A Journal of Animal Breeding and Genomics, 2025 June, 9(2)57-77 () Print ISSN 1226-5543
httpsi//doi.org/10.12972/jabng.2025.9.2.2 e Online ISSN 2586-4297

Journal of
Animal Breeding & Genomics

Technical Protocol

Simulation protocol for animal breeding using QMSim

JuHyeok Kim?, Yoonji Chung?, Phuong Thanh N. Dinh?, Hayeong Oh?, Seunghwan Ko?, Suyeon Maeng?, Seung Hwan Lee*
Department of Animal Science, Chungnam National University, Daejeon, 34134, Republic of Korea

Znstitute of Agricultural Science, Chungnam National University, Daejeon, 34134, Republic of Korea

3Department of Bio-Al Convergence, Chungnam National University, Daejeon, 34134, Republic of Korea

“Division of Animal & Dairy Science, Chungnam National University, Daejeon, 34134, Republic of Korea

*Corresponding author : slee46@cnu.ac.kr

ABSTRACT

QMSim is a powerful simulation program designed to emulate large-scale genomic data and complex population structures, making
it a valuable tool for developing efficient animal breeding program. This protocol provides a step-by-step guide for installing and
running QMSim, along with detailed explanations of essential commands and parameters used in the input files. By enables
the implementation of diverse simulation scenarios and facilitates the validation and evaluation of proposed genomic selection
strategies, thereby contributing to the development of optimized breeding programs.
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INTRODUCTION

&A1 Q1 Z7tet A 1 E A FAtEC] tigt =27t Z7Hgol uhel, S84 B E 3 7162 AP SHel F4kelo] 7
AA g7l 5““@"1 g5 5kl ATH(Thomton. 2010; FAO., 2020). 22 55 §% 2ok= §-44| A2 282} Hojo]g 7|9k 74
L4t 7)e 5o HHE ol tiFe] 44 2 23Y dlolHE 89 240t % a&/de Fuistele Wik = sttt
(Meuw1ssen etal.,, 2016; Morota et al., 2018; Stock et al., 2013; VanRaden. 2020; Nayeri et al., 2019). -4 © ]
SHA| ol &5 4> A= A S AU AL Qe 2y e 27], o B, 2 291 5 5 Q
o, 12 1|83} AJ7to] @ TLEITHZHU et al., 2017; Hall,, 2016; Wanjala et al., 2023; Santos et al., 2017).

o3k ¢ tht 8le FAISHAA @7t 7l B2 B o A¥ °E 4= Q= AlEe|o] o] axbAQl Wi o 7 g8-d 4 it
(Medrano etal., 2010; Simianer et al., 2021; Scheper et al., 2016). A &&f|o] A A % %ﬁﬁ ‘?‘]_/il Ak S2st1 XA e 2 -3kt

9}

‘%}]_E—— AlphaSm ZPLANH+, SeIActlon, QMSIM —0—0] “?4' AlphaSnn-J 749 o] s A

e 1o 30 TY ol 10N A, 010, AN 575 104 18] 3714 372 cﬂéﬁm 5% 72

= F|A3} Sh=tl] =32 FTH(Taubert et al,, 2010). 3, SelActions A A| 5 L2 a0l A o] AMRRS-T} ZX WHlE-Z o S5t 7|

2 #FaL lo] A8 5 A ol 7851 Z-8-Eth (Rutten et al., 2002).

53], QMSime tht 2 et B AR T 25 mRsto] 715 JiAlRS AlEelold & 4= Gl RO o 2 okt 7Hxﬂ¥
J

728 RUYS P4 YUE Aol slo] STUL L RHH AP o, 2Awelel 1K 9 S Balst B
= 4 QltkSargolzaei et al., 2009; Scheper et al., 2016; Sargolzaei et al., 2009) (Table 1). ©] Z2 T34 A4 wfR] &2 71257, 444 OOW\]
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Simulation protocol for animal breeding using QMSim

Z S oy 71220l A A Ak 82 84 TS 95 2235 1 & B85 o] $rh(Seno et al., 2014; Yin et al., 2024; Plotzki
Reis et al., 2019; QiXin et al., 2016; Wang et al., 2019; Khalilisamani et al., 2022).

Table 1. Main features, strengths, and limitations of the simulation programs are summarized.

— 271 P REs
AlphaSim FAA A gl §1A 2T AlED - OFEH §34 W4 (SNP, QIN 5) 23 7Hs
ol - A A9 SRz A A J
. QH—E o] Al dol= 751%‘ ] o=
7PLAN+ tjofsl 82 deF xxglul gZx ug AAA 4=0]-0]8 B 29
1@4 73 ”47} . EL?_]JLHH g et 2z ek ’“‘” ek Al S
- B 43 g AlEEold 715 S
SelAction A RES- B 2 WH S-S ol E5to] - WRE AF ST
ohRt 534 —r% - OitR {44 dlofE] X2 ul&
QMSim Uit 5244 |o]E i A Alg o]l A (w2 74 2o 407H
/\]%Eﬂolﬁ . E}*ﬂtﬂ 74]5 2 53R AR 2 A, AT, 23wl 2235} A

T4, R7A ol Bl 0 F 5 TSR .48 AP Mgstel £4 75
” =gge g el

2 QuSim 23] A2 9 A ket 7, Algeol M S 915 ol 4 ke U 2.2 el S 753t AL
%2 AAH 0.2 Austelct
2/zime

o] Z2 2 Algg|o]Ado] Hagt thRt v S A4Sk iz nhd S W a2 shH, o] w2 o) 2 A
(GLOBAL parameters, Historical population, Populations, Genome, Output options) 22 73 =] o] 1 Th(Figure 1).

/*** Global parameter ***/
/*** Historical population***/
/*** Population ***/

/*** Genome ***/

/*** Output ***/
Figure 1. Basic structure of the parameter file used in QMSim

7]— Idl/d L]-]Oﬂ/v] EﬂEﬂo—]g] ‘(f‘klt %—_8_0]-1] %_7\]?1_
QR HAIR7} SYE 1 =2 o] ZFH ) E
A 4 S

T2 o

RE PP ol HiT A A0 Z2(;) 0.2 Tujof 5l Ajn]FEo] kg A2
YA o8 ARG EA] Qe Eole] AA2 AMEAte HEA*OH e} 2757

GLOBAL PARAMETERS SECTION

Global parameter section KA| Al &) o)A 1ol A X85 = mj7iH 5 A4 sk= ko] thFigure 2). Tha-2 2 g ool
o3t Adrg ol
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title = “title_name”;
seed = “seed.txt™;

nrep = num; // =2+
h2 =num; // 2+
qtlh2 = num; // =+
phvar = mum; // & =

no_male rec;
joint pop;
skip_inbreeding;

Figure 2. Global parameter section EZ0{ 0| A|
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title = “title_name”’; S AR2-5}0] A|E20]A 9] A E-S AT 4= k. AlEd o] S AastH
==, 0% seed = “”; OIS A5 T seed THLS A 3HH o] Hof] =3t Al Eef|o] S FUTE 27102 ThA] At
4 Qltt. seed = G o & M= & A A517] ghobin A AHol|AM A}HF 0 2 W B AJAd5te] AlB oS ZIgstct.

