PLANT GENETICS
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controls hybrid sterility in rice
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Interspecific Asian—African hybrid rice could substantially boost
yield but is limited by severe hybrid sterility. We identify RHS3
as a major quantitative trait locus controlling this trait. RHS3
encodes a tripartite toxin—antidote system composed of MAO,
DUN, and JIA, in which MAO acts as a toxin that aborts gametes
by disrupting mitochondrial function, whereas DUN and JIA
function as antidotes that neutralize MAO toxicity, conferring a
transmission advantage to the African allele. We demonstrate
that detoxification relies on selective autophagy through formation
of a tripartite JJA-DUN-MAQO protein complex. We infer the de
novo origin of RHS3 in the AA-genome rice lineage, illustrating a
role for genetic conflict in speciation and suggesting strategies to
harness heterosis between Asian and African rice.

Rice (Oryza sativa) is the staple food for more than half of the world’s
population and is central to global food security (Z, 2). Only two rice
species have been domesticated: Asian rice (O. sativa L.), derived from
O. rufipogon in Asia, and African rice (O. glaberrima Steud.), derived
from O. barthii in West Africa (3-6). Asian rice is characterized by high
yield and grain quality, whereas African rice possesses strong tolerance
to biotic and abiotic stresses (7, 8). Consequently, interspecific Asian-
African hybrid rice can outperform conventional rice varieties by 30 to
60%, offering substantial potential to increase rice productivity (9, 10).
However, severe postzygotic reproductive isolation, particularly hybrid
sterility, limits the effective exploitation of this interspecific heterosis
(I1). Despite extensive efforts to elucidate the genetic basis of hybrid
sterility between the two species, only one locus, S1, has been cloned,
and its underlying molecular mechanism remains unresolved (12, 13).
Thus, how hybrid sterility loci establish reproductive isolation between
rice species remains largely unknown, posing a major barrier to the
utilization of the interspecific heterosis between Asian and African rice.

Hybrid sterility is often caused by incompatible allelic interactions
at specific loci, many of which encode toxin-antidote systems (also known
as meiotic drivers or segregation distorters) in diverse plant and ani-
mal species (14-17). Well-known examples include the PK3 locus in
Arabidopsis (18), the S5, gHMS7, and RHSI2 loci in rice (19-21), the
sup-35/pha-1 elements in nematodes (22), and the t-complex in mice
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(23). In hybrids, incompatible allelic interactions at these loci provoke
genetic conflict, conferring a transmission advantage on carrier alleles
over noncarriers and thereby distorting Mendelian inheritance. Such
transmission advantages can promote the spread of carrier alleles
within natural populations, contributing to speciation and mainte-
nance of species boundaries (24-26). Despite the prevalence of hybrid
sterility loci across diverse taxa, their evolutionary origins and molecu-
lar mechanisms remain poorly understood, limiting our understanding
of the forces that drive speciation.

Here, we identified and cloned RHS3, a major locus underlying
hybrid sterility between Asian and African cultivated rice. Functional
and evolutionary analyses revealed a noncanonical tripartite toxin-
antidote system and uncovered a direct mechanistic link between
selective autophagy and reproductive isolation. These findings provide
insights into the evolution of interspecific genetic conflict and offer a
genetic framework for overcoming reproductive barriers and exploit-
ing interspecific heterosis between Asian and African rice.

RHS3 controls interspecific hybrid sterility

Hybrids between Asian and African cultivated rice displayed severe
hybrid sterility, with markedly reduced pollen and spikelet fertility
(Fig. 1A). Quantitative trait loci mapping in a BC;F; population derived
from DJY1 (Dianjingyoul, a japonica variety of Asian cultivated rice,
genotype jj) and IRGC 102295 (an African cultivated rice accession,
genotype gg) identified two rice hybrid sterility (“RHS”) loci on chro-
mosomes 3 and 7, designated RHS3 and RHS7 (fig. S1A and data S3).
Because RHS3 colocalized with the previously reported S19/S64 region
associated with interspecific hybrid sterility (27, 28), we prioritized it
for further analysis.

