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ABSTRACT

The objective of this study was to investigate the relationship between the number of QTL (Quantitative Trait Loci) affecting the
carcass weight of Hanwoo and the accuracy of GEBV (Genomic Estimated Breeding Values). The study was performed simulation
study to generate three populations comprising 100, 500 and 1,000 QTL. Each population consisted of 13,500 individuals which were
selected from the 6% to 10" generations of all 10 generations, while keeping litter size constant (N=1) in population parameters. The
genetic parameters for these populations were set at 0.45 trait heritability, 0.3 QTL heritability and 48,578 total markers. In order to
confirm the number of significant QTL under the threshold of Bonferroni correction, both GWAS (Genome-wide association study)
and GWAS based on Random Forest (RF) were performed. In each population, there were 33, 50 and 32 QTL identified by only GWAS,
with 100, 500 and 1,000 QTL. Additionally, RF-based GWAS detected 65, 260 and 491. These results showed that the number of
significant QTL is not related to the overall number of QTL in the population. Furthermore, machine learning based GWAS is more
accurate than solely using GWAS. To estimate the accuracy of GEBV (Genomic Best Linear Unbiased Prediction) in each population,
5-fold cross-validation was employed using SNP effect of the QTL over p-value. In the result of the estimation, GEBV rose with
an increase in the number of QTL in the population, and the correlation between TBV (True Breeding Values) followed the same
tendency. As a result, this study suggested that the number of QTL related to carcass weight in Hanwoo could exert a significant
influence on genetic improvement.
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INTRODUCTION

o] =7F F2 AU B, 3 AR EA 2 FAtol| 285h= (Draft animal)2A419] 7]50] F8 F2 0|/ THLee
et al, 2014). L2t A AT 71 B 2Fo0] FAFHol wpetA] £317] 87} F7tsHA| =L, ke AkSe] B&o] 117] A4kl
2202 vlfA| EUCHKOSIS, 2022). olof] wka} 3he Aehe 57ke] 453} o] Yl TA|F(CWT, Carcass weight), U A=
(Marbling score), 52| %7 (Backfat thickness)2F 22 H A G & ¢ 7i7Fo] AJZF= AT

SR N 3t FHAAE Zh= 7HA1S] 8- 7H(Breeding value)E 71§ 2 7HA & AE6tal o] & 4ot RAAE 2= 7HAIE
CHS Althe] F H (parent) & ]850 & 945t RS T3 Altoll ZAMAA A HAE 7ttt 3he-70F 27] 1980t o] o]
+ A= &9 Y3 E Boll 7iAY] BEE S 2R NS S, 19833 E 3R 4TS fioke] S ARG o] ARt
Ah(Kim et al., 2014). 1980 ATHHE] A2 SR AP G 2 SHe =] Sarst A A S “%ML SHe A Te] A o] H Tk
(Park et al, 2013). $H-7217g AFd2 SHe7lioll Aol A wll- A=kotal a7t &2 W ol ATk, X3 7ol thsiil= 47 713to]
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0] SlrkLee etal, 2014), T3, BEARE ol 8510l ZH ATl N Yite BHRE 7122 85718 34517 uhzol
230] Z7}atrhe EAIAo] 9lo] 4714 Q) Tol N $0H he EuHE AANZ 4 auu}(Qumton ctal, 1992), o]t &
SAstaL B AEe § 5724 D AP S Solvle 202 Hlofd 4 Qs A2 e 85 WSl SR Al o]

2N N
| ix‘éi;‘

|
%] %1 tHMeuwissen et al, 2001)

