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B ARSF. e fiEm K i ag 71, FrEm%E
PEHI 7150 R RS (5 FROVE R RAS, Fil 171326
N AT P 8. DITas R, Faaish
RH30% LA EAIA A ik 19.8%, HEXTRRIEHR30%
DL B A 1925.3%, (RIS m R ST O Al
A1522.1%"0 X —F R 45 A TIIE I K A AR R Y
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PR R, 2204E 0], HEFMECIRER 150042
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=, KRG IESE T M ARAS B T 288, 3T TR K
IKFEEVEY 2 LA R BRI 2255, T NLL R ILAN 7
T TP TR S 2 Rz 5 R R B4, it
R 43 FA FH 24 Fh A 3505 (heterotic group), SERSEAS PR
FEEERC, HR, 5] AZEHFHEH (genomic selection,
GS)HiAR, M ERCHMEA, 15 I e AR
S BeJE, WAWFREIERI 2R LSRR OCHE A, 2
Fre=REARGIRPIF A, X SRR R K 4
DIEFATE 1 B2 4 A e 50R) AR e S P R AR 48 =2,
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FAE PO G AFTE R 2P RS, 256 BT &
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Hr, Xiang%E NPOFI 3600 E M 5 RN EE T
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PE— DI T X L8 [ 52 R 77 HE 6462021 45 1 7 ik
RIFAT A FE A BERE PO, B T v [ P g oK
XA 2R 2 (Reid+x Suwan+), JEER H T IR EH
TR FhOiH1899”.  Hh T4 KL R V4 7 Fh e B 4h
GURebRic . AR S IE AR 2RO 24
SPEAE AR B, DI Sk BT AR (i T B 27, P
TEAASAVED) B R b 4 L F iG55 S0 ™ ) B4 2R s Sy ]
FE.OTAER, AR R BORTE R R S F R
BTN, PR ERE A R
SRR AR R POV R A T 45 4 B v A 3 A
. BeAh, TR E NS, RN A
T SoyDNGPAEIE TR E 4 2] 1 i FE s >0, oy
30 3 PR 0 TR AR AR T Jre K 2 AR S il S i
e gz i F 4t 7 T A.
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Huraybrs 20, HR— NS R xfE DL 4 TH il R 32
AL ST B AR 2R R R, U SR EE A (1]
M2 G PR TCE: e SR e MR M 4. R
W, — 2L E Ry HA R AR ASON A  BE
HATSRAEAR AT, IPAT (ideal plant architecture 1)
FKAE R EEL R 2R SE R, PR RER . BRI R4 BE
BT IR ZMEIR, Jao% AP RAB /R TiZ 3N A1
Be. TERIAEZ TR rh, #5357 ipal- 1 DA FEDH RO FE AR R B
S IE IR REAERIAL, IR A BUIPA A B T REERORT
ZESLA AHRHY I, IPAllipal-1DARG T AR
PR 1t (0 B S PRI, A e AR 2O ] e e 3 —
PR LRGSR AGSFT (single flower truss)H:A
AR, REETHERERNF. F5EERM,
1A A KIS (sp I Hth, sfdb T2 AR i
(sfi ™, sp PIBRARIFAESE S, SWilsp 2B it A T,
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AU f) R 8 P 2 R S R T ST KA [ V5 3
[N Hd3a (heading date 3a)ff;=H 2 b B
ORI RN, H AR S AR kPR S AT AR
[ Falif FoEaARRY, Fokrp & BT —Be ik 1
SR E AR, iXiao%E APYRIMUBI3 (ubiquitin3)%:
PURBTERARER P REBr2 (brachytic2) B EAMTHI BIALE,
S A E AT EBr 2 I AR RS, IR #F
PRIE UBI3BEINFRIL, T bR = 28R L 3. Jm4F
K, BEA i i E I PR 1 A R, VEVI AR LA G
BSOS T E LR, fhn, LvAE AP S o
ARAR 24 TR (frequencies of parental variation differ-
ences, FPVDs), 7E“— Z 43RG RLIA N £]981~ 4%
FOCHAL S, AT E R N Hd3a . Ehd2
(early heading date 2)FEhd4, Z3FEF Ghd7, JR¥HE
R EE R Gn 14, T3 KA B LAXT (lax paniclel),
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ARG VAR, MEB 2. . PitE. PR
Ci ) e = R S N OB TS A R N (T W1 s p i
TERGAFMEFIE B R EEAEH, M= IRAWII.
DRI, 7055 I FHZH 2= B0s RS R BRI, 456 () 3R 4L
PETF I R LA LA S EE RAZ I AR T, X P
R EA EEHESIE.