A near-isogenic line (NIL) carrying the IRGC 102295 allele at RHS3
(NIL-RHS3) was developed in the DJY1 background (fig. S1B). DJY1
(RHS3-jj), NIL-RHS3 (RHS3-gg), and their F; hybrids (F-RHS3, RHS3-gj)
developed normally and showed high spikelet fertility (Fig. 1A and
fig. S1C). By contrast, Fi-RHS3 plants displayed pollen semisterility,
whereas both parental lines exhibited >95% pollen fertility (Fig. 1A).
Cytological analyses revealed no obvious defects during tapetum degen-
eration or early microspore development, but nearly half of the pollen
grains showed delayed development at the polarized microspore stage
and were arrested at the bicellular stage, exhibiting reduced starch ac-
cumulation and defective pollen wall formation (fig. S1, D and E).

Reciprocal crosses revealed that RHS3-gj and RHS3-jj progeny seg-
regated at a 1:1 ratio when Fi-RHS3 served as the female parent and
DJY1 as the male parent, whereas only RHS3-gj progeny were recov-
ered when F;-RHS3 was used as the pollen donor (Fig. 1B), indicating
normal female fertility and transmission failure of RHS3-j pollen.
Consistent with this observation, Fi-RHS3 plants displayed pollen
semisterility irrespective of cytoplasmic background, and the F, popu-
lation segregated 1:1 into fertile (RHS3-gg) and semisterile (RHS3-gj)
plants (fig. S2). Together, these results establish RHS3 as a single nu-
clear gamete-Killer locus that selectively eliminates RHS3-j pollen.

To identify the gene(s) underlying RHS3, we compared the corre-
sponding genomic intervals in DJY1 and IRGC 102295. The RHS3 locus
spans 53.8 kb in DJY1 and 142.7 kb in IRGC 102295, largely owing to a
~94.3-kb structural variant (SV) in the latter. Seventeen open reading
frames (ORFs) were predicted within the aligned interval, including nine
shared genes, one DJY1-specific gene, and seven IRGC 102295-specific
genes (Fig. 1C and data S4).
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Fig. 1. Genetic analysis and cloning of RHS3. (A) Representative plant morphology (top), with spikelet fertility shown as insets, and pollen viability (bottom) of Asian rice DJY1,
African rice IRGC 102295, near-isogenic line NIL-RHS3, and their F1 hybrids (DJY1 x IRGC 102295; DJY1 x NIL-RHS3, named F1-RHS3) (n = 5 independent florets or panicles).
Red arrowheads indicate aborted pollen grains. Scales bars: 20 cm (plant), 5 cm (panicle), 100 um (pollen). (B) Genotypic distribution of RHS3-gj or RHS3-jj alleles in progeny
from reciprocal crosses between DJY1 and F1-RHS3. Percentages and total plant numbers are shown for each cross direction. Asterisks indicate statistically significant
differences (XZ test, *###P < 0.001). (C) Genomic organization of the RHS3 locus. A total of 17 ORFs are annotated within the mapped interval. ORF4 encodes JIA, gORF10

encodes MAO, and gORF16 encodes DUN.

MAO-DUN encodes a toxin—-antidote system

The selective elimination of RHS3-j pollen in F;-RHS3 plants suggest
that the RHS3-g region from African cultivated rice harbors a toxin-
antidote system. Individual disruption of the 16 predicted genes within
this region in F;-RHS3 plants revealed that pollen viability was re-
stored only by knocking out gORFIO (Fig. 2A and data S5). Consistent
with this, genotypic segregation at RHS3 in T; progeny reverted to the
expected Mendelian 1:2:1 ratio (jj:gj:gg) (Fig. 2B and fig. S3, A and B),
demonstrating that gORFI0 functions as the toxin that eliminates
RHS3-j pollen. We therefore named this gene MAO, meaning “spear”
in Chinese.

