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SUMMARY

Hybrid sterility restricts the utilization of superior heterosis of indica-japonica inter-subspecific hybrids. In
this study, we report the identification of RHS12, a major locus controlling male gamete sterility in indica-
japonica hybrid rice. We show that RHS12 consists of two genes (iORF3/DUYAO and iORF4/JIEYAO) that
confer preferential transmission of the RHS712-i type male gamete into the progeny, thereby forming a natural
gene drive. DUYAO encodes a mitochondrion-targeted protein that interacts with OsCOX11 to trigger cyto-
toxicity and cell death, whereas JIEYAO encodes a protein that reroutes DUYAO to the autophagosome for
degradation via direct physical interaction, thereby detoxifying DUYAO. Evolutionary trajectory analysis re-
veals that this system likely formed de novo in the AA genome Oryza clade and contributed to reproductive
isolation (RI) between different lineages of rice. Our combined results provide mechanistic insights into the
genetic basis of Rl as well as insights for strategic designs of hybrid rice breeding.

INTRODUCTION ments variously called toxin-antidote elements/meiotic drives/

gene drives that underlie genetic incompatibility between

Reproductive isolation (RI) is a universal biological phenomenon
that restricts gene flow between populations and thus serves as
both an indicator of speciation and a mechanism for maintaining
species identity. Multiple pre-fertilization (pre-zygotic) and post-
fertilization (post-zygotic) barriers, such as niche differentiation,
phenological isolation, and various forms of hybrid incompatibil-
ity (HI), could contribute to Rl in animals and plants.'™ Hl refers
to deleterious hybrid characteristics that result in intrinsically
reduced fitness of the inter-specific or inter-population hybrids
(such as hybrid sterility [HS], necrosis, and lethality etc.), which
thereby promote RI between diverging populations.®

The genomic conflict hypothesis posits that conflict between
different parts of the genome acts as a driver of HL.>" In partic-
ular, recent studies have identified a class of selfish genetic ele-
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different wild populations in the plant and animal kingdoms.
They ensure their biased transmission to the progeny by killing
the non-carriers and thus subverting Mendel’s law of segrega-
tion."#"° Although such elements usually consist of two or three
tightly linked factors, they share no homology among fungi,
plants, and animals, and their underlying molecular mechanisms
remain poorly resolved.''~'®

HS is the most common form of HI and a major limiting factor
hampering utilization of the strong heterosis between the indica-
japonica subspecies or between cultivated and wild rice for crop
breeding.'® Dozens of genetic loci controlling HS have been
identified in rice’®?"; and among them, 12 HS loci have been
cloned, including S7, Sa, Sc, gHMS7, and S5.272” Notably,
several of these have been shown to form “toxin-antidote” or
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“Killer-protector” systems.?**?° For example, the S5 locus, con-
trolling embryo sac fertility in the Fy hybrids of indica and
japonica subspecies, is composed of three ORFs; ORF5+ (en-
coding akiller), ORF4+ (encoding a partner), and ORF3+ (encod-
ing a protector). During female sporogenesis, ORF5+ and
ORF4+ work together to induce endoplasmic reticulum stress,
resulting in programmed cell death and leading to abortion of
the embryo sac carrying ORF3—. However, the gametes carrying
ORF3+ can develop normally and are preferentially transmitted
to the next generation.”® The gHMS7 locus controlling pollen
sterility in the Fy hybrid of Asian cultivated rice with
O. meridionalis is composed of ORF2 (encoding a toxin) and
ORF3 (encoding an antidote). In the process of male gametogen-
esis, ORF2 aborts pollen grains in a sporophytic manner,
whereas the mitochondrion-localized ORF3 protects pollen
grains in a gametophytic manner, thereby leading to selective
transmission of the ORF3-carrying pollen grains to the prog-
eny.?” Despite the major progress made in this field, the molec-
ular mechanisms underlying the action of these and other HS loci
remain to be elucidated.

In this study, we report the identification and functional char-
acterization of RHS172, a locus controlling male gamete sterility
in indica-japonica inter-subspecific hybrid rice. We show that
RHS12 is composed of two genes ((IORF3/DUYAO and iORF4/
JIEYAO) and that it forms a natural gene drive system. DUYAO
encodes a toxin that interacts with OsCOX11 to trigger mito-
chondrial malfunction and cytotoxicity, while JIEYAO encodes
an antidote to protect the male gametes carrying the indica-
type RHS12 allele (RHS12-i) via inhibiting DUYAO-OsCOX11
interaction and rerouting DUYAO to the autophagosome for
degradation and detoxification, thereby allowing selective trans-
mission of the RHS12-i male gamete into the progeny. Our com-
bined results provide insightful understanding into HS and Rl in
rice and offer broader perspectives on enabling the engineering
of such elements for crop breeding or public health purposes.

RESULTS

RHS 12 is a major locus affecting male fertility of indica-
Jjaponica hybrids
To identify previously undescribed genetic components underly-
ing RI between indica (genotype denoted as ii) and japonica (ge-
notype denoted as jj) rice, we conducted quantitative trait loci
(QTL) analyses of two F, populations derived from the F; of
DJY1 (Dianjingyou 1, a japonica variety) x RD23 (an indica vari-
ety) and the F; of T65 (Taichung 65, a japonica variety) x G4
(Guangluai 4, an indica variety); we detected one and
three major QTL controlling rice HS (RHS) in these two F, popu-
lations, respectively. A major QTL located on chromosome 12
(thus named RHS12) was detected in both F, populations
(Figures STAand S1B). Notably, this locus is located near several
previously identified QTL for RHS between multiple indica and
japonica varieties (qS12, pf12, S25, and Se) or between japonica
and wild rice (S36) (Table S1)?4%?; RHS12 was thus selected for
further study.

To clone the underlying genes of RHS 12, we generated a near-
isogenic line (NIL)-DJY1RP2¥/RD23 i the DJY1 background with
the RHS12-containing RD23 chromosome segment insertion
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(Figures S1C and S1D). No obvious difference was observed be-
tween the two parents DJY1, NIL-DJY1RP23RD23 " ang their
hybrid F4 (F1-DJY1PYYRD23) i their vegetative and reproductive
organs, tapetum degeneration, and formation of tetrads
(Figures 1A and S1E-S1G). However, approximately half of the
pollen grains of the F1-DJY1PYYVRP23 plants were sterile (Fig-
ure 1B). Further analysis revealed that compared with fertile pol-
len grains (tricellular at the mature stage), the aborted pollen
grains were arrested at the polarized microspore stage, leading
to delayed nuclear division, and eventually stopped at the binu-
clear microspore stage, manifested by insufficient starch accu-
mulation and pollen wall defects (Figure STH).

Transmission ratio analysis showed that nearly half (49.1%) of
the progeny of F;-DJY1PYY/RD23 nollinated with DJY1 were
DJY1/RD23 heterozygotes (j genotype at the RHS72 locus)
and the other half (50.9%) were DJY1/DJY1 homozygotes (jj ge-
notype) (Figure 1C). However, the majority (91.2%) of the prog-
eny of DJY1 pollinated with F;-DJY1PYYVRD23 wwere DJY1/RD23
heterozygotes, and only 8.8% were DJY1/DJY1 homozygotes
(Figure 1C). The strongly biased transmission of the pollen car-
rying the indica-type RHS12 allele (RHS12-i) and the japonica
type RHS12 allele (RHS12-j) of F;-DJY1PYY/RD23 t4 the progeny
indicates that the RHS12-j type pollen was selectively aborted
and thus failed to transmit into the progeny. Consistent with
this pattern, the F, population of DJY1 x NIL-DJY17P23/RD23 e
sented a bimodal distribution for pollen fertility (Figure S2A).
Furthermore, segregation of the RHS12 locus (ii:ij) in the F» pop-
ulation of F;-DJY1P/Y1/RD23 it 5 1:1 ratio (Figure S2B), confirming
that RHS 12 controls hybrid pollen semi-sterility as a single locus
and that the RHS712-j type pollen grains of F;-DJY1P/Y/RD23 5rg
selectively eliminated during their transmission to the progeny
(Figure S2C).

To fine-map RHS12, we initially used an F, population with
18,014 individuals derived from the F4 plants of DJY1 crossed
with NIL-DJY17P23/RD23: however, we were only able to narrow
down RHS12 to a 473-kb interval due to a 325-kb chromosomal
inversion between the two parents (Figure S2D). Therefore, we
switched to an F, population derived from T65 x NIL-T65%/4
(@ NIL in the T65 background with the RHS72-containing G4
chromosome segment insertion) for fine mapping; this allowed
us to delimit RHS12 to a genomic interval flanked by the molec-
ular markers DK24 and TGR4 (Figures 1D and S2E). Sequence
analysis revealed that in T65, the fine-mapping region contains
two putative genes (named jJORF1 and jORF5), while in G4, be-
sides the genes homologous to jORF1 and jORF5 (named
iORF1 and iORF5, respectively), it also contains three additional
genes, named iORF2, iORF3, and iORF4 (Figure 1D).