2 EHROR AT R ISR

MR PGB AL W T AR R, M EARE RT3 4
JUHENE AN (cytoplasmic male sterility, CMS)FI4H 42
HEVEAR T (genic male sterility, GMS). 7E K5 Fh, HETF
LT OMSI = R AT AT REM MK EH
FRUL R, FENEA KT AR TR R R
S IWIRE R RRARE R, AL, VRS AP TR E
BB IESbRiE, SHIKIE ZR AR R 00 f7 A 1A A%
R PR T AR, BfE, 5K AE A OE— 25 B
TARE ZFWKE Z BB e, X R K s
TERPRHHA T AR AR G R S e SR T PTE  Be 5
fill. EAT, R LM R =B T O & ST T AL
R EBAGR RN AZ ST 6 (K1), 1%F- 5 i i 8 e 5%
WEHFAS, A G F A L-KIE AR AR, 7l 5
RS UKL RS R I S E TAE. eAh, V- 6idn]
AT REA RS E REIAT R, it 5RAIMKE
FRIATIAL, WABF AT R, FIWrgal s R K
HHe). XAV R R R AR IR T T K st
TR BHR MR R I SEROR, WA G Ac A G ReH
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Figure 1 High-throughput identification method for restorer/maintainer relationships in soybean germplasms. (a) Miniature net chamber platform
(LengthxWidthxHeight=1 mx1 mx1 m); (b) planting arrangement of parent plants within the net chamber; (c) miniature beehive (containing a virgin
queen bee); (d) cross-pollination by honeybees; (e) identification workflow for maintainer lines and restorer lines
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SR, TR L RERA R 5 5 21 25 57 i 3%,
HEF SR R A B 225, SEGFIF AEmIUE
REMEFEL. UH 2920%~30% MR A] B 1 ik
HARBARFFRIMEAFI, KIEFEAL T K M L
TIWAZIRECE. Jioh, TEC =R AR GA ik E ol 2
oh, RERRAR ) FH B R 1) 2 22 Fh 2 Y L PR S AN
IS, FA T A L BTN G, e T &
M, BRI FEAE N A B Hh, FEIE i T AR
PRI T R A2 B RVR 52 g 0 3 55 s g A 2 3L
PR, =R A Bl feh, Bk 7 Z M R4 w
AEHR, maslH, RIS =/ AFR, L%
YR A EIRE T . B R ACR M A=
FVIRE . B, AERE LRI T RS (restorer-of-
Sertilip ) RUSIRIRBUOAT b 4 BB (1 H:
HRfT . RPFRSIEINAAAE T — MK BRI, I %
SRR KA e . SR, ZEKE R R E ARSI
FIRBEFL A BAAFEDN, 3O FLR 238 i) e 42 v
FIRCRE AR, B, AR« IRE REF I FE T,
LB S R A Ay AR IC S E IR AT B 2R R, R
PR AR B R <A R S5 5 AT 25
FERRA, WA RIRE 2L 1A, ExhE

U SE BRI L £ R PPR (pentatricopeptide repeat)ih
1. Wangfl Tan* & tH FI FHPPRAE A 7EMK A = B ity
I FHRGE, MiSundE A T T PPREE 1 EAT
TERIN A, XA o7t E el Rk 2 &
FRAL T HSAE. MITEATE R SR, BRIk
B R AR R T3 v R K LA L S RN B RS
A AR EEA B R B R IERERIE IR,
R FET GMSHIHT— RS R T FFER. XA B
T IR MR R ERE A G, 22T e
PEFFI ).

