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A b s t r a c t 1  

Gen et ic  pa ra me te r s fo r ca rc as s  g ra din g  t ra it s,  i ma g e an al ys is 2  

tra it s,  a nd  m on ou nsa tu ra te d fa tt y aci d (M UF A)  p er ce nta ge s we re  3  

est im at ed  in  2 9, 94 2 Ja pa ne se  B la ck  c att le  fr om  H yo go  P ref ec tu re .  4  

The  a na lyz ed  t ra i ts in cl ude d fi ve car ca ss  gr ad in g t rai ts , two 5  

ima ge  ana ly si s  tr ait s,  fat  ar ea  r a tio  an d fi ne ne ss  ind ex ,  an d 6  

two  M UF A t ra it s, one  m ea su re d i n i nte rm us cu la r fa t usi ng  n ea r-7  

inf ra re d  s pe ct ro s cop y  ( NI RS ) an d th e ot he r in  int ra mu scu la r  f at  8  

usi ng  ga s  c hr om at ogr ap hy  (G C) .  T he  h er it ab il it y  e st ima te s  o f  9  

ima ge  ana ly si s  tr ait s  a nd  M UF A we r e mo de rat e  t o hi g h,  r an gin g 1 0  

fro m  0 .3 95  to  0 .7 40,  an d  i t wa s  c o nsi de re d  t ha t  t he y co ul d  b e 1 1  

imp ro ve d si mu lt an eou sl y wi th  c ar ca ss gr ad in g tr ai ts  be ca us e no  1 2  

sev er e  g en et ic  a nt ag on is m  w a s ob se rv ed .  A l tho ug h  t he 1 3  

her it ab il it y of  t he NI RS -b as ed  i nt erm us cu la r MU FA  w as sl ig ht ly  1 4  

low er  th an  t ha t  o f  t he  GC -b ase d  i nt r amu sc ul ar  MU FA , th e ge ne ti c 1 5  

cor re la ti on  be tw e en  t he  t wo  m et ho ds  w as  a s hi gh  as  0 . 804 .  T he se 1 6  

res ul ts  in di ca te  t ha t th e NI RS  met ho d  c an  b e u sed  as  a n 1 7  

alt er na ti ve  e va l uat io n pr oc ed ur e  to  p re di ct  MUF A in 1 8  

int ra mu sc ul ar  f at  in  t he  l on gi ss im us mu sc le .  1 9  

 2 0  

K E Y W O R D S 2 1  

fin en es s o f m ar bl ing , g as ch ro ma to gra ph y, ge ne ti c c orr el at io n,  2 2  

her it ab il it y,  n ea r-i nf ra re d sp ec tr osc op y.  2 3  

2 4  
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1  I N T R O DU C T I O N 1  

In Ja pa n, be ef c arc as se s ar e g ra ded  b y t ra in ed g rad er s in 2  

acc or da nc e wi th t he Ja pa ne se Be ef  Ca rc as s G ra di ng  St an da rd s 3  

(JM GA ,  1 98 8) .  A m ong  th e  m ul ti pl e  c ar ca ss  tr ai ts ,  t he  be ef 4  

mar bl in g st an da rd  nu mb er  ( BM S No . ), in  p ar ti cu la r,  ha s be en  5  

sho wn  t o pl ay  a si gni fi ca nt  r ol e in the  p ri ce  o f bee f car ca ss es  6  

(Ib i et  a l. , 2 00 6 ) a nd  a ff ec t t he  p ala ta bi li ty  o f be ef (C or bi n 7  

et al .,  2 01 5;  I id a e t al .,  2 01 5) .  8  

In  c on tr as t,  a me t hod  ha s  b ee n de ve l ope d  t o  a na ly ze  d i git al 9  

ima ge s of  c ar ca ss  cu t su rf ac es (K uch id a et  a l. , 2 006 ).  T hi s  1 0  

met ho d  e na bl es  q ua nti fi ca ti on  of  n ot  o nl y  t he  p er ce nt a ge  o f  f at  1 1  

in  t he  l on gi ss im u s mu sc le , bu t al s o th e sh ap e of  f a t (s ha pe  o f 1 2  

mar bl in g) , wh ic h is di ff ic ul t to  eva lu at e un de r th e c ur re nt  1 3  

gra di ng  met ho d.  Sub se qu en t st ud ie s ha ve  a ls o re p ort ed  th e 1 4  

rel at io ns hi p be tw een  t ra it s re pr es ent in g th e sh ap e of ma rb li ng  1 5  

and  e at in g q ua li ty  (A sa et al ., 20 17 ). As th e d eg re e o f m ar bl in g  1 6  

inc re as es , th e i m por ta nc e of it s sha pe  b ec om es in c rea si ng ly 1 7  

sig ni fi ca nt .  1 8  

Ole ic  ac id , a mo n oun sa tu ra te d  f at t y ac id  ( MU FA ),  i s  w el l 1 9  

kno wn  for  it s in v olv em en t in  be ef  fla vo r  (D ry de n  &  Mar ch el lo , 2 0  

197 0;  We st er li ng  &  H ed ri ck ,  1 97 9) ,  a nd  h as  be en  sh ow n  to  e nh an ce 2 1  

the  sw ee t ar om a ( Sak um a  e t al .,  2 0 12)  an d fl av or  ( S uzu ki  et 2 2  

al. ,  2 01 3;  T su yu ki  e t al .,  20 16 )  i n Ja pa ne se  Bl a ck  c at tl e. 2 3  

The se  s tu di es ha v e l ed to in cr ea se d i nt er es t i n o le ic ac id or  2 4  

MUF A  a s  a  ta rg et  tra it  fo r  s en so ry  c ha ra ct er is ti cs .  G en er al ly , 2 5  