nrep = num; 0] 2 A}85}0] A| B o] HHE 3142 15E] 20,000 7H2] A5 4= 9ITH h2 = num; ol = A]Eaf|o] A & 32
9] & 928 (Polygenic +QTL)E A5}, 0 ~ 1A}0] 2] Zh& A A sljof gttt gtih2 = num; 2 QTLY] 412 7He: 2| gsl= ol 2,
h2 =num; T U7 HA| 2 0 ~ 1AF0] 9] Zh2 AT 4= 1k Thof qtih2 = 0; 2= A7 5HH, TR Ak polygenic) & 1S o5 A&
o] o] Ayt

phvar = num; = o] THY BAHS AAsH= FEolH, 3] 9= 0~ 10,000,000 7HA] X7 3 4= 1t} no_male_rec; TH 75 ]
£ ARSI 71 7| 7128 AYAdEHA] ko, S5 AR ZH2 A Al P S Al Eo]d g wf Zhg
A dlojef7t gle wl, BHY 7|9 Adtat TefE 2-85tH, £712 2192 AeH joint_pop; B OIS A 5HH
A& A& o4 AFESIA] ekom iA| 2 JE A o2 B E
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BEET UL
HISTORICAL POPULATION SECTION

Historical population section= 27| H¥+E-++% (Linkage disequilibrium, LD) A/ 7} & H o] 4 5 (mutation-drift) H = &
Hot7] gt A& A sk Fgtolnh. FA e 4=2] AT AA JHA 2 7WA| TS /5, AR 2 A o] YA M| 2T}
29| = Agtoto] A/d et T3t Al g0l S Ball 7HAlwe] A7)1E FA AU F4 T 4 THFigure 3). The-2 8 o
of thgt Adrgolt.

begin_hp; & end_hp; 74 ©] = A}-8-519] historical population Ti7HEH4=2] A| 2t} F 55 # o) sljof shrt. & E historical population®]
7] 4= begin_hp; = A2510] end_hp; = E1foF STt

hg_size = v1 [v2]; 3 }= historical population Alt] 27| A= 202 v12 /MAF 7], v2= sl 2712 AT Al
5 ou|sith 7RI 27]+= 2 ~ 100,000, Al 4= 0~ 150,000 B9 WollA] A7 7Fsotm, Alth4s= 05-E] A|2tsljof st 2714
Q1 viZfH RS T8l WA Te] oy 4 AU 2.5 fsHA 8T 4= o, AR ARSI Al EE oA E otk

o] 551717} 4 th(Figure 28).
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)

begin hp; / Z
llg_Slze =vl[v2];/ HF
nmthg = num;
nmlhg = num;

end hp;// =+

Figure 3. Example command for generating a historical population.

nmfhg 2} nmlhg = historical population |41 =7 7§x|9] 4~& A7 5H= o]0t} nmfhg = num; = 3 A historical A|Tol| A
9] 71 74| 4=, nmlhg = num; = PFA] 9} historical A|Toll A1 2] =71 7)) 4~& 2Jn|5HH, o] &5 Fof Al 7+ g u] HatE 1A 4
ATt ZH2F 1 ~100,0009] gro = A7 7FsshH, sl g g of 7 A2k A9 A 7iA -2 oF s Adu)7F s e dEl 2 fAE .

POPULATION SECTION

Population Section+> recent populations A% 5to] A|E&f|o] ol AR8& 7HA|E-E A dshe 7toltt. shu o) /del
d& 4= 1O, founder+= historical population F=+= recent population Wjol|A] AelE 4= Itk &= 7 o] /o] 7HAl|l &

GLOBAL PARAMETER SECTIONCI|A] joint_pop; o1& AM-8-510] 5fLte] AR 2 & 25t AL, 7iEH o2 & %E
o] 7+ Fall X w3 FHEF7HEBV)E H7H 4= o™, Z i 1000702 recent populations Al &2 & 4= it}

begin_pop = “string”; & end_pop; H7 = 212} recent population Ti7HEH 4 EE0] ARt} £ 855 A ol5h=t]| A&-H Tt} begin

pop = “string”; "8 ] string °ll= 7NAT o] 52 A SHH, sk o] AT S A A, WHEA] ZE ZHASE BH begin_pop =
“string”; O &2 A|2F5}al end pop; O = F 5% oof $HK(Figure 4).
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&L oo oz

o
=
4
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_Il HII
-l> rush r

begin_pop ="p1™ / L5
ot pous s W
begin pop = “p2”:;// =
ot pous s W

Figure 4. An example of how to generate two recent populations in the Population section using the begin_
pop and end_pop commands.

=7 o]4e] 7S 239 & 79, A FHA recent population] founder= EH=A| Historical population®] BFA| 2} Aol A A Btsof
St} o] % Aol w)= ZHAlEe] 79, 2A A2l recent population 5 Z|TH 107} ©] 7 7HA|T-S founder2 &3 4~ 912, QMSim
2 U oo Yol A2 7} 7H7‘<ﬂv__L% RE iy

begin_founder; & end_founder; 7 ©] &5 AF-2-5}0q recent population?] founderS 7 2| St} male[]; 2! female[]; 8 o S AH8-510]

A AR WA (), AT S H T pop), A AT (gen), AE 71 (select) 52 A 4 A Th(Figure 5).
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begin pop =*“pl”;
begin_founder; // 4~
male [n = num, pop = “hp”, gen = num, select = value option]: // =+
female [n=num, pop = “string”, gen = num, select = value option]; / Z
T
end founder; // H 4
end pop;

Figure 5. Example of how to use commands for setting up founders

A 70A12] 42(n = num)= 1~ 50,000 9] WollA] 21788 4= glom, gt 7HAlw(pop = )2 “hp” (historical population) 22
“Sing"(CFE AR ol 2 )S Q23 2= ek, 2, 315 AXZoN A A% Alch gen = num) S 0~ 2,000 *59) ol 3 4 Sl o
Tk gene AEl Q=0 2 Q12]5}A] Yotz Ht,

AHE 7] (select = value option)= md(F-2}9]), phen(ZEE 715, tbv(AASZ7H]), ebv(FHSS7HA)) S A8 71sstH, 7|2

7hx
U= 7oz NS AT

o

G mABANOITE F714 02 | SHS LS RE P /IEOR h AL AL £
Stk & select = md ¥ 7490l 12 /h S-S AR 4= Qloh T3 7P A AAE= $23 & founder= ¥HEA] historical

population (pop = “hp”)ol|A] AEH=]ofof S},
recent population®] founderE- 273+ &, 7N AITS] 25 74 o slof RHtt(Figure 6).

begin_pop = “pl™;
begin_founder;
male [n =50, pop = “hp”, select = ebv /h];
female  [n = 2000, pop = “hp”, select = ebv /h];
end_founder;

Is = value [p]; // 2

ng = value; / L
pmp = value;

md = value option;
sr=vl [v2];
dr=vl [v2];

sd = value option;
cd = value option;
ebv_est = blup;

end_pop:

Figure 6. Example of command structure for defining the recent population after founder setup

