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ZF AR 5 (heterosis) 2 ¥ I AN B AL FE Al A 2 57 1)
SEARF ARSI TR EYE. JustEm
T N A T T T AN SR AR 1 B % (Shull, 1908;
East, 1908). F|HZ& ML H A AT & = 1ED ) 7= &,
W RE P HL U PR RE B . R SATEE D R O
JZ R, AR SO i R T B TR, (2
2 B B AL N K A 3% 49— 1 ## B (Schnable and
Springer, 2013). TEY)H ZFAL AR 58 32 2 H SefE
VIt e, 18A% 2 53T DLIE I M)l 2 A BEAR IEAT TR 2%
FRAR AT 5T AR, BEE TR B L F
AR R, AFh i 3 ast 45 Bl Jy T AR 5 LS T A
kR

1 REABR AR

TP L — M2V 2 R R R R A IR,
24 AR W HL B AL B A K VA B R . A Ah e
PEH— S E, BoNA MR R, BR e A
3B i (Hochholdinger and Hoecker, 2007; Goff
and Zhang, 2013). ‘ZVEfiifi(dominance hypothe-
sis) i i€ 5 2 PR 345 A 5K (G F) &5 Ar R 58 42 R 1k,
TE A AL Ja A A R S e & A 5 DR o) 1 AN R B itk 5
RrEERI Ak, a2 A RS5O B PR B AN B 1 A% Fh
flt#(Bruce, 1910; Jones, 1917). %N AN, iE
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MEAER K B R Z Oy BAEFE R, AR R
HERAFTMEFERKE . WAHEA B Z R IR
KIRZZ G, RFHIAFF o BV R A S B e T
XEE, I 7 FARMAKS . HEREGME
BEAT H A2 B A8t 2 AR AE S AR I L,
i B VR R DR I AR A F IR, G E S8R
BB AEAE YO S 45 B 7 AR 4 1 BDAIE (Xiao et
al., 1995; Frascaroli et al., 2007; Huang et al.,
2015). #Rifi, X /K#%(Oryza sativa). BRI 32
(Brassica napus)#fiti HifH(Gossypium hirsutum)=&
YEWI) 24 FhARC 35 I HF 77 (Radoev et al., 2008; Luo et
al., 2009; Shang et al., 2016a)3& ], [FIZZHARF" &
Jo 7 B AH MR 2 T AL 38 7K ST ) iR AR S 2 B A A
RIZH 7K (R 2% B RE FE AR SGMEAS KR, 2 e 35 1) 3
AT REK B LA A itk . BRIE, R HLAME
Ui 1 AN BE 78 4 R 2 AR 35 (R T A L2

8 {2 £ (overdominance  hypothesis)il 2%
A A 5 DN 3 L O A ELAE FH OR 7 AR 2 PR AR BB RN
(Shull, 1908; East, 1936). 1% i 5% 1 X% 5 5 55 K]
B 4 G 5] L S5 0 JE DR TR) 1 ELA, & B A JE AR 3
KIS o T IR Je B S A R TE 18 2 Wt 1 L R
B pE R, #RI 2P0, R s fdRE 1 2 Fh 3R
P K TFAT— SRR S o 8 AR AT LS el
R R IR IE B R AR OL A IR . Bilan, FEF

HETH: WAJE 08 A4 L FHI(No.BX201600151) 1+ 5 R4 5 4:(N0.2016M600149) Fil [ 5 [ A FH 2% 3 42 (N0.31671761)

* @#IRE#H . E-mail: giangian188@hotmail.com

© 0000 Chinese Bulletin of Botany



(Solanum lycopersicum) £ F Bk 5. 14 i 53 [X]
Pl A4 B AR 5 (1R 18 (Semel et al., 2006; Krieger
etal., 2010). MbAl, B FIED A RSSO I 1) B 2%
TR 23 B Z AR R 2 X S B O W P R, X
“ {5 ¥ & 1 (pseudo-overdominance)” 1 A] DA i B
FAFH RIS . B, FHI7E F K (Zea mays)
B E IS 5 Z R AL A G 1) B EQTL (Stuber
et al., 1992), J5HK L2 T P fE G (A X Sl A7 7E2
ANQTLEI H R &S FrE(Graham et al., 1997). &
T, TEm % (Sorghum vulgare )tk = i 44 Fh AL A F 78
RN SRR S I QTL (DW3HIQHT7. 1)1+
FE TR, B0 A58 R ARt s R EUER R
(Lietal., 2015). Z T L35 11 014> 52 2% O B 0t 1k
RFEVI A ZHIR A, #2 2 R EH], 58
S AR T R R P R 2 ) e B RS 5 P B R R IR,
AR SRR AR U, TGVE A T TR e P AL 4 Fr et
f& LAt (Birchler et al., 2010).

Ak 5 A 5 [ 8] 1) AH B AR BRI _E A7 1 0 (epi-
stasis), GLHINMEIEE 2 B IR RS B R FE 2
() DL B S 1 i PR 22 B R B, W] DU SR AR A B R
AT BB A SE At R 206 5 IR A — A A
SRR Y (45 Ml 29 P AR NV B (Richey, 1942; Wil-
liams, 1959; Minvielle, 1987; Schnell and Cocker-
ham, 1992). Shang#%(2016a)7E Fifi st fi | F 28
H 28 R B B S BEARBEAT 17 S HOIR 2% B A 35
QTL#FE, £ AL s A A7 57K B PPl T QTLA 8
BN BEFLRIA, SN sSAH b, PR s ) At
BSE % 4 TR A5 2 LA R BEOKC