By contrast, repeated attempts failed to disrupt gORFI6 in F;-RHS3-
derived calli, suggesting that it functions as an antidote in pollen as
well as somatic cells. Using green fluorescent protein (GFP) as a proxy
for cell viability, we found that MAO expression abolished GFP signal
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in rice calli, whereas coexpression of gORFI6 restored the signal (fig.
S3, C and D). Consistent with this, knocking out gORFI6 in the MAO
mutant background generated MAO/gORFI16 double mutants with nor-
mal pollen and spikelet fertility (fig. S3, E to G). Moreover, introduc-
tion of a genomic copy of gORFI6 into F;-RHS3 plants increased pollen
viability to approximately 75% in T, transformants (Fig. 2C), and seg-
regation at both the RHS3 and transgene loci in Ty progeny followed
the expected 1:3:2 ratio (RHS3, jj:gj:gg; transgene, —:t-:tt) (Fig. 2D and
fig. S4, A to C). Together, these findings suggest that gORFI6 acts as
the antidote that restores fertility to RHS3-j pollen. We therefore named
this gene DUN, meaning “shield” in Chinese.

Introduction of linked MAO and DUN transgenes into DJY1 reca-
pitulated the Fi-RHS3 phenotype, causing pollen semisterility with-
out affecting spikelet fertility (fig. S4, D to F). The transgene likewise
segregated in a 0:1:1 ratio (—:¢-:¢t) in Ty progeny (fig. S4, G and H),
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Fig. 2. MAO and DUN act as a toxin—antidote system mediating pollen semisterility. (A) Knockout of gORFI0 restores pollen fertility in F1-RHS3 plants. Data are means + SD 9
(n =5 independent florets). Scale bars, 100 um. (B) Segregation of RHS3 genotypes in progeny (T;) from selfed gORFI0 knockout F1-RHS3 plants follows a 1:2:1 ratio. t.)t>>
Asterisks indicate statistically significant differences (X2 test, ###P < 0.001). (C) Introduction of a single-copy gORF16 transgene partially rescues pollen fertility in F1-RHS3. =)
Data shown as means + SD (n = 5 independent florets). Red arrowheads indicate aborted pollen grains. Scale bars, 100 um. (D) Insertion of a single-copy gORF16 g
transgene into F1-RHS3 restores the RHS3 genotypic segregation ratio to 1:3:2 (jj:gj:gg) in T1 progeny. Asterisks indicate statistically significant differences (2 test, ***P < 0.001). Q
(E) Subcellular localization of MAO-GFP and DUN-mCherry in protoplasts. MAO-GFP and DUN-mCherry colocalize with IDH1-V, a mitochondrial marker; DUN-mCherry also ﬁ
colocalizes with AtATPCL, a chloroplast marker. Scale bars, 5 um. (F) Yeast two-hybrid (Y2H) assay shows an interaction between MAO and OsGCD1. MAOA represents a ;‘
truncated version lacking the mitochondrial targeting signal. (G) Coimmunoprecipitation (Co-IP) assay confirms interaction between MAO and OsGCD1 in rice protoplasts. S
2}

OsGCD1-FLAG is coprecipitated by MAO-GFP. (H) Y2H assay shows an interaction between MAO and DUN. DUNA represents a truncated version lacking the mitochondrial
targeting signal. (I) Co-IP assay confirms interaction between MAO and DUN in rice protoplasts. DUN-FLAG is coprecipitated by MAO-GFP. (J) Co-IP assay demonstrates that
DUN-FLAG disrupts the interaction between MAO-GFP and OsGCD1-HA.

indicating selective elimination of transgene-free male gametes. sequences, MAO localized exclusively to mitochondria, whereas DUN
These results establish MAO and DUN as a toxin-antidote pair un- localized to both mitochondria and chloroplasts (Fig. 2E, and fig.

