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A% %3+ (genomic estimated breeding value, GEBV) » I ik b Z 3011 i 2 B 48 -
d R UE AT FLHTAFEE AT F Y iﬁﬂ?‘»\%ﬁf’ % B AT F
BRIt A ABF1 07 RIEE PR L AL { BB HE o AFET K
%ﬁ@ BRI GS aokfev fietd @ 2 @ B ek > ARG ER AL (bi-
parental cross) % #;:% i% 48 (recurrent selection) = f& 5 fair4% o At 1 * 327 B
#h#& (Oryzasativa L. ssp. indica) B2 & & chg & ~ ffad 2 Ry 2 R T > 2
5264 i H ¥ H s 7 3444 5 4R34 (single nucleotide polymorphism, SNP) 2k %14
AL 1372 %7 (10-fold cross-validation) b % 8 i 5i3t = 2 edp R Fx
BoOENEMREGEZATE i REEKET AT otk E B * 2 GS #-A)
% RR-BLUP - 44 43 B| v+ BayesB & & » {5 § r2:55 87 2 900 B4 2 GEBV -
32T & kP ENLSBAELARBRZ B 5 FL FHARIMNA > LBAS LT
E & (phenotypic selection, PS) 7™ -t Fo 2 Fe& i ¥ b1l GSEHA B 12
R I0 Bt e b2 GSEPSE % c B4 Btz GS TG
EREWPSy AR EE? CSENZ F ARPSENAA - A B EHT GS
ERZ S RBRPSHE - e EA 327 & k¢ A2 BB L LN R
Sk TR A B RHT 0 F BIRE (cycle) Hie  HEHEDA T ENAD TG
B TR AT AR Cycle2 T+ & B > GS it 7 e A A ik A
73

Pl AFPER o AL UEHRS ERE GS AokfET AR Y 2 kY 0 A

k'

REFAUREERBCUEF > L FNEIRARL RS A2 R

3

MaEs @ AFIHER LR B EARARRY s B iE A k4% (Oryza

sativa)
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Abstract

Genomic selection (GS) is a new marker-assisted selection (MAS) method. GS
uses a large number of molecular markers covering the entire genome to estimate the
genomic estimated breeding value (GEBV) based on which the selection is made.
Thanks to the evolution of high-throughput genotyping techniques and the consequent
decline in costs, researchers expect to replace part of the phenotype survey by high-
throughput genotypic data, resulting in a better selection efficiency per unit time. In this
study, we wanted to explore the genetic improvement of GS in rice breeding program,
and to explore the breeding methods of bi-parental cross and recurrent selection. The
data set comprised of yield, flowering time (FL) and plant height (PH) from 327 indica
rice (Oryza sativa L. ssp. indica) and 5,264 single nucleotide polymorphisms (SNP).
Ten-fold cross-validation was used to assay the prediction accuracy of eight statistical
models. The results showed that RR-BLUP was the most suitable model for yield and
PH while BayesB for FL. In the traditional phenotypic selection (PS) framework, five
lines with excellent yield were selected as parents from the initial 327 varieties. GS was
applied in F2 and Fe in order to compare GS and PS in 10 bi-parental crosses. In
recurrent selection scheme, the top four lines in yield and the earliest four liens in FL
from the initial 327 varieties, were used as a parent. The results showed that the yield
and FL of the population were significantly improved with the increase of cycle number,
and the allele frequency is almost fixed in Cycle 2. GS can effectively improve the
population and quickly accumulate favorable alleles. Based on the present study, a
possible breeding scheme using GBS could be population improvement by recurrent
selection then purify potential lines or select parents for bi-parental cross. Using GS in
F> early generation and Fe can be a way to save much manpower and precisely select

candidate lines.

Keywords: genomic selection, 10-fold cross-validation, bi-parental cross, recurrent
selection, rice (Oryza sativa)
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A B BayesB
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B do] B R EPERT2 Bayesian LASSO BL

oS i F Bayesian ridge regression BRR

A e bi-parental cross
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A FIRERE B A 4T genome-wide association analysis GWAS
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A FIHE genomic selection GS

WAy A linkage disequilibrium LD
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A e H B i E R marker-assisted recurrent selection MARS

A fREW B E R marker-assisted selection MAS
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A FIEE 8 (genomic selection, GS) & - fAATE A F a2 E B 2
(marker-assisted selection, MAS) > % 2 Zk F188 ek F1 34| TR = @ sk & IR 2
i 7 E A (Meuwissen etal. 2001) - GS K # & 5 & fa %3 @ 9 %EF (training
population) {== f&*%+ (breeding population) > =i + * 1233 & “F & | {r A FI13| F
FofIH R 2 BB R R E A R 0 B ZARRIEE] S B Fal e
FORFL NN A 2 Ar&-fa e (Destaand Ortiz 2014) » ¥ 3 & 2 F]A| TR & K
B FERIECE] 0 FER BRSO T AW &3 E (genomic estimated breeding value,
GEBV) - iz pe GEBV £ % (Lorenzetal. 2011) - i& # ¢ L& * < R B2
(cross-validation) #-2= b & A2 %3 0% 5 %7 *%# (validation population)  »
© PR Sodiez HOAI9E R GEBV 0 £ 4 GEBV 2 ¢h & AR codp M T i (v 5 SRR
2 & (prediction accuracy) » 2 ¢t -z 3 * 2_ 07| - Taylor et al. (2016) #& 3 GS %
&34 d Meuwissenetal. (2001) # & - T4 g™ = b L 2 2 (least
squares) ~ B i A& IR RIH-A] (best linear unbiased prediction, BLUP) e b < =

FERA A F R 2 TERIGEBV thA g e A TR ER S A
EREE2AFMAOAFYFTHRY P RAPF o FFTE RTL X TAE (next-
generation sequencing, NGS) /#i& > B i & &~ + 35 AT "% » GS & B I &
AR TR ACK R ES 2 pkA 2 T M4 7 % 2 ;¢ (Destaand Ortiz 2014) -

GS it 7 Mo BHLITH TS > Flsah b T PFE ~ H A F o gt

S gEA T B P RUERELLS  AEPEE 6B 0 Y GS AT

o

T

V4 P TER 2. GEBV 3448 T 15 B i 2B T ¥ 4 & (Schaeffer
2006) - Schaeffer (2006) #& #1072 GS L 752 7 fd2 3+ FH /42 > BK GS s

075> "% B 2 B F B F F 4T 92%{s g <= ~ (Heffner etal. 2009) -
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2008 £~ " % - BREFMAFEEAFAH P Hllumina BovineSNP50 = # + # {5 >
‘i GS B * *t 52 5 34 > Meuwissen etal. (2001) = 3 { X FIE AR > 51 %
e a4 0 F B Holstein 5t 24 A F A F 2 B 2 w3 £ D EFP R
% (Taylor etal. 2016) -
GS * i®4 ¥ fa2 # 7 % & #5t > Bernardo and Yu % 2007 # #75 £ 2 s

TSP T BRI A FEREE FHWHEH el + kg T 0 GS

ENN ) EF R A2 3 FO S iR 3 5L MAS - GS I B 5L MAS -
WodeiE R RJEie 4k B EHR A (selection intensity) - H gt £ AE A
(phenotypic selection, PS) z_ % 5 ¥ = pr i i @3 & 5 % (Bernardo and Yu
2007) - FlittrmF o Bl » REREAFIA LR TTEFER B EFTEEHET
< gHi e A AR~ Rk ik dicE (Lorenzetal 2011) > R T K Hhie iE A
2 E kAR 2 2 & 51 4 (Massman etal. 2013) -

BARMAS R % ek AR FAPM e F R FIM G S EHRAA TR

(major quantitative trait loci, major QTL) 4]z 44k » e 2 1§ * 3% 5 B TR 7
A (minor quantitative trait loci, minor QTL) ##]% % X BB B 52 ¥ 4k

(quantitative trait)(Bernardo 2008; Bernardo and Yu 2007; Heffner et al. 2011; Lorenz et
al. 2011; Massman et al. 2013) - Moreau et al. (2004) #= 5 %8+ MAS $-i# 7 7 &
F A QTL gz » F Rl L HERMER horh L AEH - fplER Y 2 4
FAHEE R ST B AR 2 QTLF M -GS * RE2AFMFEE
AR I Rt 2 AP ERE R FE R A SRR T A
e F ] T B AL MAS P 7 b B 2 ok T AT 0 FRt 18 L MAS { i

& iF YU se sk (complex trait)(Lorenz et al. 2011; Massman et al. 2013; Meuwissen

et al. 2001) -
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GSi* REFBATFIMO E A FR3E FU €7 G p| R Bk p
(74 ARk lk) bR ARBIE N ORIE (p>>n) o jeiflfd b Ao S

FUPE s AT S N B 3 A o %ﬁé @Rl - f2 > FpLiEE MAS Bt A3

e

e TR k] T2 2GS T g Flpd R A ®E Bt 2 INIE R %

Bocf o Tk pd RS » 7 FOARNERE H R

!
I
= »
o
B
s
=
V5

!
m=
3

FRIENSeRAIRER CASERPTAGAS A5 AX RN

Eﬁ\

(multicollinearity) - # # & & ficif (overfitting) e -7 > F & FTALY fo ] ch®d 3
®Igplee 4 £ (Lorenzetal 2011) - # 7 %i P4 D A8 GS ] 2 kiR
TR AR o iR AT A IR A SRR sl (shrinkage model) ~ % #:E 4% -7
(variable selection model) ~ +% = /= (kernel method) f=*% %= ;= (dimension
reduction method) » I ® #-& F E 5 TR 5 T8 A2 o 2L 2 4 s (Lorenz
etal. 2011) -« AF 3 P R @ ¥ A E 0 AW G F ﬁﬁ?&fi R E IR E
(ridge regression best linear unbiased prediction, RR-BLUP) ~ E - R (Bayesian
ridge regression, BRR) ~ P = | & $ B 4538 8412 (Bayesian LASSO, BL)
BayesA ~ BayesB ~ BayesC ~ £ 4 %# < J#c 7 /%2 (reproducing kernel Hilbert
spaces regression, RKHS) fr% # & 1k/z (random forests, RF) -

RR-BLUP A& % g f 1 ch ik FIME 462 2 2 - e BEEHCA] » Bk 230
LR E ) 220 FARR RV /Ny (Vs BBE™ S Nys~»+
ki) "Lru“ﬁ?@ B3N ZRGI- BRI TR D R LR

R0 A - A2 S (ridge parameter) A ® 3 v O B35 0 A BB E S ) F -
%_4p F¢ (Bernardo and Yu 2007; Desta and Ortiz 2014; Lorenz et al. 2011; Meuwissen
etal. 2001) « = 232 SHER A & § DA FHEELHT Y o EF 5B

Hore g Fl R dlenti ik (Lorenzetal. 2011) > @ Pl B -2 A% % < [ fos
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F R AEE TR AR T > £ GS ¥ #® ¥ ezt 2 (Lorenzana and

flm

Bernardo 2009) -

BRR » 5 BHEHEI T 5 L L2502 > #2300 3 il - Az e 0 R g Bk
b R enE w4~ F (prior distribution) 5 B #74 #  (Gaussian
distribution)(Perez and de los Campos 2014) » T % i 4 # » ¥} ¥ RR-BLUP - 4%
* BB 4542 R Ap b (Desta and Ortiz 2014; Perez and de los Campos 2014) -