TEAFEYI 2R R A T, AT RESE N BAL AL
R BARSEA R R EEEH . L, AWAE
TEYD . ANRIEAE T SRR, 73 3 1) A B
WAL FERE AR R EAE— . Ak, X ERFIKARE &
P BB FE AR, AN R 28 AR 35 1 183 A% BE il A7
FEZE 5, 1K PR 2 5 ] BE A2 B 35 120 7 04N [R] AT S
——RRE R, KSR B R EY
(Garcia et al., 2008). X &A% A a8 R0 1) e
A —EMIER, M2 RFEARMIR; JFhil 5 158
A M i 3K 1 30 A R0 3L A A T 45 2R (Guo et al,,
2014). BN, Zhou s (2012)F| F 44 28 K FE AL {16344
T KA AR, Gh A v il 2 I 7 SR A 1 e 55 B Jo A
BT T AR AR A T, VAL T % A NN

FHEECSE: EYA P IR A AL IR BT FERERE 11

AFPOLFE I TTHR, A R DR A e DIE 5 ) 88 A A
FEAAAR, DONEAE . E E (lfEE A ) A b A
ONLIRI R 24 T e A 2% A DL 55 70 Rl ) 38 % 2 A

2 RFABQTLEY AR

I FHUR B AR AT R R IR R R R R N 2 A
B MR FE AL S(QTL). KM Thrit A E AL
XEEQTL, FXATE AL QTLEH T I AL RN 2, 1
15 537K T B 25 A 10 35 (1 353 A A e A T

AT, R o T8 8 A% 2 7 1R AT Z4 Rl A 34 F I 38t
FEREAR B 2B 45 - NCIIEEitH(North Carolina design
). =M ¥ it(triple test cross, TTC)FIKAF,
(immortalized Fj, IF)BfR%E . WFalE 4 5L R
(recombinant inbred line, RIL)EEAA 5 #3562
FIEE AR B TR INCHIT# 1 (Stuber et al., 1992;
Larigpe et al., 2012; He et al., 2012). Bt BEA ELEE
RILL [31 58 FEARR I 2 FIQTL, BP Al HERr H 1% QTL
AL RN (Li et al., 2008; Radoev et al., 2008). 2 )5,
IRZ W e T NCHIT T, [BIAESEA I N 1 =2
SRA, AEAFA BRI LS BN FEE, BT
B 4T H 43 #7191 52 (backceross, BC)FI%Z (testcross,
TC)RBEARZ R 34 (138 A4 27l (Xiao et al., 1995; Li et
al., 2001; Luo et al., 2001). #1411 7R TFQTLH
ARV AL 35 1 1 B . Xiao%(1995)F H 1
ANRIAR 2 22 3R A3 I RILEF AR 23 531l 5 R |1 38, il )
37T EMIRARIQTL, HdH60%MQTLE I &
PERARE, 27 %HIQTLRILES /3 RN, 43 H 2L
L TV 1% 2% S8 20 A 2R B AR B (a8 AL B il . Luo®s:
(2001)F| FHRFLP 7> F-Fric Bl i, Xf/KFERILEEAAR, 2
ANBCHEAAFI2ANTCHEMR 1™ & AH G IR QT L E fr 1)
SEIRAEAT A T R I, R R AR AN R 2R
—— B RR AR R AR SR A b, P AROR R A A
PP EEEFEZ —. Mei% (2003, 2005)H4: 1
RIL. BC A& TCHEA E A 2 I QTLECE MR, K
B b A7 PR S P K R B A R R e P R A Y gt
fEREA . Li%E(2008)14 2 1 /K FE 124 RILAI4ABCHE
fis, JRRT EMQTLA LA EQTL B, 45 R KW,
9024xLH422 111197 Ax I YK 6 3P 4> 24 22 41 A 1 4
R SR B L R SR AT AT Pk S R s R 2
242 4(2008)F FHEZIN97x W K63 HE 4L 1 52 & e
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Table 1 Progress of heterosis based on QTL analysis in crop

G LRI ITA=Y I HEAR )T SR

A 1RILF12BC 7K #&(Oryza sativa) Xiao et al., 1995

R A Y VA 3 Fa3 JKFE(O. sativa) Yu et al., 1997
S F2 JKFE(O. sativa) Zhuang et al., 2000
B PR AN A 1RIL. 2BCHI2TC JKFE(O. sativa) Li et al., 2001

e A DA 1RIL. 2BCH12TC JK#E(O. sativa) Luo et al., 2001

R A IF, 7J<7Fa( sativa) Hua et al., 2003
B 1RILFI2BC (0. sativa) Mei et al., 2005
ehris ILFITC % ti(Solanum lycopersicum) Semel et al., 2006
B2 RILFI3TC oK (Zea mays) Frascaroli et al., 2007
5 1RILFI2BC KFE(O. sativa) Ze2L 30 2008

B R A 2RILF14BC KFE(O. sativa) Li et al., 2008

B SR A DHAITC 7 i(Brassn:a campestris) Radoev et al., 2008
fotk R B A 1RILFI12BC JKFE(O. sativa) Luo et al., 2009
SR B A IF, EK(Z. mays) Tang et al., 2010
AR SRR At 1RILFI3TC ?ﬂﬁ(Z mays) Song et al., 2011