derlying RHS3-mediated pollen semisterility. S5, C and D).
A yeast two-hybrid (Y2H) screen identified seven candidate MAO-
DUN binds to MAO to protect mitochondria interacting proteins (fig. S5E), among which OsGCD1 was of particular

To investigate how the MAO—-DUN element regulates hybrid sterility, interest because of its essential role in gamete development (29, 30).
we first examined the expression patterns of MAO and DUN. Both  Consistent with previous reports, homozygous Osgecdl mutants were not
genes were weakly expressed in vegetative tissues. MAO accumulated recovered. Heterozygous plants (OsGCDI-He) showed pollen and spike-
mainly in developing anthers and pistils, whereas DUN was most abun-  let semisterility together with defective embryo sac development (fig. S6,
dant in anthers (fig. S5, A and B). Consistent with predicted targeting A to F). Reciprocal crosses between OsGCDI-He and wild-type (WT)
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DJY1 yielded exclusively WT progeny, indicating complete failure of
Osgcdl transmission through both male and female gametes (fig. S6G).
0sGCD1 protein self-interacted in coimmunoprecipitation (co-IP) and
bimolecular fluorescence complementation (BiFC) assays, indicating
that it forms homo-oligomers (fig. S6, H and I). OsGCD1 colocalized
and interacted with MAO in mitochondria, as demonstrated by Y2H,
BiFC, and co-IP assays (Fig. 2, F and G, and fig. S7, A and B). MAO dis-
rupted OsGCD1 homo-oligomerization (fig. S7C), suggesting that it
induces mitochondrial toxicity by impairing OsGCD1 function.

DUN directly interacted with MAO, as demonstrated by Y2H, BiFC,
and co-IP assays (Fig. 2, H and I, and fig. S7D), and these two proteins
colocalized in mitochondria (fig. S7E). Although DUN did not affect
the mitochondrial colocalization of MAO and OsGCD1, it competed
with OsGCD1 for MAO binding (Fig. 2J and fig. S7E), thereby relieving
MAO-mediated inhibition of OsGCD1 function. These findings suggest
that DUN neutralizes MAO toxicity by sequestering MAO and preserv-
ing OsGCD1 function.

JIA specifically protects female gametes

Most so far characterized rice hybrid sterility loci affect either pollen
or embryo sac fertility (17, 31). Unexpectedly, knocking out gORF4 in
F-RHS3 plants reduced spikelet fertility to approximately 50% without
affecting pollen fertility (Fig. 3, A and B, and fig. S8A), suggesting a
role in female gamete transmission. Because the RHS3-j allele contains
ORF4 (Fig. 1C), disruption of JORF4 in the same background produced
a phenotype indistinguishable from that of gORF4 mutants (Fig. 3, A
and B, and fig. S8A). Genotyping of Ty progeny derived from selfed T,
ORF4 knockout plants revealed that nearly all progeny carried only
the RHS3-gg allele when jORF4 was knocked out, whereas progeny
from gORF4 knockout plants were almost exclusively heterozygous
(RHS3-gj) (Fig. 3C and fig. S8, B and C), indicating that female gametes
lacking functional jJORF4 or gORF4 were not transmitted. Together,
these findings suggest that both gORF4 and jORF4 function as female
gamete -specific antidotes. We therefore designated ORF4 as JIA, mean-
ing “armor” in Chinese.

To validate the antidote function of JI4, we generated heterozygous
8gJIA/gjia and homozygous gjia/gjia mutants in the NIL-RHS3 back-
ground. The gJIA/gjia and gjia/gjia plants showed spikelet semisteril-
ity and near-complete sterility, respectively, while retaining normal
pollen fertility (Fig. 3, D and E, and fig. S8D). At anthesis, mature
embryo sacs of gjia/gjia plants were completely devoid of nuclei, in
contrast to the characteristic eight-nucleate structure of WT embryo
sacs (fig. SSE). Only gJIA/gJIA and gJIA/gjia genotypes were recovered
among T; progeny from selfed gJIA/gjia plants, segregating at an ap-
proximately 1:1 ratio (Fig. 3F and fig. S8F), indicating that female
gametes lacking functional gJIA were not transmitted. Moreover, si-
multaneous knocking out of MAO and gJIA in the NIL-RHS3 back-
ground restored spikelet fertility to near WT levels (Fig. 3, E and F).
Collectively, these results demonstrate that MAO exerts cytotoxic ef-
fects on both pollen and female gametes, whereas JIA protects female
gametes by neutralizing MAO toxicity.

