than GRIA1S
Indeed, a ligand binding assay using membrane fractions extracted
from bovine brain showed that the Kp for AMPA, was 27.7, 43.6,
and 59.6 nM in S/S, S/N, and N/N cows, respectively (Figure 3,
Pancl A). Morcover, current responses in Xenopus oocytes injected
with GRIAI mRNA revealed that the ECsy for GRIAL®® and
GRIA1™" was 4.5 and 10.7 uM, respectively (Figure 8, Panel B).
When coexpressed with GRIA2, the dimer partner of GRIAL, the

@ PLoS ONE | www.plosone.org
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ECso for GRIAIS® (4.9 uM) was also lower than that for
GRIAIM (104 uM, Figure 3, Panel C), although the -V
relationships of both GRIAI were similar (Figure 3, Panel D).
The N-terminal domain of MN-methyl-p-aspartate receptors
controls channel gating [13]. S306N in the N-terminal LIVBP
domain of GRIAI might affect its ligand affinity through
controlling dimer assembly.

S306N in GRIA1 affects hormone release

The molecular link between GRIA1 and ovulation is not well
understood. To address this issuc, we first investigated GnRH
secretion in murine immortalized hypothalamic GT1-7 cells [14]
expressing GRIAL, because glutamate stimulates hypothalamic
GnRH release [15] (Figure 4, Panel A). As expected, stimulation of
GT11-7 cells expressing GRIA1®® with 100 pM glutamate for
30 min induced the release of more GnRH than that from cells
expressing GRIA1™ (Figure 4, Panel B). There was no difference
in the transfection efficiency between GRIAI® and GRIAIA™
(Figure 4, Panel C). S306N in GRIAI might influence GnRH
release by altering glutamate affinity.

GnRH regulates follicle stimulating hormone (FSH) and LH
secretion in the anterior pituitary [16] (Figure 4, Panel A). FSH
induces follicle growth [17] while LH induces ovulation [18].
Because GRIAI variants might influence FSH and LH secretion
through the regulation of GnRH release, we examined FSH and
LH concentrations in the serum of S/8, S/N, and N/N cows
during superovulation. For superovulation, cattle were adminis-
tered decrcasing doscs of FSH twice a day on Days 10, 11, and 12
of their estrus cycle {Figure 4, Panel D). The prostaglandin (PG)
Fo, was also administered at the fifth FSH treatment. We detected
no differences in the FSH concentration between S/S and N/N
cows (Figure 4, Panel E). On the other hand, N/N cows exhibited
slower LH surge than S/S cows at 55 h after PGFs, treatment
(Figure 4, Panel F and Figure S7).

S306N in GRIAT affects ovulation

To more closely observe the effects of S306N in GRIAI on
folliculogenesis during superovulation, we examined the ovaries in
S/8, 8/N, and N/N cows by ultrasound scanning (Figure 5, Panel
A). N/N cows had fewer immature follicles (¢ = 2—-5 mm) than 5/8
cows hefore superovulation at Day 9 (Figure 5, Panel B). Morcover,
N/N cows also had fewer maturing follicles (¢ = 6-9 mm) than 8/S
cows and the ratio of maturing follicles to total follicles in N/N cows
was lower than that of S/S cows at Day 12 (Figure 5, Panel C,
16.5+6.4 % vs. 42.9%5.7 %, £=0.0097), indicating that N/N cows
responded less to FSH administration than S/S cows. At Day 13,
N/N cows had fewer mature follicles ($=>10 mm) than S/S cows
(Figure 5, Panel D). We also counted corpora lutea (CL), however, it
was not a statistically significant difference between S/8 and N/N
cows (P=0.07, Figure 5, Panel E).

Discussion

We identificd a naturally occurring genetic variant with a rather
large cffect on a quantitative trait, ovulation rate. Based on typing
many microsatellite markers, we narrowed the region associated
with ovulation rate, where locates only one candidate gene,
GRIAI. GRIAL carries one SNP changing from serine to
asparagine, Cows with GRIAI® have an average of six more
ova and embryos than cows with GRIAI®™ comprising a 10%
variation of the average number of ova and embryos collected
during five superovulations. Our results might provide a method
for selecting cows to be supcrovulated so that ova and embryos can
be collected more efficiently.
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Figure 3. S306N in GRIA1 affects ligand affinity. (A) Saturation curves for [H] AMPA binding to brain of S/S (red, n=3), S/N (green, n=3), and
N/N cows (blue, n=3). Data are presented as mean * SEM. a indicates p<<0.05 by Student’s t-test between S/S and N/N cows. (B) Dose-response
curves of Xenopus oocytes expressing GRIA1%" (red, n=10) or GRIA1**" (blue, n=9). Normalized response means current normalized to the current
evoked by a saturating dose of glutamate. Data are presented as mean + SEM. a-e indicate p<0.05 by Student’s t-test between GRIAT**" and
GRIA1A". (C) Dose-response curves of Xenopus oocytes expressing GRIA1%®" (red, n=28) or GRIA1*" (blue, n=8) with GRIA2. Data are presented as
mean *+ SEM. a-d indicate p<0.05 by Student’s t-test between GRIA1%®" and GRIA1"*". (D) /-V relationships of oocytes expressing GRIAT*®" (red
broken line; n=4), GRIA1®®" with GRIA2 (red line; n=5), GRIA1"*" (blue broken line; n=4), and GRIA1**" with GRIA2 (blue line; n=5). Each /-V
relationship was normalized to the current obtained at —70 mV. Data are presented as mean * SEM.

doi:10.1371/journal.pone.0013817.g003

Based on i witro stiudies, we found that this single amino acid
substitution changes the affinity of the receptor to glutamate.
Immortalized hypothalamic cells transfected with GRIAI*"
release less GnRH than do cells with GRIAIS. Based on i vivo
studies, we observed that cows with GRIA1**" have a slower LH
surge than cows with GRIAIS at 55 h after PGFy, treatment,
although cows usually exhibit LH surge at 43.9 * 1.5 h (mean *
SEM, n=28) after PGFyo treatment [19], LH administration
from Day 7 to 13 stimulates continued growth of large follicles
[20], suggesting that earlier LH surges might increase the number
of follicles that are ovulated. Moreover, AMPA infusion into the
third cerebral ventricle in ovariectomized estrogen-primed adult
female rats induces LH release [21]. A dominant negative mutant
of GRIAI expressed in the preoptic area of female rats attenuates
LH secretion [22]. Therefore, GRIA1 might control LH secretion
by regulating GnRH release.

In addition to LH secretion, GRIA1 polymorphism might affect
the ovary directly through GnRH. Choi et al. [23] observed
expression of GnRH receptors in the human ovary during
follicular development, Because hypothalamic cells with GRIA15*
release more GnRH than do cells with GRIAI*", released GnRH
might contribute ovulation in the ovary directly.

Many studies have evaluated various physiologic aspects of
Holstein cows that have high and low numbers of follicles. For
example, intrafollicular concentration of estradiol was greater for

@ PLoS ONE | www.plosone.org

cows with low antral follicle count than for cows with high antral
follicle account [24]. GRIAI might influence concentrations of
other hormone in addition to LH.

In this study, we demonstrated that GRIA1 has an important
role in ovarian follicular development among cattle, a mono-
ovulatory animal. Although glutamate influences LH release [21],
reproduction is not affected in mice deficient in GRIA1 [25]. Mice
lacking Gria2 in GnRH neurons have normal fertility despite
impaired reproductive behavior [26]. It might be difficult to
observe the effects of GRIAI in folliculogenesis in mice, a
polyovulatory animal. In humans, a mono-ovulatory species,
superovulation is often conducted for the treatment of infertility
[27]. Increasing the number of ova and embryos released by
superovulation combined with m-vitro fertilization to enhance
conception improves pregnancy rates. Our results indicate that
GRIAI might be a useful target for reproductive therapy in

‘women.

Materials and Methods

Ethics Statement
All animal experimentation was undertaken with the approval

of the National Livestock Breeding Center Committee on Animal
Research (H21-35).
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doi:10.1371/journal.pone.0013817.g004

Superovulation

The cattle were administered 5 armour units (AU) of FSH
(Antrin R-10, Kawasaki-Mitaka, Kanagawa, Japan) at 0800h and
1600h on Day 10, 3 AU at 0800 h and 1600 h on Day 11, and
2 AU at 0800 h and 1600 h on Day 12 of their estrus cycle. A
PGFy, analogue (3 ml Resipron-C containing 0.25 mg/ml
cloprostenol, ASKA Pharmaceutical Co., Ltd., Tokyo, Japan)
was administered at 0800 h on Day 12. The cattle were
inseminated with one dose of frozen-thawed semen in the
afternoon on Day 14 or on the morning of Day 15. Ova and
embryos were recovered by uterine flushing on Day 21.
Superovulated ovaries were examined by real-time B-mode
ultrasonography (Tringa Linear Ultrasound System; Esaote-Pie
Medical, Maastricht, Netherlands) with a 7.5 MHz rectal

transducer.

Mapping

Genomic DNA was isolated from the blood or semen using NA-
1000/48S (Kurabo, Tokyo, Japan) or Easy-DNA kit (Invitrogen,
Carlsbad, CA). Fluorescence-labeled (CA)n microsatellite markers

@ PLoS ONE | www.plosone.org

were selected from the Shirakawa-USDA genetic map [28].
Genotyping was performed using the ABI 3730 sequencer and
GeneMapper (Applied Biosystems, Foster City, CA).

The population structure of our samples was estimated with
STRUCTURE [6]. 155 markers were extracted from 1154
markers, with at least a 20-cM interval. We set 100,000 Markov
chain Monte Carlo interactions including 10,000 burn-in
interactions, and assumed the subpopulation number to be 2.
Eighty-four individuals were separated into populations 1 and 2.