BL % Park and Casella (2008) 4% ' s7E %% LASSO » %]yt I i BB 507 2
FREEND  BER A TR DI AT S Apls F o # g aid
%> % fdp dic (double exponential, DE) 4~ # - dpfist g 214 F A 0 chiz g §
® R % &R e hn ko (Perez and de los Campos 2014) » F]yt B 4gic 4 v+ RR-
BLUP % » ~ tg R R &g | e fosr B> & Fu el O f #0535 & s gk
fofo it B2 BAEALR - > FIVag 6 0 fied sz Bk (major QTL) 43 ek
(Desta and Ortiz 2014; Lorenz et al. 2011; Perez and de los Campos 2014; Perez et al.
2010) - BL #p 2L F = LASSO » ¢ Ataw ETF GEK T ADEDL T > FIP LT w
BB St n-l B o(n R HORRE A L) 0 AgFa R e Al b rE R (Lorenz et
al. 2011) -

BayesA -~ BayesB ~ BayesC ‘& % B X = ;& c& ﬁﬁfs‘:i] JR 1ﬂ$h | e 3 RS
sefls @ g Bk gkl 0 ¥ BayesB 4 BayesC & % #cif # 07 - BayesA £ &
FEEE S g A L K+ 3 A F (inverse chi-square, x2) @ @t s Bt
&% (scaled t-distribution) > #p# BL c#DE » # & 0hix% 5 { 3 DFE F A
(Desta and Ortiz 2014; Perez and de los Campos 2014) - BayesB 2 :z g BayesA » 4
FHRTEETAF LR EAT S FARTAFRER 2R FORIP I
ZRELST > ETIREEF K AT P HA AT R PR =05
BayesA (Desta and Ortiz 2014; Lorenz et al. 2011; Perez and de los Campos 2014) -
BayesC i + i »c g E o A 22 BayesB - (k2 R & 4% » FEHX2L0 4 F &

LR R AR RS A T SR AT R AT L R
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EFH 3] (Perez and de los Campos 2014) » &¢ 843 Ji % 3t d b ficd sk Tk &
5 Bopor AL F A 4] e ik (Lorenz et al. 2011) -

RKHS & X * fic (semi-parametric) shzbaftie jFH03] » f &3FR1d < 2213
Se s e s endd ik (Lorenz etal. 2011) - RKHS 3045 = 2 > 1% 1 Sofiek- &
HIET RS & mﬁg?] >R - Y BT R BIPER RS A 4
LB GRS GiEded > H D2 gapd > TR O AMEEFY 0 Bk
T RY ahip 48 @) (Lorenz et al. 2011; Perez and de los Campos 2014) -

RF & - BEHME Y (ensemble learning) =i » & & * #ciw §F (non-parametric
regression) - ¢ Breiman (2001) #& ) > iZ3g ~ £4p 3 B b 2 ik Uk e §F
spwl A AE o 1% p et &2 (bootstrap) & 7Btk (E£4F4 H%) 2 2 FTeham UF

L J 3t g A WOHHRE 40~ SE8 1 (randominess) 0 & 1B &0 8L (node) KA E B
ST R ET B LY SEIRE R PR L R 0 ML Y chs B
t (variance) ~ i £ (bias) &R feif AR 0 F B AR
(robustness)(Breiman 2001; Liaw and Wiener 2002; Onogi et al. 2015) - 3 [ #7 7 #L
PIES & (aggregate) 2367 SARERTR R E > 3¢ fjF 4 17 P~ T30 E 5 Agn A 47§ dk
/& (majority vote) ¥ 3|8 t& en3g Bl % (Liaw and Wiener 2002) - RF F] & fe B /4
AT s RESMEA R T RIS FRERF R

(Desta and Ortiz 2014; Onogi et al. 2015) -
13 B % GS=§ A#

GS ifiplic # Xtk B pip g SRR E > BRIk
BXHOEFEL ] S PIPORFE LR EEFPM I A FRRERE ST
(Desta and Ortiz 2014; Lorenz et al. 2011; Zhao et al. 2015) o — 4L 2" HUEFHAR < ~ &

FiEEEEAR S ~ MR B ARy PISER B A 4% 3 (Bernardo and Yu 2007;
Lorenzana and Bernardo 2009) ; "3 %% 3 22 5 72 5 #5540 M MLAR B PISE R Ar R A%
B gOEHE < ] £ & (Lorenz and Smith 2015) o + %4 GS F #ATF L 2R

5
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7 (cross-validation) 3%z % fo P {3k B 2 DI REFH < )  RAERE - L5
Ll - AP WA SR T TR RE R EFLF v E BN
F S BEE S * B ~ fic s k4% 154 (Asoro et al. 2011; Crossa et al. 2014;
Duangjit et al. 2016; Habyarimana et al. 2017; Heffner et al. 2011; Lorenz et al. 2012;
Ma et al. 2016; Spindel et al. 2015; Wurschum et al. 2017) - > #F7 7 ¢ 7 & * &
2B E e B A RS Y AR RGSEH T @ ELH ]
# -~z >+ & % 1¥F (Bernardo and Yu 2007; Heffner et al. 2010; Wong and

Bernardo 2008; Zhong et al. 2009) > % & &1 GS & »x 5 i3t MAS 5 ¥ - A ##t

v GS ¥ PS & 4 2 &% (ryegrass) ¥ AEE ¢ F A A B REHOF
2_F »Baor GSE @M EA W5 PS2 28 38 » wirMipes @B (Linetal
2016) -

Massmanetal. (2013) % % - B E X > Ff T fnfer 9% GS 2 7% > BT

AL AR A 258 B73 x Mol7 2 intermated recombinant inbred lines (iRILs) 5 GS

W EfAS ol e 7y 223 B RILS £ @F%A A2 3 Ef0 287 B
SNP FideE = SgpIHCA] > se 2 P 1R 5 E 47458 (Stover Index) 2 2 £ {rZ 55 4

ip#ic (Yield + Stover Index) - v i GS oA 5 fhimlyf 24 Hhie E f& (marker-assisted
recurrent selection, MARS) 2 il @38 > (5 5 = BRRE% A G A AEF GS LA
dpdcti ik g @5 MARS § 15-50% - Combs and Bernardo (2013) % % 4 = GS
w3 R-L gk (semidwarf) AR EX FRIAF P L EP 0 RS 0L
I BCsio B 5B+ GS i Cyclel 3 Cycle5 2 :f @3 i 4% PS j&_Cycle 0 %
Cyclelz i @ii:g 3 :2d »CSHBHERPIE~ REPPE- R EHET
¥4 H - T4 o Beyeneetal (2015) 2 8 A 1N A AR L HE 0 v
PGS B AN k22 PSAfc kB T2 kAR EHTF » B5 T GS
FE E TR T 593 4 0.086 Mg/ha > Cycle 3 2 fe % i & # &8 % 8 ** Cycle 0 2
e kP B ki 5 7.3% 0 BAX GS A & E S 2 PS o Rutkoski et al.
(2015) - g B =p T ) GS &2 PS2h0) 4244 s (stemrust) duftz EXoes o g

6
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S8 GSHBMEXRA PS> ¥R By R T F K P- - Yamamoto et al. (2017) 1«
96 B F1 4 v & v 337 I SNP £ = ¥ 3 |2 748 7 £ (soluble solids content) % &
FEZERIED GRRIAZ BARALMAEEE PR RAR e FY S
11 GS HEAITER R A > ®IERscS (GEBV 24k £ 4 @Ap b i) ke
& ek @ 7 F o Sallam and Smith (2016) = F %~ & e FAal A £ 4
L ME - R GSHHPS 2 EH g > SHAGSEBRMELE PSR 5 I

i A TR RR e 0 R CSTRABHRFRF L @2 > A Mo
14 23 P en

GSF L EHF M Efifo | $ 531 » kSIS » 2 9 2 AR AR
LR TLERIEAAE LY MR P R AT SR F R ST R
By A Ed GS ok fev iy &Y 2B Bk - %P5 = (1)

L 372 % %% (10-fold cross-validation) +“ i 8 i ko3t = 2 enipip| B FE R - A W
MAE MY R RE R L2 M3 2 o (2) BB A2 (bi-parental
Cross) A% > b i GS & PS 2t A § MRk 2 E s d o (3) HEER ki dE 48 (recurrent
selection) ¥ f&iiAz > P Rtk 2 A £ fof 8 FF3T GS 2 & R BHE2 &

WA TR R R -
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s HREE S
21 EHFHE2Z LT EL AAUF

A7 i * Spindel etal. (2015) #7% % hfhf& (Oryza sativa L. ssp. indica) 3
B FAE AT ) IRRIEEKFET B £ E 0369 BRATAS L 0 A
2011 - 2012 # gz R = F U = > % B k3 (randomized complete block
design, RCBD) it {7 % 3 & ¥ :#% (regional yield trial, RYT) » ¥ 32 & = B4
A Y R B P o fRHp (flowering time, FL; days) ~ k% (plant height, PH; cm)
fegd A £ (yield; kg/ha) & = B T o

3 714 F 4L 12 Genotyping-by-Sequencing (GBS) = i# fl# A 2 » R4nF ¢
% 369 5 % {108,024 i ¥ 73t 5 A4£4 + 35 (SNP) » £ ¢ & & SNP s call
rate=0.75 » i %8 4* & # <0.6 - Spindel et al. (2015) # & (imputation) i #-4k & #ic
>10%:7 SNP M% T 73,147 % SNP » I #% “ﬁ% B8 E =06 %k I 363
® > £ 114 =& & 47 (principal components analysis, PCA) #t % £ japonica F MLk
B fhen® i 3 332 B & % 5 0t > T ALE R4 F R I csv 4% o B 3t Rice Diversity 4
#k https://ricediversity.org/data/index.cfm (Bl - m &+ > ) A7 7 4 & TR PFH
& {5 73,147 B SNP F 417 15 e A1303 & % /7 4~ 108,024 & SNP 7 4L ¢
E = Af 7 :tzer'g ™ 3 AL B ehminor allele frequency (MAF) <0.05 2
AR f » &7 50,127 i SNP -

hERAFTHEING > R AFANFTHREE N2 BL B LHEY 4B (M1472 -
M1473 ~ M1474 ~ M1475) % 2011 v 2012 # 2. % F % 5 4% 8 > M“,‘T% s T 327
B& ko ¥ > 2011 #2F 7 MI1396 5 % FI L HEEAF L BB 7 B 9715 10 A3 “,f ;
2012 & B % 1 BL203 & & FALEA Y B EARR 0 S0 R BR LI o AT A
Horig ok 2 2T Bk et E i s FEH N s B Bl o kA Bl A -

BT o
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https://ricediversity.org/data/index.cfm

AT 8 327 B &% 50,127 B SNP :icall rate fv MAF » 536 & 35 18 17 7

38,639 1 SNP (Bl- & # ™ =)o

22 R L g LT EELD

A E w A * R A3 08 version 3.3.2 (R Core Team, 2016) #5325 ~ 22 =
TRRIECA ~ ke 2 Ay g > R R FA AT FIEA G AT
2012 #5cx ® bz 2 2R F2 R AR B2ETHEFTH (unbalance
data) » #=f|* R % ¢ car version 2.1-3 (Fox and Weisberg 2011) & #c Anova 3+ &
Type 111 Sum of Square - # ¢ singular.ok %#c &t FH ST 7%k 5 TRUE &
PlE2zds - #EpfrEdes Se ARgck (E) %> 4835

Yijit = U+ Ty + Ej + By + T X Ej + &g 1)
Vi P EAFTH 15 & TRAFADTE 0 B R BB By = B B
PR TRECET T XE S AT APDTRERETRZ IRE ) T & BT
A e

BB Ew fATRE A F T k2 2 SERIECE] 0 AR £ B3] (linear

mixed-effects model) 4-3%(2) te « £ 3 FHL

Yijk =M+ T + Ej + By + €k (2)
TRBEBR S AR S EW AR D AP I HAE - BT LR R
WEFZREZ? YRR 585 1B & CARAFIPOE (1) 5 ATA%
Mo 1% 5 18 4 > 3L F1RE B B3~ 47 (genome-wide association study, GWAS) 4 GS #i-
AR (Y) o pus tAFEETIOE S EGE TEA S %7 2011 #50% -
2011 #;R% ~ 2012 #5522 2012 # B F 2 s o & > # P N(0,02) 5 By 5 %
BETZHKRE R BHHRANQO0F) gy s B #HRBIEL > P
N(0,02) - 41* R % i* Imed version 1.1-12 (Bates et al. 2015) 2. Imer 3 #c 1/ & # §E