MUF A pe rc en ta ge i s m ea su re d b y g as  ch ro ma to gr ap hy ( GC) , bu t i t 2 6  
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is  d if fi cu lt  to  c oll ec t  s am pl e  d at a on  a  l ar ge  sc al e be ca us e 1  

of  t he  t im e re qu i red  an d la bo r co s t fo r me as ur em ent . Ho we ver , 2  

mea su re me nt  b y  a li pi d an a lyz er  u si ng  n e ar- in fr ar ed 3  

spe ct ro sc op y (N IR S)  i s no w be in g u sed  in  m an y ca rc a ss  m ar ket s 4  

in  J ap an  be ca us e  i t  c an  p re di ct  M UF A  n on de st ru c tiv el y  a nd 5  

qui ck ly  ( Ir ie  e t al. , 20 03 ; Pi ao  e t a l. , 20 18 ).  6  

Fut ur e  i mp ro ve me n ts  i n  b ee f  pr od u cti on  ab il it y  s ho uld  be 7  

mor e di ve rs e, in c lud in g no t o nl y t he cu rr en t g ra di n g t ra it s, 8  

but  al so  th os e  i n vol ve d  i n  e at in g  qua li ty .  T hu s,  th e ge ne ti c 9  

rel at io ns hi ps  a mo ng  t he se  t ar ge t  t ra it s mu st  b e  c ar ef ul ly 1 0  

exa mi ne d.  S om e s tu die s ha ve  r epo rt ed  su ch  r el at ion sh ip s b et we en  1 1  

car ca ss  gr ad in g tra it s  a nd  f at ty  a ci ds  ( No gi  et  al. ,  2 01 1;  1 2  

Ino ue  et  a l. , 20 1 7)  o r im ag e an al y sis  tr ai ts  ( Os aw a  e t al ., 1 3  

200 8) . Ho we ve r,  o nly  o ne  r ep or t by  Ya ma mo to  e t al . (20 20 ) us ed  1 4  

MUF A, im ag e a na lys is tr ai ts , a nd c ar ca ss gr ad ing tr ai ts  1 5  

sim ul ta ne ou sl y fo r a na ly si s.  1 6  

In a dd it io n, al th oug h t he NI RS me t hod is ad op te d f o r th e 1 7  

int er mu sc ul ar  fa t sur fa ce ,  t he  t is su e to  be  c on su me d  i s mu sc le ,  1 8  

and  m os t o f t he  r epo rt s th at ha ve exa mi ne d se ns or y eva lu at io ns  1 9  

hav e  u se d th e MU FA  r at io  o f in tr am us cul ar  fa t.  I n th is  r es pe ct ,  2 0  

Nis hi ok a  et  al .  ( 20 08 ) re po rt ed  a  s ig ni fi ca nt  cor re la ti on 2 1  

bet we en  i nt er - a n d i nt ra -m us cu la r fat . Ho we ve r, to the  b es t o f 2 2  

our  kn ow le dg e,  no  s tu dy  h as  inv es ti ga te d  t he  g en et ic 2 3  

rel at io ns hi p be tw een  t he se  t wo  t yp es of  f at .  2 4  

The re fo re ,  i n th i s st ud y,  w e es ti m ate d  g en et ic  p ar a met er s 2 5  

for  im ag e  an al ys is  t ra it s,  M UF A  p er ce nt ag e s , an d ca rc as s  2 6  
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gra di ng  tr ai ts  o f  Ja pa ne se Bl ac k c att le  f rom  H yo go Pre fe ct ur e 1  

and  e va lu at ed th e  po te nt ia l f or  g e net ic  i mp ro ve me nt  in th es e 2  

tra it s.  In  a dd it io n,  w e  c om par ed  th e  g en et ic  par am et er s of  MU FA  3  

per ce nt ag es  ob ta i ned  by  NI RS  an d  G C me th od s  a nd  ex a min ed  th e 4  

eff ec ti ve ne ss  o f usi ng  N IR S- ba se d MUF A fo r im pr ov em ent .  5  

 6  

2  M A T E R IA L S  A ND  ME T H O D S 7  

2 . 1  A n i ma l s 8  

All  s am pl es  a nd  dat a us ed  i n th i s s tu dy  w er e ob t ain ed  f ro m 9  

car ca ss es  pr oc es sed  at  t he  s l aug ht er ho us e  a nd  e xi st in g 1 0  

dat ab as es ; th er ef ore , ap pr ov al  f ro m t he  A ni ma l Ca r e a nd  U se  1 1  

Com mi tt ee  w as  n ot  re qu ir ed .  1 2  

A to ta l of  2 9, 94 2  c ar ca ss es  o f Ja p ane se  Bl ac k ca tt l e fr om 1 3  

Hyo go  P re fe ct ur e (Ta ji ma  c at tl e) w ere  u se d i n t hi s stu dy . Th ey 1 4  

wer e sl au gh te re d a t a n av er ag e ag e o f 3 2. 0 ± 1.8  m on t hs be tw ee n 1 5  

200 6  t o  2 02 0  a t  t hre e  c ar ca ss  ma rk ets  in  Hy og o.  Am o ng  t he se , 1 6  

ima ge  a nal ys is  t r ait s we re re co rd e d i n 2 4, 70 4 c ar ca sse s,  N IRS 1 7  

MUF A in 18 ,5 70 c arc as se s,  a nd GC  MU FA in 2, 95 2 car ca ss es . 1 8  

Fur th er mo re ,  i ma g e an al ys is  tr ai ts  a nd  NI RS  MU FA  w e re  m ea su re d 1 9  

in 13 ,6 86 an im al s , i ma ge an al ys is tra it s an d G C M UF A i n 2 ,5 11  2 0  

ani ma ls ,  b oth  NI R S an d GC  M UF As  i n  3 56  a ni ma ls , an d  a ll  t ra it s 2 1  

wer e re co rd ed  i n 269  a ni ma ls .  2 2  

 2 3  

2 . 2  I m a ge  a n a ly s is  t r a i t s 2 4  

Dig it al  i ma ge s o f  th e s ix th  a nd s eve nt h in te rc os ta l i nc is io n 2 5  

sur fa ce s  o f  t he  l eft  si de  ca rc as s  wer e  a cq ui re d  u si ng  a  be ef 2 6  
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car ca ss  im ag in g sys te m  ( HK -3 33 , Hay as ak a  R ik o Co .,  L td .,  1  

Sap po ro , Ja pa n) . The  i ma ge s w er e t ake n at a r es ol ut ion  o f 1 69  2  

pix el s  p er  cm  an d  a ut om at ic al ly  an aly ze d  b y  B ee f  A n aly ze r  I I 3  

(Ha ya sa ka  R ik o Co ., Lt d. ),  a  s of t war e pr og ra m fo r  an al yz in g 4  

bee f  c arc as s  i mag es.  Th e tr ai ts  e v alu at ed  w er e  f at  are a  r ati o 5  