2.1 K CMSHENEE ERASE P H A H

HAl, KT RECMSAH RIS,
EARABLBAT RN wREMEE. NHeH A%
Horf178 (open reading frame 178)Florf2617] HE R K5
CMS-N885SEUNE [ SCHERE . AE LA A4 A5 o
R, SR RERAREASEEEEEARRE. RS
WP RIS T L A RE L AN R R, — R
T R CMS Y £ B2 R, it 25 2 (AR DR 2w 4 A 1Y)
PRHEUR T, AU CMSHE R S f it T A R0R T, [
W N T AN AL B E AT Rk THL#A. Ka-
zamaZ A5 i {5 A B 1) 26487 44 A TALEN (mitochon-
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drial targeted transcription activator-like effector nu-
cleases, mitoTALEN)Zw48 T H., WLII@ESR 1 KR A1
SRANM R ENEA T R AP ISR T E W orf79Rorf125,
R AR BN, JFIE—DUESE T R R
KLASE R A T B R AT L0E. R, 211 A F]
FHmitoTALENEE AR B 96 UE 1 75 200 M S Afl A 5 35
Horf35253 orf31259F1WA352 (wild abortive 352)5;
M AN A AT 3 K o 13 75N R ARATR 352 40 I
HEHEA T B orf13857. FornerZ: AP¥JF & T TALEN-
GDM (TALEN-gene-drive mutagenesis)4i AR, 7EAHRELE
R PR T Nad93ER, R AR R AN B R,
I T Nad9 (NADH dehydrogenase subunit 9) i35 5878
LERADNARY R ik, i — R o N T A RS2 440
FUHEMEANE RILHE T EEAYHAR K. Chang® AT
& T mitoCRISPR/Cas9 (mitochondrial clustered regu-
larly interspaced short palindromic repeats/CRISPR-
associated protein 9)Z&Hu XK B2 JF AP AN B FE A
ATP9 (ATP synthase F,y complex subunit 9)i4 140 7] s
B, 7R T SRR ATPOSE LN, AR A rh i A R
ATPOSERFE DUBLE LA 70%, HIRRRIUMEEEARE, X
— 5% A I FHCRISPR/Cas9 Z 4t 4 il K &5 41 f e
RE R TEERNSH. 1AL, LawdSE N 5E@ il
KAEFARES. THYAHRARDNAZS L RS, ST
LR AL 1 B HAGE e fl, X — R AT &
BHET 5 T AN LRI R G AN Bt AT Rt 74
B LRI 7 18]

22 AAEIAETESEOR PO QIR SR A
GES

AFBET HACMSA T REC =R ILEFMIYEH
SR, RN R AL R FRFERT 2 ). A A S
(haploid induction, HI)F; A A fifpheix — [ BRI T Hr
OB, % AR R 240 RN AT 3145 4l 4 XU AE A
(doubled haploid, DH)Z&. H19594FE PR I Ik 7E £ K
rh R BB IMEA: FF PP Y E 28 &R Stock6 LK, — 51
2 5 PRI S L N ANMTL/PLA/NLD (MATRI-
LINEAL/PHOSPHOLIPASE AI/NOT LIKE DAD)"*",
DMP (domain of unknown function 679 membrane
protein)[m]\ CENH3 (centromeric histone H3)'*'. BBM
(BABY BOOM)!*Y | ZmPLD3 (PHOSPHOLIPASE
D3) S ZmPOD65 (PEROXIDASE 65) 453k i o) 7
Be; HED, PARAESFEABCENE. K. 51,
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T . AR S SR TR, BT CENH3
FD M PHE R 5L i FUORUF I Hp HLA 48 1 B PR <11,
PR S 38 e 5 78 35 S 5 PR 11, Ay 1) e 2V i P ) B
FOARSRAE T H R AR Y, CENH3 Bk S 5
BRI GREANSEENTRE, X & LR E Ak
HENEEEAE. CENH3M5E7E 2K 5 22 i 1)
e, MIMTEG 7 &8 b/ CENH3E H 11
— R ARG ER, ITIE B — & L i 4 &
P A A Yo (A P BAEHAL ) Wang % AU Fcenh3
TR GEAR I F T3S, WA EAR SR, X
— LR T TR BRI AT AR, Ly A
T —XHSRNA (guide RNA, gRNA), 7ECENH3
HEANIGGI AR, LT 247%0 /N A A A% i
W, HEAE RIFRNCARGRBERR, &
FREE B APRNS FACAS SRR, FEA ] R (A A 4
REWNT —LEEE/NERFEAET R, Han% A7
[ A3 o 6 CENH3FEAT 3R B, B i B AR 28
AR, I IHEAT T ERAS ARSI i, A ZGE R 2
FE S T S A JE AR A R AN R — Ak
. FE KT A S AR T T, WangZE A1)
HIR KM CENH3 W RR AT 75 3 4 AR B, JFIESE
T3 it CENH3ZE AR A R & S5 IR 5 R 1 AT gk
X — R AN Ry R S A0 L S e AN AR R
PRAL TR, WS HEEFRORAOE T A, I
b, Zhong N\ i %t K & GmDMP 1 I GmDMP2 1k
TT97%, IS T A IARE S, E—20 s Tizdi R
EREERPRHTRE. M ARARS ARG R
FMEFEALK G40 AR T R T AL R B
e

2.3 GMSIEHTERAEN S i A it A5t

GMSJE SR R Y EAR B IS, vk i
WA MREEATIR. EREEAT RZ T, 717
—RPDE . IRAEAE AR R B T A Y
85 f5U8 % A 1 (environment-sensitive GMS, EGMS),
H 45U A B (photoperiod-sensitive GMS, PGMS)Fl
IR0 A F (thermo-sensitive GMS, TGMS). F7£1928
4, Owen! g fE K LI T MEVEAR T 2848 (st 1
(sterilityl). #ZE BRI, EA30MGMSAE R EHHR
B, Hohims1 (male sterility DV ms2B | ms3B1
ms 4™ Bems 61 M E Bt GMS O S B ve RIS .