TR B A R A R - T 4R 3 GWAS 2 GS B2 e R ik

doi:10.6342/NTU201701806



BN o2 R o2R) AT AN e A2 A2 o B AR DS

v

(broad-sense heritability, h?) 3+ & &3¢ 4
h? = o /op ®)
ofREBES BT R AR R AL cof R AARS o o 327

& % 3 2011D ~ 2011W ~ 2012D ~ 2012W = B IRE T &2 A % B T HEF 2 %

% o

23 %H¥RHEASVTH 2 A FIUM B L

1 f# 327 &k 2. EE *f; » 1opreomp S #icdt ¥ 38,639 SNP "% f o BT
PCA - ¥ 12 % ¢ rrBLUP version 4.4 (Endelman 2011) # GWAS & #cit (7 > A 48
K B & 47 (genome-wide association analysis, GWAS) > LEHA A
y=Xp+Zg+St+¢ ()]
REBDHNLATHEZ Y7 5 RETFIF L 5HSH2Z AT Flap i
HEHGHEA ST S gRAEBE LB @R ARSIk of = Ko? o
K&k Bas 8 3% xeL (kinship matrix) » g% 2 Amat S8 4 2.7
R AR R 7 5 B R 4o i SNP ol o Sodick T min.MAF F] e g
TéFE etk T 0 Hep 4B nPC=0-n.cor=1-P3D=TRUE - plot=TRUE %

W o= P 0 M F (false discovery rate, FDR) % 0.05 -
24 GS #5312 & + {3

%] Spindel et al. (2015) #= % % % & o1 ¢t -k fett 4L & 50 kb (0.2 cM)
46 P~— 1 SNP £ ¥ 6-7,000 SNPs s i 5 FIREE 87 24+ h4& 3 > #j¥ 38,639
B SNP & 50kb % Fig#3 B~ B SNP> & ¢ Z o fa8h 4k GWAS %% ¢ % 3
e 6154 ¢ R BB FSNP > £ 5264 B SNP # * >+ GS i3] ¢ & 1% 5 4t
EHAFYFH B P F 3408 615A S MW B ESSNP & E4 ¢ 4 Hap
B % SNP z i3 4§ 4 = (linkage disequilibrium, LD) *# -] ** 0.1 » & 2 & & ¥ SNP

10
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% ; LD &2 LDcorSV version 1.3.1 (David Desrousseaux et al. 2013) Measure.R2
S E r?e LYHURT AR iz B0 E e M B TR 20
a4ty A F) (majorallele) 1> 5iplz## GS 432 RR-BLUP £2 BL £ & {4k 3¢
PR EAE S S LR % o FlLd ME 2pF 7 &3 BEEY (genetic distance)
o3taF 4 3 fE e 5 > 1% cM Converter version 1.2.1 # %8 (Lorieux,
http://mapdisto.free.fr/icMconverter/) » #-4 + {252 4 12 je2 (physical distance) i

5 BEEdE  pEAd kAL B % JR64 x Azucena MSU7 CIAT 2 iR @ @)% -

2.5 x> FERH

BTG IR 0T AR 2358 P RR-BLUP - BRR ~ BL »
Bayes A ~ BayesB ~ BayesC~RKHS ~RF % » £ 2 2355 f 62 R 1 27
RR-BLUP 41 * rrBLUP version 4.4 > §. =< = ;¢ RKHS 4]* BGLR version 1.0.5
(Perez and de los Campos 2014) > RF 41 * randomForest version 4.6-12 (Liaw and

Wiener 2002) -

2.5.1 RR-BLUP

GS AR R] iR B S 4o 20 (5)

=,u+2xijﬁj+ei (5)

s

Vie S h 1t LAE > pi 2R T0E o x; AR IS AT ] BA T EARPAT

N3 % BAFEae 0 %3 AN(0,0F)7 3 D g AL H P A
RO % S 0f & RR-BLUP thiBk & £V /Ny (Vo3 BB % 3 5 Ny i A3
BlcR) o g s AL B A N(0,02) o xypt 10~ -1 LA AE - S AR
12 7L #14] AA ~ AB ~ BB (Desta and Ortiz 2014) - 4] * Endelman (2011) % # 2.
rrBLUP % ¢ imixed.solve & #cfdi & $03] B3-B; 0 H A g % oA 2

(maximum likelihood, ML) &% g3k % 415 < #£& 72 (restricted maximum

1
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http://mapdisto.free.fr/cMconverter/

likelihood, REML) 3% B % Aa\aﬂra‘g » 1 #E 4 i3 (spectral
decomposition) & i i sz e ¥ i do ) T F Hts e

B =XX+A)" X'y (6)
XAARAEL 15 8 et sy 23w & 4 %) =0l/op > d a2
m¢4¢’@£¢+ﬁ$m@<W&&ﬁvooﬁ~&&+i%%wm%7M5
7o i FX'X2EH B (nonsingular) BB GG A0 3R U IRRI R EE 0 R

(Lorenz et al. 2011) -

2.5.2 BRR

\\\?’;r

BRR 2] &8 (5)enA# ™ » TR A F Rk ® S of k- BLF <R
BonF E S T RAE R RERAE 2 EAF 0 A R4 2 h

(hyper-parameter) 85 & & # (join distribution) 4e3%(7) :

p(6.97) = {| [ W(B10.08)} 2 (R14f5. ) ™
PR FMdfptSpn@ 6 BCGLR 249 ¥ f AR L& # * B P R a2 pI G
FRE AL SBKTEBRER > PI RS ARARSEIPERE S AL
B R247mAFHRETRE D TIEFEALAE S B0 TEK 5 05 TR FE
ey X %A1 50% K % Bcg B (Perez and de los Campos 2014) « P = = /& & ;% 12
RPN LG E wa B BNV A 45 e+ B2 (Markov chain Monte
Carlo, MCMC) > s+ & 2 jEd % % 23 %2 (Gibbs sampling) fF & & # ¢ £ 474
HEE I S lcE s F > L3 E N A F AP R g & @ (summary
statistics) » fz 3+ 4 + &35 (Lorenz etal. 2011) - %% Mohammadi et al. (2015)
A PopVar B 23K 70 AR R BRI P X # (iteration) % 2 % A #c (burn-
in) 4 %[3% % 1500 - 500 2 4% B 3 B2 5 AR FIMER T SRR A B G
12000 = 3000 o gt ;3-8 = & % 4p ¢ 4= pF > (Perez and de los Campos 2014) # %

EEEL RPN EIHE Y B C o Fortran 425 > 12t L T P8 8 s o

12
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2.5.3 Bayesian LASSO
BL -4 ehA 3 B2koc B2 (52 EH A F 5 ¥ LA T 4o58(8) ¢

p(Ie% 0?) = | [ N(Bjl0,7702) (8)
OFF-R FE AT o E A RIER T Sl B A SRS - RS HT

=] Ji},@fﬁ;‘l’f_‘i@‘fﬁ > H j\E a}%ﬁii‘éﬁ/}‘# s 1Y ;\l(g)g\,ﬁ-

p(T?N) = H Exp (r,-zl g) ©)

&= BGLR 2 ¢ > @ P it %4 (regularization parameter) A 3 = f& % = & # ¥ i&

B 2 U EHTE - A2~Gammal(r, s)z“m%X~Beta(po,7To) P AR R AR ey
& % (gamma distribution) > s % 1.1 > & BRR Fe 12 2200 R 7 & $¥cfz
(Perez and de los Campos 2014; Perez et al. 2010) o 5% & 12 F 3K o B8 A =+ ikt
Rt 5 A T o ot G A ] G R FARR DRES S 2BAR A
Bt R A%l (Perezetal. 2010) o I R 11 F 214 102 3t A F HREE 0 R T

fr BRR #7if o
2.5.4 BayesA ~ BayesB £ BayesC

BayesA % Meueissen et al. (2001) # 112 B X & 473c % RR-BLUP if @ »2 g 32
AT ARTIRY hER2Z 32 FRAFIERIBE|BPF nw,,\#N(O,a[?j) ’
BEBASIEIENG AR R 42 0(Lorenzetal 2011) - # % - S¥chhEp F+
SAE AR R REKR Yy AT o KA TR REEAT L R
s B A #1238 (10)4 7+ (Perez and de los Campos 2014) :

p(B.o3,Sp) = {H’V (ﬁ,-lO, f’ﬁj) X (“Eﬂdfﬁ'Sﬁ)} G(Sglr,s) (10)
BayesB % BayesA sl # T ¥ bR A FHRER 2GR S Hkp B

% #  (beta distribution) » B & & # 43¢ (11)(Perez and de los Campos 2014) :

13
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(11)

p(B.af,m) = {ﬂ[ﬂN(’leO' o)
+ (1= m)1(8; = 0)]x2 (0f Idf. S ) } B(rlpo, mo)

x G(Sglr,s)
BayesC i :x f BayesB » Ba 23075 ez & F I RI VRS P E > Foopid

=t BRRAPKE 52 % 84 F 0 B & & F 4338 (12)(Lorenz et al. 2011; Perez and de

los Campos 2014) :
p(g.of.m) ={| [[=N(8110.97)

+(1-m1(p; = O)]} X x‘z(a§|dfﬁ,5ﬁ)8(n|p0,n0)

(12)

AFEERY BGLR B 238 Sl Y AR 0 p o Rdfps 5oy A AR

% #c (shape parameter)s 52 1.1 &% R2 % 05 T p 8225 ¢ B ¥

Sg» £ H19i& F %dc (rate parameter) r o B A T 2 A F Rk E 2L 0 s cnE B
oFF % 5 0.5 % % 3+ 4 (prior counts) £ po 5 10 (Perez and de los Campos 2014) -

Pkt F B0 R 354 3 RS0 0 K LR BRR it o

2.5.5 RKHS

RKHS %) 5 2:aitft e 0% ©

{yi = pu+u; +¢& with (13)
p(u,u, ) < N(u|0, Ka2)N(g|0,102)

P i K - 3 A T A i 4 = B 0T > Fo A 2 48 BE4(squared-Euclidean
distance) » ;¥ 3+ &

P (g —x)’ (14)
p

K(x;,x;7) = exp{ —h X

B RA&EITAFA x5 5 i &5 | BAFHREPATFLNE L5 pBA
F 435 o h 5% % 4% (bandwidth parameter) = £ % T  %-#c (smoothing

parameter) fgsgﬁ] > R YRR e Y REAR DR R0 AR S 050 A7

14
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% J];f Rigpin s % 5 25 Pl4p R 14| (Lorenz et al. 2011; Perez and de los Campos
2014) - ¥ M B B hBRICRE S TR AT L F 4 2 A F o2~y 2(df,S) -
PRUTER R D RS 5 A R fEE 4 A% 50%2 iF KT ¢
B SB S ¥ EF AR RE G R 0 % T F BRR #rif (Perez and de los

Campos 2014) -
2.5.6 Random Forests

RF £~ ERWMEY 2> £200 - chin PR & Lf17 por i g
(bootstrap aggregating, bagging) £ = 37 R F AL » L AE I B 0 A 5 3k