Is = value [p]; ®8 % o= AR} (litter size), 5 S 7HA| G T (progeny)d] 4~8 Aot F=olt). F 7HA] HH4A] 0 & Alg-o] 7155t
™, Is = value; F 4]0 2 T ARE ZHE- 0~ 1,000 59 Woll A 218 4= A, 1s = value [p]; FA] 22 ARb (4R F0] EHE15 0~
1 9] Wlol|l A Ao 7hsottt. Atk S - 0 2 2 AR 2] Fom, 2 H 55 7|HHo & o] 7| to] AE et

ng = value; 3 o= Sz 7R 2] Mth 45 A oh= FFHLE, 0~2,000 HE ol A 27 o] 7155}t pmp = value; g o=
AR & 7 A B &2 Aok FECR, 0~ 1 AolQ] Zha A 7Hs5hH, 7132 0.5 ©ITh. pmp = value /fix; 3412 A7
SHA| =, A Aol A 2 HlE-o] A Fhat E LSt YAt S AlEeo]d Hnh

md = value option; Fgol= wHl AAE AH5k= FEFO2 value Oll+= rd, md _ug, minf, maxf, p_assort, n_assort 3|4 Aeit
40w, 71 24k rnd(F-3H9] aul)olth. rnd_ug + F2+9] AN Aot ofnfobH, 713} AF o] AYAIA| I Zof|A] T A AA|
XS FA9| & Aisto] &5 /S o] WA ol M= g 7iA|17F o 2] ZHA Q] vl @-Ake aHlE 4> 9l o m, ARbax(ls) Zho] ofn
ot AHE == 22 H Tk p_assort L n_assort =AM L HIFAMI & 710 & wHlE AAISH= WA oW, fAMY T 752
option®]| /phen(EHF7|8h), /bv(AAE-Z7t 718b), ebv(FE 557} 7I8hE 7|22 AT 4 St minf o maxf= 2H2E %1

Borl
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&S 2 AstetAY 2 digtoh= wHl AA1E oJn|shH, s o] & AFHE-E Al option HE= 4

sr=vl [v2]; @ dr=v1 [v2]; &= 212t AT R A WA Q] 1A vleS A4 she '5?} 7
H|&o] X711k A Flo] mEE]H, 2714l mi7is 45 Sl 7 Altoll A e] a4 |
9l HE= 0~ 1 §9] UlollA 27gstaL, [v2]9] 3¢ 2AE A& AT E A-E %‘1}. ket EEH l RO 7N g0l =
of WA 47t B A= 7, Al ARI0] 2AHE 0 &2 WAHlE-S A5, 7| 4= F7Heo] YR 2 4 L HIA A7 25 €T vl
ok k=0 2 M A5to] T H] Y EE R 2 A sh= A% 7Hssioh

sd = value option; 7HA| & A¥sh= S XA sh= g oolth value ol = md(F-2H] A, phen(EEE A9, tov(AA|8-F7}
A, ebv(FAEE7H AEhE shHE Adesto] 24T 4= 212, option = /1 & A7 5HA ‘5%3 2 ET‘iﬁé, Fe 557 P)—%
T A E, h & AFESHH 2 2heES B8Y, 52 $37hE 7R 7HAIE sty 7124k
A 7 5 option= AFHEE 4~ Gl

cd = value option; = 7N S TEfoh= S A A sh= g ofolth. value Ofl+= md(F2rS ZEl), phen(EF Y 715), thv(A A S-S
7} 718), ebv(FHEE7L 715), age(RR 715) T ofhE AT 4= Stk 7] 282 age(A™ 715)°1H , option ©f] /1 & ARESHH B
242 7 7HAE 4 B, h 5 AR 2 22 7 VHAIE -4 el sEARE el (value)©] md(FRHY)
Sage(dF7IEH A 7:‘—r option = A28 4= gl

ebv_est = blup; § 3 Ol+= 74| 2] 557 }H(Breeding Value) 782 A7 ot= FHO =, AFEAZL sljd ol & A alofqt 7HA
HZ7I] & ALttt §37F= 7WAI7E REREA S8oA| A 4= Qs 544 714 & 2]v] b, Best Linear Unbiased Prediction
(BLUP) & o] &3l ¥t

Population section ol A= /3 € 7HAl+2] & dlo|H & A sh= 42 Q1 W= o) 7k 2t chFigure 7).

E

begin_pop = “pl1”;
begin founder;
male [n =50, pop = “hp”, select = ebv /h];
female [n= 2000, pop = “hp”, select = ebv /h];
end founder;
begin_popoutput; / 2
data option;
stat;
genotype option;
allele freq option;
end popoutput;  / EF
end pop;

Figure 7. Example of command settings for defining output data after population setup

begin_popoutput; & end_popoutput; = 7§49 £2-F4S Aotz B4AQ Hol 2, B4 7iA|Ie] dol A AlS 4
o)t}

data; J G o1 5 ARSI RHAFR (Genotype) 8 S A 2] 2k 7HA| 1 HEE 2742 4= AT option O] /gen AlTh4=1 Alth4=2 Alth
g Mthe] dlo| e & A Aat 4= It} ot 2 “ZHA| T 0] 87 data “RHE 1S ixt PA] 0 2 A=, Z¢
7HA1S] A @ At THAY A B S Th(Figure 8, Table 2).

1
(O8]
o
o
2
i
o
N
21_"
2
Jlm

Progeny Sire Dam x G NMPrg NFPrg F Homo Phen olyg Fmﬂ EBV
0 0] N 0 51 8 0244
0] 0]
0 0]
0 0]
0 0
0] 0]
0 0
0 0
0]
0]

Figure 8. Examples of files generated by the 'data;' command.

1
2
3
4
5
6

~

TN}
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Table 2. Description of the items contained in the files generated by the 'data;' command

Progeny Sire Dam Sex G NMPrg NFPrg
7HAIID 21D 21D ek il BA| AR A AR
F Homo Phen Res Polygene QTL EBV
275 SPYTE EHY e Akt QTL &} FEEE7IA

stat; FHol= AlE2|o]H H Hlo]Ele] 5A Q.9F 7152 gtk sl ol & ARESHH ool TNt o] &7 _stat
W WS A0 Ao, TU RS, SYRYE, BHY N 7 Yue| B L HEUA, 120 Aol €
7hA o] -2 B 7F 23 Th(Figure 9).

Figure 9. Example of a data file generated by the 'stat;' command

genotype; B 0= 7HA12] R4 Ho|ElE Aot 7|52 ofH, st FA 02 RAA B S EHE 4= ATt option Ol
+= /binary, /snp_code, /seq, /gen ** S Y& 4= I} /binary = 7 A GO E]E- 0] X (binary) 4] 0.2 A &Fsh= 1Al o], /snp code
© SNPE FAIAF FE G4 (0,234,522 AT fseq & PH712F QTL HloJE1E &Y s ofl #1745k, /snp_code 4] A&}

22 AAES apEe jgen ATil ATie2 ATies - Bedols E3) E4 Aol chsiA 2 SHAH Hlol6j S MASHES A4
St 4= ok o3 -2, binary &A1} /snp_code &A1 FAlol ARS8 4= ¢l

ol BelolE Mg st Fohe) slelo] FeiEle] sttt o clole) shelz Al o2 mi MEHE A 02 A
=™ (Figure 10, Table 3), TH2 5hb= QTL BFY & “7HAIRE 0] 57 _qil “WHEH S xt B A 08 217 Th(Figure 11, Table 4). ©] & 1}
U2 A D, 2+ 72zt g ste F7HS] vl -RAAF A E S Eotat.