Because DUN protects pollen from MAO toxicity, we further investi-
gated whether it also protects female gametes. Heterozygous DUN/dun
plants generated by gene editing in the NIL-RHS3 background showed
semisterility in both pollen and spikelets (fig. S8, G to I, and data S6).
Consistent with this, approximately 50% of the embryo sacs were
aborted (fig. S8, J and K). In the genotyped T; progeny, no dun/dun
homozygotes were detected (fig. S8, L and M), indicating that DUN
protects both male and female gametes from MAO toxicity, whereas JIA
provides an additional, female-specific protective role.

JIA cooperates with DUN to detoxify MAO

We next investigated how JIA specifically protects female gametes. In
Fi-RHS3 plants, JIA expression was highest in developing anthers,
followed by developing pistils (fig. SOA). The gJIA and jJIA alleles were
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expressed at comparable levels (fig. S9B). The encoded proteins differ
by only eight amino acid substitutions and both contain a predicted
chloroplast transit peptide and an anthranilate phosphoribosyltrans-
ferase domain (fig. S10, A and B). Both gJTA and jJTA showed a dual
localization to chloroplasts and autophagosomes (Fig. 4, A and B, and
fig. S10, C to J). Immunogold labeling in DJY1 root tip cells further
confirmed the localization of jJIA to plastids and autophagosomes
(fig. S11). These observations suggest that JIA may detoxify MAO by
targeting it for autophagic degradation.

‘We next performed interaction assays and found that both gJIA and
JJIA interacted with DUN, but not with MAO (figs. S12 and S13, A and
B). However, both MAO-FLAG and DUN-FLAG were coimmunopre-
cipitated with JIA-GFP (fig. S13, C and D), indicative of the formation
of a JIA-DUN-MAO tripartite complex. Coexpression of JIA and DUN
in protoplasts redirected DUN-GFP from mitochondria and chloro-
plasts to autophagosomes (Fig. 4C and fig. S14, A and B). Likewise,
coexpression of MAO with JIA and DUN redirected MAO-GFP to auto-
phagosomes (Fig. 4D and fig. S14, C and D). These findings suggest
that JIA uses DUN as a molecular bridge to recruit MAO into a JIA-
DUN-MAO complex and target it to autophagosomes for degradation.

Selective autophagy receptors recruit cargo proteins to autophago-
somes by interacting with ATG8 through ATGS8-interacting motifs
(AIMs) (32). Because the rice genome encodes seven ATGS8 isoforms
(33), we tested whether JIA interacts with any of them. Both gJIA and
jJIA interacted specifically with OsATG8e in yeast, which was further
validated by co-IP and BiFC assays (fig. S15). In silico analysis identi-
fied seven putative AIMs (AIM1-7) in JIA. To determine which motif
mediates OsATG8e binding, we individually mutated each AIM and
reassessed the interaction. Disruption of AIM3 alone abolished the
JIA-OsATGS8e interaction in yeast (fig. S16, A and B). Notably, loss
of this interaction disrupted the autophagosomal localization of JTA
while retaining its chloroplast localization in protoplasts (fig.
S16, C and D).