TR kaE g LR A4 F % Liaw - Wiener (2002) % 4 = randomForest %

%o FHRKLERIFRK > &AL BELE I Ad 5 BREES E B
8L g /Z»\mtry BRBTIBTERI RS E & RE RPANE S i S TR My, =

2 vp LA EIEECD ;2% T i vk AP Ny = 1000 (Liaw and Wiener

2002) -
26 L3ITR HFE

B R e %ﬁd A RGETORIERZ B L T AN F3-E (genomic
estimated breeding value, GEBV) » :* & GEBV & & it {5 ¢t £ A TR 2 4 £ & 4p
K =8 (Pearson’s correlation coefficient) i+ % g1 rr 2 (r) > ™0 305 St i07)
ittt o AP RBARB R A TIERIERAARS o S ED L RIERERR
B2 e GS S Al o I L3} %2 (10-fold cross-validation) » #- 327 &
Mt s 2 10 e s “f 3ei AT 2 BLFTH B HEY Qlz
TR L AR T ch- TR A O~ 73] 18 5 GEBV 3 B T RIEREA o RSB T
B N A gt T 327 &k TR enTER AR R o B 4B a3t S 2 ¢ £47 1000

=0 A setseed oK FFHAETF @ 2MAP P FE XL LA A BF

15
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HL oo Bots 1 Tukey’s test % & 1t itk T

e

0.05) «
27 HHE AR

%5 Spindel et al. (2015) # # ek f&5 fAiids » A 7 RA| N 4cB - 2 Bl =
LA EALR] ) FAARICENRPRIEELI Fe L ENEKESE 0 PR
KEAE  cFHEIELEN R Fe 4 B0 GS & ¢t £ A3E 4 (phenotypic

selection, PS) @ &> 2 EHA T M em &2 = A BRI T - HARY (% 1 PS faew

F FEut LGS 2 PS A fRIE S # chil B ek (D) o & SRR B

G
¢
\:Q.’»
W
\\\Xr

YA T E o e & (FZ) e GSELEE F - i
W& A4 1000 % Fao E N AE GEBV # 100 BAI A 2 » 54k Fa A 4 30 4 Fa »
A28 100 B roi sz A B2 TE > E N5 502 R i T p RI%RLE &

P RHIEET Fpo BFAEENS0BRAYP AT A T)53 B LiniE

™
T,

N
et

-
[
|l

T Fe A3 E 27 AT GEBY T » E THOEER & 4
GEBV Z b2 W2 I PSR T A 8§ GEBV E#3ta o iz A 8
hAAFERZY (B2) o MAEH A Y RR-BLUP sgipl2. 2  GEBV # + £
A REGEAAAED L LR AP ENSBEIRAHY F6BEETE

F1AREE (RZ) AZZHAHETAL S - AR AERRE > FTR R
B Al h T - FHEIBEHR R HAAZ2 GEBY AR B H L LR kxS
B A BB - Lo mu s L LA RTAARA R BENRAL AL27]
Al1274 ~ B1024 - B1026 2 B1027 £ 5 B &% (% =) &% 3 22 (half-diallel
hybrids) 2 # 10 fafe < e & (& ¢z)-

- BAs B A Y 5B A

ﬁn-

& F N A FREHCEE @ * Yamamoto et al. (2017)
# %2 Rcode 2= > H bin+ ] 5%01cM> & iEAd a4 & ofics: TP

o RRpPFELNZZELS WA TRFE AR (=5 Morgan) 22 " X x4~ #
(Poisson distribution) » ¥ B3k & 23t 4 =% % 323 & # (uniform distribution) > £

16
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“JX

A TR e &R AF iRz 2 TR ¥ BT bin 2. H £ 4] (haplotype) 4% e e

BA 2T RAFAFAL A 327 B hE 2

-H

iRl ¢ R Rk GEBV & 5 &
FIA 0 LA F B SRR 2 A e TR T B S 2 BREAL E

>R M AAlE > TS PS 2 B

%% Yamamoto et al. (2016) 3 # =1 § ic#hie iE fn 422 Bernardo (2010) %
Fihp T EEERBER AT RPN 2 Kfemr E AR Pk
ARt AR A B FHEFA ARG PRI AR RARS -

ENAED e AR L2 R T 0 £ 16 B
RelL A BEEAL LHRFIEpRLAL 244 F0 £ 384tk Fo e Cycle 1l *%
HoRFFIHRECyclel %3P g Enr o L2 BHApT 2
Lo EFBELEAL2HRFPEPRASL 2P AR EES ) 2 384 R
‘e Cycle2 %% > LA H BT AL Cycle5 35 1k o %< R TLL 384 £
APl 9632 B PP 327 5 k#ch o Cycle 242 FiiE JidkBic s 2 k7
FIFL A TR L 4p e o A2dp M AEH &~ 5 GEBV 2 BLUE & f&: 487 3¢ »
GEBV 7 GS #7338 B 327 & s 2.tk £ 30 » BLUE % & *F &3] » 2 BLUE &
FERFHEE > F %ﬁﬁ“"“ﬁi&'! GEBV ' #b % A3 $44~ 403 & 2 i 5 8 % ¥k
LG LR AN EN 2 e BAERAIMALE  ARPADAG = BRA

Pk o(R1)-

17
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ERNTS !

31 &2 FH

BARE32T F A ARE T 2R AR FRICEEP PRIk A RAR
FORFRBINRE - BRBECALF A EPEE T RTE NPT 2012
EFHBR2011 EF 2012 225 A B R 2011 85 F (BI) %> AR
BEPRARZ TS > BEHEAATY %A R L 2 ATUERBE ALY
REEF TG ALK ZRBEAERT BFEF (L) R ARER S HEIR
BHEAFA e A LA YFTHERE A BHRAT A RD SHREAAM G
i NP BT S APM o RRD AR LAAM o KRB B AT B AP

Moo 27 RTRATHESAZFASET NS BT RMS ok g HengF i o K
LA EERr e BREFTHEPMIES  RADERF R EL LT 24P
M GlE <308 AFR A 07 Bl REGEAERLE (X)) B &
BFEF L 0528 (HAA) B E AR BRI A B 5 038200353 7

BRI B L ATRPAD I L RBCRDE ()
32 RERHFLAIE 2 AFIMM L 7

12 327 -5 %38,639 B SNP z Fl#rie (7 PCA 2 % — 1 & 4 28 5.48% %
2521203 A414%%E (B) FRg2 WP HIEESHE > RF
Spindel et al. (2015) z. & % & E %% » /rF © AN ztindica &% o 12 327 &
% 38,639 i SNP it {7 GWAS 4 47 Bt f {40 il BS54 > & % Bom 40 AR 120k 5 37
5 SNP 2. —log(p)pLip| &~ >+ @ > " % 36 iF4d 4 25 g% SNP>» £

$ 3L EEFONP RS S HRF AR R R F SNP > 2HF MRk
SNP z_ —log(p)gLipl e~ >+ #p ¥ & > A4 K EFDR = 0.1F* % 4754 ¢ 1+ 3 -
5% SNP» @ A 8 1 FDR = 0.1pF v 25 ¥ SNP » & 3 § > 3% SNP 2 —log(p)

18
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BRI LB (B ) o o & 7 J0R R D d 5 o s A F A 4]
td @A BiRd < B HOTA TR (minor QTL) #4 > H ¥ 455§ B B A F Aok
B o pfERlx 2 R A TS S BRDA DI RE T A Fd ok
Bedib A TR R B E RS R HARF 2

3.3 M HEA R

121000 =% L 372 % B FTIEG 8 AR 2 E = Ak 2 SERIEFE A 4 Y
Tukey'stest i& 7 5 # 1 g % (0= 0.05) 2 %% (14 > B ~) B 2§ HL
Z_Jo #8 8P B * GS -4 5 BayesB » T 3=3pp| gk B iE 0.700 ; t5 3 > RR-
BLUP -~ BRR ~ BayesA - BayesB -~ BayesC % fpp| e % |z Rl ¥ 4
£ mEHEEH S P2 RRBLUP & 23t o ffilggy % » TIoigp|Bmi &

i 2
0486 ; A& 2 R B rrE % WA 5 RR-BLUP 2 BayesA » F #* {8 Figw® £ 8

J@

g% RR-BLUP = ;2 » T353pp|rr ik 5 0476 - ¥ AP MK 7 Azt 2
Z R Z < ApiT o AP IEREZL &) 5 0.010-0015 k3 &2 A & & W 5 0.022-

0.023 2 0.020-0.021 » # 77 gt 2ozt = % 2 pb ix o lad = FEp A 2 SE R B e B

E AT (1)

34 FMAL2 GS& PSR

PR ATFIAARE IR TE N S BRIEAL AT LY ARR

<k

SRR 3 bRA k2 55 (F14) o s 10 B i &2 GS & PS

a4
&
>
Sy
k4
,( \
E:“-

FoA BB 4 W REHRE S R kAR $ 77 % GS &
PS s Foife 5 % & B ARG P63 % 4 B ¥ A2 (Welch’s ttest p < 0.05/21) »
AR R E ARG - R g KPS L2 ALD) TR
LRGN RBPHRFATEE L (A L2422)-10 Birins 2 FRHf
ARG B A RAT - B ETY 0 AR SRR ik (A1) R
GS #2 PS & B #ei S E 12 Fo i A5 4 & MR AT AT 0 0~ B se
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b4 Bl el GSARREWPS 2 Bt s ? GSEHKL T
BPSEHAL A BRULLHT GSEHZE IHIRPSE (-2 ML2) -
BEAR T ERA BRI RRBPERF Y F- TRAEEL > RERARBEER

AR R AR M BE T AN R T AN 0 GS A B E ik

__$( %‘%" PS o

35 thit b

G2 GEBV 2 BLUE F£A4 4o A 71 X P2k (cycle) 2 i Ef » 4
FHREH G 0 B BERA LR E S N2k HA R SRR ¢ A F i
BLUE i #44- 4o & 2 it B /AT 0 B BE2L Rk B 2 S 0 7 o3 4o b
£ 7%, e GEBVERSH T ACyclel Pl s 2 salgF L3 (BL
Zo kL) eamk o @ GEBV 2 FRAE 2 5~ 4 € B> BLUE
(Welch’s t-test, p < 0.0001) » BLUE £ #:#2 GEBV M A4 4 2 (5 X 5 fh
Dk (Bt e)- 8- HBREFHBEERLL R R BEEARHE 327 & 2 FEd
BHEF (RADERIPBHEE) TR A% H2 2 B R AT
GEBV - M 4§ * BLUE » 28 £ 5E45-] 5 4o f3) — B 4 GEBV i @32 tg &
# BLUE + - izt Cycle 5 4 BLUE 4g4% ; GEBV k8 f#k 2_ i & 3% i&. j&_Cycle 1
fexeils P AR > i Cycle5f % » m BLUE 2 i @3 23t Cycle 2 ~ "5k
A2 Cycled -5k (BT ) - EdheEfds Bk P2 5264 B
SNP 2 i AFI LA A » B %A m & i 4o F 34 AT R S L BF 4k » %
*#Cycle2 * ERAT (ARG L) & 03044 %HY Brg (PR G 0) HRFAL
AE 2 A (B 2) HREFEREHZIRFE > FREEEE L ¥
TR oI Cycle2 AEERBICycle3 i TrE I~ AR (A2) B E
Hin AT LA RES 0 B GS # I EA 0wl p P A IR A

F] e
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4.1 S HC3 TR B
411 BEPEREER TS

BRGERIBEFREFIF (5 > ¢ EVRBEFE S ) S PIREFERE RN
oy B3 s s RREE S A LA A kiRl sl
(Desta and Ortiz 2014; Lorenz et al. 2011; Zhao et al. 2015) - ##* 3 1000 =x - 47 %

A RFLVPOFFEACREFHE AR 327 &k 0 AR RIEEER S E
AEHEHS AR CHACE < B A N PORE oS E R H Ap B AR
5 P 7R P & Fx B A%4F (Duangjit et al. 2016; Wurschum et al. 2017) » ® vt 223 < | &