RHS 12 encodes a toxin-antidote system

The genetic architecture of the RHS12 locus in T65 and G4 bears
similarity to several previously reported HS loci in rice that form a
killer-protector or toxin-antidote system, such as S5, S7, and
gHMS7.252" To test whether RHS72 encodes a toxin-antidote
system, we launched efforts to identify the ORF(s) that encode
a “toxin” and the ORF(s) that encode an “antidote.” We first
used the CRISPR-Cas9 technology to individually knockout
IORF1-iORF5 in F1-T657°%%, We obtained multiple independent
knockout lines for iORF1, iORF2, iORF3, and iORF5 but failed to
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Figure 1. Genetic analyses and cloning of RHS12

(A) Plant morphology of DJY1, NIL-DJY1RP2¥/RD23  ang their hybrid Fy (F1-DJY1PYY"/RP23) Seale bars, 20 cm.

(B) I,-Kl staining (top) and germination ability assays (bottom) of pollen grains of DJY1, F;-DJY12Y1/RP23 and NIL-DJY1RP2¥/RD23

plants. Data are presented as

mean =+ standard deviation (SD), n = 3 florets. Arrowheads indicate aborted pollen grains. Scale bars, 100 um.
(C) Number and percentage of the RHS12-jj and RHS12-ij plants in the hybrid F; generation of F;-DJY1P/Y/RP23/D Y1 and DJY1/F;-DJY1P/Y/RD23 ji stands for
homozygous DJY1/DJY1 genotype, and ij stands for DJY1/RD23 heterozygous genotype.

(D) Fine mapping of RHS12. The transposable element is shown in purple.
See also Figures S1 and S2 and Table S1.

obtain knockout lines for /ORF4 with repeated trials. Fertility
analysis revealed that knocking out iORF1, iORF2, and iORF5
did not affect the male semi-sterility of F;-T65'°¥%* (Table S1),
suggesting that they are not involved in fertility control. In
contrast, knocking out /ORF3 fully rescued the male fertility of
F,-T657°%¢4_ |n addition, the segregation ratio of the RHS12 lo-
cus (jj:ij:ii) in the iORF3 knockout T4 plants was restored to the
expected ratio of 1:2:1 (Figures 2A, 2B, and S2F). These obser-
vations suggest that iORF3 likely encodes a toxin that kills the

pollen carrying the RHS12-j allele. We therefore renamed it
DUYAO, which means toxin in Chinese.

The failure to obtain knockout lines for (ORF4 in F4-T6510%/G4
suggested that DUYAO might be toxic to somatic cells and
that iORF4 could be required to encode an antidote to protect
plant cells from the toxic effect of DUYAO. Consistent with
this hypothesis, we failed to obtain homozygous knockout
lines of iORF4 in the NIL-T65%%%* background but obtained
homozygous knockout lines of iORF4 when DUYAO was
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Figure 2. The DUYAO-JIEYAO element constitutes a toxin-antidote system

(A) Knocking out DUYAO rescues pollen fertility of F1-T657°%%“, Data are presented as mean = SD, n = 3 florets. Different letters indicate significant difference at
p < 0.001 by ANOVA and Tukey’s test. Arrowheads indicate aborted pollen grains. Scale bars, 100 um.

(B) Segregation of jj:ij:ii plants in T65 x NIL-T65%4C4F, population and T, progeny of selfed DUYAO T, knockout plants. Asterisks indicate significant differences
(%2 test, **p < 0.001).

(C) Number and percentages of various Ty JIEYAO-edited plant types in the NIL-T65%*3* or its DUYAO-KO backgrounds. Two target sites were designed for
knocking out JIEYAO. “+” represent wild-type allele and “—” represent mutant allele.

(D) Restoration of pollen fertility of F1-T65'°>* carrying single-copy JIEYAO transgene. Data are presented as mean + SD, n = 3 florets. Different letters indicate
significant difference at p < 0.01 by ANOVA and Tukey’s test. Arrowheads indicate aborted pollen grains. Scale bars, 100 pm.

(E) Number and percentage of jiij:ii plants from selfed F4 -Te5T6%/G4 carrying single-copy JIEYAO transgene. Asterisks indicate significant difference (2
test, **p < 0.001).

(F) Segregation ratio and pollen fertility of T4 progeny from selfed Ty plants carrying single-copy DUYAO-JIEYAO transgene in T65 background. “T” and “—”
represent presence or absence of the transgene, respectively. Data are presented as mean + SD, n = 3 florets. Different letters indicate significant difference at
p < 0.001 by ANOVA and Tukey’s test. Arrowheads indicate aborted pollen grains. Scale bars, 100 um.

See also Figure S3 and Table S1.

simultaneously knocked out (Figure 2C). To further validate the
detoxifying role of iORF4, we transformed the genomic region
of iORF4 into F1-T65'°%%4_ The pollen fertility of three Ty sin-
gle-copy transgenic lines was restored to nearly 75% and the
segregation ratio of jj:ij:ii plants in the T4 generation fits the ex-
pected ratio of 1:3:2 (Figures 2D, 2E, and S2G). Further, when
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we transformed genomic fragments containing DUYAO and
iORF4 together into T65, all the hemizygous T, transgenic plants
were semi-sterile (~50%), and their selfed progeny segregated
with an expected ratio of 1:1 for hemizygous (T-) and homozy-
gous (TT) transgenic plants (Figures 2F and S2H). Together,
these observations confirm that /ORF4 indeed encodes an
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Figure 3. Interaction of DUYAO with OsCOX11

(A) Subcellular localization of DUYAO and OsCOX11 in rice protoplasts. Mito tracker, a specific dye for staining mitochondria. Scale bars, 5 um.

(B) DUYAO interacts with OsCOX11 in yeast two-hybrid (Y2H) assay. DUYAOA and OsCOX11A represent their truncated versions without the mitochondria-
targeting signal. -LT, synthetic dropout (SD) medium (SD-Leu/-Trp); -LTHA, selective medium (SD-Leu/-Trp/-His/-Ade); AD, active domain; BD, binding domain.
(C) DUYAO interacts with OsCOX11 in pull-down assay. DUYAO-Strep and GST-OsCOX11 were co-expressed in SF21 cells. The DUYAO-OsCOX11 complex
was sequentially pulled down by Strep beads and GST beads.

(D) Pull-down of 6 xHis-OsCOX11 by maltose-binding protein (MBP)-DUYAO, but not by MBP.

(E) Co-immunoprecipitation assay shows that OsCOX11-FLAG could be co-precipitated by DUYAO-GFP.

(legend continued on next page)
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antidote to protect the pollen carrying the RHS12-i allele. Thus,
we renamed iORF4 JIEYAO, which means antidote in Chinese.

To further confirm the effect of DUYAO and JIEYAO in somatic
cells, we designed a p35S::DUYAO-pUbi::GFP construct and
transformed it into T65 calli. Strikingly, we found that the GFP
signals disappeared during the callus growing process, implying
that DUYAO is toxic to calli (somatic cells). By contrast, the GFP
signals did not disappear when DUYAO and JIEYAO were co-in-
fected (Figure S3), supporting a detoxification effect of JIEYAO in
somatic cells.

DUYAO interacts with OsCOX11 to affect mitochondrial
function

To investigate the molecular function of DUYAO and JIEYAO, we
first examined their expression patterns. RUBY is a convenient
gene expression marker clearly visible to the naked eye.** We
constructed two RUBY reporter genes driven by the promoters
of DUYAO and JIEYAO, respectively. These transgenic plants
showed that both DUYAO and JIEYAO were ubiquitously ex-
pressed in all vegetative and reproductive organs examined
(Figures S4A-S4H).

