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Figure 1 (Color online) Timeline of reproductive isolation research on Poaceae crops. (a) Timeline of reproductive isolation research on rice.
(b) Timeline of unilateral cross-incompatibility research on maize. (c) Timeline of hybrid necrosis on wheat. The black fonts indicate that certain loci

were first reported, and the red fonts indicate cloned genes/loci
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Figure 2 Genetic interaction models of two-locus. (a) Model of hybrid necrosis/weakness. During the evolution of the ancestral population, non-
functional alleles (a/a; b/b) independently diverged into two functional haplotypes: 4/4; b/b and a/a; B/B. When individuals from these divergent
lineages are crossed, the resulting offspring (4/a; B/b) simultaneously express both dominant incompatible alleles, leading to a genetic autoimmune
syndrome. (b) Model of the duplication gametophytic lethality. Following gene duplication and parallel diversification in ancestral populations, two
alleles, 4 and 4’, were formed. During subsequent evolution, mutations in either 4 or A” gave rise to non-functional alleles, @ and a’, respectively. When
two diverged populations carrying 4/4; a’/a’ and a/a; A’/A’, respectively, are crossed, the F; hybrid produces gametes carrying both non-functional
alleles (@ and a’), resulting in gamete lethality and hybrid sterility

3038



ISk

[ e iy .
— r——n S =~ = a
oo — #hR —

= - -
N BEDR \ BUNR \
@ B Ak /

Bl 3 (R ROR () A A B ARREAY, (a) “TRZG-MEER A RIRY. TERPRIBOE A A2 IF, GRRANE (L e d)h, <22y i Aor L%
I FIE, “fae LI T s BL T, B2 MR 200 A IC TR B bR . (b) A8 T-HEARRERL. TR RIS Rb ] 2452 UF, (AR E AL
FAZE)H, AT U AR BT, PR R, BTN

Figure 3 (Color online) Genetic models of one-locus interaction. (a) Model of “toxin-antidote”. In interspecific or inter-subspecific F, hybrids
(heterozygous at hybrid sterility loci), the “toxin” is expressed in the sporophyte and induces gamete abortion, while the “antidote” is expressed in the
gametophyte to protect gametes. Gametes lacking the “antidote” are selectively eliminated. (b) Model of “killer-target”. In interspecific or inter-
subspecific F, hybrids (heterozygous at hybrid sterility loci), the “killer” recognizes gametes carrying the incompatible “target” and triggers a toxic

response, leading to selective abortion of these gametes
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Figure 4 (Color online) Genetic model of unilateral cross-incompatibility in maize. S-haplotype possessing both male and female determinants, wild-
type having neither. During reciprocal crosses, the wild-type silks can accept pollen from both S-haplotype and wild-type plants, but the S-plants silks

only accept self-pollen
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FRSEREEE A B35 22 5197 Hermsen!® 1 JE TR 48 ™ 5
FREEHNT T MRS i R R Ge: FIRFERRFERI 53R 8
GG, Hrhe~89 " H IS, RINFTEER &
PR e R A LR T, To " A1 3~64 N s
WFE, Zese frARALEE P BLaAFh ¥ 0~3ZU N R EEIRAE,
FRRIIEH .

20214F, =APSEATSE AT BRIR) I B T Ne2 BEH Y
e TAEN 2 B BINe2 5 /N B 5 R [ Lr1 3/
LrZH22 M [a—3E [, 4ifih—NLR(nucleotide-binding
leucine-rich repeat)ZRRIPUIRAE . 20254F, X 5HH
A2 ol e R I I BEARAT T Ne I3 N, & 4% —A
ABH(alpha/beta hydrolase) %<5 8k [, I3l i 5 Ne2 3]
VEFARAE A B e Sy, s & Z4FaRst. ffi1i
WFICIR IR, Nel (1557 HEPRUFIPE DRSS/ NAZ T
WHLIER A2 2R IR R Ak o 0% U5 o B 2 B0,
Ne 23557 & RE AR St A v s B0 A 030 18 28 v b
SRRSO Ne THEBLAR ARl P SRAR T 1 b, a2
SER R B A AR T I Ne2/Lr 1 350 1 5 T BUNe 1
Bt PR, AT AR AR IR SEALR L P
Pe 538 RV B R AL T SR SR

2.4 SRR TR HALEING 5] 55 2 e PRk

KA« ARAI/INE ) L B i S ML A 2 BEL G2 ()
AL, BEMIEE DR S RUET R, S th T
LI SR AR, S SEpL 2 BT AR UARAE, H
TEBEA IR FP AT R B — R B PR~k