¥
z’ﬁﬁwwﬁm%%awﬂT%%Wﬁﬁﬁ’m&§+\%ﬁﬁsaﬁﬁﬁﬁ
£

A0 BRI E BUE R G 43 aiEiplay 4 (Lorenz and Smith 2015) o 8 & i3t Hcd)
= fE 2% 1000 = FF R EFE R W 0.01:0.023 4p % o) (24) 0 &3 W E A

PR LA E s R T AMEE o R EERE AT R A NS

z
Lorgcg 2 A F 4 ik B Spindel etal. (2015) 2 % % j¢_38,639 f& SNP # 50 kb F ¥

.

e P — B SNP > £ 5264 i SNP » 22 155 12 50kb 2 R % £ 40 0} 7,142
SNP Aptt > 75 13 2,000 i 4 + fhi& o e iT4 2 120 kb 5 B Fg4o 1 3,076 i SNP 2
SRR EFE R 7,142 1 SNP L B 2 £ » ddap|fl* A& 5 #r4 112 5,264 SNP &
P AR ERERRFFIN o ¥ AT RS A AT A S T IR R R
BFRE s R g o KA RS F LT 2 23 o FHiEEH e
*oo A H BLEAE B A F R TARC PIES R R B A T MR RI5 )

AERE e R AT - RABFTYIG A RRE AR R MEL SR
GETR R B R R FOERAEE R A M (Maetal. 2016) - i@ 2 3 fE A F AR RS 50

FRIEFER B MA PR F > ¥ s Rdes FiRas F Rk QTL T i
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A oo Maetal. @ A PE F 37 QTL e SNP » FIpt ST 483 15 7 it v X R 4% {

F vk E ek QTL @ 4h 2. SNP > @ (BRI re i i F o
412 PRl BB HEE RPHAM B

Pt 2o i @ SR P WA R FE R > - 455 5 RR-BLUP §r BRR i
&d < & QTL ¥4z 4F s244 4% ; BL ~ BayesA ~ BayesB ~ BayesC if & ¢ * ¥
QTL #4012 il 8 Pt s RKHS i £ B 25 % 4o ooz Pk S RF G &6 2 A F) 0 =
M2 45k (Desta and Ortiz 2014; Lorenz et al. 2011; Onogi et al. 2015) - 3 % 4 &= 3
HEHEFALL B P § 5 GWAS A~ 45 (Begum etal. 2015) » {4k i & & 4 2| ¥
HEE G GSH AT B L c BRSNS MMAY D L Bk QTL 4741
He 5 3145 - >cQTL*sg/BE 2t A 3R L j2§ 2 (phenotypic
variance explained, PVE) % & 40% F ; $k§ % 2-3-6-8 15 4 ¢ 2+ E g ¥
SNP > &% 3ix% ¢ #8 F SNP 2 PVE #3117 15% > H 4 PVE § 6%+ ™ » A7tk
Bd - TE QTLiH4] s A E R W5 RE>% 11154 ¢ %8+ 5 22 F% SNP > PVE
30 10% 0 fsd < B QTL 4] o 4877 GWAS %%+ % 36154 ¢ 3
T fa MR AP R 2 B F SNP > H ¥ % 354 & # 5 B F 2. SNP »t Begum et
al. (2015) 7= 7 ¢ e 5 BB ¥ SNP > 5252 PVE B if 43% > ;&% 2 PVE %
28% > ¢ SNP = 224k g M4k 4phd » 5052 PVE:£ 12% ; % 6154 ¢ R BE ¥ 2
SNP & it 3 @ keI RpH > 252 PVE S 2% - 3 ILRA A R

BEIFDR = 0.1pF % 4054 ¢ M+ 5 - &% SNP » I’E_E?!T'F"ﬁ % 2~3-6-8

b )

~

AW IEEFNSNPF A AR TREFE 0 Vi FlkB QTL 2 PVE 7 + &
RF? BHFOSNP AREP o AT AR MR A F SNP > T2 AR5
1AM FHESNP LA {85702 A8 B2+ £H0oc QTL 4] -
AT TR REFAFNTHE2IRARE 7 5 EH L 0 RKHS B4
oo AR FERIERE Y FEL (BAN) R EAIR AR AR

BayesB - BayesA ~ RF g B ¥/ & #2i# » RR-BLUP = BRR @+t RKHS f % » #
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£ GWAS 3 ipl40 9 o > #ic QTL #2] <cif & BayesB 53] » = 3% B o & 0 (=
Bl s B Pk RI% RKHS foRF “h 5 B ¥ £ B » 417 GWAS B % 1A 1%
Tid - TP QTLIH]; A BB AL B QTL 2 4l » &%k
i £ #°4] 5 RR-BLUP 4r BayesA » BL 1+ RF = RKHS # % » BayesA f i 2 7

BB aFFL AN BERSF BAFEEE Ffvf%‘gm,)g}af%ﬁ';;&gﬁﬁg Z >3

% Spindel etal. (2015) - Onogi et al. (2015) %= § » % F 1 4p o -k f5 % 3

7 2R @ F AL L 2 RR-BLUP ~ BL ~ RKHS fr RF % 6 /67 i %>t o 8 ~

s

R 2 AR 2ZFRIEREA - EF R P A 110 BoRAeS 8 1T 5 R e 3
GBLUP (#2 RR-BLUP % % 4p ) ~ BL ~ RKHS v RF ft & 9 6= j# 3t f8.8) o
HE BRI RIERR -3 58 % BT REFETRAY G LEFRCS > @
%8+ RR-BLUP i £ 571 A £ 1 & RKHS {v RF FE 1= Bk i 4 % F 5 4
mBLEw > 2 AP RERERARERL > £HPMAD LR RR-BLUP £ 3R
v BL 4% - Spindel etal. (2015) 5z F Tl i% 5 kg e G IR RI R A - # R Y
TERIERAEERS & 5 MM E’ﬁn’ #-73] (multiple linear regression, MLR) z_ 0.627 -
th® 5 RF2 0.3411> 2 € 5 RR-BLUP 2z 0.3044 ; ##7 7 R4~ % 4_BayesB 2
0.7 » RR-BLUP z_ 0.486  RR-BLUP 2. 0.476 > Ap#z. T R ® (£ 4 ) ¥ it

FAPLEFLRRFCHEIRREDEZL DN IR FBETREZ & F 388K

£ TS BRI AR @ 2L B i P o Onogi et al. (2015) ¥ *F -
BRI PoEFE S ) S QTL#E ~ @b o a2 3 EHHRT L8yt

o2 SRR AR > R M BLAER A bR > St A HATRMAL LY B
RF © a2 E3 <) 2 100 P4 2437 > RKHS »t 5 &t = M»a BB AR >
GBLUP 3" %3 A 2 B33 2 FHE T LB - BARABLEAETR G > i
BRHT R o R o 2R R Y GS TAET R RIRT R
LR & P L D ORERC e Rl B R AR
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413 17 f & FAE 2RI

FIGSHFI IR R EXRERET A L 58

=

R AL A A
= = 3P 3] (Habyarimana et al. 2017; Technow et al. 2014; You et al. 2016) » 2 §
Brrp 2o & 5 s AT A BT 3% % pp/E A (Heetal 2016; Lado et al. 2016) -

AL BRLH-ERIMBTRENET- 20k BERZT A %R (Maga-

environment, ME) T4 % &2 &7 I 3RE T 2 B3R EFE S (Lado etal.
2016) » A&7 g i * MR S uR AR E A A] > HOA]Y BE AT EokR b

B P RAFIRERBEF IR B - ENRY - HREFFEAEZR &
@ % 4w 4 0528 ~ 0.382 - 0.353 (£ ~) » Spindel et al. (2015) * % 2012 & iz
Fo oA w5 04378~ 0.3546 1 0.3213 » i B 2 A & Mkl 54
WAool dgm e R EAA B R SHe BHRETHEAAMIEE F 23007 E R H
(FA) B RE 2 RE R ARREEBAERIERARE > g 482 NS
Tl > RR-BLUP £2 BL 2 sgipl#-d] - B % A7 @ % R b & A Tl = 3pp)

Bl i A B R R (HE- ) -
42 R F R

421 FHER I A TR GS%FRPS § 2

AT TR T B A A LN AR L TP AT GS &
PS et g G IR > F15 A -GS AR e 2 AR EA A4 g
FER 2 100% 01 40 - F Z B FCS & PS ik 73 S @ : AR A @F 5
0.353 327 & s e 4 A4k £ 5 515.71 > 5 RR-BLUP B4 GEBV ## £
533647 MR N RE Lo A A LREL S 66323 B A AT
LMoo BB F i Pkl AAEHRG B F RS GS AR B PS 0 -
el bl A8 (BL)o % & CSTERIEMA AL > Lord REFERARF A%

W eIppl R B 4pa 1+ F (Duangjit etal. 2016; You et al. 2016) - fiHkt
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TR B4R R GS HAISERI Fm A A% (Bernardo and Yu 2007) > F]ut i
TERI B R ",f i @& (r/h?) =% GS ¥ PS 2z 4p¥t»c% (Dekkers 2007; You et
al. 2016; Ziyomo and Bernardo 2013) - A& 7 6 f88 ~ k3 &2 A2 € & F 3|2 T2
pe¥ e w5 133127401350 A3t 1> £ GS AP PS 2% F K F o 5

TR GCSHBMERF EEF R DI/ B A K> (Rajsicetal. 2016; You et al.

2016) » ¥ b iAoty GS fif @ 2 [ 2 0.25 2 gkt 4] (Rajsic etal. 2016) «
FuAEFARAE AR (Fusarium head blight, FHB) & piifrs ¥ 2

%7 F)F i (deoxynivalenol, DON) jk & & {4k » {4k @ @ 5 2 0.54-0.82 > ¥ -
X GSAERI B A 0.32-099 > @ GSAR¥ PS i @i F A M % 0.16 fw3F 5 =+

1 ko GS 4 ¥ 1t PS £ 4+ (Sallam and Smith 2016) - = & GS 4p ¥f»c & $i

Koo EE EJF GSAviE MHia vt PSEHKL S PIGS H RN T Bk

FEB o 4R H 2K v 44 (Massman etal. 2013) -
422 REVRTE2Z B

Bl & - Baedrs > 2T ESIHEE T ZEERE > 3 ERF BT
PAFTREEREG - TR o Flic 4 T ATFPTE R Y g R S BT A X
TREM TR S otk RE VAP REEGIEFS TR RREE
PERAFANEREAR P X Ay NI pFE B GSFERl2 GEBV AR L
ARFFE BRI BEBPRT GSo R ARG FRLT > FRFF
B* AT EY TS EMAET A ey BURE SR TR M G 2 50k
HA ) A FTEEREL R Z2EERENGSIHER N A 0 4T R PSEH
MR o LB IRRIEAIRE > TR S EE 2 Y TARD A AR
Bl 4 (Wang et al. 2014; Zhao et al. 2015) -
FEIAERIBEAZVREF e S AEL > BT EEEARM AR PFERIEREAR
4% % (Duangjit et al. 2016; Wurschum et al. 2017) » F]pt % 5t @ * 5 fd 53 = 35|

BoADe s ddr > A E 4~ 2 T AR T ALE SR (Auinger et al. 2016)
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PIREELETAEET G LS9 BAR LT RIFE R 4 K T '8 (Gowda etal.
2014; Zhao et al. 2015) o " EFHF ¢ £ AR R AR~ A%d4F » £ 7 QTL 4 %%

i { ¥ 54 3 HEEs0k (Marulanda et al. 2015) o 2" UE 3 4 o A & 4o i
A48 2 & (Zhaoetal 2015) » 7 4r2 ¥ f& %= ¥ 4p M 128 5+ (Lorenz and Smith
2015) « T AEiEAEY GS WA BAA € THI T kA Adz HE R 2 F A
¥t 1% £ 7] (Goddard 2009; Lorenz et al. 2011; Storlie and Charmet 2013; Zhao et al.
2015) e pm e 42 GSF T e THEITE L FEEPRRY GS T A
JBEFTR D 3 1 w0 { 4£ 2 (Zhao et al. 2015) o

A ARET R AP FY POEHE e 2 5 GS #0F] ARl 4 B (Zhao etal.