The degree of stratification of the samples in this study was
examined using the genomic control method [7]. Briefly, A was the
observed median of %* values of multiple testing divided by the
expected median of % value (P=0.5) under the null hypothesis. A
indicates degree of inflation of % statistic values throughout multiple
tests. If there is no stratification, A is equal to 1. Because the degree of
freedom of each test in this study was not always the same (from 1 to 9
in 1122 tests), the overall average of A weighted by the number of tests
for each degree of freedom was calculated. * values with Yates’
correction for continuity were used because the expected value of the
cells in the contingency tables was often less than 5.
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Figure 5. S306N in GRIA1 affects ovulation. (A) Representative photo of an ovary of an S/S cow at Day 13 by ultrasound scanning. Mature
follicles ($=>10 mm) were recognizable. (B-D) The average number of immature follicles (B, ¢ =2-5 mm), maturing follicles (C, ¢ =6-9 mm), and
mature follicles (D, $>10 mm) observed by ultrasound scanning of S/S (red, n=6), S/N (green, n=5), and N/N cows (blue, n=4) during
superovulation. Data are presented as mean *+ SEM. a and b indicate p<<0.05 by Student’s t-test between S/S and N/N cows. (E) The average number
of CL of S/S (red, n=6), S/N (green, n=5), and N/N cows (blue, n=4) after superovulation. Data are presented as mean * SEM.

doi:10.1371/journal.pone.0013817.g005

Effective population size, Ne, was estimated as the coefficient in
the equation reported by Sved [8];

=1/(1+4Nec)+e

where r? is the linkage disequilibrium coefficient, ¢ is a genetic
distance between two markers in Morgans, and e is the residual
error. To cstunate an effective population size using microsatellite
markers, %° value is preferred over r? as the linkage dlsequlhbrlum
coefficient [29]. Effective population size was estimated with %
values of 5192 pairs of two markers on all autosomes within a 15-
cM window. Non-linear regression of genetic distances on x>
values was performed with the nls function of R software (http://
www.r-project.org/).

@ PLoS ONE | www.plosone.org

Fisher’s exact test was used for association studies after
estimating haplotypes of consecutive marker pairs by expecta-
tion-maximization algorithm as described previously [30]. Tests
for deviation from Hardy-Weinberg equilibrium were computed
as described previously [30].

All exons of bovine GRIAI were sequenced after amplifying by
polymerase chain reaction (PCR) with primers shown on Table 1.
A SNP in GRIAI was typed with primers GRIAlexon7 F and R
(Table 1).

Immunohistochemical analysis

Bovine GRIAI coding sequences were derived by reverse-
transcription PCR with primers GRIAIF and R (Table 1). These
coding sequences were cloned into pTracer-nucGFP (Invitrogen)
to express GRIAI protein with a hemagglutinin (HA) tag in its N-
terminal and GFP in the nucleus were transfected into HEK 293
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cells, which were provided by the RIKEN CELL BANK
(Tsukuba, Japan). Immunocytochemical analysis was performed
as described previously [31]. Stained cells were visualized with a
microscope (IX81, Olympus, Tokyo, Japan) equipped with a CCD
camera (Luca, Andor Technology, Tokyo, Japan). The intensity of
staining based on 10 cclls each from 3 independent experiments
was quantified by Andor 10].9 (Andor Technology).

Western blotting analysis

Membrane fractions were extracted from bovine brain as
described previously [32], and 25 pg of protein were resolved hy
SDS-PAGE and translerred to polyvinylidene difluoride mem-
branes. The blots were incubated with rabbit polyclonal antibody

Table 1. Primer sequences.

Name Sequence

GRIATexonl F ATTGGACCTGGGCTICTTIT
GRiAlexon1 R CAGCACAACAGCCCATAGTG
GRIATexon2 F GCCCAGATACCATGTTGCAT
GRIATexon2 R CCCTCCCTTTAATGGTCGAT
GRIATexon3 F AATTTCTCTCITCTCCTTTTCCA
GRIATexon3 R TTCAATGTCTCCCTCCCCTA
GRIATexon4 F TGTCCTACTCACCCCACCTC
GRIATexon4 R CCTTCGCTGCGCTCACTA
GRIATexon5. F GGATAGGACAGGGCAGTCAG
GRIATexon5 R AGTTGAGGGCTTGCAGTGTT
GRIA1exon6 F ACTTCCTTCCCTTCCTCACC
GRIATexon6 R AGAGACCAGCAGGGTCCTTT
GRIAlexon7 £ AGCCTCCCTACCAGCTCICT
GRIATexon7 R CGTTGTTGCCAGCCTCAC
GRiAlexon8 F AGGAAAAGCCAGCAAATGAA
GRIiATexon8 R TGGAAGCAAAGGGAGCTTTA
GRIATexon9-F CCACACCCCTCTCCTTAACA
GRIATexon9 R CCTCTGTGTTGGCCTAGCTC
GRiATexon10 F GTCTCCCATTTCTCCACCAG
GRIATexon10 R CCCTACCCTATGGGGGACT
GRIATexon11 F GGAACAGAGGGCTGATGAAC
GRiATexon11 R TGATGAGAAGAGCCGACTGA
GRiAlexon12 F TGCTTCTGATATCTCTTCCCTIG
GRIA1exon12 R TGGTTCCCTTCTGTGGAAGT
GRiATexon13:F CATTCCAGCTITGTTCTGTCC
GRiA1exon13 R GGAAGCAAATCTTGGCTACTTA
GRIA1exon14 F TGCTGAGTGTTCTCCACCTG
GRiATexon14 R GGTTACTGGCCATGCTGTTT
GRIAlexon15 F CCTGGCTCATIGGACTCTIC
GRIATexon15 R CCAGGAAACCCAGCTGTATC
GRIAlexonl6 F GCTGGGTAGGGAGGAGAGTT
GRIATexon16 R GCTCCAGTGACACAGGCTCT
GRIAT F GGAATTCTTCCCCAACAATATCCAG
GRIAT R TTTGTACAAGGCGGCCGCTTACAATCCAGTGGCTC
GRIA1InFusion F CCGGGATCCCGAATTCGCCACCATGGTCCTGCTGGT
GRIATInFusion R CCTGAGGAGTGAATTCTTACAATCCAGTGGCTCCCA
doi:10.1371/journal.pone.0013817.t001
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to GRIAL (1:1000, AB1504, Millipore, Tokyo, Japan) or actin
(1:200, A2066, Sigma-Aldrich, St. Louis, MO).

Ligand binding analysis

Protem (500 pg/ml) was used for a ligand binding assay with
[*H] AMPA (392.2 GBq/mmol, 1-200 nM) as described previ-
ously [33]. Non-specific binding obtained by incubating 1 mM | -
glutamate in the binding assay was subtracted from total binding

to yield specific ['H] AMPA- binding,

Electrophysiological analysis

Bovine GRIAI mRNAs were synthesized using mMESSAGE
mMACHINE® SP6 Kit {(Applied Biosystems) and injected into
Xenopus oocytes as described previously [34]. Whole-cell cwrrent
responses to 1, 3, 10, 30, 100, and 300 uM glutamate were
recorded as described previously [35].

GnRH enzyme immunoassay

We amplified bovine GRIAI that had been cloned into pTracer-
nucGEFP with primers GRIATInFusionF and R and then switched
into pCAGGS (N-R) [36] using the In-Fusion™ Advantage PCR
Cloning Kit (Takara Bio Inc., Shiga, Japan) to produce HA-tagged
protein under the control of a ubiquitous strong promoter that was
based on the B-actin promoter.

GT1-7 cells were cultured in six-well dishes coated with poly-L-
ornithine (BD Biocoat [PLO/LM] 354658, Becton Dickinson and
Company, Franklin Lakes, NJ) with conditioned-Dulbecco’s
modified Eagles medium (C-MEM), which was comprised of a
1:1 mixture of conditioned medium from mouse embryonic
astrocytes in primary culture and Dulbecco’s modificd Eagles
medium with high glucose (Invitrogen) supplemented with 10%
fetal calf scrum, penicillin {100 U/ml), and streptomyein (100 pg/
ml}. When cells reached 90 % conlluence, G-MEM was replaced
with Opti-MEM (Invitrogen) and transfected with Lipofectamine
2000 (Invitrogen) for 24 h.

The next day, confluent GT1-7 cells were treated as described
previously [37]. The concentration of GnRH in the media was
assayed using an LH-releasing hormone enzyme immunoassay kit
{S-1217, Peninsula Laboratories, LLLC, San Carlos, CA) according
to the manulacturer’s structions.

Cells were extracted with phosphate-buffered saline containing
0.5 % sodium deoxycholate and 0.5 % NP-40. Aliquots of 5 ug of
protein were used for Western blotting with rat monoclonal
antibody to HA (1:1000, 11867423001, Roche, Mannheim,

Germany).

Radioimmunoassay

Blood was collected daily by coccygeal venipuncture from Day 9
to Day 21 and alternately once cvery 2 h from 30 to 58 h after
PGy, trcatment. Blood was stored at 4°C until serum was
harvested by centrifugation. Serum was stored at —30°C until
assayced. ‘The serum concentrations were measured by radioim-
munoassay for FSH [38] and LH [39]. Assay sensitivity of FSH
and LH were 0.003 ng/tube and 0.008 ng/tube, respectively.
Intra-assay coefficients of variation for FSH and LH were 2.7 %
and 3.5 %, respectively.

Supporting Information

Figure 81 The population structure of analyzed samples based
on STRUCTURE. The population structure of our samples was
estimated with STRUCTURE [6].155 markers were extracted
from 1154 markers, with at lcast a 20-cM interval. We set 100,000
Markov chain Monte Garlo interactions including 10,000 burn-in
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interactions, and assumed the subpopulation number to be 2.
Lighty-four individuals were separated into populations 1 and 2.
The inferred proportion of ancestry in population 1 of high (red)
and low (blue) were similar.

Found at: doi:10.1371/journal.pone.0013817.s001 (0.06 MB TIF)

Figure §2 Chromosome 7 is associlated with ovulation rate in
cattle. (A—C) Association signals with ovulation rate using plots of
the P values for Fisher’s exact test after estimating the haplotypes
of consecutive marker pairs by the expectation-maximization
algorithm. Different bands of green arc used to differentiate
marker pairs on consecutive chromosomes. Blue and red lines
represent the thresholds for chromosome-wise and genome-wise
significance  based on Bonferroni’s correction for multiple
comparisons, respectively. (A) Genome-wide scans. (B) Scans at
selected chromosomes with additional samples. (C) Scans at
selected chromosomes with additional markers.