(FA R) ,  w hi ch  is  t he  p er ce nt ag e  o f  fat  pi xe ls  to  to t al  p ix el s 6  

of  t he  lo ng is si mu s mu sc le ,  a nd  fi n ene ss  in de x  ( FI ),  w hi ch  is  7  

cal cu la te d  a s th e  t ot al  n um be r of  f in e fa t pa rt ic l es  i n th e 8  

ran ge  o f 0. 01 to  0.5  c m 2  i n th e lo ngi ss im us  m us cl e div id ed  b y 9  

lon gi ss im us  mu sc l e ar ea  (L MA) .  A  hi gh  F I  i nd ica te s  t h e pr es en ce 1 0  

of an in cr ea se d n umb er  o f f in e p ar tic le s.  De ta il ed  pro ce du re s 1 1  

for  th e FA R an d F I me as ur em ent s  a r e pr ov id ed  i n Ku c hid a  e t al . 1 2  

(20 06 ) an d Na ka ha shi  e t al . (2 00 8) . 1 3  

 1 4  

2 . 3  N I R S- b a s e d M UF A  1 5  

Usi ng  N IR S,  M UF A was  m ea su re d in  t he in te rm us cu la r fat  a re a of  1 6  

the  cu t  s ur fa ce  bou nd ed  by  th e v ast us  la te ra li s,  s er ra tu s 1 7  

ant er io r,  s er ra tu s a bd om in is , an d rho mb oi d mu sc le s bet we en  t he  1 8  

six th  a nd  s ev en th  ri bs  u si ng  a  m ea t l ip id  m ea su ri ng  de vi ce  ( S-1 9  

704 0,  So ma  O pt ic s,  T ok yo , Ja pa n) . Ea ch  s am pl e wa s me as ur ed  2 0  

thr ee  t im es , an d the  a ve ra ge  w as  u sed  f or  a na ly si s.  2 1  

 2 2  

2 . 4  G C - ba s e d  MU F A 2 3  

App ro xi ma te ly  1  g  of  s am pl e  w as  co ll ect ed  by  sc ra pi ng  the  en ti re  2 4  

sur fa ce  of  t he  lo n gis si mu s  m us cl e be twe en  th e  si xt h  a n d se ve nt h 2 5  

rib s an d st or ed  a t -30  °C un ti l a nal ys is . Th e co mp osi ti on  o f  2 6  
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13  f at ty  a ci ds  w a s me as ure d  a cc ord ing  to  t he  m et ho d  d es cr ibe d 1  

by  O ka  et  al .  ( 20 02) .  B ri ef ly ,  m et hyl at ed  li pi d  s am ple s  w er e  2  

ana ly ze d  u si ng  a  hyd ro ge n  f la me  io niz at io n  d et ec to r  o n  a  ga s 3  

chr om at og ra ph  (G C -20 14 ;  S hi ma dz u  Cor po ra ti on ,  K yo t o,  J ap an ) 4  

equ ip pe d wi th  a  c api ll ar y co lu mn  ( Fam ew ax ; Re st ek , Bel le fo nt e,  5  

PA,  U SA ).  T he  c ol umn  w as  p ro gr am me d to  w arm  fro m  1 20  °C t o  6  

240  °C at  a  r at e  of  3  °C/mi n an d  th en  m ai nt ai ne d at 24 0 °C 7  

for  3 mi n.  T he  sa m ple  fa tt y ac id s we re  i de nt if ie d by  c omp ar is on  8  

wit h  t he  rel at iv e  ret en ti on  ti me s of  s ta nd ar d  fa tt y  a c id  m et hy l 9  

est er s (G .L . Sc ie nce , To ky o,  J ap an ). Th e re la ti ve  rat io  w as  1 0  

det er mi ne d  a s a p erc en ta ge  of  t he  tot al  pe ak  a re a,  and  MU FA 1 1  

per ce nt ag e wa s ca lcu la te d as  t he s um of  my ri st ol ei c  (C 14 :1 ),  1 2  

pal mi to le ic (C 16 : 1), he pt ad ec en oi c  (C1 7: 1) , o le ic ( C18 :1 ), an d 1 3  

eic os en oi c (C 20 :1 ) a ci ds .  1 4  

 1 5  

2 . 5  G e n et i c  p ar a me t e r s 1 6  

Gen et ic  pa ra me te r s we re  es ti ma te d  for  ni ne  tr ai ts  b elo ng in g  t o 1 7  

fou r  c at eg or ie s,  nam el y  f iv e  c ar ca ss  g ra di ng  tr ai ts , tw o  i ma ge  1 8  

ana ly si s tr ai ts (FA R an d F I) , N I RS MU FA , a nd GC  MU FA . T he  1 9  

car ca ss  gr ad in g  tra it s  w er e  c ar c ass  we ig ht  (C W) ,  L MA ,  r ib 2 0  

thi ck ne ss  ( RT ),  s ubc ut an eo us  f at  t hic kn es s (S FT ),  a nd BM S No .  2 1  

The  s am e a na ly ti c al mo de ls we re  u s ed fo r a ll  c at eg o rie s of 2 2  

dat a,  w it h s la ug h ter  y ea r, sl au gh t er mo nt h, se x,  a n d c ar ca ss 2 3  

mar ke t  c on si de re d  a s  t he  fi xe d  e ff ect s,  an d  a ge  at  sla ug ht er  2 4  

(li ne ar  a nd  q ua d rat ic ) an d in br e edi ng  c oe ff ic ie nt  (l in ea r) 2 5  

inc lu de d as  co va ri ate s.  A ni ma ls , f at ten in g fa rm s, an d res id ua ls  2 6  
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wer e tr ea te d a s r and om  e ff ec ts . D a ta fr om fa tt en in g  fa rm s w it h 1  

few er  th an  f iv e  rec or ds  we re  d el ete d.  Th e nu mb er  o f le ve ls  2  

dif fe re d i n eac h cat eg or y: 15 , 1 2,  2, 3, an d 1 50 fo r c ar cas s  3  

gra di ng  t ra it s; 13 , 1 2, 2, 3,  an d 14 7 f or im ag e a na ly s is tr ai ts ; 4  

8,  1 2,  2 ,  3 , an d  132  fo r NI RS  MU FA ; an d 15 ,  1 2,  2 ,  3,  a nd  8 1 5  

for  G C M UF A, in  t he or de r o f s la ug hte r ye ar , s la ug h ter  m on th , 6  

sex ,  c ar ca ss  m a rke t,  an d fa tt e nin g  f ar m,  r es p ect iv el y. 7  