T R & R o M e DR IF, T8(0. sativa) Zhou et al., 2012
it = 3RILFI9TC E?K(Z mays) Lariépe et al., 2012
R CSILAITC ¥31€(Gossypium hirsutum) Guo et al., 2013
irdid IF, EK(Z. mays) Guo et al., 2014
R DH#12BC JKFE(O. sativa) Jiang et al., 2014
oy Rtk B R FAT Fas 1‘%44:(6 hirsutum) Liang et al., 2015
B 21 RIL =192 (Sorghum vulgare) Li etal., 2015
R SSSLsHITC ?ﬂﬁ(Z mays) Wei et al., 2015
2 1495 hybrids JKFE(O. sativa) Huang et al., 2015
84 S P AR 14F, JKFE(O. sativa) Huang et al., 2016
Ay AR R AR B 1RILFI1BC HiA€(G. hirsutum) Shang et al., 2016a
et A DA S IF, /KFE(O. sativa) Zhu et al., 2016

SPRAMNE A, XOIM S K, o
A B PEREAT 7 QTLIE G, RIS RGN

219 15 5564sx9311 [KIFs EH AKX 2k B MR 53¢
ARG IRGAsH i T I AZBEAR, AL T 3N FEM P= i 4%

A PR AL R IB AR AN R B R R A . Luo%E
(2009) | FH 7K F& 1) RILBE AR 1 & 7 24 BCEF IR AT
QTLAMT, 2 B0 R S 2587 B S 1 R 8 4 S
B el s, B AL QTLEL B i RS QTL R &
B BRIRT 55 (2010) A BB N BEAS, SR
i b £ 9308 111281 4~ RIL 44 A2 e il 1 [1] 52 44 B 44
XF6AN 7= B IR I e AR A R B AT T QTLE 7, 45
SRRk | 4l 2 77 B MR AR B 100 28RN e B AR
B R R EE TR, L ZER15= BT (2014) 5 H

Pl AR A 1) QTL LA B 3A™ 5 1) e el e L 250 2 ol A 35 11
QTL.

PA2 A 55 A B FL 2% b 4 A A0 00 B 44 1) [ 52 S AR
3 W R U0 A 38 A% A S 5 L R B AR T T D = E R
(TTC)#it(Kearsey and Jinks, 1968). i% ¥ it a] F
T IR P A 1R A% 2 R 7T, BT R 3 A F R
RILEF(A . TTCU v AT LA R 5 ks ) K& R p 2 [A] 2
MALLE LA . RIS AAAAE EALTERT, & e v]
A i b A TH I M AR 1 (1) 383 4% D7 % . Frascaroli %
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(2007)FIH FKRIL A ZE A AR 2 T TTCIAS BEAA,
X R B A MR AT T 4 AL B QT LE ff
3, G5 52 B R VR AR TR 2 P AR 35 (1) T it 78
S AR, R R I — s ) AN [ R )
QTLI R R IX A E S, RIZRMIEHAQTLIAE R
ZIG .

FERILFEAABENL 70 B &6 7, B> RIL R B0 Bl
MLAAZ S B BEARED A “KAF,” BEfk(Hua et al.,
2002, 2003). ZHHAEANEA F A E IR A, 1M
BRIk AT 2 AR R SRR, 2 — P AR I % b
AW TR . Huas (2002) 5 Ik FH /KRG 1 s A 24 40
B BUI9TAXIK63IRILIGEE T /K AR B, FFiEAT
FFPRARL R IQTLE AL T, &5 R R IBR T FAr 5
Gb, A RERRNL SUEAEAETE, BN, BA7 AR
KV L B 2 b A A 38R i b T 7K ST Fé Tk
PE AL BAE 2 PP AR 345 1 a8t A% B4tk . Tang%$(2010)
TEREFL B R R 24 22 P14 R 2277 4E IRILEF R R 7K A
Fo BRI 7= B A SR Z M S b, R IS A BT
SRS AN AL A it AT M AR X P R
FF AR R E R EE . ZhouZs(2012)FI #5248
e 1 ) P A A A 110 v A A B R e 2
97AXHAVK 631 7K AP BE AR EAT T 7= 2 S F B PR 7 1)
FFR B QTLAT, 3 A7 ZFh It 34 i 3
WAELEMIS518 . T, Zhu%(2016)F] ] 2 T Zhou%s
(201.2) F4 £ 11 720 25 1 4 B P38 f ) — 7 K P AR 1)
B HIPERAEAT T Z R AR AMLER ST, £3 HBfr p BA
I (10 e S e 2 PR R B DA R R A s ) b S M LA T
DA FH K gt o P SR 0 b 10 35 1S 11 163 A JEE A

Mg F,5% & . B A\ Z(introgression lines, ILs)
B P B0 AR A 3 & (single segment substitution
lines, SSSLs)%5Hf A4t mT LEAT 4% Fh AL #5412 1)
Tt o YUZE(1997) A IO 7AX B K6 3M HE (IF s K 2N
WEFCREAAR, 0= s PR B M R 7 3547 T BN QTL
A A BEAEQTLAG I . 45 K, EAREMN L A7
FQTLARIN A MR A TTRR 5K, EALIE RN AP
ARFZ DA TP il F2 R EEAE A . Liang
55 (2015) £t oxf fifi b A s AR 5 A & PR 15 28 M,
HISSRI T HRC T T Fosff 4™ i S HAy il PR 142
FAAL R IR PR R BB A SN, DL R A A ) ELAE
BRNENT PR 3 T A R R DT AR, R BT UK b
ORI A G I TRy RS RUTE A=W I VA & 3 VAT