M TR, KT T B T
PR-E A BT 5 K B[] 2 S AN SR AL A
AR, 3o 1 o A B o 25 2R e 44 7 B A SR L 1Y
LRI TR TR, <R InfHReat
—AEREARIC T IE W A T EER, TR KB ) A S AR
ARG, HE22PE T RSB RI e, 4
FEPERHAT AR R AEA W 4. AR, KA PR
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HICVF ALK B AER R T R BTL ™, RETHBRIX
FRRERT. AL, AR Y EE SR B BRI 5/ N A R R IA
SEMLHIEAFAEAT I, P 24 th PSS B e A5 Ao
s, BAF AR B B P R Bk s PR
Aoy A HE B R

TRASRTREEAE Y A A R B L B A B B B
WHSCERE S XA B TS T E R RS
M TZRFP LS, T REE L IR N A 2 S4B s R
AR L B b B A T 1 BRI R ST, I LERIE ST
IR J S 2 2R 58 A b B AR RO A 4
P B PR S S MIEOR ST,

3 fEAsEb R S sy B AL

oK AR, — X I AR L TR L
oy e SRS R S G VeI E %y & A TRar 7/ L LS v e L iR/ 820
AR TC IR 3 B R A T SR SRR i . SR, A
SRR 5 T (R 8 AR B 1 I —— iy
Z40K B (meiotic  drive). IX—IGAKH T A R (L ook
(selfish genetic elements)fE R 1 it Bt Lo ik
RSN, TR [ B B3 1).

RIS 2K S A B9 4 T 19424 Rhoades! )
Xt E K H 105 Y4 (41K (abnormal chromosome 10,
AbLO) &I, W5, 17 T Abl10dEZE 22k: X IR Y =+
Y0 [ 21 (knob) 76 MEBC T8 Bt 2 v R B A S A% 1
FEPE, (HAERERL 15 1 R U PR R . X AP AD1O
M FRVIKSIHLG IS T YRR, HAZ O TREE
Sy AL G A o B DRE BT & 22k (neocentro-
mere). IXSHE ZRARE A T A 1 REGS e
T FRIR RS 311, I St A 5P 2 a7,

W FEEMTE, Sy i 180-bpak350-bpl) &
A PR, A& kiR 51E%
105 Y A ARA L, Ab10GL (IR EASMD &4 57
T : 34~ 5 G £ ST 2 2H A TR L DX S8R 14 3 K g 5
Yeta SR, DL PR SEEOE JO), S seE o
BASERESM, Hae s R e U 5 e o
4. (HAERERRE, FEeAb10RA KRB IRIR T H0F5
YA T AR N A R A B Y, H PR T R AR O
BT HE IS T IRE AR BRE JT, X R P YL AR i
F T E— RO IR i A E G B A oo,

TEMERC I it B rh, R U 53 2 — s o 24
PP RENE I L O R MR R 4G T 18, XFRRIRAA
IR B AL SO U T O Es pLss. s
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FWH, i R U Ab 1077 AE R A R o g2 271,
HAERNE, FYOTTAAUE E AR R, dff
TE T HE A R SR A TR YL EAR . Ab1OXT 7
Qe Al )t B E R SR (i e R ), ORI fL By
SESE, X TR IR AL EE M 7= A TR R T e
AbIOFFTERIIEOL T, A BSOS 1 5 4 (4 i Al S 9T il
EEE s, AR s RS S R T G 22
72,

Dawe NI F20 184E BTN 1 Ab102: 580K
I3 BLRSNRY IrTALH. WFIE AR BE, AblOREBSNKE 57 4% (45
AL BRI SeAL R R ERIZ S R 226, TEADLO
Peta R AR — e 8B i B N, #dm4a
Kinesin drive(Kindr)Z &1, 1258 5 WA —FEHoE
TR Ui W s s 1, RRfE AR rESs & S gL o i
180 bpE KT, MIMEHERE 2200 1s s A S
i, BE—BIEEM, Ab10-smdlFIAb10-smd 123X Hi
AR ALNATE Kindr 5L 75 3R B DN A B4 K
VTR, FEKindrde ik i W EREAL, B kg
xR, HAHEALIOREERIRENRE S e 2TH k. X — LM
T Kindrf RNAIZ Z2 55075 B dE— D RHIE, XS5 R
L= YRy G L i) it WAL i3 e i Fu N s 2| B iy
BRI, TEd £ 12005 F I RE D, Kindrdf 4 R 2
BE K EE A B A4 7 L T RIS ).