FAA| A2HGS, Genomic Selection)y> 734 FEE o] &sto] 7|& EF HHI7t 2= dH S 7H sl f-3d o]
ojef& Aol tigt 5571 o o] AL 4= o], B& FEE 7IFEC 2 g 7]& BLUP W Ho 7iA| Aol &4 7
o] CHMeuwissen et al., 2016). 3414 A ®HHol| A o]-8oh= G4 FH = I W 7HA)] ZF DNAoIA ®HFgo] Lojt SNP (Single
Nucleotide Polymorphism)E- ©]-&-3H}H(Zimin et al., 2009). T+ -F-Aol] 20#] Q1= SNPE2 9H2-2] A Aol I&F= F+= ¢
9l 34 RK(Causal mutation)s FHol] Y=|5kaL 1L, 75 ATHETH (LD, Linkage Disequilibrium)- 0] F31 lo] Q1 f-Z o=
R2rets SNPYETEO 25 191 fdHo] o BA—]’% F45kaL 11 g3tE o] &sto] fHA $37HE AT 4= UthMeuwissen
et al, 2001; Heyes and Goddard, et al 2010). A2] Zr= 74X HE A Fo| 7HA %31, 4235} SNP chip 7]&2] H]eFAQl ¥ o 2 4 |
nheje] fA JEE Hot ZA| 8ot =HA f-A) A 7Rt ofy 2t P} AitE o] Rl QTLE BAlote AR
A A¥-EA o] ZkstA] ATLE| 2 91tk Goddard and Hayes, 2009). 0|5 531 A9] A|Fof] Y v]2|= 2712] TE QTLO| 49

1 Aol A 780kb 74 2 2 EASHE PLAGI-CHCHD7 34K = 212 W3l 42 599 Al5oll 932 PIxl= PLAGI-
CHCHD7& E§5to] TA|Z0]| P2 n|x|&=3714] 32 QTLO| 6, 8, 148 FAA|of] 2] SHS- BHa WiTh(Lee et al., 2013).

o|x¢ EF ol FF= PIx|= QTLO| th4= EASHA|TE, 7iA| 2] A &} e tii2e] QTLS FZoll 9= vlxl= 4
L7} Ao], f2A U XMOP HXIE} 7152 &915}17] o] thDaetwyler et al., 2010). TFIRF G742 G} Hol= QTLY}; 1 FHoj

5 Q= nl7] 7+e] A-EH (LD, Linkage Disequilibrium) % 2 S 0]-85to] QTLS A&s] A& 4 I Hoh &

74| 8-57HGEBV, Genomic Estimated Breeding Values)S 54 4~ & Z1°]th(Rolf et al., 2010; Quanbari et al., 2010).
I7F2Fa, S Q1 FFFE WokA] /g Q1A K(polygenic trait)= 7 2] $HCHHayes et al., 2009).
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oY) i 2 2 A0l &F 5 22 29152 QTL Aol J &= =ThLillehammer et al., 2008).

upebA 2 Aol 542 a8A 0l fAg7HHES 7IEs] flelA] ghe-o] AR Aol 2 nlx|= QTLY] 5 AlE2|°]
Adstal 71E GWASHH 2 7| Aleks 'R 8 5 5hHQ] Random Forest {2 2]-85H01 QTLA %-4 & & (power) T} FHH §F712]
274 We=e B

MATERIALS AND METHODS
Hojaeds SothoE dd

2 AFE QJoto] B AH-E Zsfstict Ho] AH-E 9ot AT Al &g o] 23] QMSim Ver.2.0 (University of Guelph &
HiggsGene Solutions Inc.)= ©]-&5}3] Th(Sargolzaei and Schenkel, 2009). 7.2 ko] EH Y, F-HAHY 50l AlEgo]d Hil T2, §
A& 2™st= QTLY & M= th2A ot J TS /3 5+ ThJu and Kim, 2002).

AlEdo]Hd o2 AH/dH HThe] L (Population structure)2t E-4>(Parameter) S Table 10]] LFEFHTE X0 HTHE2] F-2A= 29
2ol AMA 2 LA, §AA| 2] o= 143 872cME ARSI ZH AHE2 QTLY ZH7i4E 2 10071, 50071, 1000712 A%
5] Model 1, Model 2, Model 32 Wit} @ 2of| thet -1 23} QLY theh 3032 A @he-2] =4l Fof theh 4o 5
SHA| Z+2E 0459} 0352 A A5 1, B3 ol thal BARS 1002 AAFH ATHE2 2]S0f] 1,0005001A4] Al ZPBH LD2} Mutation-