S EYIA LA AL IR BT FEEfE 13

DAAR G b ffe e oy R AV = B A b L 34 (R 83 A% R Al . Xin
£ (2011) LUAIFEIR24 4 15 5t (1) FE A Asominoriiza A £
(A BEAA A BEEAT 22 PR A QTLE 7, 75 A7 5
K bR B 414 J% B AR A QTL, H A 384
QTLE I R B 12N . GuoZs(2013) LA HiAETM-1
HNRZARSEA, i 55 (Gossypium barbadense) Hai-
71249 RS AC, 3 | — A2 it b (] SSSLsHEAK,
T M BRI R R A6 i . R EoR, AL
KT R A 28 AR T S R R i AR o [ 2H 5 2%
Rl AT BB A SR . T R RS (201.3) 4 LKL S
IR24NZARFEA . FRgAsominori N At E A K661
Ptk BB R, 5005 IR24 S M LEXT B
FOBEREAT P2 S A DGR A R R S5 QT L E A, FAsr il
FI531MQTL, H A A INQTLAELE Z A5 E
MF], P RFIL A QTLR IS B IR R 7k o b,
T AR5 (2015) F1E DURL Y T 2 RIR24 15 5 1158
A, B ARG Asominorili £ gL ik B BLE B R N
A, ANHBAE RONBEAR, X578 AR )
FFR AT T QTLAHT, KIEMIAQTLASL —
K2 IR . Xiang%%(2016)F 157> K A& ILs 14 F
Uz EEARE R, ENCINR MR T &4
228/NF AN M AE BEAR, FRREAT T 24 FRAL A QTLIY
WL e AL, Wei%s (2016) LL £ oK H A R Xul781 51
Zong3 L B e 2 oMM R, RIS AL &R
Xul78 A #E AR, Skt 7= B AH MR (1 2 B L 34467 A
BEAT T A3 HT, I R S5 5 ) Ko % 0 A A
(1) 2 P AL 35 A e B A o

3 ZFMAEQTLRIFEHAEN

MR BRSO T FHREMA R HE KR
RIS FI A, SR, A4 A8 4H B A TR A e 3
FRIERN Z 53 RMERHZS G R . HTE5QTL
SENLFTR F 53 T hRic 25 BB, QTLWIE A i e vk
X oriE R PEQTLA “fRHEEM” QTL. ik, Fdle
LA AR A QTLIF I LA B e, XTI B 2 M Al 34
PSRN S LN B EE R . e, FIH
ILSE5 I8 A% 73 B BEAR P BEAT 2 AR A 345 QT LIV A 41 58 A7,
HE 43 BT B AL R 2% B AR 35 1 38 4% L il . Semel 55
(2006) 4 2 T 1A o A HIVB N R BEAR (IL) A I 3 14~
B E N B EEQTL, ZQTLA & /R &
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R, DRI A Ay i 1 S A R 3800 Rl 1) B e A 2
fith . Krieger(2010)a I Ht 7 B 1 52 1 35 7t 7= & ) B
PR BB SFT, iz 5L B IR & RSN, &
iR I AR R AR H . Luos(2011) LLEER)]2
THRMAR S HAERILsHTCHAR AL, XFE 5
BERL, BRRORLECR TR S N 164 7 E MR AT
T 5L I HSSRA) T hric i 1 38 A% B3 LA Wl
424 FR PR A QTL, A H 4 A4S 45 il 4 Bk 25 1)
QTL——hsp 11l 73— B kE4A0 E A, {H 1 AR 5o b 3|
iZQTL. Li%(2016)H H P R A S Ra L5 Ju (5%
:64sx93-11) i1 K, Mg 7 RILAIEIZZ#EAR, X140
FE R P 32 R UHEAT T BN SRR, R IZ Ak
B AL A AL i SE B b A2 AT HGE 1 DTH8/Ghd8/LHD1
BN, 2 BEDR T [E ST ACI . MR o BEEORI A
FENEHCE Z PR . BT, EKFEA K B e
B — LG E B AN OCEE R . B, JKFERIGn 1k
(Ashikari et al., 2005)F1/PA13: [ (Jiao et al., 2010)
S o HIZ, MR LT BRI R S 1 2 AR A QT L)
o BEARTE, 10 BH A A 1 P2 TR S 1Y) L TR AR G L
B R ME(Goff and Zhang, 2013). 3= % JF K] 7] g A
(1) AP RINE 552 IR B R AR 12 m, PR
RKIAFLE; (2) BFRHAEIRIE A LR, AR
B AL G QTLE A7 A FE BRI IREAE; (3) 24 Fhik
HIESMEV A G — B AR, AEEIA
[&] P IR 7] 4% 7€ % 5 (Lippman and Zamir, 2007;
Shang et al., 2016b).

4 FEMIBHIKIRS

gia T —AEmEEENFEOR, 28R HSCH A
) J7VEAE K FE AN FOK AR ks D 3 VF 2 B 2 =
A% PR IR A 9% 1 AL 5 AN 3 (K (Huang et al., 2010,
2012; Yano et al., 2016; Wang et al., 2016). <B4y
T T 2 PR A A AL, WS A A 6 A
BT I A8 FEAR B A P N ORI RE A, mT DAASr %) 2%
FhOLIAAT TR RSSO L DR, [ PP A 2 ek (R Y
MIZRA R RS RN - v B B2 B b i A= dn Bl ot
Fu e B ) A= B AR A F 58 BT 5 3 DR R 9 o 0 1 R A
% (Huang et al., 2015)%F1 49524 S F 4 & (1384
MR BEAT T A ZE R OCR 7E, LAl 21301
S RER B B, 0 2B 1 2 R 2R 1) R0 43 A S s,