Found at: doi:10.1371/journal. ponc.0013817.5002 (0.39 MB TIF)

Figure 83 Samples for sequencing arc selected by their
haplotypes. (A) Frequency of haplotypes of consecutive marker
pairs in the candidate region. Red and blue indicate ‘high’- and
‘low’-specific haplotypes, respectively. NLBCMS3, 4, 5, 6, and 7
and BMS792 arc microsatellite markers located in the critical
region. (B) Selected samuples for sequencing. Sample 1 and 2
represent ‘high’ samples which have both ‘high’-specific haplo-
types and ‘high’ phenotype. Sample 3 and 4 represent ‘low’
samples which have both ‘low’-specific haplotypes and ‘Tlow’

phenotype.
Found at: doi:10.1371/journal.ponc.0013817.s003 (0.39 MB 'T'1})

Figure §4 Linkage discquilibrium structure for chromosome 7
based on . The linkage discquilibrium coeflicient, i, indicates
that the region between the microsatellite markers, BMS792 and
NLBCMS6, harbors strong linkage disequilibrium structure.

Found at: doi:10.1371/journal.pone.0015817.5004 (1.36 MB TIF)

Figure 85 Variants of GRIA] are observed in both Japanese
Black and Holstein. (A) Frequency of S/ (red), S/N (green), and
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Differentially expressed genes during bovine intramuscular
adipocyte differentiation profiled by serial analysis of gene
expression

Y. Mizoguchi*", T. Hirano*, T. ltoh*?, H. Aso', A. Takasuga*, Y. Sugimoto* and T. Watanabe*

*Shirakawa Institute of Animal Genetics, Odakura, Nishigo, Fukushima 961-8061, Japan. "Laboratory of Cellular Biology, Graduate School
of Agricultural Science, Tohoku University, Aoba-ku, Sendai, Miyagi 981-8555, Japan

Summary Beel marbling or intramuscular fat deposition is an economically important carcass trait in
Japanese Black cattle. To investigate genes involved in intramuscular adipogenesis, differ-
ential gene expression during adipogenesis in a clonal bovine intramuscular preadipocyic
(BIP) cell line was profiled with serial analysis of gene expression (SAGE). We sequenced
75 283 tags for the proliferation phase (day 0) and 81 878 tags for the differentiation phase
(4 days after adipogenic stimulation: day 4). A comparison of the unique SAGE tag fre-
quencies between the day 0- and day 4-libraries revealed that 878 (2.8%) of the 30 989
unique pulative transcripts were expressed at significantly different levels (P < 0.05); 401
tags (1.4%) were up-regulated and 477 tags (1.2%) were down-regulated in the day
4-library relative to the day O-library. We confirmed up-regulation of 10 tags of the genes
that were up-regulated in the previous subtraction cloning studies in BIP cells [Animal
Science Journal, 76 (2005) 479]. Of the 878 differentially expressed tags, 377 were identified
in the bovine RefSeq library and 356 were assigned a bovine draft genomic sequence.
Fifleen tags were mapped in previously detected beef marbling quantitative trait loci (QTL)
regions [Manumalian Genome, 18 (2007) 125]. These genes may be involved in the adipo-
genic processes of beef marbling.

Keywords bovine intramuscular preadipocyte, differentiation, marbling QTL, serial anal-
ysis of gene expression.

Genetic variations in fatness impact metabolic diseases in
humans, as well as feed efficiency, meat tenderness, taste,
and meat price in livestock. Beef marbling is characterized
as intramuscular fat deposition in the muscle and is cco-
nomically important with respect to beel quality. The
molecular mechanisms involved in marbling, however, are
still largely unknown. Most in vitro studies on adipocyte
differentiation and metabolism have been performed using
the mouse preadipocyte cell line 3T3-L1, and a number of
genes have been shown to be involved in adipocyte differ-
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entiation using this cell line (Ntambi & Kim 2000; Soukas
et al. 2001; Feve 2005).

We have mapped a number of marbling QTL on bovine
chromosomes using Japanese Black caltle paternal half-sib
families (Takasuga et al. 2007). However, QTL regions are
no smaller than several megabases, and we have not yet
determined any gene responsible for marbling in these
chromosomal regions. A comprehensive gene expression
analysis during adipogenesis would provide information
about genes involved in intramuscular fat deposition.

A clonal bovine intramuscular preadipocyte (BIP} line
was established from the intramuscular adipose tissue of the
musculus longissimus thoracis of Japanese Black cattle (Aso
et al. 1995). The BIP cells exhibit a fibroblastic appearance.
Adipocyte differentiation is initiated by treating confluent
BIP cells with differentiation medium supplemented with
50 ng/ml insulin, 0.25 pm dexamethasone, 5 mm octanate,
10 mm acetic acid and 10% foetal bovine serum. After
staining with Qil-Red O, small lipid droplets appear 5-6
days after stimulation and occupy a large proportion of the
cell volume by 10 days (Inoue-Murayama et al. 2000). This
cell line is useful for studying bovine adipogenesis because
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the differentiation induction method is well-established
(Nakajima et al. 1998; Tnoue-Murayama et al. 2000) and
has characteristics apparently different from 3T3-1.1. Firstly,
peroxisome proliferator-activated receptor-y and CCAAT/
enhancer binding protein-o (C/EBP-x), which are master
regulators in 3T3-L1 adipogenesis (MacDougald & Lane
1995; Tontonoz et al. 1995), are not detected (Yamasaki
et al. 2006). In addition, the glucose transporter responsive
to insulin, GLUT-4, is not detected (Aso et al. 1995). C/EBP-
o, expressed during BIP adipogenesis (Yamasaki et al.
2006), was up-regulated, and is known to be an early
marker of adipogenesis in humans (Urs ¢t al. 2004), but it is
not up-regulated in mouse 3T3-L1.

Current technologies make it possible to study thousands
of genes simultaneously using an integrated approach that
includes differential display, subtractive cloning, serial
analysis of gene expression (SAGE) and ¢cDNA microarrays.
The major disadvantages of differential display and sub-
tractive cloning are the high number of false positives and
the low sensitivity for detecting rare transcripts (David
et al. 2005). The sensitivity of ¢DNA microarrays for
detecting rarc transcripts is also limited. Transcriptome-
wide quantification is difficult using differential display or
microarray. On the other hand., SAGE enables sensitive
transcriptome-wide qualitative and quantitative analysis of
gene expression within tissues during distinct differentia-
tion stages (Velculescu et al. 1995; Sun et al. 2004). Here,
we used SAGE to characterize and compare gene cxpres-
sion levels in BIP cells. The cell culture conditions for
proliferation and differentiation of a BIP cell line were de-
scribed previously (Aso et al. 1995). Total RNA samples
were extracted using Trizol (Invitrogen) from BIP cells
cultured in growth medium for 2 days after seeding (day O
of stimulation) and after 4 days of adipogenic stimulation
(day 4: Yamasaki et al. 2005). We confirmed that BIP cells
in the same experiment accumulated lipid 8 days after
stimulation. The SAGE libraries were generated using the
I-SAGE kit (Invitrogen) based on the manufacturer’s
recommendations and sequenced using an ABI 3730 DNA
Analyzer using BigDye terminator v3.1 (Applied Biosys-
tems). Quality assessment of the sequences was performed
using PHRED (Ewing et al. 1998) with a minimum quality
score of 18 and a minimum sequence length of 28 nu-
cleotides.

The statistical significance of different expression levels
of tags between the two libraries was determined using the
Z-test (Kal et al. 1999). Briefly, proportions of a specific
mRNA molecule in the two libraries were calculated as
D = Ngpecific tags /Nmml tags.

The test statistic can be calculated as the difference in the
proportions of a tag (p,—p.) divided by the standard error of
the proportion under the null hypothesis (p,) that p; and p,
are equal:

Z = (p1 —p2)//po(1 = po)(1/N\ + 1/N3)

Expression profiles in bovine adipocyte differentiation

where N; and N, are total tag numbers of the two libraries
and po = (m + n2)/(N1 + Nz ). The test statistic 7 asymp-
totically distributes normally.

A total of 157 161 tags were obtained from the day
0- (75 283 tags) and day 4- (81 878 tags) SAGE libraries.
The day 0- and day 4-libraries consisted of 20 929 and
22 441 unique tags respectively. Combined, the two
libraries represented 34 223 unique tags, with 9147 tags
(27%) common to both libraries and 11 782 tags (34%) and
13 294 tags (39%) unique to day O and day 4 respectively.
In day O and day 4, 0.6% (120/20 929) and 0.5% (114/
22 441) of the tags had expression levels of at least 0.1% (i.e.
one tag per 1000 sequenced) respectively. The origins of the
tags were searched using the bovine RefSeq library (http://
www.ncbi.nlm.nih.gov/RefSeq/) where predicted cDNAs
(XM series) with no 3’-untranslated region were excluded. Of
the 34 223 unique tags, 5960 tags were identified in the
bovine RefSeq library. Of the unique tags, 27 558 were not
found and 705 had two or more hits in RefSeq genes.
A comparison of the 34 223 unique tag frequencies between
the two libraries revealed that 8 78 putative transcripts were
differentially expressed at a significance level of P < 0.05.
A total of 401 (1.4%) were up-regulated and 477 tags
(1.2%) were down-regulated in the day 4-library after dif-
ferentiation. Of these 878 tags, 377 were found in the bovine
RefSeq library and 356 were assigned on the bovine genome
(Table S1).