Genotypes (0 = al,al; 2 = a2,a2; 3 = al,a2; 4 = a2,al; 5 = missing;
43323200420430400332022042003304030302040240440042300222302222220200

34430304220204240443422433404402400043030230330032400222032242443230
20020500020323400324342002005300000043223004443343000222432242443220

03323200024420000322433443403304030302444300000042204233202222220240
43353200420430400332022042003304030302040240440042300222342232334240
43340403220203230334322344303302300034040240440442300222302222220400
02222200320025000222022002302232400043333400005302233223203323230234
40020200420430200002022024300402400043333400000032203240200020430202

Figure 10. Example of a marker data file generated by the 'genotype;' command.

Table 3. Description of the marker data file generated by the 'genotype;' command.
ID Genotypes e Rz H =
AAID  fHA AR 0: 53l al) 2: 58502, a2) 3: o|PHFHal, a2) 4:olFFe} (@2,al) 5: A FE gl
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Genotypes aternal all , maternal allele)
12122111112212222111
212112111112222221211
22222 112111 12222112
221221112112222221112
121200111122222211121
121272 111121 222221272
212212111221112222111
121112111221112222111
12122 111121 22222122
121221111122222221122
212112111122122221111
Figure 11. Example of a QTL data file generated by the 'genotype;' comman

22

NMNNNNNNNNENN

1
1
1
1
1
1
1
1
1
1

d

Table 4. Description of the QTL data file generated by the 'genotype;' command.

NMNNNNNNNNNN e

el el el el el N
HFNNNREFRNNRFERE R
NONNNNNNNNN

D Genotypes (paternal, maternal) e 94z H=
7N AID ZFQTL oA 7HA17 Bgst e 11:al,al 22: a2, a2 125221: 0:dlolE gls
A2 R (A L 2A $A) s sH al, a2 2 a2 al o|gHs

allele_freq option; % 0]= -4} HIE 2 A5 7]5-2 51, option o= /mafbin v 2} gen Alth4>1 Alti42 Alth4=3 -+

g%ﬂ&AOﬂﬁm%mvLMmmmmﬁmwm@MDT£4¥{°Hﬂ#—ﬁ@%

SHH /gen ATl AlTi4=2 Aleh43 -+

© £ Alje] SRR MEE AYSHER S oItk 25t nele nAst QLo eis) £7b] Y402 AYE, 217t
“FhAZol S freq mrk WHE-4" txt(Figure 12, TableS) 2+ “HA|E0] S freq qtl HHE-4~" txt(Figure 13, Table 6) 2] FJEE E It}

Gen Chr Allele:Freq ...
10
10
10
10
10

1:0.865476
.267857
.295238
.058333
.138095
.351190
. 705952
.671429
.820238
.990476

10
10
10
10

N N e el
el
ocooBoNoNolNolol

NNNNRNNNRNNN
locoNoNoNoNOoNONO N

=
—
(<]
(<]

Table 5. Description of the marker allele frequency file generated by the 'allele_freq;' command

.134524
.732143
.704762
.941667
.861905
.648810
.294048
.328571
.179762
.009524
Figure 12. Example of a marker allele frequency file generated by the 'allele_freq;' command

Marker ID Gen Chr Allele 1 Frequency

Allele 2 Frequency

aHA 1D A Al HAA S A WA o> 2 e 2E

= R

SRA} el B8

Gen (‘hr Var

10 .000001 1:0.101190 2:0.167857

10 ' .000060 1:0.254762 2:0.315476

10 ! .000053 1:0.190476 2:0.800000

10 ' .000611 1:0.353571 2:0.201190

10 ' .000068 1:0.484524 2:0.026190

10 ' .000027 1:0.095238 2:0.451190
Figure 13. Example of a QTL allele frequency file generated by t

.688095
.429762
.009524
.416667
.435714
.152381

he 'allele_freq;' command.

4:0.042857

28571
53571
301190

4:0.0
4:0.0
4:0
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Table 6. Description of the QTL allele frequency file generated by the ‘allele_freq;' command
QTLID Gen Chr Var B R gl
QTLID A Al A . WHolglh s QTLolA 9] ¥lo] & Uehdl shuke] QTL ofl= 2/t 471 o)) o=

S 2T 5 ek

GENOME SECTION

begin genome; // 1<
begin_chr = value; / 24

chrlen = value;
nmloci = value;
mpos = option value;
nma = all num;
maf = option;
ngloci = value;
qpos = option value;
nqa = all num;
qaf = option;

qac = option;
cld = option;
end chr;// L4

end_genome; // I

Figure 14. Example of command structure in the Genome section for defining chromosome information and
genetic parameters

begin_genome; & end_genome; Y3 015 ARE-5Ho] 4 mi7R S 7ok 17ke] A2t 25 7Y Q] 3t ©]of A begin_chr
=value; & end_chr; § 015 AF8-oto] G| 2] A HE A 2J3ttt. o] 714 value = HAA| 2] 7i4=E A7 5HH, 2ol 5007]2] HAA]
£ AlEo|d & 4= Ut AMAaT M2 ohE fAA EAS A4 sloF & A2, 2 QA& 7iE A o & A ofsfiof gttt

chrlen = value; g oj= 7l FAH9] ZAo|E HA5H= FEo|t). value o= 1 ~ 10,000 B9 ZHS Yy, &=
cM(Centimorgan) ©|t}. o] wf, Y gk A A| FAA| 2] F do]7}ofzel, 2+ M| o] Aol & o]m|gict.

nmloci = value; 5 0+= 7I1H F4A| We] npA 745 A7 ot= 50|t} value o= 0~ 400,000 FH 9|9 gH& A QT 4= 9o
AlEgo| oA oA Wi g Aot 5238 @ ao|t) FolT A2 A AMA|2] upA 747} obd, 2t AMAE vk 7i4E <
o) gteh= Aol ),

mpos option value; = OFH 2] 92| & A= g ofo|t}. option = even(zH-5-5HA] BRA]), md(F2HY BiA]), md1(H A Bz
of| it F2re] AET &, FUTukA YA {A)E AL 4= 2™, option 2} valueol] mpos pd x| 1 ]2 YIA]3 --+; 2} Zro] A7
Sto] AREARZF HlA QIR & A2l 4 Qlot. ol A2 A 2lgh npA 91%]9] 7142} nmloci = value; 2] Zto] HFEA] 5 sfjof g}
& 2ot} ol & 501, mpos pd 1 523; 2} o] Al| 3Lof| vl & HIX|RHFA, nmloci = 3; & A7 slloF 2771 EAE5HA] 9=tt.

nma = all num; *J % o= A WA historical Aol A BFA {21 7145 A4 sk 50| th num o - 44 78 A4
g4 Q1o num=all 2; 2 A% 72 AHA historical population?] BFH -4 AL 7= 270 2 A7 o] E Tt

maf = option; % A] 31 WA historical AltollA19] v} thE 44} RIEE 7 sh= F=olth option 4HO-2 eql(& L3t HkE)
md(F29 2 MEFE ¥%), mdIIHA oAt £ 2 MEYH & 53 HIE)E AT 4= 9lor, o] A2 A HA

historical Aol A1 2]-8-#Th. 0] A|eholl A= 204 F-5(drift) 2} &A™ o] (mutation)e]] 2]l ¥1%=7} wsel 4= 9l
nqloci = value; o= 7H'E A W QTL &} 75 A7 she FH22, value gh2 0~ 50,000 | ol M 2174 4= Sl o]
= 74 A 25k 72 FAA 91X 7S A ofshe 242 ARt

qpos = option value; += QTL 9] %] & A 5= g o] o]t} option Ol]+= even(x+-5 5] BIX]), md(F2HY] BYA]), md1(A A §H2of]