e R A A B A R I O, R
R ZEAL FE R 5 Je 22 Pl = B I ORI o Ik e 2 SR 35t W A
A A ) S A 5 TR I () S5 2057 ) R B SK A R A #5 )
%A B Z5TER (Birchler, 2015). ZHF iRt T FE &
25 G S P SR R S 2, AR AP M AR RE T 7= LA 3
PG e 2 A P 1 e v g W = R L PR
MU R FE4T T 7 RSe ) SRl (B iUAE S, 2016). 18
EVIASFPER I QTLB i, S ali & B B0 7 b
FEAEJR PR, TR B 5 R B T AR S &, AR
P R QT LA (1 2802 AT HERf 14 (Lu et al., 2010). i,
] 5 5k R 7 v 0 5 i B KRB B 7 BT & /E (Huang et
al., 2016), X174 BRI RK GRS H ST A
1110 074/NFo bk RHEAT T 3% 80 43 #r A 4 25 DR 4 DG Bk
WA, o 3PP AL, FE3Fh A A R sy IR
AL AR I IE [ (30 3 S P N, [T S 7 p
TERARE T RIE BB BB R BN XX
BEA R FRAR AR E— 20 T R B, k. o
S RS AN SR R 2 BT CARE B WSR2 B, W] BE A EH
TR EEE R E RS TS . 534k, Huang%(2016)
FEAS [ 25 28 2H G A6 T 1) 43 B A b 9 R R B L ] 4%
PR A PR A AT R, (R AR B T — i M opR 2
FERABIQTL, FRiRH T — L L H, F—2 TE
R X T L e A e 35 gk 12 A5 DX AT D) BR B IE

5 MiRBE

FG, R TR 0 SR 2 R Al 5 K 247
15 B E 2 B0 20 TR LA R 2 26 T AR 138 4% 4 s
& I (Larigpe et al., 2012), iXfdi43 4Rk KI5
SR BA —ERRMRYE. Huang®5(2015, 2016)Yk4E
T1 4954 KFEMRL I FATAS K FE 44 A 4L A el 1
10 O744NF K &, SR SIS AT RO B 40 0T ¥ 7 vk 3k
1T T 2R BT, BRI 2 %t T R o 1 B
F e 5 10 0 JE IR AN S6AE ThiBk, DRI 4 Al 35 56 [
MHLERIR A RFRN . S oh, S FAFH 2 B AR %
RBEAR, A M CERBE A A B . BRE, T —
AT EM 2 A I QTLE AL, B T AR
WAL BB H TR B A A4k, ST F B SRR T 1
WA SRR AT Z PP RS s R DR #, &
W1 55 IR I 20 AT AH 485 0 4 IR 418 0 56 10E 2 P A1 34
fIQTL.
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BE & A MEOIR B AR 8AE A S 1KER AN 5T (Nord-
borg and Weigel, 2008)F1iE %)% B 20 24 () H 23 & Jé
(Houle et al., 2010), #2504 2> 5N £ %t (Fiorani
and Schurr, 2013). RNAJI /53 [ ¥ 2 35 F ARy —
AN EVER T T RIEEQTL (eQTL)FIESIANK
Yo, A 8RRy R AR A LA i B . AR
5 R R 2 R Bt S LA LU B 20 AR ) A R R B, R4
I IN A AR A2 T A AR BLANTEOR, [5] HE 4
AR A P R 7K1 AT DA Dy — A i MR Ol Bt
W45, 2015) PRIk, A5 ja AR A PR 2t
ITHAAIQTLI MY, A BT JFh ik 536 44 A2
FRIFIAT o FEAUAR S PR IR N R A A VTA I S o i A1) 3
fife AR AR VAN G M 2, R T KRR & 2 b
FQTLE A ks Wl R4 28 A 2

AR B BARE MR A MR CH 12
iE, (EIEZ ARSI SR AN TR B T PR
HAEZAL, &7 RIERER 2 AL S BAER 2 5 %
4L % (Goff and Zhang, 2013). Ith4h, Z<Fh it #
TEAFREA S KR B U BRI RN, AR
{10 A o A1 F4 AR AE s 5E 1 26 A8 L L (Shang et al.,
2016b). K, 7EAFFRESEALEE T I J 4 i 35 1)
QTLE N, @ —BI2H0 R E I T Rk 1) Ze ik 34
QTL, #A R T RIS SH B2 M AR, O
ol pIe 34 A T B 8 A% W38 A AR 2k [ 18 4% X 44 2 [
TEF SR — RV EWIE RN I E 4840, KRR BLEE ST
— ARG RY RN T & DLR AR A A [R) AR K B
IR R A AL R I

SE

MRIRT, WA, WX H, 540%, K, REH, BR4E
(2010). KFEF~EMRIFRAMQTLE M. FE LR
43, 4983-4990.

ZELF S, 2R, #HSL (2008). JKEESIH AN
TEAMERZF LS. BOUK M (FL 52 R 54, 472-478.

XEE, BEE, TA (2015). ETEH S KBSV HED
R HE TR, Skl 8, 986-994.

THER, L, AR, Tw, &8, §5k, g, it
K, BRH, £M&5x, FER (2013). ABE~BHIAZ
PR Z PR AL ) sE AL, EKFE RS 27, 569-576.

EEN, EH%, TBE, BTk, £5E, K71 (2015).
I FE e £ s P B e 2R R AT = R 2% S KR P (0 A R AL A

S EYIZ LA AL IR BT FEERE 15

FvZE, REF (2014). BRI TEHRET U™ AR H
PRZEQTL . ER RN 47, 2699-2714.

B, &, 81, EANE, L8R, LK, 2B, Gz
i, AAK, FLEE, B, WIRE, EER, ME (2016).
20154F Hh [ AP RL 47 T U E E T R, YAl
51, 416-472.