As SAGE is a type of multiple testing, we calculated the
false discovery rate (FDR) to control for the proportion of
false positive results (Benjamini & Hochberg 1995) on the
basis of the number of tags (5960) that corresponded to
RefSeq genes. FDR is the expected proportion of true null
hypotheses within the class of rejected null hypotheses. FDR
values for 377 tags (P < 0.05 and mapped on bovine
chromosomes) are listed in Table S1. Among the 79 puta-
tive transcripts in Table 1, where FDR is less than 0.039,
the number of true null hypotheses is expected to be no
more than 3. For those with FDR < 0.039, Gene Ontology
annotations were searched in the database (http://www.
ebi.ac.uk/GOA/cow_release.html). With regard to biological
functions, muitiple transcripts were commonly up-regulated
in the categories of proteinaceous extracellular matrix (ECM)
(GO:0005578, 5), peptidase activity (GO:0008233, 4),
serine-type endopeptidase inhibitor activity (GO:0004867,
3). cell adhesion (GO:0007155, 3) and metalloendopepti-
dase activity/collagen catabolic process (GO:0004222/
G0:0030574, 2). Two of IGF binding (G0:0005520), and
two of glycolysis (GO:0006096) were down-regulated.
Burton et al. (2004) reported that Thbsl, Serpin/1 and
Press2 3 were down-regulated during 3T3-L1 differentiation,
while all of these were up-regulated in this study. These
three genes are components of the ECM. Extracellular pro-
teinases and proteinase inhibitors have been suggested to be
involved in ECM remodelling (Lilla et al. 2002). ECM orga-
nization during adipogenesis in BIP may be different from
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Table 1 Putative transcripts expressed in significant difference.

Gene symbol of

putative transcript Annotation Up/Down P-value FDR Category
ADFP Adipose differentiation-related protein up <1E-16 <6E-13 *
ANPEP Alanyl (membrane) aminopeptidase up <1E-16 <6E-13 2
BGN Biglycan up <1E-16 <6E-13 1
CLy Clusterin up <1E-16 «<6E-13 *
FN1T Fibronectin 1, transcript variant 2 up <1E-16 <6E-13 * 1,4
GPX3 Glutathione peroxidase 3 (plasma) up <1E-16 <6E-13 *
PTX3 Pentraxin-related gene, rapidly up <1E-16 <6E-13
induced by IL-1 beta
TIMP1 TIMP metallopeptidase inhibitor 1 up <1E-16 <6E-13 *
NP Nucleoside phosphorylase upP 5.1E-10 1.8E-07
COL6AT Collagen, type VI, alpha 1 up 2.3E-09 7.0E-07
NETT Neuroepithelial cell transforming gene 1 up 4.1E-09 1.2E-06
MMP9 Matrix metallopeptidase 9 up 6.0E-08 1.4E-05 1,2,5
(gelatinase B, 92 kDa gelatinase,
92 kDa type IV collagenase)
C13H200rf149 Chromosome 20 open reading up 6.4E-08 1.5E-05
frame 149 ortholog
PRSS23 Protease, serine, 23 up 7.2E-08 1.6E-05 *, 2
ccLz Chemokine (C-C motif) ligand 2 up 1.2E-07 2.5E-05
MDK Midkine (neurite growth-promoting up 1.4E-07 2.9E-05
factor 2)
COL18AT Collagen, type XVIlI, alpha 1 up 1.5£-07 3.0E-05 * 4
APOD Apolipoprotein D up 4.9E-07 9.2E-05
COL6A3 Collagen, type VI, alpha 3 UpP 8.3E-07 1.5E-04
TSC22D3 TSC22 domain family, member 3 up 1.0E-06 1.8E-04
LUM Lumican uP 1.2E-06 1.9E-04 1
DDIT4 DNA-damage-inducible transcript 4 UP 1.9E-06 3.0E-04
ECM1 Extracellufar matrix protein 1 up 1.9E-06 3.0E-04
SERPINET Serpin peptidase inhibitor, clade E up 2.4E-06 3.7E-04 3
(nexin, plasminogen activator
inhibitor type 1), member 1
TMEM132A Transmembrane protein 132A upr 2.7E-06 4.0E-04
JUNB Jun B proto-oncogene up 3.0E-06 4.4E-04
EIF4EBPT Eukaryotic translation initiation factor upP 2.0E-05 2.5E-03
4E binding protein 1
SERPINFT Serpin peptidase inhibitor, clade F up 2.5E-05 3.1E-03 * 3
(alpha-2 antiplasmin, pigment
epithelium derived factor), member 1
THBST Thrombospondin 1 up 2.9E-05 3.4E-03 4
RPS8 Ribosomal protein S8 up 5.8E-05 6.4E-03 *
uaGp2 UDP-glucose pyrophosphorylase 2 up 8.2E-05 8.7E-03
NUPR1 Nuclear protein 1 up 1.2E-04 0.012
NID2 Nidogen 2 (osteonidogen) up 1.7E-04 0.015
RNASE4 Ribonuclease, RNase A family, 4 upP 1.7E-04 0.015
PMEPAT Prostate transmembrane protein, upP 2.0E-04 0.018
androgen induced 1
TFPI2 Tissue factor pathway inhibitor 2 upP 2.1E-04 0.018 3
MMP2 Matrix metallopeptidase 2 (gelatinase A, UP 2.3E-04 0.020 1,2, 5
72kDa gelatinase, 72 kDa type IV
collagenase)
SAA3 Serum amyloid A 3 up 2.7E-04 0.022
BHLHB2 Basic helix-loop-helix domain up 2.7E-04 0.022
containing, class B, 2
GLUL Glutamate-ammonia ligase up 3.3E-04 0.027

(glutamine synthetase)
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Table 1 (Continued)

Expression profiles in bovine adipocyte differentiation

Gene symbol of

putative transcript Annotation Up/Down P-value FDR Category
ACTG1 Actin, gamma 1 DOWN <1E-16 <6E-13
VIM Vimentin DOWN <1E-16 <6E-13
SPARC Secreted protein, acidic, cysteine-rich (osteonectin) DOWN 1.6E-15 8.4E-13
1GFBP6 Insulin-like growth factor binding protein 6 DOWN 1.8E-15 8.8E-13 6
ST100A4 $100 calcium binding protein A4 DOWN 3.6E-15 1.6E-12
SST Somatostatin DOWN 8.9E-15 3.8E-12
IGFBP4 Insulin-like growth factor binding protein 4 DOWN 3.3E-12 1.3E-09 6
ANXA2 Annexin A2 DOWN 51E-11 1.9E-08
CAV1T Caveolin 1, caveolae protein, 22 kDa DOWN 1.8E-09 5.8E-07
TSPO Translocator protein (18 kDa) DOWN 2.0E-09 6.2E-07
HMGB1 High-mobility group box 1 DOWN 3.9E-08 1.1E-05
CTSK Cathepsin K DOWN 4 5E-08 1.2E-05 2
COL3A1T Collagen, type lil, alpha 1 DOWN 5.6E-08 1.4E-05
CFL1 Cofilin 1 (non-muscle) DOWN 2.6E-07 5.0E-05
PKM2 Pyruvate kinase, muscle DOWN 1.1E-06 1.9E-04 7
PGAMT1 Phosphoglycerate mutase 1 (brain) DOWN 4.1E-06 5.9E-04 7
PPIA Peptidylprolyl isomerase A (cyclophilin A) DOWN 4.1E-06 5.7E-04
MYL6 Myosin, light chain 6, alkali, smooth DOWN 4.6E-06 6.2E-04
muscle and non-muscle
YWHAQ Tyrosine 3-monooxygenase/tryptophan DOWN 1.7E-05 2.2E-03
5-monooxygenase activation protein,
theta polypeptide
PRRX1 Paired-related homeobox 1 DOWN 1.7E-05 2.2E-03
B2M Beta-2-microglobulin DOWN 2.0E-05 2.5E-03
SH3BGRL3 SH3 domain binding glutamic acid-rich DOWN 3.3E-05 3.8E-03
protein like 3
CSRP1 Cysteine and glycine-rich protein 1 DOWN 3.7E-05 4.3E-03
HSPA5 Heat shock 70 kDa protein 5 (glucose-regulated DOWN 4.3E-05 4.8E-03
protein, 78 kDa)
SERPINH1 Serpin peptidase inhibitor, clade H DOWN 7.4E-05 8.0E-03 3
(heat shock protein 47), member 1,
(collagen binding protein 1)
SPATA20 Spermatogenesis associated 20 DOWN 1.1E-04 0.011
CcD9 CD9 molecule DOWN 1.2E-04 0.012 4
CALR Calreticulin DOWN 1.2E-04 0.012
D3 Inhibitor of DNA-binding 3, dominant DOWN 1.4E-04 0.013
negative helix-loop-helix protein
RPST2 Ribosomal protein 512 DOWN 1.4E-04 0.014
LMNA Lamin A/C DOWN 1.5E-04 0.014
CDC20 Cell division cycle 20 homolog (S. cerevisiae) DOWN 1.7E-04 0.015
PLP2 Proteolipid protein 2 (colonic epithelium-enriched) DOWN 2.0E-04 0.018
ST00A11 $100 calcium binding protein A11 (calgizzarin) DOWN 2.3E-04 0.019
COL1AT Collagen, type |, alpha 1 DOWN 3.9E-04 0.031
ACTB Actin, beta DOWN 3.9E-04 0.031
LOC540962 Similar to QIL1T protein DOWN 4.3E-04 0.033
CUEDCT CUE domain containing 1 DOWN 5.0E-04 0.038

*Up-regulated as previously reported by means of subtraction cloning in BIP cells (Inoue-Murayama et al. 2000; Yamasaki et al. 2005, 2006).
1, GO:0005578 (proteinaceous extracellular matrix).

2, GO:0008233 (peptidase activity).

3, GO:0004867 (serine-type endopeptidase inhibitor activity).
4, GO:0007155 (cell adhesion).

5, GO:0004222/G0:0030574 (metalioendopeptidase activity/collagen catabolic process).
6, GO:0005520 (insulin-like growth factor binding).
7, GO:0006096 (glycolysis).
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that in 3T3-L1. Intramuscuiar fat deposition is observed in
livestock animals but is not normally evident in mice. The
ECM organization of adipocytes in muscle lissue in cattle
may have caused localization to be different to that of mice.

We compared the results of this study with those of a
previous study in which the genes were detected using
subtraction cloning followed by Northern blot analysis
(Yamasaki et al. 2005, 2006). The up-regulation of several
genes, COL18AI, GPX3, SAA3, FN1 and ADFP, was well
reproduced in the current study (Table 1), with a few
exceptions [FKBP4 (P =0.3), TMEM49 (P =0.4) and
ECM?2 (presumed tag not detected)]. Although the FDR for
A2M, CEPBD, and SCD exceeded 0.1, these transcripts were
also up-regulated in this study (P = 0.011, 0.005 and
0.015 respectively, Table 1).