Previous studies showed that in the rice wild-abortive cyto-
plasmic male sterility (WA-CMS) system, the mitochondrial pro-
tein WA352 triggers pollen abortion by attacking cytochrome ¢
oxidase 11 (OsCOX11), an essential component of the mito-
chondrial respiratory chain.®* DUYAO is predicted to encode a
protein containing a mitochondrial targeting sequence (Fig-
ure S5A). A subcellular localization assay revealed that it was
localized in the mitochondria in rice protoplasts (Figure 3A).
Thus, we speculated that DUYAO might induce mitochondrial
malfunction. A subcellular co-localization assay showed that
DUYAO was co-localized with OsCOX11 in the mitochondrion
(Figure 3A). Furthermore, yeast two-hybrid (Y2H), bimolecular
fluorescent complementation (BiFC), pull-down, and co-immu-
noprecipitation (colP) assays all demonstrated that DUYAO
could directly interact with OsCOX11 (Figures 3B-3E and S5B-
S5D). In addition, Y2H, pull-down, and BiFC assays all verified
that OsCOX11 could interact with itself (Figures S5E-S5H).
Moreover, gel filtration assay showed that OsCOX11 could
form homodimeric complex (~80 kDa) as previously reported
for yeast COX11,%® whereas DUYAO could form an oligomeric
complex (~650 kDa). When OsCOX11 and DUYAO were co-ex-
pressed, OsCOX11 was recruited into the oligomeric complex of
DUYAO (Figures 3F-3l), and DUYAO could interfere with homo-
dimerization of OsCOX11 (Figure 3J). These results suggest
that DUYAO likely exerts a toxic effect on cells via triggering of
mitochondrial malfunction by effecting homo-dimerization of
OsCOX11.

Cell

To further test the role of OsCOX171 in regulating male fertility,
we attempted to knockout OsCOX77 using the CRISPR-Cas9
technology in T65. We failed to obtain homozygous Oscox11
knockout plants but obtained heterozygous OsCOX771 mutant
plants. The segregation of heterozygous mutants to non-edited
plants in their T generation fits a 1:1 ratio (Figures 3K and 3L).
These observations suggest that OsCOX11 is essential for the
survival of both the plant and the male gamete. Taken together,
the above results suggest that hybrid pollen sterility induced by
RHS12 is driven by a detrimental interaction between DUYAO
and OsCOX11.

JIEYAO detoxifies DUYAO by rerouting it to the
autophagosome for degradation

To elucidate the molecular mechanisms of JIEYAO, we first
examined whether JIEYAO could physically interact with
DUYAO. Y2H, firefly luciferase complementation imaging (LClI),
pull-down, and colP assays all confirmed that full-length proteins
of both JIEYAO and DUYAO are critical for their interaction
(Figures 4A-4D, S6A, and S6B). Gel filtration assay further
showed that JIEYAO and DUYAO could form a heterodimer
complex (~160 kDa) and outcompete the formation of the
DUYAO oligomers (Figures 4E and 4F). Moreover, colP assay
showed that JIEYAO could overwhelmingly bind to DUYAO
and thus abolish the DUYAO-OsCOX11 complex (Figure 4G).
These results suggest that JIEYAO could effectively prevent
the interaction between DUYAO and OsCOX11.

Next, we used a transient expression system in Arabidopsis
protoplasts to test the relationship between DUYAO and
JIEYAO. DUYAO was localized in mitochondria (Figure S6C),
and JIEYAO was localized in the multivesicular body (MVB)
and autophagosome when they were expressed alone, respec-
tively (Figure 4H). Intriguingly, when co-expressed with
JIEYAO, DUYAO was also localized to the MVB and autophago-
some (Figures 4H and 4l). The change of DUYAQ’s subcellular
localization pattern was further verified by exogenously express-
ing DUYAQO in rice protoplasts of different genetic backgrounds,
including Nipponbare (Nip, a japonica variety that lacks an
endogenous DUYAO-JIEYAO element) and NIL-Njp%311/8%-11
(a NIL in the Nip background with a fragment containing a func-
tional DUYAO-JIEYAO element derived from the indica variety
93-11) (Figure S6D).

The autophagosome plays a key role in maintaining cellular
homeostasis by mediating degradation of aggregated protein
and dysfunctional organelles in the vacuole.*® A cell-free degra-
dation assay showed that JIEYAO could promote DUYAO degra-
dation in vitro and that this process could be inhibited by treat-
ment with the autophagy inhibitor Bafilomycin A1 (BafA1)

(F) Gel filtration assay shows the elution profiles of DUYAO, OsCOX11, and DUYAO-OsCOX11 complexes. Molecular weights are indicated. Asgq, absorbance at

280 nm; mAu, milli-absorbance units.

(G-1) Coomassie blue staining of SDS-PAGE gel of the peak fractions of DUYAO (G), OsCOX11 (H), and DUYAO-OsCOX11 complex (l) from (F).
(J) Pull-down assay shows that addition of increased amounts of MBP-DUYAOQO gradually weakens the interaction between MBP-OsCOX11 and 6 X His-

OsCOX11.

(K) Number and percentage of different edited plant types of OsCOX77 in T65 background. Two target sites were designed for knocking out OsCOX1717. “+”

represent wild-type allele and “—” represent mutant allele.

(L) Number and percentage of different genotype progeny from selfed heterozygous To OsCOX71 plants. Asterisks indicate significant difference ('

test, ***p < 0.001).
See also Figures S4 and S5.
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(Figure 4J). Together, our data suggest that JIEYAO detoxifies
DUYAO via disrupting its oligomerization, rerouting it to the auto-
phagosome for degradation.

Evolutionary trajectory of RHS12

To trace the evolutionary origin of the RHS12 locus, we exam-
ined the sequences of DUYAO and JIEYAO in a diverse sample
of 171 wild rice (O. rufipogon) and 130 Asian cultivated rice ac-
cessions (Table S2). A total of 27 haplotypes of DUYAO and 30
haplotypes of JIEYAO were identified according to nonsynony-
mous mutations, including amino acid substitutions (desig-
nated S) and/or premature stop codons (designated T), respec-
tively, compared with the functional DUYAO and JIEYAO
identified in RD23 and G4. These haplotypes of DUYAO and
JIEYAO formed a total of 51 haplotype combinations (HCs) in
the analyzed samples (Table S2). As functionalization of
JIEYAO is a prerequisite for the formation of the functional
DUYAO-JIEYAO element, we first analyzed the possible evolu-
tionary trajectory of JIEYAO. Haplotype-1 (Hap-1) of JIEYAO
lacks the corresponding sequences, whereas Hap-30 repre-
sents the functional JIEYAO as in RD23 and G4 and is charac-
terized by a Lysine residue at the 115" position (denoted as
K115). As this residue is present in all functional haplotypes
of JIEYAO (Table S2), we thus speculated that K115 might be
essential for functionality of JIEYAO. To test this, we conducted
CRISPR-Cas9-mediated base-editing technology to change
K115 to G115 in NIL-T65%¥4 (Table S3). As expected, we
failed to obtain any G115/G115 homozygous lines. All the ob-
tained K115/G115 heterozygous plants (To) were semi-sterile
(~50%), and the segregation ratio of K115/K115 homozygous
and K115/G115 heterozygous plants in the T, generation fits
a 1:1 ratio (Figure 5A; Table S4), indicating that K115 is essen-
tial for functionality of JIEYAO. To further validate the impor-
tance of K115 for functionalization of JIEYAO, we constructed
a set of NILs with different types of wild and cultivated rice
as donors in the DJY1 background to cross with NIL-
DJY1RP23/RD23 (5 test NIL line with functional DUYAO-
JIEYAO). The results showed that pollen fertility of the hybrid
Fis (NILs x NIL-DJY1RP2¥RD2%) \y55 fertile (>90%) when the
NILs carry JIEYAOK''S, differing from those F;s derived from
the NILs lacking JIEYAO or carrying nonsynonymous mutations
of K115 in JIEYAO (Figure 5B; Table S5).

Cell

Based on the identities of the 115" amino acid residue of
JIEYAO, the 30 haplotypes of JIEYAO can be divided into four
groups. Hap-1 represents group 1 (lacking the element), while
Hap-30 represents group IV (harboring functional JIEYAO).
Among the remaining 28 haplotypes, 22 haplotypes belong to
group |l as their K115 residue is replaced with a glutamine resi-
due (GIn, Q115) or glutamic acid residue (Glu, E115) and thus
are nonfunctional; they are hence designated as jieyao®. As
jieyao® is nonfunctional, it can be deduced that the duyao® in
group |l is also nonfunctional as this avoids a suicidal combina-
tion of the elements. The remaining six haplotypes of JIEYAO
(Hap-24 to 29) have K115 but harbor one or more amino acid
substitutions at other positions compared with the functional
Hap-30 and are hence designated as JIEYAOY (U stands for
function undefined). We noticed that Hap-28 and Hap-29 of
JIEYAO in group Il harbor only one amino acid substitution
(L33l or K474T) compared with the functional Hap-30, respec-
tively; thus, we deduced that it is likely from them that the
functional JIEYAO is derived (Table S2). Intriguingly, all the rice
germplasm of group Il haplotypes harbor duyao', and thus are
likely nonfunctional (Table S2). To test this, we created a series
of truncated mutants of DUYAO in F;-T657%%%4 ysing CRISPR-
Cas9-mediated base-editing technology (Table S3). Eight pre-
termination mutated types of DUYAO across the entire coding
region were created; as would be predicted for nonfunctional
haplotypes, these mutants were fertile (>90%) compared with
the semi-sterility (~50%) of F1-T6576%%* (Figure 5C).