20244F, Berube i \TE K 5 B PR 2 (1Y
Wiz 2 O T —FERC TR R R o S R G, TR
HARS R Teosinte Pollen Drive(TPD)E:NERBh R G5, WF
FERI, BUAEH FARE S0 8F K24 B4 58 Mo A
A5 EARMFIW2224 50T, IS FRICER T
FHEARF RGN M1, (HLPREE LA
BRI IR AT 8 TR A7 504, B A
SO E XL IR 5 5 g (K i) Tpd 1 Befle 5 g4
R 0 Tpd2 v BeAL IR TS, X Al Bes ki
TRAFUTE R,

MW FHLHIKRE, Tpdldifs—FK 58 3E 4% hair-
pin RNAs(hpRNA), FEHERCT-H A 485 0922-nt hair-
pin short interfering RNAs(hp siRNA). X 4EsiRNAG#H
A ] 35 A% 7 B Y N 2 L (R Teosinte - Drive  Responder 1
(TdrD) K5 AERPRIAET . SR, X FNBBLRN AT 9 2
DA EC TR AR BT — AR Dicer-like 2
(DI )BT ALEN LR, 5 —F R T 6T Jefafk
AR E B Tpd2fi 5.

TPDARGE )@ T M AR B 2 - dE M R 58, i)



ISk

B, A Yo ss v AR A SRR v, i REsT) v e 2,
WG Tpd ITE25 ) M BUZ R G be it TR ILH. B
PEAE REAYHERE, FABARRE R ANLE B Sl K& R
FEB A, KLETE 2 MR 05 | A TR, e
RPN RS b SN o T g VTSR B8
fe—LENIR B Z M Z B E 2R ZARZMNA
BUAURRE T TORAE G2 0 A st A 2, a8k
FY SRS T M T2 AR/ DRN AR L TG
THRERRE.

IKFEAFIA T 5 T K IRE 3 2K Bl O E 11 128 5
FESRBL M B R, (B HBR LA
JRZESE. IKREZPIAN T 1 AL ARl FA ELAR
BRI T B L 5 R BUER], T TPDYSIEL /) 348K
RGN 2 EPRAEE SRS F IR, ER T
B, BARESERR R T RE BN 2 BB, 150w R
FA B BHA ZUEPERAE. 980800 2E3R S Sy — R
SET A B R BRI PLE, i A A TR S
i, [RVRERENS S BUC 1% b 0o i O 2 o P/ S
A BB, X — R IR T Y TRkt
P B PR EEL I B 52 2, O PR Rl 2 AL A 5
PR BRI TR

4 WitHhER
ARSI S A it A i R A E BB, AR i
A B e B R A AE T B R 2 1. SR R
el A RS PR B Bh, RSB G S A ep
MOCE BN IR ST 3. (EAR AR, WEIRR
GEILAIARTR, X LR 1Y T S A A 2 25 A T A
AR FAHEL. N, B A SN R BR ) T L
AL, B R B BELA AL A4 4 R T LASE T I e e o
MR R AR s IR K ) T B i B B AR
TTRE T 2 SR PR A A, (R XA AR T
TEBE I R, A7 BT SR & i b S BUORS i T 4
BEERAE. TR, AT =T A A e 2 14
RT3 AL, IFEh A SEbRTa R, A BRI R
SR, A B B o ) R I e A R T R BT A < HL IR,

4.1 IREEARMES R R

B T 19874 FE T T /K RAZ LS5 I HIAY
=B W SR = AR TR R RN R e R 3, UG
PRI A LA ) 2RO, RSB T RS
A BE G AR R AT, Sy SR Ao i) 1 IE Ao 1] 2% 52

AEANGIE, BTG FZER LT 3R (1) K
AR RSN R E ST R AR (2) i el 50k
il 25 A3 35 [ S- 5 ACKE AR st 28 25 7 2 TR S-S AHl
i, BIHEERL ORI R SO R R (3) IS 2
PR GER AN HI AT PR REERE N, BIRIA TR
FIZ.

4.2 FORMIASAEH AR SR GIHR

Bl R ML AL K SRR ARG N, ARG A 8] B R A
TR DRSS e i 0 N N 16 Al S
ES Wobw Te N b e ) 8 y  S P U A b i
Gal-S. Ga2-SK Teb1-S55 5. 5238 A FEFL T AL
KA, T RIS 4l A 2438 AN A B Bk, AT 1k
MG, PREFF PR, SRR e iE A &
KA TR YA R0 gt — A
gl ] RA AR A E RN AR, BR
B AN E L RS Gal . Ga2 M Teb]l =ARFIF AT
FARTCRE B IR R AR, B B R .

4.3 INEERPIRHEIE D) & il H

INFE TR Y KL K Ne  FINe 27 4 BRAS [ i X 5 e
W AR AFAE B 22 52, 7R B Fhad B e e 3
R, I, A hil P fe vh 75 5 i O S Rh
MR Z AR PR BEIE R AR, ] 3 3 o7 A5 4 St 4 FhRic
AR AT TR, hEfNe LI Ne2 i [R] I 3R 5.