FETEGMS RS “M R 79, A4 v R AL
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SE LB, Bl 2R H BRI E TR, A SSIERUR
Z; Mk ms3FARMRIAT T [Fl—HIRBHS, AR
PRI, ms3WTB IR, FeMHms3ZARIE PE
WA eIz Y SO AR AR SO A E
BT W R 24 KRG B R, ST Al AT
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VAR, FTHa 2 GMSHELN B 5310 ik 2 duss
HREA, CAEKREECY | RSOV by b o
S JCHURIKAEAI N A SR B, AL BN T RIAS
BRI E, HEMEREREFE R ILF MRS
HAR T PEIEOCHEET HAS, KB T E HIMS2
MOHLHZ G 515, TiMS6J& T-R2R3 MY B# 5% [
T B BB N T AR e AR
¥, X RN T IO BIGMSIE R 553 e e &
Fh R GEEEAL T AR R SE R PR, K2)ROR TR TGMSHY
FIMAZKEEMARG TAEREE, ZRG LM =4l
AR IR GMS AT R P FE R H. AR TE5
CERIEMRIR R, B3R A K E E M
ARALBE 5o IRA AR E ), 38 T SE B 54T AR
A AL, FEo 2R T 2R s 1, AT 438
Tl il o g FH B e .

24 BREHESEORGIBIN CHEVEA T £

TR 2 BB A % BR RLR R 5 sk, itk
SEANMEE AT TR ARG A A, SR, R4
ARMERN SR FRIBE RT3 22, 5 sE e 3% 5 AL AE
WHEHMIER KB, BRE TR M)z N
FACOL R R TR B AR e, T AR e
PeAb ML, H RGBS O EReE, &84k
SN EMELIA U, AR, BREE S AN
BHEARRERIH K GAT RO SEAHE T A B .
Rao 51 12 76 7K FF AL K3 r 4R 57 3R A TR K U5 I N- £ Tk
AR B R SE N argE, WL T BRERE S0
AT, MIMEAN-Z B T i (N-ac-PPT) Y,
argB ] Dl o I EESEIEAE T, B o8 BIN-ac-PPTH 1k

FAE BRI T, D A e AT MAEAT
FHN-acyl PPTIIENL T, 5 FEPIRARAERAT PR HF I 7T
B SzelugaZs NP2l id 78 K & P 5| ABarnase (Jih%
WA R ) S M 2 1 5 N barstar, TR T —FE
PERTYRE (BRI AT HR, 1E R GAEZ 5
HZ SR K barnase, REWSIFMOES)ZANN, HF
TS B AL EGE; TiBarstarm S (3 0] 0] LD HIBar-
nasel& Pk, MIMIPKIE K AR T IE. Feng AP HlYang
S NP R T — R A SR R,
FHAMIIRNAT 5 CP4 EPSPSHIZE A, FIHE XK
PR PR R L U S /N T HRRNA  (mts-siRNA)fih &
HEE T CP4 EPSPS mRNAFR PR A, 18 52 Wi it 2
HBEAES TR EEAT. BRERESEEAT
REA BEH — I mnT LB — R, 5—J5m
G B N T AMERRAE, DT R AR A 3 il Fh i A Tk
A L, A ARTE KT A5 il Ffr o J B 5K 4 iz
W1, SR, TR A AR Lt o R 7 1 A
i, WREATEA B RS ABIR S, 75—
AL

3 KERARNPTHELR

TEAAR A=, AN FE R A WA AN )
I HIRIAES) 22 5. REAE N — PR B AER2H
YEY), h TR AESSSEReIE, Iz Aem Bk . 1€
WA AL, RN T AL B RO 35 32 R
ERFE AR, R HATENREGHE, BEAS UL LI
FIREMER MR, XA R O B AT BB
SRR oA Oe A, faX —id e, SRR
SEAY ARG BEAREE SERE I SR bR, A%
YU TRl iR, R A A B B R
SN A U1 [ 315 W NICIEZ B ae SV A PS a NIE Y 4
AR RO . Ze3d 30 248 (R S AR 3
WS ER A B, AR T R AR EAT ZARHE
FACRITMR I B EZF(E3). X—BGEEY, &’
VLTSS 13T AP NR S S P S - SIS NS
FOR T8 5 S ACRR AR R RO B 8 55 B, 2
PTFAAER L BB R CR A T IR .