Based on classification of JIEYAO, the 51 HCs of DUYAO-
JIEYAO in our samples could be classified into four groups:
group | (HC-1, lacking the DUYAO-JIEYAO element), group I
(HC-2 to 42), group Il (HC-43 to 50), and group IV (HC-51)
(Figures 5D and S7A; Table S2). As the sequenced ancestral
BB and CC genome wild rice lacks homologous sequences of
DUYAO and JIEYAO (Table S2), we further deduced that the
DUYAO-JIEYAO element was likely formed de novo in AA
genome wild rice and is specific to the AA genome clade of the
Oryza genus. Therefore, we propose that group | (HC-1) likely
represents the ancestral form of the DUYAO-JIEYAO element,
from which group Il (HC-2 to -42) arose, and then group lII
(HC-43 to -50) arose from group Il. Finally, the functional group
IV (HC-51) was derived from group Ill, accompanied by function-
alization of both DUYAO and JIEYAO (Figure 5E). Nevertheless,

Figure 4. JIEYAO detoxifies DUYAO by rerouting it to the autophagosome for degradation

(A) Y2H assay shows that JIEYAQO interacts with DUYAOA.

(B) Firefly luciferase complementation imaging assay shows that JIEYAO interacts with DUYAO in Nicotiana benthamiana leaf epidermal cells. nLUC and cLUC

denote the N and C terminus of luciferase, respectively.
(C) DUYAO-Strep could pull down 6 x His-sumo-JIEYAQ using Strep beads.

(D) Co-immunoprecipitation assay shows that JIEYAO-FLAG could be co-precipitated by DUYAO-GFP.

(E) Gel filtration assay shows that the peak fractions of DUYAO oligomers (~650 kDa) shifted to ~160 kDa DUYAO-JIEYAOQ heterodimer when JIEYAO was added.
(F) Coomassie blue staining of SDS-PAGE gel shows the separation of DUYAO and JIEYAO of the DUYAO-JIEYAO heterodimeric complex from (E).

(G) Co-immunoprecipitation assay shows that JIEYAO-FLAG could interrupt the interaction between DUYAO-GFP with OsCOX11-FLAG.

(H) Subcellular localization shows that co-localization of JIEYAO-GFP, but not DUYAO-GFP, with mRFP-AtVSR2 (marker for multivesicular body) and mRFP-
AtATG8i (marker for autophagosome) in Arabidopsis protoplasts. Scale bars, 5 um.

() Subcellular localization assay shows that co-expression of JIEYAO-GFP altered the localization of DUYAO-CFP to the MVB and autophagosome in

Arabidopsis protoplasts. Scale bars, 5 um.

(J) Cell-free degradation assay shows that DUAYO-Strep is destabilized by addition of 6 x His-sumo-JIEYAO. BafA1 is an autophagy inhibitor and MG132 is a

proteasome inhibitor.
See also Figure S6.
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Figure 5. Evolutionary trajectory analysis of the RHS12 locus

(A) Base editing of JIEYAO. The mutated amino acids and corresponding positions in the NIL-T65%4%4 background and the pollen fertility of corresponding
transgenic plants are shown. Arrowheads indicate aborted pollen grains. Scale bars, 100 pm.

(B) Pollen fertility of the F1s (NILs x NIL-DJY17P2¥RD23) is normal (>90%) when the NILs carry JIEYAOX'®; however, pollen fertility of the F1s derived from the NILs
lacking JIEYAO or carrying nonsynonymous mutations at the 115 amino acid residue of JIEYAO is semi-sterile (~50%). Data are presented as mean + SD, n =
12, 15, and 24. Asterisks indicate significant difference (2 test, ***p < 0.001).

(legend continued on next page)
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other possible evolutionary routes of the DUYAO-JIEYAO
element may also exist. Notably, the wild rice ancestor
O. rufipogon contains all four groups of the DUYAO-JIEYAO
element, and after domestication, only some indica rice inherited
the functional HC DUYAO-JIEYAO (HC-51) from O. rufipogon.
Moreover, a chromosome inversion event in group IV indica
rice appears to have occurred during breeding of cultivated
rice (Figures 5D and S2D).

Functional DUYAO-JIEYAO element contributes to RI
between different lineages of rice

As the functional DUYAO-JIEYAO element forms a toxin-anti-
dote system, we deduced that after its initial formation in
O. rufipogon and its transmission into the indica lineage, it could
contribute to RI between different populations of wild rice
(O. rufipogon) and Asian cultivated rice. To test this, we con-
structed a series of NILs carrying different haplotypes of the
DUYAO-JIEYAO element in the backgrounds of DJY1, T65,
Nip, and Kongyu131 (KY131) and used five of them to make
diallel F4 hybrids. The results showed that F; hybrids between
NILs carrying functional and nonfunctional DUYAO-JIEYAO
element were semi-sterile (~50%), whereas F hybrids between
NILs carrying nonfunctional DUYAO-JIEYAO element were fertile
(>90%) (Figures S7B and S7C; Table S5). These observations
confirmed that the functional DUYAO-JIEYAO element contrib-
uted to hybrid male sterility and thus RI between different line-
ages of rice.

We also noticed that among our sequenced samples,
all japonica varieties (most of which are landraces) lack the
functional DUYAO-JIEYAO element. However, most modern
japonica varieties harbor the functional DUYAO-JIEYAO element
(see below). Thus, we hypothesized that the functional DUYAO-
JIEYAO element was likely introgressed into modern japonica
varieties from indica varieties harboring the element during mod-
ern rice breeding. To test the functionality of the introgressed
DUYAO-JIEYAO element, we crossed japonica varieties (JG88,
H5, and N7) carrying functional DUYAO-JIEYAO element with
japonica varieties (KY131, ZH11, and T65) lacking the element.
The resulting F4 hybrids all displayed male fertility defects,
indicating that the introgressed DUYAO-JIEYAO element is func-
tional in conferring de novo Rl in intra-japonica varieties (Fig-
ure 6A; Table S5).

RHS 12 forms a natural gene drive

“Gene drive” is a term coined to describe genetic elements that
manipulate gametogenesis and reproduction to increase their
own transmission to the next generation.®”-*® To test the gene
drive effect of RHS12 in a natural population, we assessed its fre-
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quency change in modern japonica rice. No functional DUYAO-
JIEYAO element was detected in japonica landraces before
1970s (Figure 6B; Table S6). Intriguingly, functional DUYAO-
JIEYAO element (with chromosome inversion) was detected in
japonica rice varieties registered in China after 1970s, and its fre-
quency increased year by year, reaching 86% in 2019 (Figure 6B;
Table S6). These results suggest that the DUYAO-JIEYAO
element acts as a natural gene drive during the breeding of mod-
ern japonica varieties.

We further explored whether the DUYAO-JIEYAO element
could be engineered as an artificial gene drive. We attached
GFP as an artificial cargo to the DUYAO-JIEYAO element and
transformed it into T65 calli. T transgenic plants harboring a sin-
gle-copy gJIEYAO-pUbi::GFP-gDUYAO transgene were semi-
sterile. Fluorescence microscopy examination revealed that
only the GFP+ pollen grains were fertile, whereas the GFP— pol-
len was aborted (Figures 6C and 6D), suggesting that the
DUYAO-JIEYAO element could be used to effectively increase
transmission of artificial cargo genes.

To further test whether such a gene drive system may work in
other species, we constructed a pADH1::DUYAO construct and
transformed it into yeast (Saccharomyces cerevisiae). The re-
sults showed that the growth of yeast was significantly inhibited.
However, growth of yeast was not affected when transformed
with the pADH1::DUYAO 4 construct (lacking the mitochondria-
targeting signal) or when pADH1::DUYAO was co-transformed
with pADH1::JIEYAO (Figure 6E). Similarly, proliferation of
Drosophila melanogaster S2 cells was inhibited by transfection
of the DUYAO construct alone, but not affected when co-trans-
fected with the DUYAO and JIEYAO constructs (Figure 6F).
These results collectively demonstrated that the DUYAO-
JIEYAO element also functions in other species.