Although PPARG and CEBPA presumably produce
SAGE tags, both of these transcripts were not detected
in this study, while both mouse Pparg and Cebpa were
up-regulated during 3T3-L1 differentiation (Burton et al
2004). The expression level of CEBPA in bovine stromal
adipose
treatment was reported to be six times lower than that of
SCD (Ohsaki et al. 2007). Therefore, the expression level
of CEBP as well as PPARG in BIP cells may be at
undetectable levels, although a possibility that breed-
specific polymorphisms might cause no detection of the

vascular cells after differentiation induction

tags is not excluded.

Recently, Takasuga etal. (2007) identified QTI for
marbling on bovine chromosomes 4, 6 and 10, using
identical-by-descent mapping in Japanese Black cattle. We
mapped 15 genes, whose lag frequencics were changed at
P < 0.05, to the marbling QTL regions above (Table 2),
which suggests that these genes may be involved in
marbling in Japanese Black cattle. Interestingly, IGFBP3
was down-regulated after adipocyte differentiation, which is

Table 2 Transcripts mapped in the marbling QTL regions previously
reported (Takasuga et al. 2007).

Bovine Chromosomal  Gene

chromosome  location (base)  symbol Up/Down  P-value
4 51 752 381 SFRP4 Up 1.3E-03
4 54 006 274 CAVT DOWN 1.8E-09
4 54 362 517 TES DOWN 0.037
4 63 399 085 EEPDT UpP 0.016
4 66 317 434 FKBP9 up 0.032
4 71 609 761 HOXA9 DOWN 0.037
4 78 895 680 IGFBP3 DOWN 0.003
4 79 456 746 H2AFV DOWN 0.012
6 57 540 897 LOC781512  UP 0.004
6 72298906  PDGFRA up 0.006
6 74 387 353 PAICS up 0.019
6 75 005 844 POLR2B upP 0.016
6 86 793 135 YTHDC1 up 0.045
6 105 589 012 PTPN1T3 DOWN 0.024

10 83 321 941 GALNTL1T DOWN 0.020

known to be involved in myoblast differentiation. This
IGEBP3 down-regulation may contribute to the promotion
of preadipocyte differentiation in beef marbling.

In this study, we have found large number of transcripts
up-regulated and down-regulated in bovine adipogenic
processes. Our results will provide information to help
understand the molecular biochemical pathway underlying
bovine intramuscular preadipocyte differentiation. There
were 425 tags of unknown origin whose frequencies
changed significantly. When the whole bovine mRNA
sequencing is completed, these unknown tags may be
identified and will provide more information about gene
regulation in adipogenesis.
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Physiol Genomics 42A: 79—-88, 2010. First published July 20, 2010,
doi:10.1152/physiolgenomics.00120.2010.Identifying trait-associ-
ated genetic variation offers new prospects to reveal novel physiolog-
ical pathways modulating complex traits. Taking advantage of a
unique animal model, we identified the /4420 mutation in the non-
SMC condensin I complex, subunit G (NCAPG) gene and the Q204X
mutation in the growth differentiation factor 8 (GDFS8) gene as
substantial modulators of pre- and/or postnatal growth in cattle. In a
combined metabolomic and genotype association approach, which is
the first respective study in livestock, we surveyed the specific
physiological background of the effects of both loci on body-mass
gain and lipid deposition. Our data provided confirming evidence
from two historically and geographically distant cattle populations that
the onset of puberty is the key interval of divergent growth. The
locus-specific metabolic patterns obtained from monitoring 201 plasma
metabolites at puberty mirror the particular NCAPG [442M and GDF8
Q204X effects and represent biosignatures of divergent physiological
pathways potentially modulating effects on proportional and dispropor-
tional growth, respectively. While the NCAPG 1442M mutation affected
the arginine metabolism, the 204X allele in the GDF8 gene predomi-
nantly raised the carnitine level and had concordant effects on glyccro-
phosphatidylcholines and sphingomyelins. Our study provides a conclu-
sive link between the well-described growth-regulating functions of
arginine metabolism and the previously unknown specific physiological
role of the NCAPG protein in mammalian metabolism. Owing to the
confirmed effect of the NCAPG/LCORL locus on human height in
genome-wide association studies, the results obtained for bovine NCAPG
might add valuable, comparative information on the physiological back-
ground of genetically determined divergent mammalian growth.

non-SMC condensin I complex, subunit G genc; arginine; dispropor-
tional growth; carnitine; genetic association

THE GENETIC AND PHYSIOLOGICAL mechanisms and interactions
underlying the genetically determined variation in mammalian
pre- and postnatal growth and lipid metabolism are still only
partially understood. Identifying trait-associated genetic varia-
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Allee 2, 18196 Dummerstorf, Germany (e-mail; kuehn@fbn-dummerstorf.de).

tion offers new prospects to reveal novel physiological path-
ways modulating such complex traits. Large animal models as
supplied by livestock populations can provide substantial in-
formation about the genetic and physiological mechanisms
underlying the genetically determined variation of complex
traits, especially when targeting pre- and postnatal develop-
ment: Livestock species offer uniparous models, a high phe-
notypic variability for complex traits in outbred populations
due to long-term selective breeding, suitable sample sizes, and
high-quality genome sequences (4).

In a previous study, we identified the nonsynonymous mu-
tation /442M (c.1326T>G) in the bovine nonstructural main-
tenance of chromosomes (SMC) condensin I complex, subunit
G (NCAPG) gene on Bos taurus chromosome 6 (BTA6) to be
strongly associated with prenatal growth in cattle (18). Further
data on the bovine NCAPG gene (45), as well as comparative
information from the human and mouse genomes (23, 27, 47,
54), suggested that the NCAPG locus might also be associated
with postnatal growth and lipid deposition. Until now, data on
the physiological function of the NCAPG gene in mammals
have been scarce. NCAPG has a catalytic function in the
mammalian condensin I complex and is important during
mitotic cell division (15). Owing to its interaction with the
DNA methyltransferase 33, NCAPG links the regulation of
DNA methylation with mitotic chromosome condensation in
mammalian cells (20). However, a detailed analysis of the role
of NCAPG in mammalian physiological pathways has yet to be
undertaken.

Recently, progress in mass spectrometry has enabled exten-
sive targeted metabolomic studies on body fluids providing a
direct readout of biological processes (24). The resulling com-
prehensive analysis of specific targeted plasma metabolite
concentrations can reveal details on the physiological back-
ground of genetically determined differences in physiological
processes and disclose new regulatory pathways for complex
traits as demonstrated in recent studies in human and mice (16,
24). For large animal models, e.g., ruminants, comprehensive
metabolomic plasma analyses are lacking despite their poten-
tial to improve our understanding of genetically determined
variation of ruminant physiology and comparative physiology
of mammals.
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Our experimental population facilitated discriminating the
specific effects of the NCAPG 1442M mutation from unspecific
growth-related effects due to the parallel segregation of the
NCAPG 1442M locus and the disrupting Q402X mutation in the
myostatin encoding growth differentiation factor 8 (GDFS). As
a consequence, the effects of both loci could be monitored on
an identical genetic background. Myostatin is a well-charac-
terized inhibitor of the myoblast terminal differentiation (29,
41) and myogenic cell proliferation (50). The GDF8 gene is
well confirmed as a major locus affecting growth and lipid
deposition in mammals. In cattle, a variety of mutations are
described (17). However, most association studies, e.g., Refs.
22, 35, focused on carriers of the c.879_829del 11 bp deletion
or the F94L (¢.283C>A) mutation. In the current study, we
combined meticulous phenotypic monitoring and genetic asso-
ciation analyses with the new method of targeted metabolomic
profiling to elucidate the physiological background of the
divergent genetic effects of the NCAPG I442M and GDFS§
(204X mutations on growth and lipid deposition. Our metabo-
lomic data provided discriminating biosignatures for two dis-
tinct loci, NCAPG [442M and GDF8 Q204X, both of which are
associated with divergent postnatal body-mass gain and lipid
deposition. Interestingly, the amino acid arginine and its me-
tabolite symmetric dimethylarginine showed a significant as-
sociation with the NCAPG [442M mutation. Arginine is fre-
quently proposed as a food additive due to the important
regulatory role of arginine and its metabolites in pre- and
postnatal growth in many species (58).

MATERIALS AND METHODS

Animals. Our study comprised 156 male individuals from an F»
resource population (28) generated from the founder breeds Charolais
and German Holstein. All Fy and F> animals of the resource popula-
tion were generated by multiple ovulation and embryo transfer to
dissect any potential systematic effect of maternal alleles on intrauter-
ine development from the specific effect of the fetal alleles. Embryos
were transferred randomly to virgin heifers kept in the experimental
herd of the FBN Dummerstorf according to a standard protocol. The
calves were weaned from their mothers immediately after birth. Until
day 121 post natum, the calves were fed a milk replacer diet according
to requirements, which was gradually replaced by ad libitum access to
hay and concentrates. Subsequently, the individuals were kept in a
tie-stall barn on a daily semi-ad libitum feed ration, which was
composed of chaffed hay and a concentrate (RM 2007; Vollkraft
Mischfutterwerke, Rendsburg, Germany) with a hay-to-concentrate
ratio of 1:3 and an energy content of 12.7 MJ ME/kg dry matter. The
ration provided for a maximal average daily weight gain, while still
being compatible with ruminant requirements. All experimental pro-
cedures were carried out according to the German animal care guide-
lines and were approved and supervised by the relevant authorities of
the State Mecklenburg-Vorpommern, Germany.

For a confirmation study of the effects of the NCAPG [442M
mutation on postnatal growth, a Japanese black (Wagyu) population
used for the official progeny tests was investigated. A total of 792
steers were tested under standardized environmental conditions deter-
mined for progeny testing by the Japan Wagyu Register Association
(36). The individuals entered the test station at 271 days of age
(average age, £ 12 days SD) and were fed an ad libitum diet of
concentrates (total digestible nutrients 73.0%, crude protein 12.0%)
and roughage (timothy) during the test period of 364 days.