Drift Equilibrium< 343517 5H 8004 thE 2] Alchutct 2,00054, 1,0004tHoll 2] 300054 AlEe|o]4-2 Fit}. 3,00054
Aol SR AlTie] $713 2l 82 22 30059 270072 Shek o] ek A - 593 2 e Bey
2ol £ 212 71 F 02 AT 4] g4 vl 22052 TAstel 2} Akttt 1nke ) A4S YA, F ek i EBY
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+ BLUPZ &3}l A&l EBVZt &2 7141 E Al wHlE shar W2 7= e A o2 W3 7iAS9] 2 A &
QTL 4= Hehd 2 3570, 1770, 470 2 A4k 22t 9w o) 158 JAA|of] QTLo] HEZ o —EFEJHI 7331, MAF (Minor
Allele Frequency)+= 0.12 AT QTL-S AT 2719] i f-AAE AR, A7H] 4 S 0.4 FHEIQ! Gamma
Distribution @ 25 -E] sampling= 5}t QTLL] Rl == 5UsHA AL, vbA et QTLY] missing?} &AW 0] B &2 AAs1A] &
hth. EAF 2 QTL Tl F219] akE F71sto] /st
Table 1. The structure and parameters of simulated populations
Parameter Values
Model 1 Model 2 Model 3

Global Parameter
Trait heritability 0.45
QTL heritability 0.3
Phenotype variance 1.0
Historical Population
Number of generation(size) - phase 1 0 (1,000)
Number of generation(size) - phase 2 200 (2,000)
Number of generation(size) - phase 3 800 (3,000)
Recent Population
Number of founder males from HP 300
Number of founder females from HP 2700
Number of generations 10
Number of offspring per dam 1
Ratio of males 0.5/ fix
Mating system Selective
Replacement ratio of sires 04
Replacement ratio of dams 0.2
Selection EBV / positive assortative
Genome
Number of Chromosome 29
Number of total markers 50634
Marker position Random
QTL distribution Random
MAF for markers Equal
MAF for QTL Equal
QTL allele effect Gamma d istribution (shape = 0.4)
QTL mutation rate 0
Number of total QTLs 100 500 1000
Total length of Chromosomes 143,872
Number of total markers 35 17 4

(9 chr - 135) (9 chr - 46) (9chr-7)

(15 chr - 143) (15 chr - 50) (15 chr - 11)

HP, Historical Population; EBV, Estimated Breeding Values; QTL, Quantitative Trait Loci
MAF, Minor Allele Frequency

QTL AES 7let 84 2

Genome-wide association (GWAS)

& AtollA=, 10AIeholl 24 AlE=olds ZHFAL, nhA 2} 6~10A|thol] SiEshe 13,500F2] A JHeF 702 4
£ 0|5t QTL A& Hlwsiith Algdold H FAA| JH = F 48578712 SNPL.2 F/d =313, SNP QC(Quality
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Control)+= Plink ver].90 (Purcell, 2019) X2 138-& 53 MAF 1% 0|9, HWE(Hardy-Weinberg Equilibrium 2.5 p-value 10°01] 35!
+ SNP IFA 52 A A 5F A Th(Marees et al., 2018). 74 R4 A2 A2 £9H4d % ¥ (Linear Mixed Model)& ©]-8-5t0] 54 mi7
ﬂﬁioios‘ 7J£’4 A 2T AP e A A2 S Hole} TEHHpQl BAY 7Ho| AEAlS g 017

L

5
¢
o
p

ST BHY Y A A5t opu 2t FHA] 7He] 544 WA E A 5= GRM(Genetic Relationship Matrix) S 7l
&6}01 Qolanhe Ao 2 £ a7l ohA Atolo] YRS sk Sl ohleh B 7he] ARAL Bt EA 24

GWAS(Genome-Wide Association Study) =& A2 of2lje} 7t
Y=a+bX+G+FE

071X, Y= B HEE 9u|otH, ax HikS ArE be WA A0l e 47H fA Bk on|oh, X&
SNPs=2] R & 2] GO 4% H-E SNPsE= 53 7IAIE2] 744 @ AAI(GRM, Genomic Relationship Matrix) &35
oln|stm, EQ] ¢ 234 a3 B errorE 21| St 9]2] HHlAl S o] &5lo] BAT Q| ALY ARt FAAAES ot A
P AR S 485 A FAA AR S ettt A FAA IS BEAANE =2H ZH A% 9] P-gE log(pvalue)
2 Hghsto] 7k A £ -?—loﬂ O3l A] log(pvalue)s EF5to] MistE 252 TEIQITE BA4 R 2= 2uE2Y 3%