DISCUSSION

In this study, we identified RHS72 as a major locus controlling
hybrid male sterility between different lineages of rice (indica
and japonica) and showed that it encodes a toxin-antidote sys-
tem. In this system, DUYAO acts in a sporophytic manner and
encodes a toxin, whereas JIEYAO acts in a gametophytic
manner and encodes an antidote to protect the male gametes.
As a result, the RHS12-j pollen grains are selectively eliminated,
and the RHS12-i pollen is protected by JIEYAO and preferentially
transmitted to the progeny (Figure 7). Notably, the cytotoxity-
detoxification mechanism of RHS712 bears a similarity to the
WA-CMS system in that pollen abortion is caused by mitochon-
drial malfunction.®* However, the two systems differ in two major
aspects. First, it has been shown that in the WA-CMS system,

(C) Pollen fertility assay shows that different mutations (start codon lost and premature termination) of DUYAO (created via CRISPR-Cas9-mediated base editing)

in the F;-T657%%* background rescue pollen fertility. Scale bars, 100 pm.

(D) Deduced evolutionary trajectory of the RHS12 locus in wild rice ancestor O. rufipogon and Asian cultivated rice species. Dotted boxes denote absence of
DUYAO and JIEYAO. The superscript letter S and T indicate amino acid substitutions and pre-termination stop codons, respectively. The superscript letter U
indicates function undefined. The percentage and number of accessions of each group are shown in the parenthesis. * denotes the inverted RHS12 locus found in

some indica accessions.

(E) A flowchart illustrating the possible evolutionary trajectory of the RHS72 locus. Four groups of DUYAO-JIEYAO haplotype combinations (HCs) and their

possible evolutionary routes are shown.
See also Figure S7 and Tables S2, S3, S4, and S5.
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Figure 6. The DUYAO-JIEYAO element forms a natural gene drive system

(A) Pollen fertility assay shows that the functional DUYAO-JIEYAO element cause hybrid male sterility in diallel crosses between six japonica varieties. Het-
erozygosity at the RHS 12 locus always causes semi-sterile or low-fertile pollen phenotype in the F plants. Asterisks indicate that the lower-than-expected fertility
(less than 50%) is caused by other hybrid sterility loci. JG88, Jigeng88; H5, Huaidao 5; N7, Ninggeng 7; KY131, Kongyu131; ZH11, Zhonghua 11.

(B) Spread of the inverted RHS12 locus in modern japonica varieties after its introgression from indica. A total of 285 japonica varieties were analyzed and the
percentage of varieties with introgressed RHS12 is shown.

(legend continued on next page)
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the toxin is caused by WA532-OsCOX11 interaction, which trig-
gers reactive oxygen species and premature programmed cell
death of the tapetum cells, leading to pollen abortion.** In
contrast, in the DUYAO-JIEYAO system, cytotoxity is caused
by DUYAO-OsCOX11 interaction, which disrupts homo-dimer-
ization and thus proper function of OsCOX11. Second, in the
WA-CMS system, detoxification of WA352 is rendered by the nu-
clear restorer-of-fertility (Rf) genes of the restorer lines, which
suppress WA352 expression by cleaving the transcripts of
WA352 or mediating WA352 protein degradation.®***° In
contrast, in the DUYAO-JIEYAO system, JIEYAO detoxifies
DUYAO by rerouting it to the autophagosome for degradation
through physical interaction. Thus, our study reveals a distinct
molecular mechanism underlying hybrid male sterility.

Previous studies have documented ample evidence of the
toxin-antidote/meiotic drive/segregation distortion/killer-protec-
tor systems as a major form of genetic conflict in different pop-
ulations of plants and animals to confer RL.%'%“% A key feature
of such elements (such as the S5 locus controlling embryo
sac fertility of indica-japonica hybrid rice, and the t-haplotype
in mouse controlling sperm motility) is that they usually
comprise two or three linked genes encoding a toxin and an an-
tidote. 254142 The toxin kills or impairs the development of in-
dividuals or gametes while the antidote specifically counteracts
the toxin’s effects. Thus, such elements are selfish in nature, and
they ensure their spread in natural populations by killing the non-
carriers, thus subverting Mendel’s laws of inheritance. Notably,
the tight genetic linkage between the toxin- and antidote-en-
coding genes in such systems is apparently favored in their evo-
lution, to avoid “suicide” haplotype produced by segregation
between the toxin and antidote.*

Our evolutionary analyses suggest that the RHS72 locus is
likely formed de novo in the AA genome clade of wild rice species
(such as O. rufipogon) because no homologous sequences of
DUYAO and JIEYAO were identified in BB and CC genome
wild rice (Table S2). In addition, we deduced that the functional
DUYAO-JIEYAO element is likely derived from nonfunctional
ancestral DUYAO-JIEYAO elements through a multiple-step
evolutionary process (amino acid substitutions and removal of
premature stop codons). We also demonstrated that once
formed, the functional DUYAO-JIEYAO element contributed to
RI between different lineages/subpopulations of rice that carry
it or are non-carriers (Figures 6A, S7B, and S7C). Thus, the
DUYAO-JIEYAO element likely played a role in promoting Rl in
cultivated rice by restricting gene flow between different lineages
of rice with or without the element.

Itis worth noting that all the previously reported RHS loci (e.g.,
S5, gHMS?7, etc.) only affect the male or female gametes,”®?”
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whereas RHS12 acts not only on gametes but also on somatic
cells (Figures 6E, 6F, and S3). As in the male gametes, the
DUYAO of the “DUYAO-JIEYAO” element can act as a toxin to
disrupt the development and growth of somatic cells, and
JIEYAO can act as an antidote to relieve the toxic effect of
DUYAO. The observed effect of the DUYAO-JIEYAO element
on somatic cells highlights the selfish nature of such elements
for their own transmission at the cost of the non-carriers. This
system also bears similarity to hybrid necrosis, another form of
HI, in that they are all caused by incompatible epistatic interac-
tions between diverged subpopulations of species during evolu-
tion. For example, hybrid necrosis in plants is often manifested
as a genetic autoimmunity syndrome due to deleterious interac-
tion of functionally diverged nucleotide-binding domain and
leucine-rich repeat (NLR) immune receptor genes within or be-
tween species.***°

Lastly, our finding that the DUYAO-JIEYAO element acts as a
natural gene drive suggests broad potential applications. First,
we could exploit such a system to generate wide compatibility
rice varieties by knocking out DUYAO in the DUYAO-JIEYAO
element to overcome the HS and thereby promote utilization of
the strong heterosis between the indica and japonica subspe-
cies. Second, we also envisage that such an element could be
engineered for improving crop breeding efficiency. For example,
we could rapidly increase the frequency of genes conferring
favorable agronomic traits (such as rice blast gene-PigmR,
brown planthopper resistance loci-Bph3 and ideal plant
architecture gene-IPA1) by linking it to the DUYAO-JIEYAO
element.*®* Third, we can develop pathogen-resistant cultivars
using DUYAO-JIEYAO element to selectively eliminate the sus-
ceptibility genes in a population.*® Finally, as we showed that
the DUAYO-JIEYAO gene drive system is functionally conserved
in yeast and Drosophila somatic cells (Figures 6E and 6F), we
also envisage that such a system might be utilized for public
health purposes. For example, such a natural gene drive could
be engineered to reduce female mosquito transmitted diseases
in humans by generating homozygous sterile female mosquitos
or male-only populations.®®>® Indeed, it will be exciting to see
such a system fully exploited for biotechnology and biomedical
purposes.

Limitations of the study

In this study, we identified RHS 12 as one of the major genetic loci
affecting indica-japonica hybrid male sterility and demonstrated
that this locus encodes a DUYAO-JIEYAO element. We revealed
that DUYAO induces cytotoxity by affecting mitochondria func-
tion, whereas JIEYAO detoxifies it by rerouting it to the autopha-
gosome for degradation. However, several questions remain to

(C) Fluorescence microscopy examination shows that the single-copy transgenic plant of gJIEYAO-pUbi::GFP-gDUYAO exhibits a pollen semi-sterile phenotype
and presence of the GFP signal in all the fertile pollen grains (lower), whereas in the control single-copy transgenic plants of pUbi::GFP, the GFP signal was
observed in only half of fertile pollen grains (upper). Arrowheads indicate aborted pollen grains. Scale bars, 100 pm.

(D) Quantification of pollen fertility and presence of GFP signal in (C). Data are presented as mean + SD, n = 3 florets.

(E) Expression of DUYAO alone inhibits yeast growth, but its toxic effect is abolished by co-expressed JIEYAO.