Ped ig re es  w er e tr ace d ba ck  t o an im als  b or n in  1 96 5,  an d 29 ,0 30  8  

anc es to rs  w er e a dde d.  T hu s, 58 ,9 72 an im al s w er e  us ed to  9  

con st ru ct  a n ad di tiv e re la ti on sh ip  ma tr ix .  1 0  

A mu lt i- tr ai t  a ni mal  mo de l  w as  a pp l ied ,  a nd  al l ni ne  tra it s 1 1  

wer e an al yz ed  s im ult an eo us ly . Th e ana ly si s wa s pe rf orm ed  u si ng  1 2  

the  A IR EM LF 90  p rog ra m (M is zt al  et  a l. , 20 18 ) . T he  R EM L 1 3  

(Pa tt er so n &  T ho m pso n,  1 971 ) un de r  th e E M a lg or it hm  (D em ps ter 1 4  

et al ., 19 77 ) w as  us ed fo r t he fi r st 20 it er at ion s to ob tai n 1 5  

app ro pr ia te  in it ial  (c o) va ri an ce  c om po ne nt s fo r  t he  A I 1 6  

alg or it hm (J oh ns o n & Th om ps on , 1 99 5; As hi da & I wa is aki , 19 99)  1 7  

bec au se  o f th e co nve rg en ce  p ro bl em  wi th  A I al on e.  1 8  

Gen et ic  a nd  r es id ual  c ov ar ia nc es  w ere  a ss um ed  f or  a ll th e  1 9  

tra it ca te go ri es .  How ev er , a lt ho ug h fa tt en in g f ar m cov ar ia nc es  2 0  

wit hi n ea ch  c at e gor y we re  a ss um e d, th os e be tw ee n  di ff er en t 2 1  

cat eg or ie s  ( e. g. ,  b et we en  ca rc as s  gra di ng  an d  i ma ge  a na ly si s 2 2  

tra it s) we re ig n ore d b ec au se th e  fat te ni ng fa rm s  of e ac h 2 3  

cat eg or y w er e no t  id en ti cal . Ge ne t ic tr en ds we re ex pre ss ed  as 2 4  

the  av er ag e pr ed ic ted  br ee di ng  v al ue s of  br ee din g  c ow s  b y  b ir th  2 5  

yea r di vi de d by  t he es ti ma te d ge ne tic  s ta nd ar d de vi ati on .  2 6  
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 1  

3  R E S U L TS  A N D  D I SC U S S I O N 2  

3 .１  B a si c  s t at i st i c s 3  

The  b as ic st at is t ics  o f t he  d at a are  l is te d i n Ta b le 1.  Th e 4  

mea n va lu es of CW , L MA , R T, SF T, and  B MS No . w er e  40 4. 6 k g,  5  

55. 0 cm 2 ,  6 .9  c m,  2. 5 cm , a nd  6 .8 ,  re sp ec ti ve ly . Os awa  e t al . 6  

(20 08 )  r ep or te d th e me an s of  t he  sa m e tr ai ts  f or  J ap an ese  Bl ac k 7  

ste er s sl au gh te re d a t th e H ok ka id o M ea t Ce nt er as  44 5. 0 kg ,  8  

56. 8  c m 2 ,  7. 6 cm ,  2 .3  c m,  a nd  5 .5 ,  r es pe ct ive ly .  C o mpa re d  t o 9  

the  v al ues  o bt ai n ed in th is st ud y,  di ff er enc es  w er e  ob se rv ed, 1 0  

esp ec ia ll y  f or  C W  a nd  R T.  T hi s  i s  b ec au se  o ur  d at a  i nc lu de d 1 1  

bot h st ee rs an d h eif er s of Ta ji ma cat tl e,  w hi ch ar e  kn ow n f or  1 2  

the ir  sm al l bo dy  siz e.  Th e si ze  o f  t he  H yo go  p op ul a tio n  h as 1 3  

bee n  k ep t  s ma ll  be cau se  th er e  i s  a n  upp er  li mi t  o f  4 99 .9  k g  f or  1 4  

CW to  b e ce rt if ied  a s Ko be  B ee f ( Ko be  B ee f Ma rke ti ng  &  1 5  

Dis tr ib ut io n Pr om oti on  A ss oc ia ti on , 2 02 1) .  1 6  

A me an  v al ue  o f  4 7 .1%  fo r th e FA R  w a s ob ta in ed  i n th is  s tu dy . 1 7  

It wa s a pp ro xi ma t ely  8 pe rc en ta ge poi nt s hi gh er th a n t he 39 .3 % 1 8  

rep or te d b y Osa wa  et al . ( 20 08 ). B MS No . w as al so 1 .3 hi ghe r 1 9  

tha n th at re po rt ed by Os aw a e t al.  ( 20 08 ). In a ddi ti on  t o 2 0  

gen et ic  b ac kg ro un d, im pr ov em en t i n  BM S N o.  i n J ap a nes e Bl ac k 2 1  

cat tl e wa s ev id en t i n th e di ff er en ce in  F AR  v al ue s bet we en  t he  2 2  

two  s tu di es .  2 3  

 2 4  

[Table 1]  2 5  

The  m ea n va lu e of the  G C MU FA  m ea su r ed in  i nt ra mu sc ul ar fa t 2 6  
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was  5 9. 2% . N og i e t a l.  (2 01 1)  r ep o rte d a m ea n MU FA  of  5 7.1 % 1  

mea su re d in th e s ame  f at ti ss ue of  Ja pa ne se Bl ac k c att le  f ro m  2  

the  T ot to ri Me at Cen te r.  T he an im a ls us ed in th ei r stu dy  w er e 3  

app ro xi ma te ly  3  m ont hs  you ng er  tha n th e an im al s in  our  st udy .  4  

Bec au se  M UF A is  kno wn  t o be  a ff e cte d by  a ge  ( Ho n da et  a l. , 5  

201 6) ,  it  wa s sug ge st ed  t ha t  age  at  s la ug ht e r la rg ely 6  

con tr ib ut ed  t o t h e d if fe re nc e i n M UFA  b et we en th e t wo st ud ie s.  7  

The  me an  v al ue  o f  N IR S MU FA  m ea su r ed  i n in te rm us cu l ar  f at 8  

was  6 3. 2%,  w hi ch was  a pp rox im at el y  4 p er ce nt ag e p oi nts  h ig her  9  

tha n  t ha t  o bt ai ne d wi th  th e  G C  m et hod  fo r  i nt ra mu sc ula r  f at .  1 0  