(Bonferroni correction)= 4]-8-5}%1th.
Random Forest
Random Forest(RF)2 &5, W24, A RS, &2 5ol 485 BP0 =, oo AP YR B3-S Thso] =2 4
L2 o5 ote AS 5242 & 3H(Yoo, 2015). RF % 2| A JRE Z-E3 Aol A FE5] AR E =], B2 9] oA
AURE oA 2 ZelAE Aot W o2 85T SHAE Ue7] fgh 3412 ofeliet 2.
©= (9’ T)
h1(®) — h(ﬂ) <T
h
h (@) = ——
@ =%©

12 U T h rS 2% otk mietulelo] s et
()52 A S5 o] 71 2 Sefole] 8 =] B 27102 Aok, of7| 4 B of AHo] AuE ol
g & 4 QLA 4103 3 golth 012 7] eI E LAM =S ofujohs QlE 21| Yolof ofni, AEZ 7} ks AL
1 ol aiE, £4& 37] ofithe 21 ojulatt). YR 25T Shannon entropyR A HEETL FTHSeo and Kim, 2019)
o] Shannon entropyl| w2 71 283t wfzhu| )7} £l 224 2 4 9lrk o] Aol REE 3ol scikitleam S E31A]
Hk. train} st T GBLUPS 33w} SU% Wm0 2 gov], 159| fagust 2ale) wele] 47 elojel, HyY 4
2] o]} ARSI}, RFol AL&3 SNPZ QTL 4 HR-= A B2ol4 Blo]EfollA] RH5012 #4 B BlojElZ 0, 1,28 Hlo]
27| of] ZHH12] Zn) X SNPT}F QTLE) Z(p) 27]©] Hlo]] Zejlo] 0 2 BhSo] BT} o] Ao UHA| RF 3Fo]H wlefn]g]
BHE ) A%, R ES BUS) 13 H AR WE 5, 2Lt 7] S5 H A5 ME tlole] 4, E2je] Hu) 2ol
A317) A3 GridSearchCVE AHE AT ) 14 5228 B3IA o) W47} ol o] S8 oW SHeAE 743
%, ofH SNPE}QTLO] Y A3 55 ol 53het] SR $48 21013, 0|5 GWASIA] 73 SNPa} QL 1]y
 IL3FRFE T8 GEBVY] AT T = GBLUPT nF7[A| 2 TRV eFe] AlakakAl 2 TLaich
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Genomic BLUP (GBLUP)

A HEE &85 EH AR (GBLUP, Genomic Best Linear Unbiased Prediction) 7§ 2] 544 R E- o]-85}o 7744
HALA FE S Aot 7] EHFA 2ol A NRM(Numerator Relationship Matrix), & 852 ©]- &5 A FE S 7414
FATA Y& =2 thx|sto] 554 S-F7HGenomic Breeding Value; gEBV)E AAFSIATE -4 @AA H2 ofefje] ZAlo=
AlArstoict.

!
G=— MM
i1 2pi(1 — pi)

Var(u) = Go?

o710 - G= 42 ABA Y= (GRM, Genomic Relationship Matrix), M= 7HA42] 421 siE o]l m ]| SNPrtA 2]
ro|tt. T12| 11 pi = iR SNPL] thd -2k o] ’lw ol JRte} Mg &3t 32 ofeliet .

-1

Z+= 71A19] 8792} & 3Ha)2] incidence matrix®] 31, X+= 217 F7}o]| TSt incidence matrixE- 2]0|$tct, o2 = FhAf BAto] a1, T2
WA -HARFE T a ~N(0, God). A= 002 12| B2, GBLUPS 7|& BLUPOIA A AH S GAE 2 thx| st =&} et

GEBV Mzl 0=

F% §F7Fe] A ® = BLUPF90 (University of Georgia) X2 13- 5ol 45t A% = BLUPF0S 53l AlLtE o
R} #A4FGHPEV, Predicted Error Variance)2} REMLF90 (University of Georgia) L= 132 53l L-2 3 Zof| thdt - 24tgh=
7k Misztal et al., 2018). J 2= AlAHA-& chgat ik

X'X X'z
Z'X Z'Z+\G1

Or2 EBVS] &, PEVE EBVOl| TS of| S @34 BAE oe P GBS 9] o] SHCH(Misztal and Wiggans. 1988).