Monitoring of growth and lipid deposition. The average daily
weight gain for all individuals from the experimental resource popu-
lation was obtained from monthly weight measurements and calcu-
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lated for six intervals from birth to day 547 (Supplemental Table S1),!
when all individuals were slaughtered at the same age. After death, a
detailed dissection of the body (Supplemental Table S2) was per-
formed to monitor the weight of the different body compartments
as well as the total amount and the specific depots of body fat
deposition (38).

For the confirmation population from the Japanese Wagyu breed,
the average daily gain was recorded in 2-mo intervals from day 271 to
day 607 (Supplemental Table S1).

Genetic markers. The NCAPG 1442M locus (NCAPG ¢.1326T>G)
was genotyped in all Py, Fy, and F, individuals of the resource
population, as described by Eberlein et al. (18). For genotyping all P,
Fy, and F> individuals at the GDF8 Q204X (GDF8 c.611C>T)
mutation, a Tetra-ARMS assay was applied with the following prim-
ers (5'-3’) and PCR conditions: embracing forward primer: AGACT-
CATCAAACCCATGAAAG (0.2 pM), embracing reverse primer:
TGAGTACAGGGCTACCACTGG (0.2 pM), specific inner forward
primer: ACTCAGGCACTGGTATTTGGT (0.2 nM), specific inner
reverse primer: ACTGTCTTCACATCAATACTCTG (1 pM) at 60°C
annealing temperature. All genotypes were meticulously checked for
inconsistencies according to a previously described protocol (18).

Metabolomic analyses. Because the initial association analyses had
suggested that the most divergent growth was observed between 180
and 270 days after birth, a targeted metabolome scan on plasma
samples from 156 individuals at the age of 240 days was performed.
To avoid any potential effects on plasma metabolite concentration due
to differences in circadian rhythms or feeding, all blood samples were
drawn from the left jugular vein into K-EDTA-containing tubes at
7:30 AM with a prior fasting time for the individuals of 12 h. Blood
samples were immediately stored on ice and transferred to the labo-
ratory, where plasma was obtained by centrifugation within 30 min
after blood sampling. The plasma was stored at —80°C until further
analysis.

For the targeted metabolomic analysis, essentially, plasma metab-
olites were determined by electrospray ionization tandem mass spec-
trometry with the Biocrates AbsoluteIDQ targeted metabolomics
technology analogously to Refs. 3, 21, 24. Briefly, a targeted profiling
scheme is applied to quantitatively screen for known small-molecule
metabolites using multiple reaction monitoring, neutral loss, and
precursor-ion scans. Appropriate internal standards served as refer-
ence for quantification of the metabolites in the plasma samples.
Details of the experimental metabolomics measurement techniques
are described in the patent US 2007/0004044 (accessible online at
hitp://www .freepatentsonline.com/20070004044.html). A further
summary of the method can be found in Refs. 55, 56, and a compre-
hensive overview of the field and the related technologies is given by
Wenk (57). Because initial data and results on GDF8 Q204X in the
literature (2) had suggested effects of both genes, NCAPG and GDFS,
on lipid deposition, the investigation of plasma metabolites focused on
indicators of lipid metabolism: free carnitine (C0), acylcarnitines
(Cx:y), hydroxylacylcarnitines [C(OH)x:y], dicarboxyacylcarnitines
(Cx:yDC), acylglycerophosphatidylcholines (lysoPCCx:y), diacylg-
lycerophosphatidylcholines (PCaaCx:y), acylethylglycerophosphati-
dylcholines (PCaeCary), sphingomyelins (SMx:v), N-hydroxyldicar-
boacyloylsphingosyl-phosphocholines [SM(OHCOOH)x:y], and N-
hydroxylacyloylsphingosyl-phosphocholines [SM(OH)x:y]. The lipid
side chain formation is abbreviated as Cx:y, where x summarizes the
number of carbouns, and y indicates the number of double bounds in
the side chains. The set of lipid metabolites was complemented by
amino acids, sugars (with Hn corresponding to n-hexose, dH to
desoxyhexose, UA to uronic acid, HNAC to N-acetylglucosamine, P
to Pentose, NANA to N-acetylneuraminic acid), and biogenic amines.
A full list of all tested metabolites, as well as their acronyms, mean

! The online version of this article contains supplemental material.
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levels, and standard deviations (in pM), is provided in Supplemental
Table S3.

Statistical analyses. Association linkage disequilibrium (LD} stud-
ies in the experimental resource population were performed essen-
tially as described by Eberlein et al. (18) to evaluate, if the target
mutations NCAPG [442M and GDF8 Q204X were associated with
additive effects on growth, lipid deposition, or metabolic profile. The
following model as implemented in the LD association analysis in
Qxpak (37) was applied: y; = sa + Nigx + #; + eqix, where y; is the
record of individual i, sq is the fixed effect of slaughter year d, A; is an
indicator variable, which is 1, 0, or —1 depending on the genotype of
individual i at locus NCAPG I442M or GDFS8 Q204X, g is the
additive allelic effect of allele k, u; is the infinitesimal genetic effect
of individual i, and eq; is the residual. For analyzing metabolites, we
added a fixed effect w, of the analysis plate g to the model.

To evaluate joined effects of NCAPG 1442M and GDF8 Q204X, a
model including both mutations was tested as previously described
(18): yi = sa + Nigx + &fij T wi + eaij, where y; is the record of
individual i, s4 is the fixed effect of slaughter year d, A; is an indicator
variable, which is 1, 0, or —1 depending on the genotype of individual
i at locus NCAPG 1442M, gy is the additive allelic effect of allele k at
locus NCAPG [442M, §; is an indicator variable, which is 1, 0, or —1
depending on the genotype of individual i at locus GDF8 Q204X, h;
is the additive allelic effect of allele j at locus GDF8 Q204X u; is the
infinitesimal genetic effect of individual i, and eg;ji is the residual.
Two likelihood ratio tests (A, likelihood of model with locus I and
locus 2 vs. likelihood of model with locus I; B, likelihood of model
with locus T and locus 2 vs. likelihood of model without loci) were
calculated to test for statistical significance.

Multiple testing within phenotype categories (growth, body com-
position and lipid deposition, metabolites) had to be accounted for to
avoid false positive associations. For this purpose, a false discovery
rate (48) within each phenotype category (g-value) was calculated to
account for multiple testing within phenotype categories (growth,
metabolites, body composition and lipid deposition). A level of « <
0.05 was considered an experiment-wise sigunificant association.

A linear regression model was applied for the confirmation study in
the Japanese Wagyu population: y = Xb + e, where y is the vector of
phenotypic value, X is the design matrix of fixed effects composed of
the number of NCAPG 442M alleles (0, 1, or 2) and covariates [age (in
days) at the beginning of the test, sire, year, and season (summer or
winter)], b is the vector of fixed effects, and e is the residual error. The
proportion of variance explained by the NCAPG 1442M locus was
calculated as the difference between the variance explained by the
above modcl and the variance explained by the model including only
the covariates. The calculations were performed applying R statistical
packages (http://www.r-project.org/).

RESULTS

Confirmation of NCAPG 1442M and GDF8 Q204X allele
effects on postnatal growth. Due to the experimental design
of the F resource population that was established by means of
embryo transfer into foster mothers followed by separation of
mothers and calves immediately after birth, exclusively direct
genetic effects on the growth of the offspring were monitored
in the association study for postnatal growth. For the NCAPG
1442M locus, an experiment-wise significant association (g <<
0.05) between NCAPG 1442M alleles and average daily gain
was observed in the intervals 121182 days, 183-273 days, and
274-365 days (Fig. 1A, Supplemental Table S4). The differ-
ence in weight gain between alleles 4427 and 442M in the most
distinctive interval 183-273 days amounted to 98 g/day. The
NCAPG 1442M locus explained 20.2% of the variance for
average daily gain in this interval. In the first and last 3-mo

intervals of observation, the effects on average daily gain
associated with the two alleles were almost identical.

A confirmation study regarding the time point of the stron-
gest differential growth associated with the NCAPG [442M
mutation in the historically and geographically distant Japanese
Wagyu population showed an analogous result: The effects of
the NCAPG [442M mutation on average daily weight gain were
time-specific (Fig. 1B), and the strongest allele-associated
effect on postnatal growth was observed during the period of
highest daily gain (see Supplemental Table S1).

The association analysis between the GDF8 Q204X muta-
tion and postnatal growth resulted in an association pattern
very similar to the one revealed for the NCAPG I442M locus in
our experimental population: The interval 183-273 days dis-
played the strongest differences in average daily weight gain
associated with the alternative GDF8 Q204X alleles (¢ <
0.006) (Fig. 1A, Supplemental Table S4).

Distinct effects of the NCAPG I442M and GDF§8 Q204X
alleles on plasma metabolites during puberty pinpoint diver-
gent affected physiological pathways. A comprehensive tar-
geted metabolome analysis focused on plasma lipid metabo-
lites at the 240th day of life was undertaken to elucidate the
relevant physiological processes involved in genetically deter-
mined divergent growth during the onset of puberty, the key
interval for differential weight gain. A total of 229 plasma
metabolites were identified and quantified, including 18 amino
acids, free carnitine, 47 acyl-, hydroxyacyl-, and dicarboxya-
cylcarnitines, 79 glycerophosphatidylcholines, three prosta-
glandins, arachidonic acid, docosahexaenoic acid, eight bio-
genic amines, 52 mono- and oligosaccharides, and 19 sphin-
gomyelins (Supplemental Table S3). From the total of 229
metabolites, 28 had >5% missing data points, leaving 201
metabolites that were tested for their potential association with
the NCAPG I442M and GDFS8 Q204X alleles.