Alt ho ug h  t he  d i ffe re nc e  i nc lu de d th e ef fe ct s  o f bo th 1 1  

mea su re me nt  me th o d an d  t is sue  si te ,  N is hi ok a  et  al .  ( 200 8)  al so 1 2  

sho we d  t ha t th e GC  M UF A pe rc en ta ge  o f in te rm us cu la r fa t wa s 2. 5  1 3  

per ce nt ag e  p oi nt s  h ig he r  t ha n  t ha t  o f  f at  in  th e  l ong is si mu s 1 4  

mus cl e.  1 5  

 1 6  

3 . 2  G e n et i c  p ar a me t e r s 1 7  

The  h er ita bi li ty  est im at es of  t he fiv e ca rca ss  g ra d ing  t ra its 1 8  

in th is  s tu dy  we re  hi gh , ra ng in g f ro m 0 .4 32  t o 0. 691  ( Tab le  2 ).  1 9  

A re vi ew  by  Oy am a  (20 11 )  r ep or te d  o n  t he  he ri ta bi li ty  of  c ar ca ss 2 0  

gra di ng  tr ai ts  o f  Ja pa ne se Bl ac k c att le  t hro ug ho ut  Jap an , and 2 1  

the  un we ig hte d  m e ans  fo r CW , LM A,  RT,  an d BM S No . w ere  si mi la r 2 2  

to  t ho se  o f ou r s tud y.  Ho we ver ,  t h e es ti ma te  o f SF T  w as  0 .5 59 , 2 3  

whe re as  t he se va l ues  w er e 0 .2 2, 0. 39,  a nd 0. 34 in  t he st ud ie s 2 4  

by  O sa wa  et  a l.  ( 200 8) ,  O ya ma  (2 01 1),  an d  N og i et  a l.  ( 20 11 ), 2 5  

res pe ct iv el y.  U si ng th e sa me  H yo g o p op ul at io n,  S ho jo et  a l.  2 6  
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(20 06 ) re po rt ed  a  hi gh  h er it ab il it y e st im at e fo r S FT (0 .5 2)  1  

sim il ar  to  th at  in  o ur  st ud y.  A  s tu d y by  Ar ak aw a  e t  a l . (2 00 9) , 2  

usi ng  an im al s  f r om  a ll  ov er  Ja p an,  al so  re po rt e d a  h ig h 3  

her it ab il it y of 0 .53  f or SF T. Ta ji ma ca tt le ar e w el l k no wn to  4  

be ma in ta in ed in a c lo se d b re ed in g  sy st em (K ob e B ee f M ar ke ti ng  5  

& Di st ri but io n  P rom ot io n  As so ci at ion ,  2 02 1)  a nd  be  h ig hl y 6  

inb re d  ( Sh oj o et  a l. , 20 06 ).  I n  g en er al , ge ne ti c va ri at io n 7  

ten ds  to  de cr ea se  i n  s uc h  a  sy st em . Al te rn at iv el y,  it  c an  be  8  

lar ge  wh en  s ev er a l su bp op ul at io ns  and  ge ne ti c di st a nce s  a mo ng 9  

the se  po pu la ti on s are  pr op er ly  m ai nt ain ed .  I n  th is  ca s e,  a  hi gh  1 0  

her it ab il it y  e st i mat e  i s  n ot  s ur p ris in g,  ev en  in  a hi gh ly 1 1  

inb re d  p op ul at io n . Ho we ve r,  i t is  n ot  c le ar  w he th er  t his  is  t he 1 2  

rea so n fo r th e hi gh es ti ma te  o f SF T i n ou r st ud y.  1 3  

[Table 2]  1 4  

In th e i ma ge an al y sis  t ra it s, he ri ta bil it y wa s e st im at ed to 1 5  

be  m od er at e  t o  h ig h,  w it h  0 .7 40  fo r  FAR  an d  0 .3 95  fo r  FI.  Th es e 1 6  

val ue s we re  c on s ist en t wi th  t he  va lu es  o f 0. 79  an d 0. 49 ,  1 7  

res pe ct iv el y,  r ep ort ed  b y Ka to  e t al.  ( 20 14 ).  1 8  

A fe w  s tu di es  ha ve  r ep or te d  t he  re la tiv el y  h ig h  h er it a bil it y 1 9  

of  G C MU FA s in  J a pan es e  B la ck  c at t le.  Th e va lu es  w e re  0 .7 1 fo r 2 0  

int er mu sc ul ar  fa t in  Y am ag at a Pr ef ec tur e  ( Ko ma ts u et  a l.,  20 21 ),  2 1  

0.6 8 fo r i nt ra mu s cul ar  f at in To tt ori  P re fe ct ur e ( N ogi  e t a l. , 2 2  

201 1) , an d 0 .6 3 f or in tr am us cu la r fat  i n Y am ag at a P ref ec tu re 2 3  

(In ou e  e t  a l. ,  2 0 17) .  I n  c on tr as t,  t he  he ri ta bi li ty  o f  0 .5 42  2 4  

est im at ed  in  t he  p re se nt  s tu dy  w as  s om ew ha t lo we r th an  t he  2 5  

rep or te d va lu es .  2 6  
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Res ea rc h o n fa tt y a ci d- rel at ed  g ene s ha s b ee n c o ndu ct ed 1  

int en si ve ly .  T he ir  r ep re se nt at iv es  i nc lu de  st e aro yl -C oA  2  

des at ur as e ( SC D)  (Ta ni gu ch i e t al. , 2 00 4) an d fat ty ac id  3  

syn th as e  ( FA SN )  ( Abe  et  al .,  20 09 ) . In  th e  H yo go  po pul at io n,  4  

the  fr eq ue nci es  o f th e ma jo r al le l e we re  0 .9 6 fo r S CD  a nd  0 .9 1 5  

for  FA SN ,  w hi ch  w ere  co ns id er ab ly  hig he r  t ha n  t ho se  i n  o th er  6  

Jap an es e  B la ck  po pul at io ns  (O ok ur a  e t  a l. ,  2 01 3) . S uch  ex tr em e 7  

bia s in al le le fre qu en ci es  m ay hav e re du ce d t he  ge ne ti c  8  

var ia nc e in  M UF A in Hy og o,  r es ul ti ng in  a  l ow  h er it abi li ty .  9  