>

Journal of Animal Breeding and Genomics 65



Simulation protocol for animal breeding using QMSim

AR 2] A %, SUS QTL 917 94012 A 4 9120, option Thvalueol pd 9I3]1 91712 91213 -+ 7} o] aste] A}
82171 QTLE] 91212 5e]et 4 9k elsok & 1 ol QL 91719] 7420} ngloci = value;2) Gto] ¥HEA] § o sk
Zolt

nqa = all num; Jgo}= 3 WA historical Aol A QTL th-F-4 2} 745 Aot FHOZ, numol] HEF-HA 7S A%
& Sl o] = M|l A] EdR ol U % Bgol o] sl thE 41} N7} asket

qaf = option; =5 o]+= A ¥AY historical A|tHoll A QTL th 742t RIE=E A7 oh= 50|t} option 4toll eql(s Lt Hlk),
md(F2H 2 MEYE RIE), md (A o AT 22192 MEYH &
historical A|tHoll ARt 2 85| 11 o] & Atfjof| A= ZAHo|eF §-4 4 F5-0] PaFS ol Hatd 4= Qi

qae = option; g °1+= 31 YA historical Altholl A QTL ti-5-302ke] &1HE A7gshe 5ot} AFEAl= THdst 342 5
QTL B.-\—]'E ZA7AE 4= T} qae = pd B4 BAR R BARES - 3 22 3 5ol QTL B4 3hS 7iE A o2 ojE 4 9]
o, 7} AL §2 10] E|ojof gttt qae = mdg v; & A4 5HH ZHHEE (gamma distribution)E 7|RFO 2 B3} D:]
= Z4nt :_r-it——] I2QF Z¥(shape parameter)= LFEPHTE qae = mdn; & A% 5HA A2 (normal distribution)Of| 4] A4
£5H, qae = md; 342 w5 E2E (uniform distribution)ol] A AZ3H Fho] QTL 72 -8t QTL thF 4R
historical Atholl A A=, ARGAF7F A7 et 2ol et AEPE & 2T 0= JH QTL 24 YA
=

cld = option; H=g o]+= A HA historical Aol A] 2 SF ATHE+18 (Complete Linkage Disequilibrium)=- A3 = 3MoR &
AL a2 QTL 7He] At B+ S A dh=tl| AR-8-H T} option O] wh2t U] 714 B O 2 cldE A 4 9=, cld = m; = 1}
7] 7te] et AEHFEE S A/d5tAL, cld = q; += QTLAFS] st At B2 A4Sttt cld = m q; = vF7 2 QTL 7ol 2+
=870 2 ABEFFE S AASHATE nkA 9t QTL ZHoll= LD7} 285 2] &=t} cld =mg; = BFA7F QTL ZF 18] ukA 9k QTL
b B 2PAsh AdE S A3 o] 4 A9t QTLE 5 42 th- g4 At =0} Ml = & 7440 517] wiZoll, nma = all
num;, nga = all num;, maf = eql;, qaf = eql; 5-2] A7 o] W sttt ot QTL 7] &AsH LDE A% 5= 72, recent population©| A]
2+ 7] o) 7HA) 2+ O]E 2378 4= =& historical AT E S-25] A sh= Zlo] F-25ict

A Aol &aF =, mbA 9 QTLY] X & FA9| 2 AYsAY, Evlol&x 45ES 275te 5 F7HQ] 444

N5 QT 4= AchFigure 15).

T2 ZX(scale)d

[o
Yl
ox
_O"L

begin genome;
begin_chr = value;

end chr;

mmutr = value option;

gmutr = value option;

r mpos_g;

r qpos_g;

rmmg = value /rndg v;

rmqg = value /rndg v;

rmge = value /rndg v;

rqge = value /rndg v;
end genome;

Figure 15. Example of additional parameter settings in the Genome section, including mutation rate and
missing rate commands
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O_L.

r_mpos_g; o1 7k ¥ ik oA 93| FAke)2 AP SH0IB, ri_mpos g WO 3 A WHEo M Bape) 2
BHA 91318 AT F, o] F MBI E FAT AN fAI5H FHoITE BHIZEX 2 r_gpos g FHolE 2 uHEntkQTLY 9]

2|5 T2 2 v 2|5t 752 51, r1_gpos_g; FHol= A HIA BEEO AT QTL A& T4 & AT & o] S HhEof A=
19 X5 FAI5H= S0t} sl g S0l A 2Jn|sh= §¥HE-2 GLOBAL PARAMETERS SECTION 2] nrep = num; &, Al &

gl|o]d ¥He 345 ittt

rmmg = value /rndg v; 2+ rmqg = value /rndf v; ol 22} nb7] G421 1 QTL A o] 2255 AAsk= g ojolct
value Oli= 0~ 0.5 Ato] 2] 2S5 AT 4 3loH, 7140 & /mdgv A= YA HH A2 RE o] &l A5 ES MED &
4 St of7|A, vie k2R o) RS UEHdTh f32H] 252 AlEeo]d 9] nEx|at ThA|o| A A gE|B = 7|7t o
AR A4 oA e PRI ek

rmge = value /rndg v; 2} rqge = value /rndg v; 8 & o1 = 212} nbA -2 7 QTL %—@Z]'OJJ )
22 0~02 HRollA BHE 4 o™, /mdg v A& F7FoHH ARFE R E o] &5l @7 @%ao o4 Qlt} 071 v = 7t
0| RS e f32H] 7= 7 UollA el = o -f-)r;ﬁx S MEF ot T4
oA Aok AEPE didAdAE 71E AT Ul EAsks tiB Rt A s, ghef
efebd @ 571 EHASHA] a1 o] 7 Shheterozygous) A EN = 32| T} Z‘_Z}d L F AlEdo]e] mEr| et Ao A A= 2
2, 707 R AR < ol 9= RIXA| =T

mmutr = value option; ¥ gmutr = value option; * 5 ©]+= historical population |4} B2} QTL EHHO|-&S A= MO,
value = 0~ 0.01 Ato]9] gt 7Hd 4= Qlth. 7|24 0 & F¢ido] Hell2 Rt iy f2 RdllS w2, 2L tigd- {427t A
J=l= Zo] ofzt 7] tf- AR A E = WA 0 & A-5-3TY. option ©f) /recurrent S AFHSR 7 sk o R AbE &
Aete fAAEE ol e ® ﬂ 2]&lo] Algg|o]o] 7haote & Sttt EA o] Y Sl4== FFolE -3 (Poisson distribution)
£ 2o, A ¥ SAR0] e [u=2 * FRRE =+ SR o] g]= AlLtE HHgkE o]-&oto] MEFH T ZHte] 5
ol = A W F2+¢] Tl’\j_xl““]'oﬂ ST} recent population®] 749 AMti<=7} H| w4 Hof EARio]o] FgFo| mjn| 57| wjFol
historical population®] & ¥ 0] &3 A= 70|t}

OUTPUT SECTION

Output Section> Al &2 A3HE #1751l 24 o] B & A Esto] E3 ok o] Th(Figure 16).