2015) » & F BB R T 0 1 5 B& e F (Duangjit et al. 2016; Gorjanc et al.
2017; Spindel etal. 2015) - p % 3 w73 & * GBS = ;2 2 4 2 SNP F 44534 GS
#-4] (Ashraf et al. 2016; Dunckel et al. 2017; Spindel et al. 2015) » ¥ 3u 5 1% ¢ 3

R AF AT S F I £ A4 FEATOR S 2 & (Poland et al. 2012;
Sallam and Smith 2016) » e & GBS » 2>t f % ¥ fdife? &2 R A 25 0k
A ARETR FR AR R A Y R B2 A SRR 2R A TR

= ¥ (Spindel et al. 2015; Thomson 2014) - :#§ - &/ 7 A GA»cE 2 § B3 &

RFFEBECS AR > dpl T AT R EEH 24 (doubled haploid, DH)

EFHTAY LA AR EE )2 R GSAGS - 84 PS - A A 2 ER
g o Ak e GSIERIEmE |05 M AGSENBALDH & (L EF
- X REE% PS i fgk &2 - 2 F 0¥ (Longin et al. 2015; Marulanda et al.
2016)
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43 it E
431 %H 5 EHT

AP 2 i E Ao AL AR HR Y SRR ERB LGS
A SEREFE AR 100% kLR H T AEEA > FlP X AE 2 PS I RGEHRT o %M
AEHALERRP TEFRREA ) e (B 2) LREH> 29T
(R Ltz) @B ATHEA Cycle2 < £ FH T (B ) BA%FE R

PR L o WERIRAR T ARSI > F B L i~ Cycle2 shm 4 A (Cycle0) ®
FOBRAfEReT el YR ARERNZ WD Lfrz B iRpR A TERDE
G2 EERBT A BBHAAARREIEE o FRRALTFLREIRA

BN 3 Il i Bid oA Mk £ IR AR 0 A ;ﬁ d 1z 3+ Identity-by-state & (IBS =

No. of same alleles )

No- ot shared loca & B g AR 327 0indica &40 IBS A & B¢ 407

A
v

= % » japonica &% B 12 %2 japonica £ indica &% 2. IBS P & * % 0.65

)

-

japonica &, IBS 4z &1 3f #F & indica ™ » ¥ it iE 4 japoinca &k B A 28
s (El-) e 2 GEBV e BLUE i » Cycle2 2w B &2 4d
s B2 IBS & % 5 0.69~0.73~0.73 ~ 0.79 4= 0.61 ~ 0.66 ~ 0.67 ~ 0.69 o ' iF* | *
R AR A S 2 Fe %53 50 B 7k 9P~ 150 H $h:- 5 44 & IBS » H i
w307 ii%lﬁlé 08t » #3733 efe msiyhk k2 IBS 33 0.93 ("
Blo)o st dpbim CycleOE N2 BaAMASe & N Bi%H EApT2 Wik % >
L ke GEBV IR R 0 F AT ENROBMAL L R 8 ks oo
YergmAgAE S - LRk B1024 2 B1027 2- IBS i 091 B 5 4edk ko
Fiies BE k2 Cycle2 A7 ¢ fhie E 5 & fF7R /384 B Y E
N8BT T -2 Md ERRRAT B (21%) BEE > %R RS
T2 A Fo - B GSHERAL N HEHIFEPPEL AT EYE L EH%A

5 50%pF > GS BRI @Ap v B PSBHMaEaRRF LR R ENRBEAES I 25%11
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{6 > GS B AE:E G Ap A etk 2 B2 F + >0 PS B 48 (Jacobson et al. 2015) - 2% E_
EHRAR S 10% FES F TR R GSAPHE PS EfeF 2 3 Kon GS Bl
@ 4p i Bg F % 2 (Sallam and Smith 2016) - Bernardo et al. (2006) & :% MAS *
e ERAFERBHEYEN IR HeEL2 FRE RAFTL RS TE
NBEHBTI S A BRI LS AFERBEIAELI OB TG AW
A2 2 EHH R o GS i AR PS { P-4 fI% s A FE A (Sallam and Smith
2016) » E R Mk EAEI & P o BT IR R LR REHFE D hie
EAF LA FEERE gﬁa{g}iyj&z fvox 8 0 PO ATTRRIEA] (Zhao et al.

2015) -
432 e A ERS R

%] Bernardo and Yu (2007) = % § S dp ot A& FIREE fE w0 h Cycle 0 L 2 7 &
AFEHL L LA R E AT RETHER S {4 AF T A 2 GEBV 4r BLUE
ARG AAER TN oA FENARFAERIRA T RBPREIRAG L
£ o Cycle5 % % & 7 GEBV & € > BLUE » @ 44 f88 frtk 3 #| £_BLUE it
GEBV - 4i7) GEBV A £ # 8 £ F | A8 f 20 A ¢ 2 B1025 5% 2 % GEBV +
i (R 4dz) Pl @ ERFR BIEK Cyclel ¥ 3
GEBV % ** BLUE » 2_{¢ A_&Eﬂﬁ Itk s BLUE 4218 GEBV (Bl +
I)-4 'ﬁ ¥y A FPE R % > BLUE*Y 0.2-08 FF %% » tg 2Rk GEBV % +* (R
+ ) BLUE * Cycle2 z #f & ¢ i=#c GEBV ¥ 2 {5 3 &4 & # Fl» f
(B =) > BLUE i& » Cycle 2 éhw 322 & & 2 IBS # v 3 GEBV » 5 7
BLUE i @ % k2% GEBV % > % =t %+ %> GEBV - Bernardo and Yu
(2007) » 2 FH Z P HEA F RGBT HEN T 4ovh 2 AF > THP|T i EF S
JRREE GERIAELZ AFNEY LEH A LR @A ERRSE PR
i mER 2. GEBV 18 0p) (post-dictive) @ 2b5E iR (pre-dictive) = 3% gt @

BocF 3 BTG EAF R A AR BLUE S04 ok i % 2 15 40
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R AR L e A nBR B AAER 2 AL R ERE LR
oo PAFGRD M RERERIEH B M7 GFaBa (Massman etal.

2013) -

44 BRAFRILAGEEMR

AR AGEERE S TR IR (RBAY A RE) K327 &5k
ek RhRAEFi @HEF S AR N ER ZBORIFRE]) 0 Tk
E 8 BLUE 40 e A R H T F IR B S R 7 %778 M0 R A e L E

AN RN R R Sl
(B4 ) e SR EEHELE FFATRERZ S L0 2 AT AEN 2R
ko EE B AR SR EY - 4 TR P o Yamamoto et al. (2016) # ®
Wi E48 > 2% B Cycle ¥ *H3 4 2 p % % (inbred lines, ILs) » % % & =

G hePl R AR BB HTA 2 EEIT  EF R EAETREN A GO A
o FRRRA- REER- NP R AEFREZEDTAD L B R ot E
EREARE G AFFY Hhie E 01 GEBV E #4484 2 Cycle
5304 § ek @A b 4 5948 kglha - 6195 kg/ha (% - =) » B A
10 Bt & p Fo*k¥ A £ T 51 5641-5926 kg/ha fr 9 B 2.2 2 % + & 5936-
6232 kgiha (4 ) » & % I 5 (i 5 F F 44 o B AR F AT AL FRH 5 HRILT
ERAEHMEGR S < > RTIHE PG FFe %3 > 2 BABMARRKRE > AR
PR Lo R U EFART AL BABM o 2K TR TS Y i E

R E N BB R A Y o kR D 2 (H R 1T S e i

2015) » £ K GS it 4vid# R Lt » gl AERHL EE A ER R AL Fo
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Xl
d
s

e
¥

AR PR SR e BT GS &

7_

kAT AT 2 B
FAmEKRRT  AFMERSER AR AR RE

o P AFIMEAABRERSY Lt ERRPE AR R AR S @ ]
A7 JIHEBATRER - ARFHBCSB* AFETEIEY 0 Fp A0 ER
HEEHATEEEN G2 P RER R AR R BN ERRE > T Y APy
2 inA% s 11 PCA » 5584 > B F GWASA\+QB+EF}HJ-73\E]§;J.#_ i
B AR HRFEN L RS GRS BFAY L IUED i E A

Flgie A TR R e %FH > KPP ERBALF AEFHCAENRIMAEFTR

Lo R R AR eGSR E A B A4 Y B ARERDBLE
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Table 1. The No. of lines, the No. of blocks, and the No. of missing data for 327 lines in

each year and each season

Year Season  lines with data No. Blocks No. FL missing  No. PH missing  No. Yield missing
2011 dry 326 3 0 0 4
2011 wet 326 3 1 0 1
2012 dry 325 2 0 0 5
2012 wet 323 3 2 0 3
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Table 2. The top ten lines in yield of GEBV and BLUE

.44 BLUE %+ ¢

| d
e

GEBV BLUE

Entry Yield Entry Yield

B1024 6371.054 B1024 6247.8

B1027 6370.615 B1027 6091.709
B1026 6160.164 Al1271 5989.436
Al1271 6115.114 B1026 5914.709
B1019 6018.69 B1118 5894.527
M1476 6003.656 Al1274 5816.527
A1338 5993.299 M1470 5812.963
M1470 5984.14 M1476 5808.073
B1025 5983.807 B1147 5752.982
M1405 5961.804 B1070 5685.436

KRS K LRS-

Lines overlapped in both estimation are highlighted in gray.

32

%,
A

doi:10.6342/NTU201701806



%= A% GEBV &+ &5 %% & ¢t

W

- 3 A
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BLUE# + ¢ 5 s HAE 2 R T2ENEF R4 oz 2

Table 3. Summary for the GEBV-top 10 and the BLUE-top 10 which were among the top-20 in each trial

GEBV

BLUE

Entry

Yield top 20" season

FL top 20" season

Entry

Yield top 20" season

FL top 20" season

B1024*

B1027*

B1026*

Al271*

B1019

M1476

A1338

M1470

B1025

M1405

2011D, 2011W, 2012D, 2012W
2011D, 2011W, 2012D, 2012W
2011w, 2012D, 2012W
2011D, 2011W, 2012D, 2012W
2011w, 2012W
2011D, 2011W, 2012D
2011D, 2012D
2012D & 2012W NA
2011D, 2011W

2011W

2011W
2011D, 2011W, 2012W
2011D, 2011W, 2012W
2012D
2011w, 2012W

2011D, 2012D

2012D & 2012W NA
2011w, 2012W

2012W

B1024*

B1027*

Al1271*

B1026*

B1118

Al274*

M1470

M1476

B1147

B1070

2011D, 2011W, 2012D, 2012W

2011D, 2011W, 2012D, 2012W

2011D, 2011W, 2012D, 2012W
2011w, 2012D, 2012W
2011w, 2012D, 2012W
2011w, 2012D, 2012W
2012D & 2012W NA
2011D, 2011W, 2012D

2011D, 2012D

2012D, 2012W

2011W
2011D, 2011W, 2012W
2012D
2011D, 2011W, 2012W
2012D, 2012W
2011w, 2012D, 2012W
2012D & 2012W NA

2011D, 2012D

ARG A FEApZ &k 02011 22012 S # 4 0D SacF oW GRF o MIAT0 &k % 2012 & A F Ak Eec A )

4 v

E’*\ tﬂ“ B N
Jo o B*2 5k R iE A2

&

j& <]