RESULTS AND DISCUSSION
QTLA=

7t A A 2] {24l Tojote U4 FA F2(QTL, Quantitative Trait Loci)2] 4= Y] A A] ¢l vlj-¢ H-2 429 QTLO]
AAP P S AT g A Qi whekA 7HE 7Rl A= A F 2 29 (Quantitative traits loci; QTL)2F AEHE AYHEH (LD,
Linkage Disequilibrium)Q! -4 0FA B E- o]-85to] 7HA| 2] -7-74-58S T Sk (Meuwissen et al, 2001).

2 A= PE S A= QTLY o] wheba] A4 AaEA ¥R3t Random Forest® 30| QTLE AZE3H= statistical
powerE XAFSI L, ob2e] 4 §3571e] = E A4tstith QMSim 2132 AR8-510] Table 13+ 20| AlE2] o] dlo] &
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£ A5ttt F 104t FollA 6~10AItoll siF5k= 13,50071<] 2t5E E-8-5to] QTLAE% 22, Figure 101141 Bonferroni 7]
42 (genome-wide suggestive level)S EZ5H= QTL 7§45 1000QTL Aol A] 337H(3.3%), 500QTLOY A= 507H(10%), 100QTLOY|A]

100 4 100QTL GWAS plot.
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Figure 1. The Manhattan plot for GWAS is the QTL search for a population with 100, 500 and 1,000 QTL, showing
a -logio(p-value) across 29 chromosomes with a heritability of 0.45. The red triangle and dotted line indicated the
QTL location and threshold.
QTL, Quantitative Trait Loci
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Table 2. Results of GWAS and GWAS based on RF. Threshold of GWAS was estimated by Bonferroni correction,
and GWAS based on RF was calculated by mean of feature importance of SNPs.

GWAS(LSM) GWAS based on RF
100QTL 500QTL 1,000QTL 100QTL 500QTL 1,000QTL
Threshold 5.987 5.991 5.994 13.215 13.151 60.808
Num ofSignificant QTL 33 50 32 65 260 491
XSNP; -0.042 0.427 0.265 -0.042 0.426 0.265

RF, Random Forest; QTL, Quantitative Trait Loci.

+ 3271(32%) =, QTLS7F 47| Algel|o] A H Hetell A & o] S7Fsk3itt. of2igt Axk= 1A H 13,5007]9] E2 4=l A QTL
o] #7h gtk A2 7i70] QTLET  Ath= ZE o] ulofal, ¥t = QTLY] 427} Atk A2 7i7)e] QTLo| Bt 2 a3t& Zh+=
Ch= 22 ou|gitt. wbA] 1007]9] QTLO] AlEd o)A el Al QTLAEH o] B} =A| LrEbd Z1E Table 20114 & 4= QlTt.
Random Forest 'S 0] 23t QTL &2 ZF SNPY] feature importance scoreS AlAMs10] 0] 52] - 4HE QTLA S threshold =
751 THAlves et al., 2022). 1 23} Figure 2014 & 4= 1520], threshold S S55H= QTLE] 7H4= 100QTL HTHollA 657H(65%),
500QTL Aol A 2607H(52%), 1000QTL ol A 4917H(49.1%)°] T}, Random Forest(RF) ¥ oA A QTL47F 1007HQ1 H ol A
AZEE 0] 65%2 7H =k, 100071 ol A= 49.1%2 W LSM(Least Square Method)S 7|HHO 2 3t S| A0 2 QTL
S 71&5h= "% 2o} Random Forest B'H o] QTL 7% 530l A 9F 30 ~ 40% =] UEH b= 2102 BXAo| 5}lch = RFE &85t
GWASOIIA] 321491 QTLE°] YEHAQl GWASELTH ZHEo] Ho] H Z o= Hof MAl 2{dS A&3Z wf o] QTL A& B =7t
H 52 7o 2 ghect o=, o]n] & A Q= QTL a3HE A& o] A §F F ol A GRAMMAR-CG %% ¥} Random ForestS- ©]
g35t0o] QTL HE 58S 7t 23}, RE 0] QTLAZE 53] FH ol 2 (Minozzi et al,, 2014) 0.2 241 Ak} o2 -fAkstch

100QTL GWAS plot based on Random Forest
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Figure 2. The Manhattan plot for GWAS based on Random Forest is the QTL search for a population with 100, 500
and 1,000 QTL, showing a -log10(p-value) across 29 chromosomes with a heritability of 0.45. The red triangle and
dotted line indicated the QTL location and threshold.