3.0 SRR RO FZ g AR H]

FUR, &SR S Rh 32 ZAR A, 5%
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Figure 2 The workflow of the third-generation hybrid soybean breeding system based on GMS. Any soybean stable recessive genetic male sterile
(GMS) line (ms/ms) is incapable of self-fertilization. However, a multi-control maintainer line (MS/ms) can be created by introducing an intelligent
multi-control vector (containing an MS fertility-restoring gene, a pollen-lethal gene, a red fluorescent marker, and a resistance selection marker) into the
GMS line. Through self-pollination, the multi-control maintainer line segregates into recessive GMS progeny (ms/ms) with normal seed coat color.
These sterile lines can hybridize with any fertile line (MS/MS) via insect-mediated pollination to produce hybrid soybean seeds (MS/ms). Additionally,
the red fluorescent seeds of the multi-control maintainer line (MS/ms) generated by self-pollination can be recycled for continuous propagation of
recessive GMS lines (ms/ms)
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Figure 3 Seed-setting performance of soybean cytoplasmic male sterile (CMS) lines with varying outcrossing rates under bee-mediated pollination.
(a) Low-outcrossing-rate CMS line paired with its corresponding maintainer line; (b) high-outcrossing-rate CMS line paired with its corresponding

maintainer line
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Figure 4 Strategies for enhancing soybean outcrossing rates. Breeding soybean lines with non-fused keel petals, enlarged anthers, high pollen
production capacity, and well-developed nectaries promotes both anemophilous and entomophilous pollination, consequently increasing outcrossing

rates in hybrid soybean parental lines
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Soybean (Glycine max (L.) Merr.), a globally vital multipurpose crop for food, oil, and feed production, plays a critical role
in ensuring global food security and supporting the development of livestock industries. However, its yield per unit area has
not experienced significant improvement over the past century compared with crops like maize and rice. The utilization of
heterosis is one of the critical strategies to overcome soybean yield bottlenecks and significantly improve yield per unit
area. Hybrid soybean breeding, pioneered in China, achieved milestones including the world’s first practical cytoplasmic
male sterile line in 1993 and the establishment of a three-line breeding system, followed by the approval of the first hybrid
soybean cultivar in 2002. To date, 46 hybrid soybean varieties have been certified, showing yield increases of up to 20% in
regional trials, indicating strong potential for broader application. Currently, hybrid soybean breeding is in a critical
transition phase from pilot testing to industrial-scale commercialization. However, constrained by soybean’s inherent
biological traits and challenges to economic viability, achieving large-scale heterosis utilization remains a unique
challenge. In recent years, the continuous emergence of novel technologies and approaches for heterosis utilization has
driven sustained advancements in its application efficiency across crop species. Nevertheless, hybrid soybean breeding still
primarily relies on traditional breeding methods and urgently needs to be combined with modern molecular design breeding
to accelerate the industrial application process of hybrid soybeans. Therefore, this article summarizes the challenges and
bottlenecks in the utilization of soybean heterosis and discusses the innovative approaches from four aspects. Firstly, in
terms of mining and enhancing heterosis potential, this article discusses the feasibility of soybean heterotic groups,
genomic selection, and heterosis gene design breeding in tapping the potential of hybrid soybeans. Secondly, regarding the
creation and application strategies for new sterile lines, this article analyzes the application prospects in soybeans of new
technologies for creating cytoplasmic male sterile lines such as mitochondrial gene editing and haploid induction, as well
as the two-line systems based on nuclear male sterile lines and third-generation hybrid breeding technology. Then,
concerning methods for improving parental outcrossing rates, this article points out effective ways to enhance insect-
mediated pollination efficiency by altering flower structure and improving traits related to insect-attracting substances.
Finally, in terms of optimizing hybrid seed production technology systems, this article proposes solutions for mixed seed
production using parental seed phenotypic differences, fertility gene traits, and herbicide resistance differences to improve
seed production efficiency and reduce costs. These approaches aim to systematically harness the potential of soybean
heterosis and support the high-quality development of the soybean industry.
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