Lines overlapped in both estimation are highlighted in gray. 2011 and 2012 are year of trial, D stands for dry season, W stands for wet season. M1470 line is

not taken into consideration for its value was missing in both dry and wet seasons in 2012. The lines with the symbol * are the selected parental lines.
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Table 4. The parents of bi-parental crosses

Parent 1 Parent 2
Cross 1 Al1271 Al274
Cross 2 Al1271 B1024
Cross 3 Al271 B1026
Cross 4 Al1271 B1027
Cross 5 Al274 B1024
Cross 6 Al274 B1026
Cross 7 Al274 B1027
Cross 8 B1024 B1026
Cross 9 B1024 B1027
Cross 10 B1026 B1027
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Table 5. The initial parents (Cycle 0) for recurrent selection

GEBV BLUE
Yield FL Yield FL
B1024 B1007 B1024 Al1311
B1027 B1035 B1027 Al1259
B1026 B1025 Al271 M1463
Al1271 B1008 B1026 B1007

35

doi:10.6342/NTU201701806



%\"7‘\ M ‘/7]"%\';1] %—%A}*ﬁ'%\'

Table 6. The ANOVA table of phenotype

Source d.f. Type 11 SS MS F 2
FL
Line 326 24652.5 75.6211 24.4444 <0.001
Environment 3 46.0663 15.3554  4.96362 0.00195
Block (E) 7 189.668 27.0954 8.75855 <0.001
Line x Environment 970 16011 16.5061 5.33558 <0.001
Residuals 2265 7007 3.0936
PH
Line 326 53821.4 165.096  5.04052 <0.001
Environment 3 673.986 224.662 6.85911 <0.001
Block (E) 7 1257.81 179.687 5.48597 <0.001
Line x Environment 970 55770.9 57.4958 1.75539 <0.001
Residuals 2265 74285.7 32.7972
Yield
Line 326 4.8x108 1.5x10°  4.5049 <0.001
Environment 3 2.1x10° 714760  2.20257 0.08582
Block (E) 7 9.8x10° 1.4x10°  4.32246 <0.001
Line x Environment 969 6.9x108 711583  2.19278 <0.001
Residuals 2256 7.3x108 324512
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Table 7. The coefficients of correlation between phenotypes

2011 Dry 2011 Wet 2012 Wet BLUE

r(FL, PH) 0.21 0.32 0.28 0.33
r(FL, Yield) -0.31 -0.56 -0.15 -0.42
r(PH, Yield) -0.088 -0.26 -0.088 -0.19

FL = #f% ~PH 2+ % ~Yield 5 2 € > BLUE % & ¢t

3 327 2 /& o

% Al o kA > 323

FL, flowering time; PH, plant height; BLUE, the adjusted phenotypic values. The

sample size is between 323 and 327.

37

doi:10.6342/NTU201701806



2o AT s ApM BdcE R AR (h?)

R ¢
Table 8. The coefficients of correlation between trait values before and after adjustment,

and the broad-sense heritability
2011 Dry 2011 Wet 2012 Dry 2012 Wet h?

FL 0.88 0.92 0.91 0.88 0.528

PH 0.86 0.87 0.84 0.91 0.382

Yield 0.78 0.73 0.79 0.76 0.353
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Table 9. The prediction accuracy of eight statistical methods for each trait

FL PH Yield
0.595+0.015 © 0.486£0.022 0.476+0.020 2
RR-BLUP
(0.544-0.648) (0.407-0.550) (0.398-0.543)
AR 0.594+0.015 © 0.483+0.022 2 0.469+0.021 de
(0.542-0.641) (0.402-0.548) (0.377-0.545)
AL 0.623+0.014 ¢ 0.482+0.022 b 0.467+0.021 €
(0.573-0.674) (0.401-0.543) (0.386-0.545)
0.690£0.013 0.485+0.022 2 0.474+0.021 2
BayesA

(0.636-0.731) (0.406-0.546) (0.385-0.537)
BayesB 0.700£0.010 2 0.48620.022 2 0.473+0.021 b

(0.662-0.741) (0.405-0.544) (0.395-0.54)
BayesC 0.636+0.015 © 0.484+0.022 2 0.470£0.021 °d
(0.584-0.68) (0.409-0.554) (0.397-0.535)

RKHS 0.579+0.015 0.4730.023 ¢ 0.446£0.021 f
(0.524-0.63) (0.376-0.543) (0.359-0.516)

. 0.689+0.010 0.481+0.023 b 0.448+0.020 f
(0.653-0.72) (0.407-0.551) (0.373-0.505)

TioE+iE R L > FERPN S E BE AL B F* Ko Tukey'stest g % (a=

0.05) 3+ Ak A4 E8FLE -FL 535 ~PH 5153 ~ Yield 3 2 % -

Mean + standard deviation; minimum and maximum are provided between the brackets;

the letters show Tukey’s test results (a = 0.05), different letters signify significant

differences. FL, flowering time; PH, plant height.
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Table 10. The Yield GEBV for GS and PS

Yield . F2 () Fe Fe best line
mid-parent
GS PS GS PS GS PS
Cross 1 5496 5500 + 71°F 5623+ 29°¢ 5525+ 70°¢ 5641 + 85 P 5583 + 80 ¢ 5863+ 422 5589 + 9 d
(5277 -5732) (5591 -5732) (5309 -5673) (5393-5936) (5350-5797) (5802 -5936) (5572 -5606)
Cross 2 5717 5713+ 98" 5889 + 32 d 5730+ 87 5926 + 86 © 5810 + 108 © 6106+ 202 5978 + 21 P
(5417 - 6006) (5845 - 6006) (5508 - 5962) (5699 - 6155) (5564 - 6042) (6065 - 6148) (5932 - 6015)
Cross 3 5611 5617 £ 1109 5815+ 524 5675+ 110f 5844 +120°¢ 5768 £ 119°¢ 6073212 5954 + 22 b
(5292 - 6065) (5752 -6065)  (5471-5940) (5566 - 6117) (5472-6124) (6035-6117) (5917 - 6012)
Cross 4 5717 5716+ 111 °F 5906 + 399 5747 + 117 5923 +129°¢ 5848 + 119°¢ 6199 £ 222 6041 + 15°
(5364 - 6040) (5858 - 6040) (5423 - 6040) (5496 - 6232) (5580 - 6221)  (6155-6232) (6008 - 6068)
Cross 5 c694 5624 + 106 © 5806 + 44 ¢ 5652 + 99 ¢ 5821 +108°¢ 5734 + 1214 6127 + 322 5857 + 38 P
(5304 - 5967) (5757 -5967) (5436 -5907)  (5551-6189)  (5420-5996) (6061 -6189) (5795 - 5942)
Cross 6 5510 5522+ 110f 5719+ 49 d 5553+ 108 F 5764 + 118 ¢ 5670 £ 125°¢© 6070+ 192 5899 + 37 P
(5203 - 5940) (5664 - 5940) (5295 -5806) (5498 - 6118) (5369 -5966) (6033 - 6118) (5814 - 5966)
Cross 7 5694 5622 + 116 9 5817 + 39 ¢ 5677+ 98 5879+ 128°¢ 5759 + 126 © 6088 + 162 5917 +30°P
(5273 -5925)  (5770-5925) (5439 -5863) (5520-6148) (5437 -6088) (6061-6120) (5871 -5981)
Cross 8 5730 5739 + 574 5840 + 21 b 5750 + 58 9 5846 + 40 P 5771+ 75¢ 5914+ 22 5916+ 192
(5565 - 5907) (5813 -5907) (5616 -5906) (5715-5943) (5578 -5972) (5909 -5917) (5891 - 5945)
Cross 9 5845 5845 + 53 9 5931+ 19°b 5848 + 55 9 5924 + 48 P 5870+ 75°¢ 6031+ 42 5871+ 3¢
(5683 - 6031)  (5910-6031) (5718-5969) (5789-6036) (5667 - 6034) (6027 - 6036) (5866 - 5875)
5737+66f 5855+ 22°¢ 5748+ 69 5870+ 51° 5791+81¢ 5970+ 52 5810+ 9¢
Cross 10 5739

(5555 - 5949)

(5827 - 5949)

(5560 - 5878)

(5751 - 5977)

(5566 - 5968)

(5962 - 5977)

(5797 - 5832)

T+ BE L 2PN A h ] B2 A AE RFRIELEIRFFHEHFLE (p<0.05/21)-

Mean * standard deviation; minimum and maximum are provided between the brackets; different letters signify significant differences (p < 0.05/21).
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Table 11. The flowering time GEBV for GS and PS

FL . F2 () Fe Fe best line
mid-parent
GS PS GS PS GS PS
Cross 1 84.1 84.0+05¢ 83.8+04°¢ 83.9+05¢ 84.0+0.7°¢ 84.0+0.7°¢ 83.5+0.3° 83.0+0.02
(82.5 - 85.3) (82.7 - 84.9) (82.6 — 85.0) (82.9 - 85.8) (82.5 - 85.6) (83.1-83.9) (83.0-83.1)
Cross 2 84.3 83.9+0.7°¢ 83.2+052 83.9+0.7°¢ 83.5+0.7° 83.9+0.7°¢ 83.2+0.02 83.3+0.12
(81.9 - 86.0) (82.0 - 84.4) (82.5 - 85.5) (81.7 - 85.7) (81.9 - 85.7) (83.1-83.3) (83.1-83.5)
Cross 3 84.5 84.4+0.7¢ 8351062 84.1+ 0.7 bed 83.9+0.8° 84.0+06° 844+02¢ 84.2+0.24¢
(82.1-86.9) (82.1-85.1) (82.3 - 85.8) (82.0-86.1) (82.5-85.7) (84.1-84.7) (83.9-84.4)
Cross 4 84.2 84.1+0.64 835+05P 84.0+ 0.7« 83.7+0.6° 83.8+0.7°¢ 824+0.12 84.1+0.1¢
(81.8 - 85.9) (81.8 - 84.9) (82.9 - 85.8) (82.2 - 85.5) (82.4 - 85.6) (82.2 - 82.6) (84.0 - 84.2)
Cross 5 83.1 83.2+05¢ 83.0+ 045 83.1+ 0.5 bed 83.1+0.6° 83.2+0.6¢ 824+0.12 84.1+0.1¢
(81.6 - 84.6) (82.0- 84.1) (82.1 - 84.6) (81.7 - 84.7) (81.8 - 84.6) (82.2 - 82.6) (83.9 - 84.3)
Cross 6 83.4 83.4+0.64 83.1+ 0.5 83.3+ 0.6 83.1+0.7° 83.4+0.74¢ 829+0.12 83.7+0.2¢
(81.7 - 85.3) (81.8 - 84.5) (81.8 - 84.6) (81.5 - 84.6) (81.6 - 85.3) (82.7 - 83.0) (83.3-84.0)
Cross 7 83.0 83.3+05¢ 83.2+0.5b¢ 83.3+05¢ 83.1+0.6° 83.0+0.72 83.5+0.14 83.3+0.1°¢
(81.7 - 84.8) (82.0 - 84.4) (82.0 - 84.4) (81.2-85.1) (81.3 - 84.8) (83.4 - 83.8) (83.2 - 83.5)
Cross 8 836 83.7+0.24 83.6+0.2°b 83.7+0.2¢ 83.5+0.3°P 83.7+03¢ 83.4+0.02 83.7+0.0¢
(83.1-84.4) (83.1-84.1) (83.1-84.3) (82.9-84.1) (82.8 - 84.4) (83.3-83.4) (83.7 - 83.8)
Cross 9 83.2 83.0+0.2° 829+0.22 83.0+0.2° 83.2+0.3°¢ 83.3+0.3¢ 83.0+0.0° 83.6+0.0¢
(82.2 - 83.8) (82.3 - 83.5) (82.5 - 83.6) (82.4 - 84.0) (82.6 - 84.3) (83.0 - 83.0) (83.6 - 83.6)
Cross 10 835 83.7+03°¢ 8341022 83.7+04°¢ 83.4+042 835+05P 83.4+0.02 83.8+0.0°
(82.8 - 84.6) (82.8 - 83.9) (83.0 - 84.6) (82.6 - 84.7) (82.4 - 84.6) (83.3-83.4) (83.7 - 83.9)