(F) Expression of DUYAO inhibits proliferation of Drosophila melanogaster S2 cells, while co-expression of JIEYAO relieved the inhibitory effect of DUYAO. Cell
density was measured at 3, 5, and 7 days after transfection. Data are presented as mean + SD, n = 3 trials. Different letters indicate significant differences

(p < 0.05) by ANOVA and Tukey'’s test.
See also Tables S5 and S6.
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Figure 7. A proposed working model of the

DUYAO-JIEYAO element acting as a toxin-

antidote system
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be further explored. First, the detailed molecular mechanisms by
which JIEYAO acts to alter the subcellular localization of DUYAO
from mitochondria to MVBs and autophagosomes remain to be
elucidated. Second, the question of how such a system arose in
the wild rice progenitors is an interesting issue. The identification
of homologous sequences of DUYAO and JIEYAO only in AA
genome wild rice suggests that the DUYAO-JIEYAO element
likely evolved de novo within the AA genome clade of Oryza.
However, more detailed sequence and functional analyses
are required to fully elucidate its origin and evolutionary trajec-
tory in the AA genome species and their close relatives.
Lastly, considering that the cytotoxic-detoxification effect of
DUYAO-JIEYAO element is functionally conserved in yeast
and Drosophila cells, it will be exciting to see how such an
element can be fully exploited for biotechnology and biomedical
purposes.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-MBP Monoclonal Antibody NEB Cat#E8032L
Anti-His-tag mAb-HRP-DirecT MBL Cat#D291-7
Anti-GFP (Green Fluorescent Protein) mAb MBL Cat#MO048-3
Monoclonal ANTI-FLAG® M2-(HRP) Sigma-Aldrich Cat#A8592
antibody produced in mouse

Anti-lgG Mouse pAb-HRP MBL Cat#330
Anti-lgG Rabbit pAb-HRP MBL Cat#458
Rabbit anti-DUYAO This study N/A

Bacterial and virus strains

Agrobacterium tumefaciens EHA105 This study N/A

Trans1-T1 phage Resistant Chemically TransGen Cat#CD501-02
Competent Cell

Transetta (DE3) Chemically Competent Cell TransGen Cat#CD801-02
Saccharomyces cerevisiae strain AH109 This study N/A
Saccharomyces cerevisiae strain s228c This study N/A

DH10Bac Competent Cell Biomed Cat#BC112-01
SF21 cells Thermo Fisher Cat#B82101
SF9 cells Thermo Fisher Cat#B82501
Drosophila Schneider 2 (S2) cells Invitrogen Cat#R690-07
Chemicals, peptides, and recombinant proteins

4’, 6-diamidino-2’-phenylindole (DAPI) Sigma-Aldrich Cat#D9542-1MG
Propidium lodide (PI) Sigma-Aldrich Cat#P4170-10MG
MitoTracker™ Orange CM-H,TMRos Thermo Fisher Cat#M7511
DO Supplement-Leu/-Trp Takara Cat#630417
DO Supplement-His/-Leu/-Trp Takara Cat#630419
DO Supplement-Ade/-His/-Leu/-Trp Takara Cat#630428
D-Luciferin sodium salt Solarbio Cat#D9390
d-Desthiobiotin Sigma-Aldrich Cat#D1411
HyClone SFX-Insect HyClone Cat#SH30278.02
Fetal Bovine Serum (FBS) Gibco Cat#10099141
Critical commercial assays

QIAGEN Plasmid Midi Kit (25) QIAGEN Cat#12143
Yeastmaker™ Yeast Transformation Takara Cat#630439
System 2

Amylose resin NEB E8021S
Anti-GFP mAb-Magnetic agarose MBL Cat#D153-11
Streptactin Beads 4FF Smart-Lifesciences Cat#SA053025

Chelating sepharose fast flow
Glutathione Sepharose 4B
In-Fusion HD® Cloning Kit

2X MultiF Seamless Assembly Mix
KOD FX

Phanta Max Super-Fidelity DNA
Polymerase

GE Healthcare
GE Healthcare
Takara
ABclonal
TOYOBO
Vazyme

Cat#17-0575-02
Cat#17-0756-04
Cat#639650
Cat#RK21020
Cat#KFX-101
Cat#P505-d1

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Effectene Transfection Reagent QIAGEN Cat#301425
Cell Counting kit-8(CCK-8) APExBIO Cat#K1018
Experimental models: Organisms/strains

Nicotiana benthamiana This study N/A
Rice: Oryza sativa ssp. japonica Taichung This study N/A
65, T65

Rice: Oryza sativa ssp. indica This study N/A
Guangluai 4, G4

Rice: Oryza sativa ssp. japonica This study N/A
Dianjingyou 1, DJY1

Rice: Oryza sativa ssp. indica RD23 This study N/A
Rice: NILs, NIL-T65%4/44, This study N/A
NIL-DJY1 RD23/RD23

Rice: Hybrid F, T65/G4 This study N/A
Rice: Hybrid F4, DJY1/RD23 This study N/A
Rice: Hybrid F, F4-T6576%/G4 This study N/A
Rice: Hybrid F4, F;-DJY1PJY1/RD23 This study N/A
Rice: Oryza sativa ssp. japonica Nipponbare This study N/A
Rice: Oryza sativa ssp. indica 93-11 This study N/A
Rice: F;1-T65"%%C4/DUYAQ-KO This study N/A
Rice: F1-T65"°%S4/JIEYAO This study N/A
Rice: T65/DUYAO-JIEYAO This study N/A
Rice: F1-T65"%%%4/DUYAO-Base This study N/A
editing-1~8

Rice: NIL-T65%4C4 /JIEYAO-KO-1/2 This study N/A
Rice: NIL-T65%4C4 /JIEYAO-Base This study N/A
editing-1~5

Rice: T65/0sCOX11-KO This study N/A
Rice: T65/pDUYAO::RUBY This study N/A
Rice: T65/pJIEYAO::RUBY This study N/A
Rice: T65/pUbi::GFP This study N/A
Rice: T65/9JIEYAO-pUbi::GFP-gDUYAO This study N/A
Recombinant DNA

CRISPR-DUYAO This study N/A
2300-JIEYAO This study N/A
2300-DUYAO-JIEYAO This study N/A
2300-pUbi::GFP This study N/A
2300-p35S::DUYAO-pUDbI::GFP This study N/A
2300-pActin::JIEYAO This study N/A
2300-pActin::JIEYAO-pUbi::GFP- This study N/A
p35S::DUYAO

2300-gJIEYAO-pUbi::GFP-gDUYAO This study N/A
2300-pUbi::GFP-gJIEYAO-gDUYAO This study N/A
CRISPR-DUYAO-Base editing-1~8 This study N/A
CRISPR-JIEYAO-1/2 This study N/A
CRISPR-JIEYAO-Base editing-1~5 This study N/A
DUYAO-GFP This study N/A
OsCOX11-GFP This study N/A
JIEYAO-GFP This study N/A
DUYAO-CFP This study N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

OsCOX11-CFP This study N/A

1390-pUbi::JIEYAO This study N/A

pGADT7-DUYAOA This study N/A

pGADT7-DUYAO-D1~D5 This study N/A

pGADT7-OsCOX11A This study N/A

pGBKT7-OsCOX11A This study N/A

pGBKT7-0OsCOX11-D1~D4 This study N/A

pGBKT7-JIEYAO This study N/A

pGBKT7-JIEYAO-D1~D5 This study N/A

p2YC-DUYAO This study N/A

p2YN-OsCOX11 This study N/A

p2YC-0OsCOX11 This study N/A

MBP-DUYAO This study N/A

MBP-OsCOX11 This study N/A

pCOLD-His-OsCOX11 This study N/A

1390-pUbi::0sCOX11-3xFLAG This study N/A

1390-pUbi::JIEYAO-3XFLAG This study N/A

DUYAO-cLUC This study N/A

JIEYAO-nLUC This study N/A

pDUYAO::RUBY This study N/A

PJIEYAO::RUBY This study N/A

pUASTattB This study N/A

PpActin::Gal4 This study N/A

pUAS::DUYAO This study N/A

PUAS::JIEYAO This study N/A

YEB-pADH1::JIEYAO This study N/A

PUG6-pADH1::DUYAO This study N/A

PUG6-pADH1::DUYAO4 This study N/A

pFastBac-His-sumo-JIEYAO-1-451 This study N/A

pFastBac-DUYAO-Strep This study N/A

pFastBac-GST-OsCOX11 This study N/A

Software and algorithms

QTL IciMapping Version 4.2 ICS-CAAS https://isbreeding.caas.cn/rj/qgtllcampping/

Adobe Photoshop CS6 Adobe https://www.adobe.com/cn/products/
photoshop.html

Adobe lllustrator Adobe https://www.adobe.com/cn/products/
illustrator.html

GraphPad Prism 8 GraphPad https://www.graphpad.com/
scientific-software/prism/

MEGAX Kumar et al.>* https://www.megasoftware.net

DnaSP6 Rozas et al.®® http://www.ub.edu/dnasp/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jianmin
Wan (wanjianmin@caas.cn or wanjm@njau.edu.cn).