QTL, Quantitative Trait Loci

I E 4 ok 3H-9] AR A d2EE AT} Aol =2 SNP U E A8 S sHE7HE AAR A =2 et
L}Q B 2 (Lopez at el.,, 2021), ©]213t ZTH= QTLY AEH SNP Y EE o] -850 FH5HS o|Soh=

22l 7o,

QTL £:0i [HE GEBV £ HMet:

74E0] A g4 ek ofyet QIzkel Ariat -2 FAE YRlAdo] Aot defA AR 2 FE2 [t A HTkal st
of, thg-A ol ztolakar A2 ATH(Yang et al.,, 2010). 42 -FAX S thESH= IR GAA| A o] LA E] o] QU1 °F 2500091 719] &
A7 E7F g Jlom, sheollA] 7iA) 2ke] EHE Aol & sk 77 B1o]Ql SNP A E = o2k 225wtz B x| of §)
Th(Lee et al,, 2023). 7 F-A 0l 1A = FE-2 SNPE oA A A £ ATEHY blockHoll Y= SNPES AHs
o4& Fo] EAlE] o] Ut o] T P& 2 o]-8-5te] GBLUP & 4830 2 7|9 582 oS3t

2 o 7Lof|A] QTL 100, QTL 500, L2] 1 QTL 10007} A| B0 A 3+ Aol A S 5eS Hrtstal, 1 Aw S AAkst Aa}
Table 30142} Zo] QTLO] 1007/ Aetel| A= A3 7} 27%, 183 QTLO| 50071 Hetol| A& 1 HBHe 7} 34%, npx|gtoz
QTLO] 10007HY] R HollAf= 1 et 40% = 2A = QA o] 213k Aik= PdS 2Esh= QTLY] 47t B2 4% 7I1719] QTL

Table 3. The number of QTL size statistics by 5-fold cross-validation according to GBLUP method

Population EBV Accuracy Accuracy Correlation
Mean Mean Mean

QTL =100 0.4657 0.6447 0.2751

QTL =500 0.4897 0.6549 0.3441

QTL = 1000 0.5036 0.6451 0.4008

EBV, Estimated Breeding Values; QTL, Quantitative Trait Loci; Var, Variance

Fhe Ho)7] o] GBLUP Eelo] et Hekek §5718 9% 4 9t 202 Bekgh o], B2 AFoA 243
AF-2 QTLE T ¢ 2 QTL &7t EAl5h= Aol GBLUPEH Bayesian B E‘fi_lol Hot GeolA §37F: oS E7] wleelt
(Wolc et al., 2016). |21t Zib= 2 A tof| A A& QTL 100711 HTHELTE QTL 10007]Q1 Mol A ol &) HE =7t &4 L2
Aot Ax|5He Ztolh = FUF Aol M QTL 100747F QTL 10007420+ 24 QTL 2374 27) wo] o,
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ojd AollM= Al 7HA] & BT I7]9}F thget 2] QTLOl tis] SEEA Al Ed|o]dE sfdto] {44
(GBLUP)Z} H|o] 2| QF 4= A el vl (Bayes B)2- H] 25} Th(Daetwyler et al., 2010). L A3} GBLUPS Fo{ 7 §-43 1 E 37]
of| 3l A] QTLE] 4=ofl TAIglo] LAt FS =S BTt 1LY, Bayes B+ N(QTL)O| W& tf GBLUPETH H& =7k £9kal, QTL

9] 427} @ol 2| HA| GBLUPO| Bayes BE 21t 2] oh= A& H1skqlTt

A2 oF GWAS2 RF 7|8 QTL &322 Random Forest 7|8t -4 4| AR A o] 7|2 G244 AR A HT 231 2o sY
AAQ1 QTLS Bt Ho] AEsH= S RIS =5k QTL 4ol whehbd §F71] A o] Hish= QTLY] 47| S71Ed4E
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