o]l

begin_output; // 2
linkage map; «

hp_stat; <
allele_effect; ¢

monitor hp homo /freq value; «
end_output; / 2 e
Figure 16. Example of command structure for specifying output items to be saved from the simulation

begin_output; & end_output; 3 015 ARg-sto] S ubd nf7iH 5 st AR 22 A ofRith

linkage map; T3 1= F719F QTL o 224 1% HEE Z3eh utd S STt sl P ol S AHESHH 719 mhdo] A
AEed)], 0pA o] AR EE “Im mrk §HE H S txt 4]0 2 %7 =™ (Figure 17, Table 7), QTLY] AZAA == “Im gl HHE W
37 txt A 02 A ChFigure 18, Table 8).
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Position
.05427
.05921
.17314
.23075
.25539
.30451
.35169
.43745
.43886
.73923

Figure 17. Example of a marker chromosome position file generated by the 'linkage_map;' command

|

h
1
1
1
1
1
1
1
1
1
1

[cooNoNoNoNoNoN oo

Table 7. Description of the marker position file generated by the 'linkage_map;' command
ID Chr Position
okA9] ID S 17} 11e FAA i FAA oA mA 2] 914

Position
.45208
.25359
.41464
.32700
.78020
.01191
.77284
.38309
.76914
.67826

Figure 18. Example of a QTL position file generated by the 'linkage_map;' command

0
1
2
3
3
4
4
5
5
6

Table 8. Description of the QTL position file generated by the 'linkage_map;' command
1D Chr Position
QTLID Sl QTLO| 1|3+ FAA] S FAA oA QTLE 91|

ohe 7162 Stk “hp stat RHEH S txt 34 Q] mpd o] A=

hp_stat; % ¥ ©1+= historical population®] 7FHFst SAHHE 7 ol
FAA H B, v 2 QTL AR 0] 4=, W xH(crossover) 3 E, AlthE 7HA]

o Sl o} Qlojl= Al Tl AR MR WE ofY
= B} 235 o] ok

allele_effect; Y2 01= QTLE] &137] HH S Aot 7152 7HRIT) “effect qtl HHEH S xt P Al0] 142 AJ A 5HH A%
9] Qx| & YA au}7} 7| 2] o] Qth(Figure 19, Table 9).
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:Effect
.000206
.000011
.000029
.000617
.000039
.000126
. 000275
.000134
.000642 .000898
. 000058 .000025

Figure 19. Example of a QTL allele effect size file generated by the 'allele_effect;' command

P—'

.000240
.000014
.000038
.000887
.000028
.000380
.000439
.000430

I L}
oooNololololololol

1
1
1
1
1
1
1
1
1

el el e el e

@@G@@@O@G@
NNNNNNNNNN-

ot
(=

Table 9. Description of the QTL allele effect size file generated by the 'allele_effect;' command

1D Chr Allele:Effect
QTL A ID QTLO| 1|3t AMA ¥ 7 8RR ol A= &3t

monitor_hp_homo; "= = historical population®] H+ SZHTLE HAoh= 7|52 St A4 /freq value S AHE-5HH 5
St 2 EA F7|0kt} 7128 4 QU)o & 50 value = 100 2 742 1004]tmtc) Blo] Bl A5t} 7] E7ke 500]m, A 7Hs
S 9l= 1~ 10,000 ]t} “hp_homo_mrk FHE F D" tx qu 12 n}A 9] Pt 5P TS AAshe U 2, AHA D (Gen)2 Al
o, FR1A) F(Mean homozygosity) G Althe] B+ 5FH =S UEPHTHFigure 20). “hp_homo_qtl ¥He HS” ixt TFI-2 QTL
o) Pt sFAAEE Aot Tl E, FYT TR E 7R l 7} Mldell Al QTLY] Fd A= E e A Th(Figure 21).

l-{ﬂ
&i

Mean homozygosity
0.499971
0.504004
0.508343
0.451975
0.491701

Figure 20. Example of a file showing average marker homozygosity by generation, generated by the
'monitor_hp_homo;' command.

Gen Mean homozygosity
0 0.614793
50 0.618100

0.620485
0.550137

0.596460

Figure 21. Example of a file showing average QTL homozygosity by generation, generated by the 'monitor_
hp_homo;' command.
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Practice

2 =19 dgolAs QMSim 20 %] Bl AR B2 thRa, ootk A4S Q19 mizliv 4> ohd o] siAn Ad A 1H
& Als] st AlE ol Tt 82 Bos taurusi 75t o™, 297119] A (Womack, 1998), B 2] 4 (Lee and
Kong, 2024), 12| 1! cattleQTLdb (animalgenome.org/cgi-bin/QTLdb/index)0l| A A|5-5h= wo|E{E #a1s}o] nf7f ‘EEZF odE st
At o] & 53 QMSim = -85 FHA| Al Eeo] S Kot 4 0 2 £33 4= QU= & 6= Zlo] H1E Fth

QMSim Z213H Mx| 5! AlsH
23] x| 9l A2 Xshell Ver.8.0.0067 (NetSarang Computer Inc) = 139 Linux Ejn]d 2704 218451t} QMSim

Linux 270l A7t 0] 88 4= gl o, th3-2 QMSimS A1 %] 3haL A e5he & A & h(Figure 22).

[Download QMSim program]

https://animalbiosciences.uoguelph.ca/~msargol/gmsim/ - QMSim software website

wget http://www.aps.uoguelph.ca/~msargol/qmsim/QMSim2 Linux.zip
unzip QMSim2 Linux.zip

[Run QMSim program]

J/QMsim
Figure 22. Instructions for installing and running the QMSim program

A QMSim 34 230 Z]of| 5017} Download &= W Linux version & FAF4AE SASES, Linux E10]'do]] weet ® 5 012} g+
7 209 7] sto] the2 & Stch(Figure 23).

QMSim2_Linux.zip 100% S —
=========== =====s==s=sz==zsssss ================= =>] 1.62M 36MB/s in 1.2s

2025-03-04 09:45:22 (1.36 MB/s) - ‘QMSim2_Linux.zip' saved [1697362/1697362]

Figure 23. QMSim program successfully downloaded

o|Z T} & E H QMSim UZ YL unzip Yol 2 A3t AE-2 sk =H QMSim2 Linux ZC7F A, sid =
tlof E017} QMSim T2 132 A3sH 2} (Figure 24)2F o] o7 4> mp o] lYstete E17F HERT, QMSim Z2 1319
A2l e Aolth
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(Last update:

Figure 24. Message displayed upon running QMSim

i 7} 4 mhd o] A|2FE] 912 7%, (Figure 25)5 &

[Run QMSim with parameter file]

echo parameter file.txt | ./QMSim

I
|
I
I
I
|
| Version 2.0 (8-bit)
|
|
I
|
|
|

June 11,

Z5to] QMSim= A%y

&

2019)

Figure 25. Command to run the QMSim program with a parameter file

7R 4 mhdof o} /fo] glom 2 Fglo] Al ol o] Ry = H(Figure 26), /4 E T Uloll 2t o] A% th(Figure 27).