How ev er , th e h er i tab il it y of NI RS  MUF A wa s l ow er  t h an th at 1 0  

of GC  an d wa s es tim at ed  t o b e 0. 4 50.  A  si mi la r te n den cy  w as 1 1  

rep or te d  b y Ko m ats u  e t al .  ( 2 021 ).  Th ey  c om p are d  t he 1 2  

her it ab il it y  e st i mat es  of  M UF A,  s at ura te d  f at ty  a ci d,  a nd  o le ic  1 3  

aci d pe rc en ta ge s o bta in ed  u si ng di ff ere nt  m et ho ds ; f or  ex am pl e,  1 4  

the  est im at es  f or  M UF A we re  0 .4 41  by  N IRS  an d 0. 71 4  b y GC . In 1 5  

add it io n to  t he  e sti ma ti on  e rr or  w ith  t he  N IR S me th od,  a  l ar ge  1 6  

env ir on me nt al va r iat io n, su ch as t he r ef ri ge ra ti on tem pe ra tu re  1 7  

at t he ti me of  mea su re me nt an d  ind iv id ua l d if f ere nc es in  1 8  

equ ip me nt , we re  c ite d  a s re as on s f or  t he  l ow er  e st i mat es  wit h 1 9  

NIR S.  Th us , to  i m pro ve  MU FA , it  i s  h ig hl y de si ra bl e  t o ta ke 2 0  

mea su re me nt s un de r s im il ar en vi ro n men ta l co nd it io ns  wh en th e 2 1  

NIR S me th od  i s em plo ye d.  2 2  

Tab le  3 sh ow s t he phe no ty pi c an d g en eti c co rr el at io ns amo ng  2 3  

the  tr ai ts  a na ly ze d.  E xc ep t  fo r  a  ne gat iv e  e st im at e be twe en  LM A  2 4  

and  SF T  ( -0. 28 9) , th e  g en eti c  c orr el at io ns  am on g ca rc as s  2 5  

gra di ng  tr ai ts  w er e si mi la r to  t ho se  p re vi ou sl y re po rt ed  ( Oy am a,  2 6  
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201 1) .  1  

Sim il ar  t o O sa wa  et al . ( 20 08 ),  we al so ob ta in e d h ig h 2  

phe no ty pi c a nd gen et ic co rr el at ion s o f 0 .8 14 and 0. 95 9,  3  

res pe ct iv el y,  be t wee n  F AR  a nd  BM S  N o.  I n  r ec en t y ear s,  th e 4  

ide nt if ic at io n of  FA R- re la te d g en e s h as pr og re ss ed  (N ak aj im a 5  

et  a l. , 20 18 ;  S a saz ak i  e t al .,  2 020 ),  an d ex pe ct ati on s  f or 6  

mar ke r- as si st ed  s ele ct io n ha ve  r ec eiv ed  i nc re as ed  a tte nt io n.  7  

Bec au se  FA R  i s  a n  o bj ec ti ve  ev al ua tio n  i nd ex  pu re ly  c al cu la te d 8  

fro m  d ig it al  im ag es  o f  c ar ca ss  cr o ss - se ct io ns ,  t he  inf lu en ce  9  

of ex ter na l fac to rs ca n b e r ed uc ed , a nd FA R s ee ms t o b e m or e 1 0  

com pa ti bl e  w it h  s u ch  a  se le ct io n.  Wh en  t he  us e  o f  i ma g e an al ys is 1 1  

equ ip me nt  b ec om es  co mm on , FA R m ay  be  u se d a s an  a lte rn at iv e  1 2  

ind ic at or  o f BM S No.  t o c on tr ol  t he  am ou nt  o f ma rb li ng.  1 3  

[Table 3]  1 4  

Alt ho ug h  F I g ene ra ll y  s ho we d  u nf av or ab le  gen et ic 1 5  

cor re la ti on s w it h  ot he r t ra it s, th e e st im ate  w it h t he hi gh est  1 6  

abs ol ut e va lu e w a s - 0. 21 9 w it h FA R  an d not  a  l ar ge  va lu e. A 1 7  

sim il ar  te nd en cy  w as  o bs er ve d fo r MU FA.  Th e hi gh es t un fav or ab le  1 8  

gen et ic  co rr el at i on  o f MU FA  w as  fo u nd  b et we en  N IR S MU FA  a nd  S FT 1 9  

(0. 30 0) ; ho we ve r, gen et ic  a nt ag on is m w as  n ot se ve re , ind ic at in g  2 0  

tha t  i ma ge  an al ysi s  t ra it s  a nd  M UF A  c an  be  i mp ro ve d  2 1  

sim ul ta ne ou sl y wi th ca rc as s gr ad in g t ra it s.  2 2  

The  ge ne ti c  c or re lat io n  b et we en  th e tw o  M UF As  i n  t hi s st ud y 2 3  

was  es ti ma te d to  b e 0. 80 4.  U si ng  i nt er mu sc ul ar  f at  t is su e,  2 4  

Kom at su  e t a l. (2 021 ) re po rt ed a h igh er  g en et ic co r rel at io n of  2 5  

0.9 62  b et we en NI R S a nd GC MU FA s.  A s o ur es ti ma te wa s o bt ai ne d 2 6  
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bet we en  in te r-  an d in tr a- mu sc ul ar  fat ,  t he  co rr el at ion  di d  n ot  1  

see m to  b e lo w.  H o wev er , th e Pe ar so n’s co rr el at io n c o eff ic ie nt 2  

was  c al cu la te d a s 0 .5 03  (n  =  3 56) , wh ic h m ig ht  in cl ud e  3  

mea su re me nt  e rr or s i n th e NI RS  m e tho d.  M ai nt ai ni ng  th e NI RS  4  

equ ip me nt  un de r  p rop er  co nd it io ns ,  a nd  as  pr ev io us l y st at ed ,  a 5  

uni fo rm  e nv ir on me nt fo r m ea su re me n t i s i mp or ta nt , esp ec ia ll y 6  

whe n NI RS  M UF A is  us ed  a s a sa le s pro mo ti on  t oo l.  7  

Com pa re d  w it h th e di re ct  s el ec ti on  f or  G C MU FA ,  t he 8  

eff ic ie nc y  o f  i nd ire ct  se le ct io n  f or  N IR S  M UF A  t o  i mpr ov e  G C  9  