Materials availability

Constructs, strains, NILs, and transgenic seeds generated in this study will be made available upon request for scientific research
while a completed Materials Transfer Agreement should be required if there is potential for commercial application.
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Data and code availability
® The nucleotide sequences of DUYAO (OQ351923) and JIEYAO (OQ351924) described in this study have been deposited in the
GenBank database.
o This study did not generate any code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant materials and growth conditions
Two F, populations derived from japonica/indica crosses (including T65 x G4 and DJY1 x RD23) were used for QTL detection. NILs,
including NIL-DJY1RP23/RD23 || -TE5%4/S4 and those from other donors in DJY1, Nipponbare or KY131 background were used for
genetic analysis. Besides T65, NIL-T65%4%4 and F,-T65 "% were also used for genetic transformation. japonica variety Nipponbare
and indica variety 93-11 seedlings were cultured in vitro for rice protoplast preparation. All the wild-type and transgenic plants for
phenotype observation were grown in paddy field in Nanjing (118°E, 32°N) in summer or Hainan Island (110°E, 18°N) in winter.
Nicotiana benthamiana for BiFC and LCl assays was grown at 22°C under long-day condition (16-h day/8-h night) and 4~5 weeks
old leaves were collected for transient expression assays.

Microbe strains
The Saccharomyces cerevisiae strains AH109 and s228c were stored at -70°C, and re-activated by culturing in an incubator at 30°C
for 3 days before use.

METHOD DETAILS

QTL detection and map-based cloning

For QTL detection of hybrid pollen sterility loci, two F, populations of indica X japonica hybrid rice were used, one derived from T65 X
G4 containing 116 individuals that were genotyped by 204 markers, another derived from DJY1 x RD23 including 156 individuals that
were genotyped by 142 markers. The pollen fertility of individuals was examined by I,-KI staining and QTL analysis was performed
using the QTL IciMapping Version 4.2 software.

The RHS12 locus was first mapped to a 473-kb region on the short arm of chromosome 12 between InDel markers NJ5 and G8
using the DJY1 x NIL-DJYRP23/RD23 £, hopulation with 18,014 individuals. There were no recombinant individuals inside the region
as it contains an inversion structure. Then, 3,827 individuals generated from another F, population of T65 x NIL-T65%4G* (without the
inversion structure) were used for fine mapping and the mapped region was finally narrowed down to a 30.7-kb interval between InDel
markers DK24 and TGR4. To verify RHS12 within this interval, pollen fertility and genotypic F».; segregation ratio of recombinant in-
dividuals were investigated for consistence.

1>-KI staining, DAPI staining, and DIC examination
Pre-flowering spikelets were fixed in Carnoy’s solution (ethanol: glacial acetic=3:1) and then stored at 4°C before observation. For
microscopic examination, pollen grains were released from anthers using tweezers and then stained by 1% I>-KI solution.

For DAPI staining, pre-flowering spikelets were fixed in FAA solution (70% ethanol: formalin: acetic acid=18:1:1) and then stored at
4°C before examination. Released pollen grains were stained for 20 min by DAPI solution (1 pg/mL), and a drop of 40% glycerinum
was added before being photographed with ZEISS Imager A2 fluorescence microscope.

Fresh anthers at different developmental stages of F;-DJY12YY1/RP23 yere collected and then the pollen grains were released in 1%
sucrose solution before photographing using DIC microscope.

In vitro pollen germination

To observe the in vitro pollen germination ability, on the day of filaments elongation and pollen grains dispersal, parental and hybrid F
pollen grains were collected by gently shaking pollen grains into the germination solution (10% sucrose, 0.1 mg/mL H3BO3, and
0.1 mg/mL Ca (NOg),). The slide loaded with the germination solution was then cultured at 30°C for 15~20 min in darkness, followed
by adding one drop of 0.005% aniline blue solution before imaging.

Scanning electron microscopy and transmission electron microscopy
To conduct scanning electron microscopy, mature anthers were first fixed in 2.5% glutaraldehyde for 24 h, rinsed 3 times using
distilled water, dehydrated through an ethanol series, then fixed in 1% OsQO, for 2 h, and dehydrated through ethanol series again
followed by critical point drying with CO,. After that, the anthers were coated with gold by E-100 ion sputter and then observed using
scanning electron microscopy (S3400, Hitachi).

For transmission electron microscopy, anthers were fixed in 2.5% glutaraldehyde as aforementioned, rinsed twice by 0.1 mol/L
phosphate buffered saline (PBS) solution, 30 min each, and then dehydrated through acetone series, followed by treatment with
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saturated uranium acetate prepared with 70% acetone at 4°C overnight. After that, the anthers were embedded in epoxy resin, and
then kept at three temperature gradients of 37°C for 12 h, 45°C for 24 h, and 60°C for 24 h. The ultrathin sections of 60-70 nm were
then double stained with 2% (w/v) uranyl acetate and 2.6% (w/v) aqueous lead citrate solution. The sections were observed by a
JEM-1230 transmission electron microscope (JEOL) at 80kV.

Transverse sections of anthers

Spikelets at different developmental stages were fixed in 2.5% glutaraldehyde for 12 h and rinsed twice with 0.1 M PBS solution,
30 min each, followed by dehydration through acetone series. The samples were then permeated with resin that was diluted with
25%, 50%, and 75% anhydrous acetone, each for 3 h at room temperature, and finally with 100% resin for one week at 35°C. At
last, the samples were polymerized at 60°C for 48 h before slicing. The sections of approximate 1 um thick were stained by
0.5%-1% toluidine blue. Photos were taken with Olympus BX43 microscope and enhanced by Adobe Photoshop CS6 software.

Chromosome behavior observation

Young panicles during meiosis were collected and fixed in Carnoy’s solution at 4°C before use. At first, one anther of the spikelet
was stained by aceto carmine to precisely determine the phases of meiosis. Anthers at desired phase were squashed under a cover
slip in 40% acetic acid. After that, the slide was immersed in liquid nitrogen for 15 min; then the cover slip was removed quickly, fol-
lowed by dehydration with 70%, 90%, and 100% ethanol. At last, the slide was dried at room temperature for 5 min before staining by
Pl (20 ng/mL). Images were captured using ZEISS Imager A2 fluorescence microscope and then enhanced by Adobe Photoshop CS6
software.

Complementation assay

For investigating the role of JIEYAO at the RHS12 locus, genomic sequence of JIEYAO driven by Actin promotor was amplified and
inserted into pPCAMBIA2300 to generate 2300-pActin::JIEYAO construct. Then the construct was transformed into F,-T65'%%%4 calli
via Agrobacterium tumefaciens-mediated transformation. Single-copy transgenic T, plants were examined to see if pollen fertility
was rescued to about 75% and if their progeny T4 plant followed the segregation ratio of 1:3:2 (jj:jj:ii) at the RHS12 locus.

To clarify the role of DUYAO-JIEYAO as a selfish element, a 20-kb genomic DNA fragment spanning DUYAO and JIEYAO was
amplified and cloned into pCAMBIA2300 to generate 2300-DUYAO-JIEYAO construct. The construct was then transformed into
T65 calli. Then, the transgenic plants were sequenced and analyzed to identify T-DNA integration site and to facilitate T4 segregation
ratio determination. Corresponding pollen phenotype and segregation ratio in T4 generation derived from single copy Tq plant were
investigated. Primers used for amplification are listed in Table S7.

Knocking out of DUYAO and JIEYAO

An 18-bp length sequence targeting DUYAO was synthesized, annealed and subsequently cloned into the CRISPR/Cas9 vector. The
CRISPR-DUYAO construct was then transformed into F1-T657°%%4 calli and edited plants were identified by polymerase chain reac-
tion (PCR)-based sequencing. The DUYAO knockout plants were chosen to investigate pollen fertility and T, segregation ratio.

To create JIEYAO knockout plants using the CRISPR/Cas9 technology, sequences targeted to two targets (target1 and target2)
were designed. The resulting constructs were transformed into F;-T6576%%4 (with heterozygous DUYAO), NIL-T65%4% (with homo-
zygous DUYAO), and NIL-T65%4S4_KO (with DUYAO knocked out). Transgenic plants were genotyped by PCR-based sequencing
with JIEYAO-specific primers to determine possible mutations at the targets. Primers used for amplification are listed in Table S7.