For the NCAPG I442M mutation, a significant (¢ = 0.013),
positive effect of the 442M allele associated with arginine
plasma level was observed (Fig. 2, Table 1). In contrast,
there were no significant NCAPG 1442M effects for the argi-
nine precursors, its metabolites [citrulline, ornithine, or pu-
trescine (Prominal > 0.50)], or for other amino acids in plasma
(Supplemental Table S5). Dimethylarginines represent protein
degradation products resulting from methylated arginine dur-
ing intracellular protein turnover. Interestingly, our study re-
vealed a suggestive (Prominal = 0.004) effect of the NCAPG
I442M locus on total dimethylarginine (TDMA); however, no
significant effect on asymmetric dimethylarginine (ADMA)
was observed. Consecutively, a refined association analysis
with the difference between TDMA and ADMA concentration,
which is supposed to reflect the symmetric dimethylarginine
(SDMA) level, showed a highly significant result (¢ = 0.019).
The allele NCAPG 442M, which is associated with a superior
daily weight gain between 182 and 273 days of age and with
elevated arginine levels, was also associated with an increased
plasma SDMA concentration (Fig. 2). For the acylcarnitines,
the NCAPG 442M allele showed a significant, positive associ-
ation with plasma linoleylcarnitine (C18:2) level (g = 0.013).
Ten additional nominally significant effects on acylcarnitines
were obtained for the NCAPG I442M locus (Supplemental
Table S5), predominantly for the C5-C8 and C16 fatty acid
acylcarnitines.
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For the GDF8 Q204X locus, a significant association (g =
0.007) with free carnitine level was observed (Table 1, Fig. 3):
The GDF8 204X allele, which is associated with increased
body weight, was also associated with a decrease in the plasma
level of free carnitine. In contrast to the NCAPG 1442M locus,
where the glycerophosphatidylcholines and sphingomyelins
seemed to be unaffected by the mutation, nominally significant
effects on 22 glycerophosphatidylcholines and eight sphingo-
myelins were detected for the GDF8 Q204X locus (Fig. 4,
Supplemental Table S5) with a concordant decreasing effect of
the GDF8 204Q allele for all respective metabolites. A signif-
icant effect was almost exclusively obtained for diacylglycero-
phosphatidylcholines, whereas lysoglycerophosphatidylcho-
lines were mostly unaffected. In contrast to the NCAPG 1442M
locus, there were no cffects of the GDF8 Q204X locus on
arginine, TDMA, or SDMA.

NCAPG 1442M and GDF§ Q204X alleles are associated
with particular effects on postnatal body composition and lipid
deposition. Both loci, NCAPG 1442M and GDFS Q204X,
showed a similar pattern with regard to allelic effects on
quantitative postnatal body-mass gain (Fig. 1, Supplemental
Table S4), while they exhibited substantial differences regard-
ing effects on the plasma metabolites (Table 1, Supplemental
Table S5). Therefore, a refined association analysis regard-
ing effects on detailed body composition and lipid deposi-
tion at the end of the test period at 18 mo of age evaluated

whether differences between loci existed not only with
respect to the quantity but also to the quality of body-mass
accretion.

The absolute and/or relative protein accretion in the car-
casses (CPROT, CPROTTrel) showed a highly significant, pos-
itive effect for those alleles associated with increases in body
weight (442M and 204X) at the GDF8 Q204X locus [g = 1.17 X
10~% (CPROT) or 825 X 10 7 (CPROTrel, Supplemental
Table S6)] and (less pronounced) at the NCAPG 1442M locus
(¢ = 6.14 X 1073, CPROT). In contrast, the respective
NCAPG 442M and GDF8 204X allelic etfects on lipid depo-
sition in the body had an opposite direction: The alleles at both
loci were associated with a highly significant decreased fat
content in the carcass [CFATrel: ¢ = 4.36 X 1073 (NCAPG
1442M), g = 2.84 X 107 (GDF8 Q204X)]. This resulted from
a concordant decrease (Supplemental Table $6) in fat deposi-
tion in all lipid storage compartments [e.g., the percentage of
subcutaneous fat in the carcasses (SFATrel, Fig. 5A)].

Whereas the NCAPG I442M and the GDF§ Q204X locus
showed analogous effects on lipid and protein deposition in the
carcass, further analyses of whole body composition revealed
substantial differences between these loci. For example, the
proportion of carcass weight relative to the empty body weight
(CR) showed a highly significant association only with the
GDF8 Q204X alleles (g < 107'%), whereas no effect was
observed for the NCAPG I442M locus (Fig. 5B). Furthermore,

Physiol Genontics « VOL 424 - www.physiolgenomics.org

010z ‘o¢ Jequisides uo Hio ABojoisAyd soiwouabioisAyd woly papeojumoq




METABOLOMIC ANALYSIS OF GENETICALLY DIVERGENT BOVINE GROWTH 83

}

dimethylamine arginine ) 2
Arginase, 2

50 p=1.72x 10-4 20

[ 1 18

56 16

12

ey 40
LI\L MA!| 35 \
- 30
o =009 [ -
T el
05| oy fmm—meeee- " protein {putrescine,
0z p=0.38
R e

02 0.030
0.025 T

° A @ 0.020
INO. v

0.005
m arginine asymetric.

[ornithine

p=0.81

methylated protein
0.8 p=3.46 x 10-4
| ——
07
06 P .
05 arginine symetric.
04 methylated protein

1
l ,
1
excretion === -==-=- —'l y+ fransporter
(renal)

Fig. 2. Effects of the NCAPG I442M alleles on arginine metabolism. Allele effects (= SE) of the NCAPG 442] allele are indicated in white columns, allele effects
(= SE) of the 442M allele are indicated in black columns. Solid arrows designate metabolic substrate pathways; dashed lines designate a regulatory function.
y-Axis displays plasma concentration of the respective metabolite in pM. All metabolites in shaded boxes (white letters indicating a significant association) were
analyzed. P values indicate nominal significance for the difference in allele effect. ADMA, asymmetric dimethylarginine; SDMA, symmetric dimethylarginine;
NOS, nitrogen oxide synthase; PRMT I, protein arginine methyltransferase type I; PRMT II, protein arginine methyltransferase type IT; DDHA, dimethylarginine
dimethylaminohydrolase.

the percentage of liver or kidney weight in carcasses (LIrel2, NCAPG 1442M alleles, a proportional effect on entire body
Klrel2) was not affected by the NCAPG 1442M locus, whereas ~ weight and carcass weight is exerted. In the two-locus model
the effects of the GDF8 Q204X alleles were highly significant  fitting NCAPG I442M and GDF8 Q204X effects, essentially
(Supplemental Table S6). These data indicate that GDF8 identical effects regarding direction and magnitude of effects
Q204X alleles specifically affect the growth of the carcass were obtained for both loci compared with the single locus
comprising mostly muscle, fat, and bone tissue, whereas for models (Fig. 5).

Table 1. Experiment-wise significant associations of NCAPG I442M and GDFS8 Q204X alleles with targeted plasma
metabolites

Trait Mutation LRT Prominal g a,pM SEa, pM % of Variance Explained
Cl18:2 NCAPG 1442M 14.90 1.13 X 10 % 1.27 X 1072 0.000526 0.000151 16.5
Arginine NCAPG [442M 14.12 1.72 X 10 o¢ 1.29 X 1072 9.04 2.34 8.2
SDMA NCAPG 1442M 12.80 3.46 X 10704 1.94 X 107 0.1543 0.0433 11.2
Free carnitine GDF8 Q204X 17.44 2.96 X 1079 6.65 X 1079 0.716 0.165 10.4

C18:2, linoleylcarnitine; SDMA, symmetric dimethylarginine; LRT, likelihood ratio test; Puominai, nominal P value; g, false discovery rate accounting for
multiple testing as determined by Storey and Tibshirani (48). a is the allele substitution effect allele 1 — allele 2. NCAPG I442M: allele | = 442M, allele 2 =
4421, GDF8 Q204X allele 1 = 2040, allele 2 = 204X. SE,, standard error for a.
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Comparing the results from the association analyses for
NCAPG 1442M and GDF8 Q204X reveals that there is a strong
similarity of associated effects regarding the key interval of
divergent growth and relative content of body protein and body
fat. However, the main difference in effects associated with the
NCAPG 1442M and the GDF8 Q204X mutation is the propor-
tional or disproportional character of divergent carcass growth.

DISCUSSION

Identification of the age at puberty as key interval for
genetically divergent postnatal growth. Our study investigated
the effect of both the NCAPG [442M and GDF8 Q204X alleles
on body-mass gain, plasma metabolite levels, and lipid depo-
sition. Both the NCAPG I442M and GDFS8 Q204X loci pin-
pointed the interval 183 and 273 days of age as the key interval
for divergent growth in our resource population. In those
European cattle breeds, which were founders of our experi-
mental population, this interval includes the onset of puberty

Physiol Genomics « VOL 42A «

(6), a period that plays a central role in mammalian growth (1,
9). The results obtained in the experimental Charolais X
German Holslein resource population regarding the key inter-
val of divergent growth correspond to the data obtained from
the Wagyu population. Considering that Wagyus are known for
a later onset of puberty compared with Holstein or Charolais
(11) when kept under similar conditions, the ontogenetic stage
of the most distinctive growth associated effects of the NCAPG
I442M mutation corresponded in both populations.

Our observation that the NCAPG [442M mutation predom-
inantly acts at the time of most rapid growth during postnatal
ontogenesis fits to the observation of Seipold et al. (44). Using
the zebrafish model, the authors revealed that mutations in the
NCAP genes predominantly affected rapidly amplifying pro-
genitor cells compared with postmitotic cells. In our animal
model, we postulate that there is a high proportion of prolif-
erating cells during puberty, which represent the potential
targets for NCAPG protein action. Considering our previous
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results on birth weight (18), two other recent, conclusive
reports of NCAPG locus effects on bovine growth (45, 46), and
the results from the current study, there is a strong indication
that indeed NCAPG, and specifically the I442M mutation,
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Fig. 5. Association of the NCAPG 1442M and GDF8 Q204X mutation with
body composition and lipid deposition. A: percentage of subcutancous fat in
carcass weight (SFATrel). B: percentage of carcass weight in empty body
weight (carcass ratio, CR). The y-axis denotes the additive genetic allele
substitation effect (== SE) of NCAPG 442M allele vs. 4421 (indicated in black
column) or the additive genetic allele substitution effect (= SE) of GDFS§ 204X
vs. 204Q (indicated in gray column). The joint analysis: the model fits the
NCAPG [442M + GDFS8 Q204X effect vs. no locus effect. Phominal, nominal
significance of the model; % variance explained, variance explained by the
single locus or 2-locus model, respectively.

i

Fig. 4. Effccts of the GDF§ 204Q allele
on plasma glycerophosphatidylcholines and
sphingomyelins. Effects of all glycerophos-
phatidylcholines and sphingomyelins show-
ing @ nominal significant (P < 0.05) associ-
ation are indicated. azosq, Additive effect of
the GDF8 204Q allele in relative units of
phenotypic SD.

might be causal for genetic variation of pre- and postnatal
growth, especially during onset of puberty. The confirmation
study presented here is particularly relevant, because the con-
cordant results were obtained in populations (Japanese Wagyu,
European Holstein, European Charolais) that differ strongly in
historical and geographical origin (34). Whether the NCAPG
effects on postnatal growth are the consequence of prenatal
NCAPG impacts, e.g., on fetal placentation (18, 19), or are due
to genuine, independent postnatal effects will be of substantial
further intercst because in human, the effects of divergent
prenatal development on postnatal phenotypes, especially on
human lipid metabolism and obesity, are well established (49).