MUF A is  e xp ec te d t o be 0. 73  ( = √0.450 × 0.804 √0.542⁄ ). Th is 1 0  

eff ic ie nc y as su me s th at  b ot h me t hod s  h av e eq ua l  s el ec ti on 1 1  

int en si ty .  W he n  w e co ns id er  th e  t i me  r eq ui re d  a nd  l abo r  c os t 1 2  

for  G C, th e N IR S m eth od  s ee ms to be mor e ef fi ci en t a nd  pr ac ti ca l,  1 3  

the  on ly  wa y  t o  i mp ro ve  MU FA .  H owe ve r,  th e  s ta n dar d  e rr or s 1 4  

inv ol ve d in  G C M UF A w er e la rg er  th an  th os e in  t he ot he r t ra it s.  1 5  

Alt ho ug h  t he  av er age  ad di ti ve  re la tio ns hi ps  am on g  a nim al s  i n  1 6  

the  Hy og o po pu la t ion  ar e ex pe ct ed  to  b e hi gh , an d  thi s  f ac t 1 7  

con tr ib ut es  to  es tim at io n  a cc ur ac y , we  st il l  e nc ou n ter ed  th e 1 8  

pro bl em  of  d iv er gen ce  by  t he  AI  alg or it hm .  B ec au s e th is  i s 1 9  

pra ct ic al ly  du e  t o th e  s ma ll  nu mb e r of  sa mp le s,  fu r the r  d at a 2 0  

acc um ul at io n  f or  G C  M UF A  i s  req ui re d  t o  c om par e  t he  2 1  

rel at io ns hi p ac cu rat el y.  2 2  

 2 3  

3 . 3  G e n et i c  t re n ds  2 4  

The  ge ne ti c tr en ds  e xp re ss ed  b y  t he  st an dar di ze d av er ag e  2 5  

pre di ct ed  br ee di n g va lu es  of  fe ma l es  s ho we d  a  dr as t ic  p os it iv e 2 6  
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cha ng e i n FA R ( Fi gur e 1) co mp are d wit h tha t in MU FA s a nd FI . 1  

The  t re nd  o f F AR  was  a lm os t id en ti cal  t o th at of  B M S N o.  a nd 2  

was  du e to  g en et i c im pr ov em en t,  m a inl y  i n BM S No .,  o ve r th e 3  

las t  f ew  d ec ad es.  H ow ev er,  FI  h as  bee n  s low ly  de cli nin g  s inc e  4  

196 5.  A lt ho ug h it  ha s tu rn ed  u pw ar d i n re ce nt  y ea rs , t he  s ha pe  5  

of m ar bl in g i s exp ec te d t o b ec o me c oa rs e i f i n suf fi ci en t 6  

att en ti on  i s pa id  to  F I.  7  

Alt ho ug h  t he  t wo  MUF As  sh ow ed  a  g r adu al  up wa rd  t re n d,  t he 8  

amo un t of im pr ov e men t wa s l es s t ha n o ne si gm a u ni t,  re fl ec ti ng  9  

the  f act  t ha t lit tl e a tt en ti on  ha s b ee n p ai d  to th is 1 0  

cha ra ct er is ti c  i n  t he  p as t.  Co ns id eri ng  th e re ce nt  dec re as in g 1 1  

tre nd  i n MU FA  v alu es , it  i s ne ces sa ry  t o pl ac e  in cr ea se d  1 2  

emp ha si s on  M UF A  as  w el l as  F I imm ed ia te ly  t o ac hie ve  b ee f 1 3  

pro du ct io n ac co rd ing  t o co ns um er  d ema nd .  1 4  

[Figure 1]  1 5  

The  gen et ic  tre n ds  o f th e tw o t ype s  of  MU FA s c los el y 1 6  

res em bl ed  e ac h oth er . Ho we ve r,  si nc e ar ou nd  200 1,  t he  1 7  

dif fe re nc e  i n  a ve rag e  b re ed in g  v al ue  b et we en  th e  N I RS  a nd  GC  1 8  

MUF As  h as  w id en ed . T hi s co ul d be  p art ly  a tt ri bu te d to th e fa ct  1 9  

tha t the  g en eti c var ia nc e o f the  G C M UF A w as 42 % l a rge r tha n 2 0  

tha t of  t he  N IR S MUF A.  B ec au se  t he  st an da rd  e rr or s inv ol ve d in  2 1  

the  tw o  M UFA  me as u rem en ts  ar e re la ti vel y  l ar ge , it  is  nec es sa ry  2 2  

to  c on ti nu e da ta  c ol le ct io n fo r  bot h  M UF As  a nd  e xam in e  t he 2 3  

tre nd s mo re  p re ci sel y.  2 4  

The se  r es ul ts  s h owe d th at  t he  h eri ta bi li ty  o f F I, an 2 5  

ind ic at or  of  f in e fa t pa rt ic le s,  a nd  M UF A,  an  i n dic at or  of  2 6  
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pal at ab il it y,  w as  co mp ar ab le  t o t hat  o f th e ca rc a ss gr ad in g 1  

tra it s,  an d  t he re  w as  no  se ve re  ge net ic  an ta go ni sm  amo ng  th e  2  

ana ly ze d  t ra it s.  Thi s  i nd ic at es  th e po ss ib il it y  o f  imp ro vi ng  3  

FI  a nd  M UF A si mu l tan eo us ly  w it h  th e cu rr ent  ta rg et  tra it s  fo r 4  

imp ro ve me nt .  5  

FI  a nd  M UF A ha v e be en  r ep or te d  t o be  i nv ol ve d  i n th e 6  

pal at ab il it y of  J apa ne se  B la ck  bee f (S uz uki  et  a l. ,  2 01 3;  A sa  7  

et  a l. ,  2 01 7) ,  a n d pr om ot in g  t he se  i mp ro ve me nt s  w il l le ad  to  8  

inc re as ed  pr od uc tiv it y  o f  be ef  wit h  t he  sup er io r qu al it y  9  

des ir ed  b y c on s ume rs . In pa rt i cul ar , th e c om p lex it y of 1 0  

mea su ri ng  M UF As bas ed  o n G C h as  be en a b ot tl en e ck in da ta  1 1  

col le ct io n.  Ou r st udy  su gg es ts  t ha t the  NI RS  m et ho d is  n ot  o nl y  1 2  

a us ef ul  t oo l fo r  suc h  d at a co ll ec ti on,  bu t al so  a n  a l ter na ti ve 1 3  

eva lu at io n pr oc ed ure  f or  M UF A in  t he lo ng is si mu s mu scl e.  1 4  