To test the in vivo function of AIM3, we mutated this motif in the
NIL-RHS3 background. Heterozygous AIM3/aim3 plants showed nor-
mal pollen fertility but approximately 50% spikelet fertility, and AIM3/
AIM3 and AIM3/aim3 genotypes segregated at a 1:1 ratio in the Ty
generation (fig. S16, E to G), indicating selective elimination of female
gametes carrying the aim3 allele. We further performed a semi-in vivo
degradation assay by incubating purified MBP-MAO with total pro-
tein extracts from young panicles. MAO was degraded by extracts
from NIL-RHS3 plants harboring functional gJI4, but not by extracts
from gJIA knockout plants, and this degradation was blocked by the
autophagy inhibitor Bafilomycin Al (Fig. 4E). Together, these find-
ings establish JIA as a selective autophagy receptor that recruits the
JIA-DUN-MAO complex to autophagosomes for degradation.

Evolutionary trajectory of RHS3
BLAST analysis showed that JIA is restricted to a subset of Poaceae
species (fig. S17A), whereas MAO and DUN are restricted to the genus
Oryza. JIA proteins from multiple Oryza species, including AA- and
BB-genome wild rice and AA-genome cultivated rice, retained an intact
AIMS3 motif and interacted with OsATGS8e in yeast (fig. S17B). By con-
trast, JIA homologs from Triticum aestivum, Sorghum bicolor, and
Zea mays failed to interact with OsATG8e as a result of the replace-
ment of the conserved AIMS3 Ile residue with Val or Lys (fig. S17, A and
B), indicating that the protective function of JIA is restricted to Oryza.
To investigate the origin of the 94.3-kb SV encompassing MAO
and DUN, we analyzed chromosome-level genome assemblies from
five AA-genome wild species (O. meridionalis, O. longistaminata,
0. glumaepatula, O. barthit, and O. rufipogon), one BB-genome spe-
cies (O. punctata), and two CC-genome species (O. officinalis and
0. eichingert). Synteny analysis showed that MAO and DUN are pres-
ent exclusively in AA-genome species and absent from BB- and CC-
genome wild rice (Fig. 4F and data S7), indicating an origin within
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Fig. 3. JIA protects female gametes by detoxifying MAO. (A) Knockout of either gORF4 or jORF4 in F1-RHS3 plants leads to spikelet semisterility. Red arrowheads indicate
shriveled grains. Data shown as means + SD (n = 5 independent panicles). Scale bars, 10 cm. (B) Quantification of spikelet fertility in F1-RHS3, gORF4-knockout,

and jORF4-knockout lines. Data shown as means + SD (n = 5 independent panicles). Asterisks indicate statistically significant differences (Student’s t-test, *##P < 0.01).

(C) Genotypic segregation of RHS3 following gORF4 and jORF4 knockout in F1-RHS3. A 0:1:0 (jj:gj:gg) ratio is observed for gORF4 knockout, and a 0:0:1 (jj:gj:gg) ratio for jORF4
knockout. (D) Knocking out of gJIA almost abolishes spikelet fertility in the NIL-RHS3 background but the reduced fertility is largely restored when MAO is knocked out. Red
arrowheads indicate shriveled grains. Data shown as means + SD (n = 5 independent panicles). Scale bars, 10 cm. (E) Quantification of spikelet fertility in control, heterozy-
gotes and homozygous gJIA mutants, and gJIA/MAO double-knockout lines. Data shown as means + SD (n = 5 independent panicles). Asterisks indicate statistically significant
differences (Student's t-test, #*P < 0.01). (F) Genotypic segregation of gJIA in selfed progeny of heterozygous mutant shows a 1:1:0 (++:+:--) ratio.

the AA-genome lineage. Using the conserved flanking genes ORF9
and ORF17, we extracted the ORF9-I7 interval for comparative analy-
sis. Only O. barthii, the wild progenitor of O. glaberrima, contains
an intact 94.3-kb SV, whereas other wild species either lack it or
harbor only partial segments. The SV could be resolved into a 48.7-kb
left segment (L-SV; gORFI10—-13) and a 45.6-kb right segment (R-SV;
8ORFI14-16). The L-SV and R-SV show highest homology to the corre-
sponding regions in O. glumaepatula and O. meridionalis, respectively
(Fig. 4G), suggesting that the 94.3-kb SV in O. barthii has a compos-
ite origin involving these two species. O. rufipogon contains three SV
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types in this region, likely derived from multiple ancestral lineages,
including O. longistaminata, O. meridionalis, and O. glumaepatula
(fig. S17C).