T WL LW

Population "RG"

Mating:
Mating:
Mating:
Mating:
Mating:
Mating:

Mating:
Mating:
Mating:
Mating:

Overall time : 00:07:3

Completed normally.

optimized,
optimized,
optimized,
optimized,
optimized,
optimized,
optimized,
optimized,
optim d,
optimized,

BLUP: ¢

BLUP:

BLUP: ¢

BLUP:
BLUP:
BLUP:
BLUP:

BLUP: c

BLUP:

Figure 26. Successful execution of the simulation without errors
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Figure 27. Output file

OfHii4: Ipio] 4 3 o

() seed

[E] RG_stat_001 txt

=] RG_qtl_001.txt

=] RG_mrk_001.txt

E| RG_data_001.txt

=] report.txt

=] pedigree_001.txt

=| param.txt

=] Im_gtl_001.txt

=] Im_mrk_001.txt

=] hp_stat_001.txt

|=| hp_homo_qtl_001 txt
=] hp_homo_mrk_001.txt
E] effect_qtl_001.txt

QMSim U7 4> 142l o] A4S Window 27 2] w2 Aol A K13 =|QiTt.
1. Aldh 2 el Al o] d(Figure 28, Figure 29)

k% Global Parameters *4
title = "Example 1";
nrep=1;
h2=0.51;
qtth2 = 0.25:

phvar=1.0;

=#* Historical population section *#*

begin_hp;

hg_size = 3000 [0] 1000 [1000] 530 [1030] 10000[1050];

nmlhg = 5000

end_hp:

=#* Population section ***
begin_pop ="RG";

begin_founder;

male [n=20, pop = "hp", select = rnd]:

female [ = 1000, pop = "hp".select = md];

end_founder;

k=1

ng =20;

pmp=075;

md = minf:

sr=0.5;

dr=03;

sd = ebv /h

cd = phen /1

ebv_est = blup;

begin_popoutput;
data;

stat;

genotype ‘snp_code /gen 20;

end_popoutput:

end_pop:

Figure 28. Selection and culling simulation - 1
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*¥% Genome section ***
begin_genome;

begin chr=29;
chrlen = 103;
nmloci = 1780
mpos = md:
nma = all 2;
maf = eql;
nqloei = 118;
qpos = md;
nqa=all 2;
qaf=rnd;
qae =rndg 0.4;

end chr;

mmutr = 22-5 /recurrent;

gqmutr = 2e-5 /recurrent;

rmmg = 0.01;

rmge = 0.005;

rmqg = 0.01;

rqge = 0.005;

end_genome

/% Qutput section ##*
begin_output;
linkage_map:
hp_stat;
allele_effect;
allele_label
monitor_hp_homo /freq 50;

end_output;

Figure 29. Selection and culling simulation - 2

A HA o Aol M= QMSim 2 1510] 7] 224191 ARGR S ofsist7| ffs, A Bl =) IS A8t 7|2 AR AlE ol
Agshlc
Global parameter o] 4] 3+ =A% o] & SAh2)S 0512 AAst o QTL 9 S48 & gxzlo] Huke 519

c}.

Historical population section ©1| 4] historical A|tH2] 7}l 7]+ 30008F2] ol A Al2Fste] 10004t 5-9F 100012 2 24 H o]%
30Ach 59F 5300t2] 2 ThAJSHH ZAE|ATH} 204t 52t 10000 BHE] 2 51 ek et npA| 9} historical Aol A 4271 7H A
45 50007+ = YA Zic

Population section Ol 4]+ historical AJtholl A =71 200t2], & 1,00001H2] S F2H9] 2 ABHto] founderS 435kl 20 HHE &
Z ) & A9) wHHFA] 0 2 egstinh Ade 24 377 =2 /iAo &, EEiAl 2 Bddo] W2 7iAle o2 43
o}, mf Aleh =232 50%, A2 30%E 2 A|5H 2™, BLUPRPR & 0|85t §57He S5kl

Genome section | A1+= GAIA| 20715 A5 o, ZF GAA| 2] Zol= 103 M, B 4= 1,7907H, QTL 7H+= 118702 X A5}
At ofoll meh A FH A= F 2ol 2,987eM, F PHA 4= 5191070, F QTL 4= 342270 2 A H ek T3k vh7 9 QTL| tis =
Aol g, S A L&E, S XY Q782 217} 2¢-5,0.01, 0.005 2 A AT

2. A2 th2 Hgke] = A= AlEo]A & CrossBreeding (Figure 30, Figure 31)
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*#% Global Parameters **¥

=¥ Historical pepulation section *#*

=% Population section ***
begin_pop = "POP1";
begin_founder;
male [ =20, pop = "hp". select = tbv /h];
female [n= 1000, pop = "hp" select = tbv /h];

end_founder;

end_pop;

begin_pop = "POP2";
begin_founder,
male [n=20, pop = "hp", select = tbv 1];
female [1= 1000, pop = "hp". select = tbv /1];

end_founder;

end_pop;

begin_pop = "Cross";
begin_founder;

male [n=20, pop ="POP1", gen =10, select = ebv /h];

female [ =480, pop = "POP2", gen = 10, select = ebv /h];

end_founder:

=1
ng =10;
pmp = 0.5

Figure 30. Crossbreeding simulation example - 1

md = minf;
sr=1035;
dr=02;
sd = ebv /h;
cd=ebv /1
ebv_est = blup;
begin_popoutput;
data.
stat;
genotvpe /snp_code /gen 8 9 10;
allele_freq /gen 8 9 10;
end_popoutput:

end_pop;

% Genome section ***

[ Output section *¥*

Figure 31. Crossbreeding simulation example - 2
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=
T

A
H ofj Aol A= Agekstaict.

Population Section©ilA] A 5
A2 POP29] Z}7} ket Acholl A 27
3. oJ Al

a1

ey

o]

*¥% Global Parameters **¥
*x* Historical population section ***
=¥ Population section ***

*¥* Genome section *¥*
begin_genome;
begin chr=1;
chrlen = 5780;
nmleei = 2200
mpos = rnd:
nma =all 2;
maf = eql;
ngloci = 5;
qpos = rnd;
nga=all 2;
qaf = rnd;
qas =rndg 0.4;
end _chr;
begin chr=1;
chrlen=3130;

nmloci = §;

mpos = pd 150 430 810 1200 1540 1870 2230 2

nma =all 2;
maf = eql;
ngloci=§;
qpos =md,
nga = all 2;
qaf = rnd;
qaz =rndg 0.4;
and_chr;
begin chr=1;

chrlen = 4040;

HA) ol Aol 4= Population sectionel|A] & 7l o)< 7l Ad7gshe Wl
Z+e] WZHCross breeding) AlE20]4-S Ha¥a}itt. o] 2]2] SectionellA=

SZIA =S

A

2 Al “POPI" 2} AA] SZ7 271

SZ7PT =2 Al A 2 Akl w3 (Cross breeding)S % o6
| 7§ A& o] A (Figure 32, Figure 33)

Figure 32. Chromosome-specific simulation example - 1

2 35517 9e, A& D}E

=]
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nmloci = 1600;
mpos = md;
nma = all 2;
maf = eql;
ngloci=7;

gpos = pd 310 480 670 1050 1680 2590 3740;

nga=all 2;
gaf =1nd;
qae =rndg 0.4

end _chr;