4.4 fmsy BBt ERO BN

Z AR AFAE RIS IS A &, W
TR TIRAG MIER IR 45, X4 R G AR
S5 B IA TP BRI Y, i A A Bl S
REEARBEI 1L R e 00 B0 K 3 JURPE. 20244F, Bk S
BA1F FHCRISPR(clustered regularly interspaced short
palindromic repeats)$¢ R & | CAIN(CRISPR-assisted
inheritance utilizing No Pollen Germination 1)Z& %8, %
FH B2 2 LRI T /R st A%, A PR L el
EARHE TH TH.  Oberhofer®: AW CIvR(Cleave
and Rescue) RS oi-m i L Ia T IE YKT61, SEHL
T ORI, HAMEEBIBOPE SR EE R A A X
LG 1 Je by i PR AR Bl AR Y L A BE5E 1 il

4.5  BIRSSHIE AR 5 TR s
RABHEY I 2 2= S A2 R LS T ik A R
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WU FTAE RS, A N4 O 22 A PR AR AR AR 7
E. B AR PR R R 20 22 WA i, H

RN Hrh eI R, HESIBE ST A2k
PITIRE AL . ORI ARSI L.

HENEEABUGRBAEIERE, X EEAG R TR BZ, AT A FERE AL, 1290 SC %
HATE. FEJE20134E IR, BEE SEN g BRI JEIA, %ﬁﬂﬂ?ﬁﬁﬁﬁzﬁﬁﬁf B 1A, SR RS
MEZSEILNH R AT, MOCHEN R L AR R SRR AR e P OL TR T R 25 He
. AN . A EIE  BT R BEAh. BEEIESH ﬂ'ﬁ/{ SR> F B AR
DR T ORI, ASEYIE Bor iz 5 RS, 2R OL 3 R U BT 4 2.
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Reproductive isolation refers to the phenomenon whereby different species or populations are unable to produce viable
offspring through normal hybridization under natural conditions, or their hybrid offspring exhibit inviability,
developmental retardation, or gamete sterility—thereby restricting gene flow between populations. It is not only a
fundamental evolutionary mechanism for the formation and maintenance of species but also a major barrier that limits
distant hybrid breeding and the exploitation of heterosis in crops. Systematic identification of the key genes regulating
reproductive isolation in rice, maize, and wheat, along with elucidation of their underlying molecular mechanisms, holds
significant theoretical value for the development of superior germplasm resources and offers critical support for modern
breeding strategies. We review key advances in the study of reproductive isolation genes and their molecular genetic
regulatory mechanisms in rice, maize, and wheat, and outline future research directions. First, we systematically
summarize recent genetic research on reproductive isolation in crops from three perspectives: the types of reproductive
isolation, theoretical progress in the field, and the historical development of reproductive isolation studies in Poaceae crops.
Second, we focus on the genetic and molecular basis of representative reproductive isolation phenomena, such as hybrid
sterility in rice, unilateral cross-incompatibility in maize, and hybrid necrosis in wheat. In rice, classical models explaining
hybrid sterility include the duplicated gametophytic lethal model and the one-locus sporo-gametophytic interaction model.
In maize, pronounced unilateral cross-incompatibility is observed during cross-pollination, with the most well-
characterized system involving three loci—Gal, Ga2, and Tchl—which are regulated by both female and male
determinants. In wheat, hybrid necrosis is caused by a dominant complementary interaction between Nel and Ne2, which
triggers an autoimmune response leading to necrosis. These mechanisms act as barriers to gene flow and constrain the
creation of novel germplasm. Despite the species-specific nature of these mechanisms, a degree of evolutionary
conservation can still be observed. We also explore the relationship between reproductive isolation and segregation
distortion. While reproductive isolation can lead to segregation distortion, the latter may also arise independently from
various sources. Among these, meiotic drive represents a distinct genetic mechanism whereby selfish genetic elements are
preferentially transmitted, causing deviations from Mendelian inheritance and significant segregation distortion. Based on
current research, the paper emphasizes that while the utilization of heterosis is a crucial strategy for crop genetic
improvement, reproductive isolation barriers substantially limit its potential. Therefore, overcoming these barriers is a
critical prerequisite for the effective application of distant hybrid breeding. Future research should prioritize the elucidation
of reproductive isolation mechanisms and guided by practical breeding needs, develop targeted strategies to transform
reproductive isolation from a “barrier” into an “opportunity” for innovation in crop breeding. This study systematically
investigates the regulatory networks underlying reproductive isolation and explores their potential applications in crop
genetic improvement, aiming to provide new insights and references for both theoretical research and practical breeding
applications.
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