To assess MAO and DUN diversity, we analyzed 591 accessions of
O. barthii, O. rufipogon, and cultivated rice from Africa and Asia (data
S7). Three MAO allele types were identified: functional MAO, MAOS
(alleles carrying premature stop codons or amino acid substitutions
predicted to abolish function in the absence of DUN), and MAOY (al-
leles of unknown function). DUN alleles were similarly classified into
functional DUN, DUNT (alleles carrying premature stop codons), and
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(A) Subcellular localization of gJIA-GFP in protoplasts shows colocalization with

AtATPC1, a chloroplast marker. Scale bars, 5 um. (B) gJIA-GFP colocalizes with mCherry—AtATG8i, an autophagosome marker. Scale bars, 5 um. (C) DUN colocalizes with
gJIA-GFP in autophagosomes upon coexpression. Scale bars, 5 pm. (D) Coexpression of gJIA-CFP and DUN-FLAG redistributes MAO-GFP to autophagosomes. Scale bars,

5 um. (E) Semi-in vivo degradation assay of MAO. Purified MBP-MAQ is incubated with total protein extracts from young panicles of NIL-RHS3 or gJIA knockout plants.
Bafilomycin A1 (BFA) is an inhibitor of autophagic flux. (F) Synteny analysis of the RHS3 locus across representative Oryza species arranged according to previously reported
whole-genome phylogenetic relationships (corresponding accessions are listed below). JIA is evolutionarily conserved across the Oryza genus, while MAO and DUN likely
originated de novo in O. glumaepatula and O. meridionalis, respectively. (G) Structural variations at the RHS3 locus spanning ORF9 to ORF17 among representative AA-genome
rice species, including O. meridionalis, O. glumaepatula, and O. barthii. Colored boxes above indicate the predicted ORFs. Colored segments show the Identity by Descent
regions through recombination. The lower panel shows nucleotide sequences at the recombination breakpoint (indicated by red dashed line). Accession identifiers for each
species are shown below the corresponding species names. L-SV, left fragment of the SV; R-SV, right fragment of the SV.

DUN® (alleles carrying conserved amino acid substitutions) (data S8
and S9). To assess the functionality of DUNS, we introduced a recom-
binant DUN® allele carrying four conserved amino acid substitutions,
driven by the native DUN promoter, into F;-RHS3 plants. T, transfor-
mants showed pollen semisterility, and RHS3 genotypes (jj:gj:88) seg-
regated in a 0:1:1 ratio in selfed progeny (fig. S18, A and B), indicating
that DUN® is nonfunctional. On the basis of the presence and func-
tional status of MAO and DUN, MAO—-DUN haplotypes were grouped
into seven types: Type I lacks both genes (e.g., DJY1), whereas Type
VII carries functional MAO and DUN (e.g., IRGC 102295). Type II and
Type III contain only nonfunctional DUN or MAO, respectively, while
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Type IV contains nonfunctional alleles of both genes. Type VI carries
functional DUN, whereas the functional status of MAO remains unde-
termined. Notably, Type V harbors functional DUN but nonfunctional
MAO (data S10), suggesting a potential wide-compatibility type. This
speculation was validated by genetic analyses (fig. S18, C and D).