[ Quiput section *¥*
Figure 33. Chromosome-specific simulation example - 2

AR FL2e} 7)50] Adolatr| whEell, QMSim A= FAA|] R sz RS 78 A 0 & Holgt 4 QI E Al
=]o] Qlct. o] 5 Sl EAQ] FAA| 7F 2pol & g UsHA BrgE 4= Qlom, £ AMAo QTLO] HE=AU 79 gle ¥9= 4%
&ho = {44 Hotspot It Coldspot AlE2l|ol A & 4= Utk Al #iA) ol Al= 0“—‘.* A 544 o7 H4=E AH 2)7gsto] Algeold
She WS S5517] QI3ho 2, 0]9)9] Section A HA cllA|e 5 Ut o7 iRE ARSSISL 7] whiEol AYeksiRict

i cllAlel| A= 3719] BAAIRE A5kl oH, TR FAA 2] Z-2- 5780cM <] o], 22007]2] ulA 4, 57§9] QTL 45 &35t
T} 2893 A= 3130cMe] o), 870e] kA, 6712] QTL 45 Z|A5H31 o1, ulA 9] 739 mpos = pd -+ B o1& 54l vi71e] 4]
& 75Tt o]ojA] 381 FAIAI= 4040cM 2] Zo], 160071] BFA, 7712] QTL 45 2|75+ 21, qpos = pd -+ HHol& 5ol 7
7} QTLe] YJ21E A5t

ACKNOWLEDGEMENTS

This work was supported by the Korea Institute of Planning and Evaluation for Technology in Food, Agriculture, Forestry and Fisheries (IPET)
funded by the Ministry of Agriculture, Food and Rural Affairs (MAFRA) (321082-3)

REFERENCES

Philip K Thornton (2010). Livestock production: recent trends, future prospects, https://doi.org/10.1098/rstb.2010.0134

FAO(Food and Agriculture Organization), 2020, The role of livestock in food security, poverty reduction and wealth creation in West Africa., FAO,
Accra, West Africa

Goddard M, Hayes B, Meuwissen T. 2016. Genomic selection: A paradigm shift in animal breeding. Animal Frontiers 6(1):6-14.

Fernando Sc, Koyama M, Morota G, Silva Ff, Ventura Rv. 2018. Machine learning and data mining advance predictive big data analysis in precision
animal agriculture. Journal of Animal Science 96(4):1540-1550.

Reents R, Stock Kf. 2013. Genomic selection: Status in different species and challenges for breeding. Reproduction in Domestic Animals 48(s1):2—
10.

Vanraden Pm. 2020. Symposium review: How to implement genomic selection. Journal of Dairy Science 103(6):5291-5301.

Nayeri S, Sargolzaei M, Tulpan D. 2019. A review of traditional and machine learning methods applied to animal breeding. Animal Health Research
Reviews 20(1):31-46.

Journal of Animal Breeding and Genomics 76



Simulation protocol for animal breeding using QMSim

ChenY, Gao H, Gao X, Guan L, Guo P, Li Jy, Niu H, Xu Ly, Zhang Jj, Zhang Lp, Zhu B. 2017. Effects of marker density and minor allele frequency
on genomic prediction for growth traits in Chinese Simmental beef cattle. Journal of Integrative Agriculture 16(4):911-920.

Hall Sjg. 2016. Effective population sizes in cattle, sheep, horses, pigs and goats estimated from census and herdbook data. Animal 10(11):1778—
178s.

Astuti Pk, Bagi Z, Kichamu N, Kusza S, Strausz P, Wanjala G. 2023. A review on the potential effects of environmental and economic factors on
sheep genetic diversity: Consequences of climate change. Saudi Journal of Biological Sciences 30(1):Article ID 103505.

Amer Pr, Byrne Tj, Gibson Jp, Santos Bfs, Van Der Werf Jhj. 2017. Genetic and economic benefits of selection based on performance recording and
genotyping in lower tiers of multi-tiered sheep breeding schemes. Genetics Selection Evolution 49:Article ID 10.

Ahmadi A, Casellas J, Medrano Jf. 2010. Dairy cattle breeding simulation program: A simulation program to teach animal breeding principles and
practices. Journal of Dairy Science 93(6):2816-2826.

Buttgen L, Ganesan A, Ha Nt, Pook T, Simianer H. 2021. A unifying concept of animal breeding programmes. Journal of Animal Breeding and
Genetics 138(2):137-150.

Dressel H, Koenig S, Scheper C, Swalve H, Wensch-dorendorf M, Yin T. 2016. Evaluation of breeding strategies for polledness in dairy cattle using
anewly developed simulation framework for quantitative and Mendelian traits. Genetics Selection Evolution 48:Article ID 50.

Lopes J, Mello Fcb, Oliveira Mmo, Rorato Prn. 2019. Strategies to control inbreeding in a pig breeding program: A simulation study. Ciéncia Rural.
[in Portuguese]

Andonov S, Fragomeni Bo, Lourenco Dal, Masuda Y, Misztal I, Pocrnic I, Tsuruta S. 2017. Accuracy of breeding values in small genotyped
populations using different sources of external information—A simulation study. Journal of Dairy Science 100(1):395-401.

Battagin M, Edwards Sm, Faux Am, Gaynor Rc, Gonen S, Gorjanc G, Hearne Sj, Hickey Jm, Wilson DI. 2016. AlphaSim: Software for breeding
program simulation. The Plant Genome 9(3):Article ID plantgenome2016.02.0013.

Reinhardt F, Simianer H, Téubert H. 2010. ZPLAN+: A new software to evaluate and optimize animal breeding programs. https:/www.uni-
goettingen.de/de/document/download/dc6158ed8a8d81851a97da84dbfOb561.pdf/t%C3%Adubert.pdf

Bijma P, Rutten Mjmr, Van Arendonk Jam, Woolliams Jaw. 2002. SelAction: Software to predict selection response and rate of inbreeding in
livestock breeding programs. Journal of Heredity 93(6):456—458.

Sargolzaei M, Schenkel Fs. 2009. QMSim: A large-scale genome simulator for livestock. Bioinformatics 25(5):680-681.

Aspilcueta-borquis Rr, Buzanskas Me, Guidolin Dgf, Matos Mc, Munari Dp, Nascimento Gb, Oliveira Hn, Seno Lo. 2018. Genomic selection in
simulated dairy cattle populations. Journal of Dairy Research 85(3):272-277. DOI:10.1017/S0022029918000304.

Liu Y, Wang Y, Yin C, Yin Z, Zhou P. 2024. Using genomic selection to improve the accuracy of genomic prediction for multi-populations in pigs.
Animal 18(2):Article ID 101062.

Cardoso Ff, Costa Rf, Plotzki Reis A, Silva Ffe, Spangler M1. 2019. The impact of selective phenotyping and genotyping over generations in beef
cattle. Journal of Animal Science 97(Suppl_2):37-39.

Guo QiXin, Xu Lu, Lu Wei, Zhang KangNing, Yuan QingYan, Xu ShengHai, Wu Wei, Chang GuoBin, Chen GuoHong., "Study on chicken
breeding efficiency using GBLUP technique."., China Poultry, 2016, Vol. 38, No. 20, 6-9 ref. 12

Huang H, Li F, Wang Q, Xiang J, Yu'Y, Zhang Q, Zhang X. 2019. Evaluation on the genomic selection in Litopenacus vannamei for the resistance
against Vibrio parahaemolyticus. Aquaculture 505:212-216.

Khalilisamani N, Khatkar Ms, Raadsma Hw, Thomson Pc. 2022. Estimating heritability using family-pooled phenotypic and genotypic data: A
simulation study applied to aquaculture. Heredity 128:178—186.

Womack Je. 1998. The cattle gene map. ILAR Journal 39(2-3):153-159.

Kong Hs, Lee Gh. 2024. Estimation of genetic parameters and genetic evaluation of Hanwoo lean meat traits using BLUP. Journal of Animal
Breeding and Genomics §(4):207-215. [in Korean]

Journal of Animal Breeding and Genomics 7