Ashikari M, Sakakibara H, Lin S, Yamamoto T, Takashi T,
Nishimura A, Angeles ER, Qian Q, Kitano H, Matsuoka
M (2005). Cytokinin oxidase regulates rice grain produc-
tion. Science 309, 741-745.

Birchler JA (2015). Heterosis: the genetic basis of hybrid
vigour. Nat Plants 1, 15020

Birchler JA, Yao H, Chudalayandi S, Vaiman D, Veitia RA
(2010). Heterosis. Plant Cell 22, 2105-2112.

Bruce AB (1910). The mendelian theory of heredity and the
augmentation of vigor. Science 32, 627—-628.

East EM (1908). Inbreeding in Corn in Reports of the Con-
necticut Agricultural Experiment Station for Years 1907—
1908. New Haven: Connecticut Agricultural Experiment
Station. pp. 419-428.

East EM (1936). Heterosis. Genetics 21, 375-397.

Fiorani F, Schurr U (2013). Future scenarios for plant
phenotyping. Annu Rev Plant Biol 64, 267-291.

Frascaroli E, Cané MA, Landi P, Pea G, Gianfranceschi
L, Villa M, Morgante M, Pé ME (2007). Classical genetic
and quantitative trait loci analyses of heterosis in a maize
hybrid between two elite inbred lines. Genetics 176, 625—
644.

Garcia A, Wang S, Melchinger A, Zeng Z (2008). Quanti-
tative trait loci mapping and the genetic basis of heterosis
in maize and rice. Genetics 180, 1707-1724.

Goff S, Zhang Q (2013). Heterosis in elite hybrid rice:
speculation on the genetic and biochemical mechanisms.
Curr Opin Plant Biol 16, 221-227.

Graham G, Wolff D, Stuber C (1997). Characterization of a
yield quantitative trait locus on chromosome five of maize
by fine mapping. Crop Sci 37, 1601-1610.

Guo T, Yang N, Tong H, Pan Q, Yang X, Tang J, Wang J,
Li J, Yan J (2014). Genetic basis of grain yield heterosis
in an “immortalized F,” maize population. Theor Appl Ge-
net 127, 2149-2158.

Guo X, Guo Y, Ma J, Wang F, Sun M, Gui L, Zhou J, Song
X, Sun X, Zhang T (2013). Mapping heterotic loci for yield
and agronomic traits using chromosome segment intro-
gression lines in cotton. J Integr Plant Biol 55, 759-774.

He X, Hu Z, Zhang Y (2012). Genome-wide mapping of QTL

© 0000 Chinese Bulletin of Botany



16 MW 52(1) 2017

associated with heterosis in the RIL-based NCIII design.
Chin Sci Bull 57, 2655-2665.

Hochholdinger F, Hoecker N (2007). Towards the mo-
lecular basis of heterosis. Trends Plant Sci 12, 427-432.

Houle D, Govindaraju D, Omholt S (2010). Phenomics: the
next challenge. Nat Rev Genet 11, 855-866.

Hua J, Xing Y, Wu W, Xu C, Sun X, Yu S, Zhang Q (2003).
Single-locus heterotic effects and dominance by domi-
nance interactions can adequately explain the genetic
basis of heterosis in an elite rice hybrid. Proc Natl Acad
Sci USA 100, 2574-2579.

Hua J, Xing Y, Xu C, Sun X, Yu S, Zhang Q (2002). Ge-
netic dissection of an elite rice hybrid revealed that het-
erozygotes are not always advantageous for perform-
ance. Genetics 162, 1885-1895.

Huang X, Wei X, Sang T, Zhao Q, Feng Q, Zhao Y, Li C,
Zhu C, Lu T, Zhang Z, Li M, Fan D, Guo Y, Wang A,
Wang L, Deng L, Li W, Lu Y, Weng Q, Liu K, Huang T,
Zhou T, Jing Y, Li W, Lin Z, Buckler ES, Qian Q, Zhang
QF, Li J, Han B (2010). Genome-wide association studies
of 14 agronomic traits in rice landraces. Nat Genet 42,
961-967.

Huang X, Yang S, Gong J, Zhao Y, Feng Q, Gong H, Li W,
Zhan Q, Cheng B, Xia J, Chen N, Hao Z, Liu K, Zhu C,
Huang T, Zhao Q, Zhang L, Fan D, Zhou C, Lu Y, Weng
Q, Wang ZX, Li J, Han B (2015). Genomic analysis of
hybrid rice varieties reveals numerous superior alleles
that contribute to heterosis. Nat Commun 6, 6258

Huang X, Yang X, Gong J, Zhao Q, Feng Q, Zhan Q, Zhao
Y, Li W, Cheng B, Xia J, Chen N, Huang T, Zhang L,
Fan D, Chen J, Zhou C, Lu Y, Weng Q, Han B (2016).
Genomic architecture of heterosis for yield traits in rice.
Nature 537, 629-633.

Huang X, Zhao Y, Wei X, Li C, Wang A, Zhao Q, Li W, Guo
Y, Deng L, Zhu C, Fan D, Lu Y, Weng Q, Liu K, Zhou T,
Jing Y, Si L, Dong G, Huang T, Lu T, Feng Q, Qian Q,
Li J, Han B (2012). Genome-wide association study of
flowering time and grain yield traits in a worldwide collec-
tion of rice germplasm. Nat Genet 44, 32-39.

Jiao Y, Wang Y, Xue D, Wang J, Yan M, Liu G, Dong G,
Zeng D, Lu Z, Zhu X, Qian Q, Li J (2010). Regulation of
OsSPL14 by OsmiR156 defines ideal plant architecture in
rice. Nat Genet 42, 541-544.