How ev er , th e wi de spr ea d us e of  N IR S  ha s ju st  b eg un , a nd th e 1 5  

inv es ti ga ti on  s ee m s i ns uf fi ci en t.  C o nti nu ed  d at a co ll e cti on  a nd 1 6  

ana ly si s ar e r eq u ire d fo r b ot h t yp es of MU FA s, co ns ide ri ng  t he  1 7  

rel at iv el y hi gh s tan da rd  e rr or of the  e st im at es in thi s st ud y.  1 8  

Mor eo ve r,  M UF A ha s b ee n su gg es te d to ha ve  a n op ti ma l v al ue  f or  1 9  

car ca ss  e va lu at io n ( Ni sh io ka et  a l ., 20 08 ) o r ea ti n g q ua li ty 2 0  

(Su zu ki  e t a l. , 201 3)  a nd to ha v e a hi gh po si ti v e g en et ic 2 1  

cor re la ti on  w it h bee f fa t co lo r s cor e (I no ue  e t a l.,  2 01 7) .  2 2  

Bec au se  e xc es si ve  im pr ov em en t i n M UFA  c ou ld re du ce  the  t as te 2 3  

and  st re ng th en  th e ye ll ow ne ss  of  f at,  ca re fu l  a tt en tio n  s ho ul d 2 4  

be pa id  t o av oi d exc es si ve  c ha ng es , a s in  t he  c as e of BM S No .  2 5  

 2 6  
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C O N F L I C TS  O F  IN T ER E S T 1  
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Figure legends  

 

FIG UR E 1 G en et ic  tre nd s ex pr es se d as av er ag e b re ed i ng va lu es 

of  b re ed in g  c ow s  by  b ir th  ye ar  in  gen et ic  st an da rd  dev ia ti on  

uni ts fo r b ee f mar bl in g s ta nd ar d  num be r ( BM S N o .), im ag e 

ana ly si s tr ai ts  ( FAR ,  f at  a re a ra t io;  FI , fi ne ne ss  ind ex )  an d 

mon ou ns at ur at ed  f att y  a ci d (M UF A)  m ea su re d by  ne a r-i nf ra re d 

spe ct ro sc op y (N IR S) an d ga s ch ro ma tog ra ph y (G C) .   
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Fig. 1 

 

 



Trait N Mean SD Minimum Maximum
Carcass trait
    CW (kg) 29,942 404.6 41.8 258.0 562.0
    LMA (cm2) 29,942 55.0 7.7 32.0 92.0
    RT (cm) 29,942 6.9 0.7 4.5 10.5
    SFT (cm) 29,942 2.5 0.8 0.5 6.6
    BMS No. 29,942 6.8 2.0 2.0 12.0
Image analysis trait
    FAR (%) 24,704 47.1 7.3 19.4 74.8
    FI (count/cm2) 24,704 2.6 0.5 0.5 5.4
Monounsaturated fatty acid
    NIRS MUFA (%) 18,570 63.2 3.1 45.8 71.8
    GC MUFA (%) 2,952 59.2 3.6 45.8 71.7
Abbreviations: CW, carcass weight; LMA, longissimus muscle area; RT, rib thickness; SFT,
subcutaneous fat thickness; BMS No., beef marbling standard number; FAR, fat area ratio;
FI, fineness index; NIRS MUFA, monounsaturated fatty acid by near-infrared
spectroscopy; GC MUFA, monounsaturated fatty acid by gas chromatography.

TABLE 1  Summary statistics for carcass grading traits, image analysis traits, and
monounsaturated fatty acids



Trait
Farm

variance
Genetic
variance

 Residual
variance

Heritability ± SE

Carcass trait
    CW 166.140 685.640 599.630 0.472 ± 0.024
    LMA 3.570 36.080 21.241 0.593 ± 0.024
    RT 0.047 0.233 0.259 0.432 ± 0.025
    SFT 0.047 0.326 0.210 0.559 ± 0.024
    BMS No. 0.270 2.809 0.988 0.691 ± 0.023
Image analysis trait
    FAR 3.127 37.106 9.918 0.740 ± 0.024
    FI 0.008 0.099 0.143 0.395 ± 0.029
Monounsaturated fatty acid
    NIRS MUFA 0.529 4.090 4.466 0.450 ± 0.033
    GC MUFA 0.808 5.802 4.085 0.542 ± 0.071
See TABLE 1 for abbreviations.

TABLE 2  Estimated variances and heritability for carcass grading traits, image analysis traits,
and monounsaturated fatty acids



Trait CW LMA RT SFT BMS No. FAR 　FI NIRS MUFA GC MUFA
CW 0.278 0.535 0.222 0.130 0.106 -0.197 0.070 0.129

(0.035) (0.030) (0.038) (0.036) (0.036) (0.049) (0.051) (0.078)
LMA 0.459 0.204 -0.289 0.507 0.369 -0.064 -0.203 -0.039

(0.039) (0.036) (0.026) (0.029) (0.047) (0.047) (0.076)
RT 0.655 0.384 0.229 0.291 0.274 -0.178 0.091 0.069

(0.040) (0.035) (0.036) (0.052) (0.054) (0.083)
SFT 0.309 -0.096 0.275 -0.090 -0.060 -0.089 0.300 0.178

(0.034) (0.034) (0.048) (0.047) (0.078)
BMS No. 0.175 0.463 0.286 -0.041 0.959 -0.065 -0.228 -0.077

(0.005) (0.044) (0.044) (0.074)
FAR 0.133 0.323 0.232 -0.029 0.814 -0.219 -0.259 -0.168

(0.042) (0.044) (0.073)
FI -0.196 -0.159 -0.160 -0.056 -0.085 -0.169 -0.158 -0.062

(0.060) (0.091)
NIRS MUFA 0.077 -0.063 0.084 0.133 -0.072 -0.113 -0.090 0.804

(0.062)
GC MUFA 0.124 0.034 0.098 0.085 -0.036 -0.061 -0.145 0.467

TABLE 3  Estimates of genetic (above diagonal) and phenotypic (below diagonal) correlations among carcass grading traits, image analysis
traits, and monounsaturated fatty acids

Standard errors of genetic correlations are shown in parentheses.
See TABLE 1 for abbreviations.
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