Increased endogenous plasma arginine level associated with
the NCAPG 442M allele promoting proportional growth. The
main distinctions between the effects associated with the
NCAPG [442M and the GDF8 Q204X mutations are the pro-
portional or disproportional character of divergent body
growth. While the NCAPG I442M alleles exert a proportional
effect on all body compartments, GDF8 Q204X alleles specif-
ically affect the growth of the carcass by predominantly alter-
ing muscle, fat, and bone tissue. Results similar to the GDF8
(204X mutation had been described in phenotypic studies on
effects of the double muscling condition in the Belgian Blue
cattle breed (5).

The differences between the effects of the GDFS8 Q204X and
NCAPG I442M mutations on individual compartmental growth
are already reflected by a strong diversity in metabolic pattern
associated with each mutation at 8§ mo of age. Despite the
effects of the NCAPG [442M mutation on plasma arginine
concentrations, there was no difference between alleles regard-
ing levels of ornithine (Fig. 2), a degradation product of
arginine within the urea cycle. This indicates that inhibition of
arginase activity might be the underlying mechanism for the
divergent plasma arginine concentrations. Reports in the liter-
ature describe that a decreased arginase activity is a way to
maximize the arginine supply in conditions of strong demand
(59). The conditionally indispensable amino acid arginine is
assumed to play a major role in growth, particularly during
prenatal development (58). Arginine is described as an activa-
tor of the mTOR cell signaling pathway in skeletal muscle
resulting in enhanced protein synthesis and whole body growth
(61). Furthermore, arginine is the precursor of nitrogen oxide
(NQ), which has multiple important functions, e.g., in energy
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metabolism by mediating insulin sensitivity and glucose uptake
in skeletal muscle (31, 42). A decrease in arginase activity, as
suggested by our metabolomic data, favors NO synthesis due
to reduced competition of NO synthase (NOS) for arginine,
and the elevated arginine levels themselves enhance NO syn-
thesis by increasing inducible NO synthase mRNA translation
(30, 60). Metabolomic data from mice highlight that wild-type
mice have increased plasma arginine levels compared with
type II diabetes mice (3), which is in agreement with an
increased plasma arginase activity in human type II diabetes
(25). Previous studies on the founder breeds of our animal
model, Charolais and German Holstein bulls kept under envi-
ronmental conditions identical to this study, demonstrated that
the German Holsteins, which exhibited a decreased growth
rate, an increased fat deposition, and a high frequency of the
NCAPG 4421 allele, also showed a significantly increased
plasma insulin level at 8 mo of age (8§, 18).

Whether arginine is the cause or effect of increased growth
has to be evaluated carefully in our model. However, the
elevated plasma arginine level observed in individuals carrying
the NCAPG 442M allele is presumably not an unspecific result
of an increased body-mass gain, because the GDF8 204X
allele, also associated with a significant increase of postnatal
growth in the respective time period, did not show any effects
on plasma arginine levels. Furthermore, data on ADMA and
SDMA indicate that specific mechanisms are in effect for the
NCAPG 1442M locus prohibiting increased levels of ADMA,
because elevated ADMA concentration would exert a growth-
impairing effect due to reduced NO synthesis from its arginine
precursor. We can also conclude that the elevated arginine
levels are not due to random protein degradation but specifi-
cally reflect a direct effect of the NCAPG [442M mutation on
arginine metabolism itself, because there is no difference in the
concentration of other amino acids in plasma of individuals
with divergent NCAPG I442M genotype.

In addition to a direct effect on plasma arginine level, we
identified a significant positive effect of the NCAPG 442M
variant on TDMA, but no effect for ADMA (Fig. 2). Thus, the
NCAPG 1442M effect is obviously due to increased levels of
SDMA, an isomer of ADMA. Because there is no synthesis of
ADMA or SDMA from free arginine, the production of dim-
ethylarginines is solely dependent on arginine methylation in
proteins and proteolysis (33). Arginine is asymmetrically
methylated by protein arginine methyltransferases type 1
(PRMT 1), whereas PRMT type 2 methylate arginine symmet-
rically (10). Protein arginine methylation is important for
transcriptional regulation, RNA processing, and signal trans-
duction (7). Data on ADMA and SDMA indicate that specific
mechanisms are initiated by the NCAPG I1442M locus that
prohibit increased levels of ADMA, which might exert nega-
tive effects on growth due to a reduced NO synthesis. While
ADMA is enzymatically degraded into citrulline and dimeth-
ylamines via dimethylarginine-dimethylaminohydrolases (33),
SDMA is eliminated almost exclusively via renal excretion
(26). Whether the difference in plasma levels of SDMA in our
NCAPG [442M animal model is the result of divergent syn-
thesis, liver reabsorption, or renal excretion remains to be
elucidated.

In contrast to ADMA, a well-described, potent inhibitor of
the NOS (39), which synthesizes NO from arginine, no anal-
ogous effect is described for SDMA. Thus, our data suggest

that the increased arginine levels during a period of intensive
growth are not results of NOS inhibition by elevated dimethy-
larginines. Only recent reports provided any indication of
alternative functions of SDMA. These studies highlight the
relevance of SDMA on the pathophysiology of stroke and
cardiovascular disease (43, 53).

Free plasma carnitine levels associated with disruptive
mutation in the myostatin-encoding GDF8 gene. In our re-
source population, free plasma carnitine at 240 days of age is
significantly decreased in individuals carrying the GDF8 204X
allele, which increases body weight and decreases body fat
deposition. Free carnitine plays a major role during fatty acid
transportation into the mitochondrion for B-oxidation and is
involved in additional fatty acid, glucose, and nitrogen meta-
bolic pathways. The impact of external dietary carnitine sup-
plementation on mammalian growth and muscle development
is controversially discussed (32). The agonistic signals from
plasma fatty acids that lead to increased carnitine synthesis
(40) might provide a link between plasma carnitine levels and
the GDF8 Q204X mutation, because GDF8 knockout mice
exhibit decreased free fatty acid concentrations (52). Although
physiological effects of GDF8 mutations on muscle develop-
ment and multiple metabolic pathways have been comprehen-
sively reported (e.g., Ref. 12), no direct effect of myostatin on
carnitine metabolism has been described. Thus, the question
remains to be resolved, whether the variation in free carnitine
plasma level associated with the GDF Q204X mutation is a
cause or consequence (via a yet unknown physiological mech-
anism) of alterations in myofiber or adipocyte development.
However, the lack of association between free plasma carnitine
and the NCAPG 442M allele indicates that the effect on free
plasma carnitine is indeed locus specific and not related to
generally divergent growth or lipid deposition. Because all
individuals received a diet with an identical composition, a
dietary effect on carnitine level seems also unlikely.

The decreased plasma concentration of glycerophosphati-
dylcholines and the increased lipid deposition associated with
the GDFS§ 204Q allele are analogous to reports about similar
effects observed in mice treated with Rosiglitazon, which
fosters lipid deposition in adipose tissues (3). Alternatively, the
concerted increase in glycerophosphatidylcholines that was
associated with the GDF8 204X allele might also be due to an
elevated level of phospholipids in muscle tissues, which has
been described in individuals with a mutation in the GDF8
gene (14). Glycerophosphatidylcholines are the most common
phospholipids in mammals. In higher organisms, perturbation
of glycerophosphatidylcholine synthesis can lead to inhibition
of growth or even cell death (13). Thus, the increased glycero-
phosphatidylcholine levels in plasma associated with the
GDF8 204X allele might also specifically reflect the increased
muscle growth associated with this allele.

Metabolic biosignatures mirror particular growth pattern.
In conclusion, our study, which to our knowledge is the first
combining targeted comprehensive metabolomic plasma anal-
ysis and genetic association studies in a large animal species,
discriminates distinct metabolomic biosignatures associated
with two genetic loci exhibiting major effects on pre- and/or
postnatal growth. For NCAPG, a previously unknown, conclu-
sive link could be drawn to the arginine metabolism, which is
crucial for many regulatory mechanisms in growth and energy
metabolism. Furthermore, our study of the GDF8 Q204X
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mutation indicated novel pathways that seem to be affected by
a functional deficit in the growth-inhibiting factor myostatin.
The hypothesis of different physiological processes involved
in the action of the two loci is supported by the observation that
the NCAPG I442M and GDF8 Q204X mutations showed in-
dependent effects on growth as demonstrated by the results
from the single- and two-locus association models. The diver-
gent, locus-specific metabolomic patterns at the onset of pu-
berty were mirrored by particular proportional or nonpropor-
tional modulations of compartmental growth and lipid deposi-
tion associated with the two mutations. Interestingly, our
genetic analyses highlighted associations between the NCAPG
1442M or GDFS Q204X locus, respectively, and two metabo-
lites (carnitine, arginine) that are frequently discussed as feed
additives promoting growth and physical performance in, e.g.,
cattle and humans (51, 58). Our resource population provides
a valuable, uniparous large animal model to survey these
specific eftects of both genes, GDF§ and NCAPG, regarding
the underlying functional mechanisms during pre- and postna-
tal growth and lipid deposition.
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