Jones D (1917). Dominance of linked factors as a means of
accounting for heterosis. Proc Natl Acad Sci USA 3, 310-
312

Kearsey M, Jinks J (1968). A general method of detecting

additive, dominance and epistatic variation for metrical
traits. Heredity 23, 403—409.

Krieger U, Lippman Z, Zamir D (2010). The flowering gene
SINGLE FLOWER TRUSS drives heterosis for yield in
tomato. Nat Genet 42, 459-463.

Lariepe A, Mangin B, Jasson S, Combes V, Dumas F,
Jamin P, Lariagon C, Jolivot D, Madur D, Fiévet J,
Gallais A, Dubreuil P, Charcosset A, Moreau L (2012).
The genetic basis of heterosis: multi-parental quantitative
trait loci mapping reveals contrasted levels of apparent
overdominance among traits of agronomical interest in
maize (Zea mays L.). Genetics 190, 795-811.

Li D, Huang Z, Song S, Xin Y, Mao D, Lv Q, Zhou M, Tian
D, Tang M, Wu Q, Liu X, Chen T, Song X, Fu X, Zhao B,
Liang C, Li A, Liu G, Li S, Hu S, Cao X, Yu J, Yuan L,
Chen C, Zhu L (2016). Integrated analysis of phenome,
genome, and transcriptome of hybrid rice uncovered mul-
tiple heterosis-related loci for yield increase. Proc Natl
Acad Sci USA 113, 6026-6035.

Li L, Lu K, Chen Z, Mu T, Hu Z, Li X (2008). Dominance,
overdominance and epistasis condition the heterosis in
two heterotic rice hybrids. Genetics 180, 1725-1742.

Li X, Li X, Fridman E, Tesso TT, Yu J (2015). Dissecting
repulsion linkage in the dwarfing gene Dw3 region for
sorghum plant height provides insights into heterosis.
Proc Natl Acad Sci USA 112, 11823-11828.

Li Z, Luo L, Mei H, Wang D, Shu Q, Tabien R, Zhong D,
Ying C, Stansel JW, Khush GS, Paterson AH (2001).
Overdominant epistatic loci are the primary genetic basis
of inbreeding depression and heterosis in rice. |. Biomass
and grain yield. Genetics 158, 1737-1753.

Liang Q, Shang L, Wang Y, Hua J (2015). Partial domi-
nance, overdominance and epistasis as the genetic basis
of heterosis in Upland cotton (Gossypium hirsutum L.).
PLoS One 10, e0143548.

Lippman ZB, Zamir D (2007). Heterosis: revisiting the
magic. Trends Genet 23, 60—66.

Lu Y, Zhang S, Trushar S, Xie C, Hao Z, Li X, Farkhari M,
Ribaut JM, Cao M, Rong T, Xu Y (2010) Joint link-
age-linkage disequilibrium mapping is a powerful ap-
proach to detecting quantitative trait loci underlying
drought tolerance in maize. Proc Natl Acad Sci USA 107,
19585-19590.

Luo L, Lia Z, Mei H, Shu Q, Tabien R, Zhong D, Ying C,
Stansel JW, Khush GS, Paterson AH (2001). Over-
dominant epistatic loci are the primary genetic basis of
inbreeding depression and heterosis in rice. Il. Grain yield

© 0000 Chinese Bulletin of Botany



components. Genetics 158, 1755-1771.

Luo X, FuY, Zhang P, Wu S, Tian F, Liu J, Zhu Z, Yang J,
Sun C (2009). Additive and over-dominant effects result-
ing from epistatic loci are the primary genetic basis of
heterosis in rice. J Integr Plant Biol 51, 393—408.

Luo X, Wu S, Tian F, Xin X, Zha X, Dong X, Fu Y, Wang X,
Yang J, Sun C (2011). Identification of heterotic loci as-
sociated with yield-related traits in Chinese common wild
rice (Oryza rufipogon Griff.). Plant Sci 181, 14-22.

Matsuda F, Nakabayashi R, Yang Z, Okazaki Y, Yone-
maru J, Ebana K, Yano M, Saito K (2015). Metabolome-
genome-wide association study dissects genetic archi-
tecture for generating natural variation in rice secondary
metabolism. Plant J 81, 13-23.

Mei H, Li Z, Shu Q, Guo L, Wang Y, Yu X, Ying C, Luo L
(2005). Gene actions of QTLs affecting several agronomic
traits resolved in a recombinant inbred rice population and
two backcross populations. Theor Appl Genet 110, 649—
659.

Mei H, Luo L, Ying C, Wang Y, Yu X, Guo L, Paterson AH,
Li Z (2003). Gene actions of QTLs affecting several ag-
ronomic traits resolved in a recombinant inbred rice po-
pulation and two testcross populations. Theor Appl Genet
107, 89-101.

Minvielle F (1987). Dominance is not necessary for hetero-
sis: a two-locus model. Genet Res 49, 245-247.

Nordborg M, Weigel D (2008). Next-generation genetics in
plants. Nature 456, 720-723.

Radoev M, Becker HC, Ecke W (2008). Genetic analysis of
heterosis for yield and yield components in rapeseed
(Brassica napus L.) by quantitative trait locus mapping.
Genetics 179, 1547-1558.

Richey F (1942). Mock-dominance and hybrid vigor. Sci-
ence 96, 280-281.

Schnable P, Springer N (2013). Progress toward under-
standing heterosis in crop plants. Annu Rev Plant Biol 64,
71-88.

Schnell F, Cockerham C (1992). Multiplicative vs. arbitrary
gene action in heterosis. Genetics 131, 461-469.