T+ BE L 2PN A h ] B2 A AE RFRIELEIRFFHEHFLE (p<0.05/21)-

Mean * standard deviation; minimum and maximum are provided between the brackets; different letters signify significant differences (p < 0.05/21).
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Table 12. The plant height GEBV for GS and PS

PH . F2 () Fe Fe best line
mid-parent
GS PS GS PS GS PS

Cross 1 105.9 1052+1.4°¢ 1041+1.13%  1050%13°¢ 1038+ 162 1045+20° 1043+0.92  1055+0.1¢
(101.2-109.7) (101.2-107.3) (102.2-108.6) (99.9-107.5) (100.7-110.5) (102.9-105.5) (105.2-105.7)

Cross 2 102.7 102.7+1.4°% 1024+152% 1026+15%  1026+20° 1024+212 1024+05%%  103.8+04°
(98.7-107.8) (98.8-105.8) (98.9-107.1) (98.0-107.1) (98.0-108.4) (101.5-103.3) (103.2-104.5)

Cross 3 104.9 1042+ 152 1039+ 142 1041+ 152 104.2+202 104.0+2.12 1059+ 06° 1049+ 0.2°
(99.7-109.5) (100.1-107.6) (99.9-109.5) (99.2-108.0) (98.2-109.2) (104.6-107.0) (104.5-105.2)

Cross 4 103.0 103.0+1.6° 103.1+15b 103.0+153c 1033+1.7°¢ 103.3+2.1°¢ 102.6 £ 0.22 104.3+0.44
(98.4-107.9) (98.6-106.6) (99.8-106.2) (98.9-108.3) (98.6-109.8) (102.2-103.0) (103.7-105.2)

Cross 5 1026 1026+1.43  1029+14° 1029+132%  1024+182 1025+1.73%  1035+0.3°¢ 104.4+0.249
(97.5-107.5) (99.9-106.2) (99.7-106.3) (96.6-108.4) (96.1-106.5) (103.0-104.1) (104.2-104.8)

Cross 6 104.1 104.1+£1.3%2 104.8+ 1.2 1044+ 1472 1049+15¢ 104.8 + 1.6 ¢ 106.0 + 0.4 @ 105.7+ 0.5 ¢
(100.2 - 108.0) (101.2-107.2) (100.2-107.7) (100.4-108.3) (100.3-108.9) (105.2-106.7) (104.7-106.8)

Cross 7 103.0 103.1+1.4°¢ 1029+1.4b 1028+1.4P 1029+18°¢ 1025+1.8%  102.4+0.22 1049+ 054
(98.8-107.7) (99.4-107.7) (98.8-107.2) (98.8-107.8) (97.7-106.3) (101.9-102.8) (103.9-105.6)

Cross 8 1016 101.6+0.8¢ 101.0+0.8b 101.5+0.8% 101.0+1.2° 101.3+1.1¢ 102.1+0.1f 100.8+0.12
(99.0-103.9) (99.0-103.2) (100.1-103.2) (98.0-103.7) (98.9-103.6) (102.0-102.3) (100.6—-101.0)

Cross 9 1004 100.5+0.82 100.8+0.8°¢ 100.5+0.82¢ 100.6+0.8¢ 100.6+1.13° 100.5+0.0° 101.3+0.14
(98.1-103.0) (98.8-103.0) (98.6-102.3) (98.9-1025) (97.7-103.7) (100.5-100.6) (101.2-101.4)

Cross 10 1019 101.9+0.6¢ 101.3+0.6° 101.9+0.7 101.2+0.8° 101.6+09°¢ 100.1+0.12 102.0+0.1¢
(100.2-104) (100.2-102.7) (100.4-104.0) (99.5-103.1) (99.4-103.6) (99.9-100.3) (101.7-102.3)

T+ BE L 2PN A h ] B2 A AE RFRIELEIRFFHEHFLE (p<0.05/21)-

Mean * standard deviation; minimum and maximum are provided between the brackets; different letters signify significant differences (p < 0.05/21).
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Table 13. GEBV for F. population at each cycle of recurrent selection

GO Gl G2 G3 G4 G5

vield  GEBV 4770 + 366 1 5410 + 190 © 5698 + 148 5765 + 109 © 5842 + 99 b 5948 + 103 @
(3480 - 5845) (4880 - 5834) (5241 - 6009) (5466 - 6031) (5513 - 6088) (5617 - 6195)

BLUE 4770 + 366 f 5268 + 160 © 5537 + 114 ¢ 5697 + 106 © 5790 + 98 b 5862 + 90 2
(3480 - 5845) (4792 - 5699) (5146 - 5862) (5417 - 6057) (5548 - 6053) (5607 - 6186)

o cEBY 88.7+32F 83.3+0.7° 82.2+ 0.5 81.9+05°¢ 81.2+0.4P 81.0+ 052
(82.0 - 96.0) (81.6 - 85.2) (80.5 - 83.6) (80.4 — 83.0) (80.0 - 82.2) (79.7 - 82.1)

BLUE 88.7+3.2f 84.2+14°¢ 82.9+1.24d 81.7+06° 81.1+05P 80.5+ 0.52

(82.0 - 96) (81.4 - 89.3) (80.2 - 87.9) (79.9 - 83.4) (79.9 - 82.9) (79.3 - 82.1)

o cEBY 109.9+5.0° 103.4 + 3.52 103.3+1.82 103.5+1.22 1035+ 1.1°P 103.3+1.12
(95.0 - 127.1) (94.5 - 110.3) (99.5-109.3)  (100.6-106.9)  (99.9 - 107.3) (100.4 - 106)

BLUE 109.9+5.0f 103.8+3.2° 99.3+ 2.0 99.1+17°¢ 98.4+16P 98.0+ 162

(95.0 - 127.1) (94.4 - 110.6) (93.9 - 104.9) (94.0 - 104.2) (93.9 - 102.8) (94.1 - 102.2)

THOBHER L S RN S BEE BB A FFFEHEFLE (p<0.05/15)-

Mean = standard deviation; minimum and maximum are provided between the brackets; different letters signify significant differences (p < 0.05/21).
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369 lines
missing rate < 0.6

108,024 SNPs
call rate > 0.75

369 lines

73,147 SNPs

missing rate > 0.6 (6)
1%t PCA japonica (13)
284 PCA japonica mix (18)

L 2
332 lines 73,147 SNPs
Questionable line (1)
No phenotype data lines (4) l MAF 2 0.05
327 lines 50,127 SNPs
New call rate > 0.9
l New MAF = 0.05
327 lines 38,639 SNPs

§]¢

2T AT G

B &> 5L Spindel etal. (2015) &% a4z 5 T

Figure 1. The filtering of the phenotypic data and the genotypic data

v S s sl s L
AN R BRI o

call rate > 0.9 after imputation
(heterozygous as NA)

Above the dash line is the filtering process of Spindel et al. (2015); below are the

additional filtering steps conducted in this study.
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Line Line
Bl= ~ AR
GS 5 AFIMEER PSS L 2 A1EfR » W2 Fetf A7 > 2 EH_E P
AR KA EEL 0 AR S PSR FE L JES R GS 82 PS B fEE 1 2
chif R ek o
Figure 2 The bi-parental cross scheme
GS, genomic selection; PS, phenotypic selection. Two paths are divided from F

generation in order to compare the genetic improvement between GS and PS.
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from 1000 individuals

3\‘ Select the top 100™ yield GEBV
L]

Select the top 50t mean of yield
phenotype from 100 families
30 plants / line

Select the best yield phenotype to
advance generation to F4 each
family

30 plants / line

eg0 0
eee

[ LN ]

Select the best mean of yield
GEBYV from 50 families and select
the best yield GEBV plant

(X R N ]

Bz~ AR ARe Az GSEET LW > e kg &

Figure 3. The bi-parental cross scheme for GS by modified pedigree method
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Selection based on GEBV @
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BEREACYyclel %P SN Ed e LA T L2 BRI R
Pp A2 R2H%F BfFipR%EEL ] » £ 384+

o Cycle2 %% > €450 HF I A2 Cycleb %# 5 1k o

Figure 4. The recurrent selection scheme

From the initial 327 lines, we selected the top four lines in yield and the top four lines in

flowering time, and then cross them to produce 16 crossing combinations. Each

combination produces one F1 and then self to produce 24 F,to form a total of 384 F in

Cycle 1. From Cycle 1, we selected the top four individuals in yield and the top four

individuals in flowering time, and then cross them to produce 16 crossing combinations.

Each combination produces two F1 and then self to produce 12 F». A total of 384 F

forms Cycle 2. The process was iterate till cycle 5.
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Figure 5. The performance of the 327 lines in four trials

FL, flowering time; PH, plant height.
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Figure 6. Applying PCA to 327 lines x 38,639 SNPs for a population structure summary
analysis

The left part is the variance proportion explained by each component, and the right part

Is the distribution of the 327 lines based on the first and the second components.

49
doi:10.6342/NTU201701806



FL
9
2
-
2 w | *
2 - ;
% 2
: 5 g
2 o Va
o - ’
o -
o -
T T T T T T
0 1 2 3 4 5
Expected -log(p)
PH
©
w -
1l

Observed -log(p)
-log(p)

Expected -log(p)

Bl- ~ 327 % %4 38,639 I SNP 2. GWAS

QQ plot # % ~ Manhattan plot %+ ;

FL

L]
s
L]
.
n |
- L
° 4 i
o - ! s
. .
* & . i P o’
o - W
T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12
Chromosome
PH

T T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12

Chromosome

L4 i FDR=005> b4 7 &4 % SNP-FL S 4478 ~ PH % $x% - Yield

= AE -

Figure 7. GWAS results for 327 lines x 38,639 SNPs

QQ plot is at the left-hand side and Manhattan plot at the right-hand side.

The dotted line is signifies FDR = 0.05, and no dotted line indicates no significant SNP.

FL, flowering time; PH, plant height.
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Figure 7. GWAS results for 327 lines x 38,639 SNPs (continued)
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Figure 8. The prediction accuracy comparison of eight statistical methods for each trait
Each method was 1000 times cross-validated (10-fold cross-validation), and then
Tukey’s test was used to determine whether there was a significant difference between

the statistical methods. FL, flowering time; PH, plant height.
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Figure 9. The distribution of the adjusted phenotypes of 327 lines

The performances of the five selected parents are marked on the figure. FL, flowering

time; PH, plant height.
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Figure 10. Yield and days to flowering GEBYV in 10 bi-parental crosses
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Figure 10. Yield and days to flowering GEBV in 10 bi-parental crosses (continued)
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Fig. S2 Preliminary test to establish the prediction model

The upper panel shows the RR-BLUP model, the lower panel shows the BL model; both
from 100 times ten-fold cross-validation results. Each season or BLUE were used for
model training. For original seasonal data and BLUE_impu, genotypic data imputed
using TASSEL 3.0 FastimputationBitFixedWindow plugin (Spindel et al. 2015) were
used; for BLUE_1, imputed data were replaced by major allele, the allele 1.
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Fig. S3 The distribution of IBS for indica lines, japonica lines, indica and japonica, and
Fs populations derived from bi-parental cross
N is population size, and the two Fs populations are selected for their parents showed

minimum and maximum IBS across the 10 bi-parental populations.
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Fig. S4 The change of frequency of allele 1 for 5,264 SNPs along recurrent selection
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