We next surveyed MAO—-DUN haplotypes in 672 accessions of AA-,
BB- and CC-genome wild rice species. All nine O. longistaminata acces-
sions carried Type I. Among 32 O. meridionalis accessions, 25 harbored
Type I and seven Type II. In O. glumaepatula, 11 out of 29 accessions
harbored Type I and 18 carried Type III. O. rufipogon displayed greater
diversity, with Type I predominating (101/158 of accessions), followed
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by Type II (49/158) and Type III (8/158). In O. barthii, four haplotypes
were detected: Type IV (37/101), Type V (2/101), Type VI (3/101) and
Type VII (59/101) (fig. S1I8E). Comparative sequence and phylogenetic
analyses suggest that nonfunctional MAO-like and DUN-like se-
quences originated de novo in O. glumaepatula and O. meridionalis,
respectively, and were subsequently brought together through intro-
gression or recombination in an unknown intermediate ancestor to
form a complete but nonfunctional MAO—-DUN element. In O. barthii,
multiple coding sequence mutations rendered both MAO and DUN
functional, a process that accompanied the emergence of reproduc-
tive isolation between Asian and African rice lineages. All surveyed
O. rufipogon and Asian cultivated rice accessions carried nonfunc-
tional RHS3 haplotypes, whereas functional RHS3 occurred in 58%
of O. barthii and 97% of African cultivated rice accessions (fig. SI8E),
identifying RHS3 as a major reproductive barrier between Asian and
African rice lineages.

Discussion

Here we show that RHS3 encodes a noncanonical tripartite toxin-
antidote system in which MAO acts sporophytically to kill both male
and female gametes by impairing OsGCDI, whereas DUN functions
gametophytically to rescue DUN-carrying male gametes by disrupting
the MAO-OsGCDI1 interaction (fig. S19). Unlike previously character-
ized two-component toxin-antidote systems underlying hybrid steril-
ity in rice (17, 31), RHS3 contains a third component, JIA, which acts
as a female gamete -specific protector. Mechanistically, JIA interacts
with DUN to form a JIA-DUN-MAO complex and binds ATGS8e
through its AIM3 motif, thereby targeting MAO for autophagic degra-
dation (fig. S19B). These findings identify JIA as a plant-specific selec-
tive autophagy receptor that mediates autophagic degradation of
MAQO, thereby revealing a previously unrecognized mechanism of re-
productive isolation in plants.

JIA exerts its protective function only in the presence of the MAO—
DUN element, suggesting that it represents a cryptic genetic component
of the hybrid sterility system. This observation raises the possibility
that similar hidden components could be widespread yet remain un-
detected in conventional genetic analyses, particularly when shared
by both parental lineages. The recruitment of JIA may also confer
evolutionary advantages to the RHS3 locus. By coopting JIA, a gene
conserved across Oryza species, RHS3 may circumvent the need to
evolve a dedicated antidote. Moreover, although MAO impairs both
male and female gametes, the conserved function of JIA and its fe-
male gamete-specific protective activity may allow RHS3 to increase
its transmission without compromising spikelet fertility.

Meeting future rice demand will require sustained increase in pro-
ductivity under growing population pressure and climate change
(84, 35). Interspecific heterosis between Asian and African cultivated
rice, exemplified by the successful development of New Rice for Africa
(NERICA) varieties, offers considerable potential for further yield im-
provement (9, 10, 36). We identified wide-compatibility types of RHS3
carrying a nonfunctional MAO but functional antidote components,
which restore fertility when crossed with either Asian or African cul-
tivated rice. These variations provide valuable genetic resources for
overcoming interspecific hybrid sterility and advancing Asian-African
hybrid rice breeding.
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Editor’'s summary

Asian and African rice are the only two domesticated rice species. Asian-African hybrid rice offers a path to higher
yield and resilience but faces hybrid sterility barriers. Using genome-wide linkage analysis, He et al. identified RHS3
as the quantitative trait locus underlying this incompatibility. RHS3 consists of three genes, MAO, DUN, and JIA. MAO
functions as a toxin affecting both male and female gametes. In pollens, DUN functions as an antidote competitively
inhibiting MAO'’s toxicity, whereas in female gametes, JIA and DUN together target MAO for detoxification through
autophagy. The researchers found rice lines with functional antidote DUN but nonfunctional toxin MAO, providing a
potential resource for Asian-African hybrid rice breeding. —Unnati Sonawala and Madeleine Seale
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