Semel Y, Nissenbaum J, Menda N, Zinder M, Krieger U,
Issman N, Pleban T, Lippman Z, Gur A, Zamir D (2006).
Overdominant quantitative trait loci for yield and fitness in
tomato. Proc Natl Acad Sci USA 103, 12981-12986.

Shang L, Liang Q, Wang Y, Zhao Y, Wang K, Hua J
(2016a). Epistasis together with partial dominance, over-
dominance and QTL by environment interactions contri-
bute to yield heterosis in upland cotton. Theor Appl Genet

S EYIZ LA AL IR BT FERERE 17

129, 1429-1446.

Shang L, Wang Y, Cai S, Ma L, LiuF, Chen Z, SuY, Wang
K, Hua J (2016b). Genetic analysis of upland cotton dy-
namic heterosis for boll number per plant at multiple de-
velopmental stages. Sci Rep 6, 35515.

Shull G (1908). The composition of a field of maize. J Hered
1, 296-301.

Song F, Peng H, Liu T, Zhang Y, Sun Q, Ni Z (2011). Het-
erosis for plant height and ear position in maize revealed
by quantitative trait loci analysis with triple testcross de-
sign. Acta Agronomica Sin 37, 1186-1195.

Stuber C, Lincoln S, Wolff D, Helentjaris T, Lander ES
(1992). Identification of genetic factors contributing to
heterosis in a hybrid from two elite maize inbred lines us-
ing molecular markers. Genetics 132, 823-839.

Tang J, Yan J, Ma X, Teng W, Wu W, Dai J, Dhillon BS,
Melchinger AE, Li J (2010). Dissection of the genetic
basis of heterosis in an elite maize hybrid by QTL map-
ping in an immortalized F, population. Theor Appl Genet
120, 333-340.

Wang X, Wang H, Liu S, Ferjani A, Li J, Yan J, Yang X,
Qin F (2016). Genetic variation in ZmVPP1 contributes to
drought tolerance in maize seedlings. Nat Genet 48,
1233-1241.

Wei X, Lu X, Zhang Z, Xu M, Mao K, Li W, Wei F, Sun P,
Tang J (2016). Genetic analysis of heterosis for maize
grain yield and its components in a set of SSSL testcross
populations. Euphytica 210, 181-193.

Wei X, Wang B, Peng Q, Wei F, Mao K, Zhang X, Sun P,
Liu Z, Tang J (2015). Heterotic loci for various morpho-
logical traits of maize detected using a single segment
substitution lines test-cross population. Mol Breed 35,
1-13.

Williams W (1959). Heterosis and the genetics of complex
characters. Nature 184, 527-530.

Xiang C, Zhang H, Wang H, Wei S, Fu B, Xia J, Li Z, Gao
Y, Ye G (2016). Dissection of heterosis for yield and re-
lated traits using populations derived from introgression
lines in rice. Crop J 4, 468—478.

Xiao J, Li J, Yuan L, Tanksley SD (1995). Dominance is the
major genetic basis of heterosis in rice as revealed by QTL
analysis using molecular markers. Genetics 140, 745-754.

Xin X, Wang W, Yang J, Luo XJ (2011). Genetic analysis of
heterotic loci detected in a cross between indica and ja-
ponica rice (Oryza sativa L.). Breed Sci 61, 380-388.

Yano K, Yamamoto E, Aya K, Takeuchi H, Lo PC, Hu L,
Yamasaki M, Yoshida S, Kitano H, Hirano K, Matsuoka

© 0000 Chinese Bulletin of Botany



18 HWFA 52(1) 2017

M (2016). Genome-wide association study using whole-
genome sequencing rapidly identifies new genes influ-
encing agronomic traits in rice. Nat Genet 48, 927-934.
Yu S, LiJ, Xu C, Tan YF, Gao YJ, Li XH, Zhang Q, Saghai
Maroof MA (1997). Importance of epitasis as the genetic
basis of heterosis in an elite rice hybrid. Proc Natl Acad

heterosis in an elite rice hybrid. Proc Natl Acad Sci USA
109, 15847-15852.

Zhu D, Zhou G, Xu C, Zhang Q (2016). Genetic compo-
nents of heterosis for seedling traits in an elite rice hybrid
analyzed using an immortalized F, population. J Genet
Genomics 43, 87-97.

Sci USA 94, 9226-9231.
Zhou G, Chen Y, Yao W, Zhang C, Xie W, Hua J, Xing Y,
Xiao J, Zhang Q (2012). Genetic composition of yield

Zhuang J, Fan Y, Wu J, Xia Y, Zheng K (2000). Identifica-
tion of over-dominance QTL in hybrid rice combinations.
Hereditas 22, 205-208.

Progress in Understanding the Genetic Basis of Heterosis
in Crops

Lianguang Shang1, Zhenyu Gao?, Qian Qian" %

' Agriculture Genome Institute at Shenzhen, Chinese Academy of Agricultural Sciences, Shenzhen 518120, China; ?State
Key Laboratory of Rice Biology, China National Rice Research Institute, Hangzhou 310006, China

Abstract In heterosis, hybrid progeny of two different inbred varieties exhibit greater biomass and speed of develop-
ment than both parents. Although heterosis is widely exploited in agriculture, a comprehensive description of its molecular
basis has remained elusive despite extensive investigation. Various models have been posited to explain the genetic
mechanisms of heterosis include dominance, overdominance, and epistasis. With the development of molecular quanti-
tative genetics, the study of heterosis has been promoted. In this review, we summarize recent progress in the genetic
basis of heterosis at the quantitative trait loci (QTL) level. QTL mapping for heterosis is discussed and its prospects are
proposed.
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