Base editing of DUYAO and JIEYAO

To create point mutations of DUYAO and JIEYAO, we generated several base editors by replacing deaminase and Cas9 portions of
former plant adenine base editor and cytosine base editor constructs,”®>® yielding pH-ABE8e-NG-esgRNA, pH-ABE8e-SpRY-
esgRNA, pH-A3A-CBE-NG, and pH-VHM-NG. The original TadA8e deaminase was optimized with cereal-preferred codons and
synthesized commercially (GenScript); the Cas9 PAM variants (recognizing relaxed PAM) were amplified and mutated from corre-
sponding constructs by PCR. All the deaminase and Cas9 portions were installed using 2x MultiF Seamless Assembly Mix (ABclo-
nal). The annealed sgRNA oligos were then installed into corresponding constructs by Golden Gate. The resulting constructs were
transformed into F4-T65"°%/%* and NIL-T65%%%* calli by Agrobacterium-mediated transformation. The target sequences are listed in
Table S3.

“Cytotoxicity-detoxification” effect tested in calli

To investigate the role of DUYAO-JIEYAO element in somatic cells, constructs consisting of different elements were transformed into
T65 calli. GFP driven by Ubi promoter (2300-pUbi::GFP) was used as a negative control and transgenic calli surviving selection were
expected to show bright GFP signal. With addition of DUYAO driven by the 35S promoter (2300-p35S::DUYAO-pUbi::GFP), GFP
signal would diminish in transgenic cells along with accumulation of DUYAO (if it is toxic). With further addition of JIEYAO driven
by the Actin promoter (2300-pActin::JIEYAO-pUbi::GFP-p35S::DUYAO), bright GFP was expected in transgenic calli due to pres-
ence of JIEYAO (if it exerts detoxification). An accompanying construct 2300-pActin::JIEYAO was also made as another
control. Alternatively, 2300-p35S::DUYAO-pUbi::GFP and 2300-pActin::JIEYAO were co-transformed into T65 calli using
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Agrobacterium-mediated method as a supporting test. Besides, native promoters were also used to generate 2300-gJIEYAO-
pUbI::GFP-gDUYAO and 2300-pUbi::GFP-gJIEYAO-gDUYAO vectors. GFP signal was observed two weeks (with hygromycin selec-
tion) after Agrobacterium infection. Images were captured with Leica M205 FCA stereo fluorescence microscope, and then enhanced
using Adobe Photoshop CS6 software. Primers used for amplification are listed in Table S7.

Subcellular localization

The coding region of DUYAO, OsCOX11, and JIEYAO were amplified and then fused with GFP and CFP to generate DUYAO-GFP,
OsCOX11-GFP, JIEYAO-GFP, DUYAO-CFP, and OsCOX11-CFP constructs, respectively. All the fused genes were under the control
of double 35S promoter, except in 1390-pUbi::JIEYAO where JIEYAO was driven by the maize Ubiquitin-1 promoter for transient
expression of JIEYAO without tag. Leaf sheaths of two week-old Nipponbare and 93-11 seedlings were used to isolate protoplasts.
The leaf sheaths were cut into strips of 0.5 mm in length, treated with 0.6 M mannitol and then incubated in an enzyme solution (0.75%
macerozyme R-10, 1.5% cellulase RS, 0.1% bovine serum albumin, 0.6 M mannitol, 10 mM 2-(N-Morpholino) ethanesulfonic acid
(MES) at pH 5.7 and 10 mM CacCl,) in dark for 4 h with gentle shaking. Protoplasts released from cell wall digestion were collected
by centrifugation and transfected with plasmid DNA representing various construct combinations via the polyethyleneglycol-medi-
ated procedure.®® Transient gene expression in protoplasts prepared from the Arabidopsis PSB-D cell culture®® was performed as
the followings. The Arabidopsis cells (3-5 days in subculture) were incubated in an enzyme solution (1% cellulose RS, 0.05% pecti-
nase, 0.2% driselase, 0.4 M sucrose, 4.3 g/L Murashige and Skoog salts, 500 mg/L MES hydrate, 750 mg/L CaCl,.2H,0 and 250 mg/
L NH4NOg, pH 5.7) on a shaker at 65 rpm under 25°C for 2.5-3 h. The isolated protoplasts were collected and washed using elec-
troporation buffer (0.4 M sucrose, 2.4 g/L 4-(hydroxyethyl)-1-piperazineethanesulfonic acid, 6 g/L KCI and 600 mg/L CaCl,.2H,0,
pH 7.2) twice before electroporation with 40 ug plasmid DNA mix representing different construct combinations. After incubation
at 26°C for 6-18 h, the protoplasts were observed for fluorescent signals. Autophagosomes were induced by 100 uM benzothiadia-
zole (BTH) for 6-8 h. Mitochondria were stained by MitoTracker™ Orange CM-H>TMRos and fluorescence of protoplasts were
observed and imaged using a confocal laser scanning microscope (Leica SP8). Primers used for amplification are listed in Table S7.

Yeast two-hybrid (Y2H) assay

The coding region of JIEYAO, mitochondrial signal-less DUYAO (DUYAO4) and OsCOX11 (OsCOX114), and their fragmented ver-
sions (JIEYAO-D1~D5 for JIEYAO, DUYAO-D1~D5 for DUYAO and OsCOX11-D1~D4 for OsCOX11) were amplified and then cloned
into Y2H prey vector pGADT7 or pGBKT7 (Clontech). The resulting constructs were co-transformed in various combinations into
Saccharomyces cerevisiae strain AH109 according to the manufacture’s instruction (Yeastmaker™ Yeast Transformation System
2). The transfected yeast cells were first grown on synthetic dropout medium (SD-Leu/-Trp) at 30°C for 3 days and then transferred
to selective medium (SD-Leu/-Trp/-His/-Ade) at 30°C for 4 days. Primers used for amplification are listed in Table S7.

Bimolecular fluorescent complementation (BiFC) assay

For BiFC assay, the full-length coding region of DUYAO and OsCOX11 were amplified and cloned into the binary vectors p2YN and
p2YC to generate p2YC-DUYAO and p2YN-OsCOX11 recombinant constructs. They were then transformed into Agrobacterium
tumefaciens strain EHA105 and cultured at 28°C for four days. For transient expression, different combinations of Agrobacterium
tumefaciens carrying different constructs at an ODgg of 0.1 were co-infiltrated with p19 strain into 4~5 weeks-old N.benthamiana
leaves as described previously.®’ Three days after transfection, the infiltrated leaves were observed under a confocal laser scanning
microscope (Leica SP8). Primers used for amplification are listed in Table S7.

Firefly luciferase complementation imaging (LCI) assay

To detect the interaction between DUYAO and JIEYAO, the coding sequences of DUYAO and JIEYAO were cloned into pPCAMBIA-
cLUC and pCAMBIA-nLUC vectors to generate DUYAO-cLUC and JIEYAO-nLUC fused proteins, respectively. Then, the EHA105
strains carrying each of the two constructs, along with negative controls, were co-infiltrated with p19 strain into tobacco leaves. After
three days, the infiltrated leaves were incubated with 1 mM luciferin and measured using Tanon 5200 chemiluminescent imaging sys-
tem. Primers used for amplification are listed in Table S7.

Pull-down assay

For pull-down assay, the full-length coding region of DUYAO was cloned into pMAL-c2X vector to generate recombinant MBP-
DUYAO protein; and OsCOX171 was cloned into pMAL-c2X and pCold TF vectors to obtain recombinant MBP-OsCOX11 and His-
OsCOX11 proteins, respectively. The constructs were then transformed into Escherichia coli DES3 cells, and the strains were cultured
at 16°C, 160 r/min for 16 h, and then induced by 0.1 mM isopropyl B-D-1-thiogalactopyranoside to express the fused proteins. MBP-
DUYAO and MBP-0OsCO11 coupled beads were used to capture His-OsCOX11 to test DUYAO-OsCOX11 and OsCOX11-OsCOX11
interactions, and the effect of MBP-DUYAO on the OsCOX11-OsCOX11 interaction was examined by MBP-DUYAO gradients. The
purified protein was first incubated with the corresponding resin (20-30 pL) in 1 mL PBS solution for 1 h with gentle rotation. Then the
prey protein fused with a different tag was added. After further 2 h incubation, the resin was washed 5 times with PBS and diluted with
5x protein loading buffer. Finally, the protein samples were carried out for SDS-PAGE and immunoblot analyses with anti-MBP and
anti-His antibodies.®® Primers used for amplification are listed in Table S7.
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Co-immunoprecipitation (Co-IP) assay

The full-length coding sequence of OsCOX1771 and JIEYAO, each driven by the Ubiquitin-1 promoter, was tagged to generate
OsCOX11-FLAG and JIEYAO-FLAG fused proteins, respectively. Different combinations of DUYAO-GFP, OsCOX11-FLAG, and
JIEYAO-FLAG were transformed into rice protoplasts for transient expression. After 16 h in vivo culture, total protein was extracted
using native extraction buffer 1(NB1) (50 mM Tris-MES, pH=8.0, 0.5 M Sourose, 1 mM MgCl,, 10 mM EDTA, 5mM DTT, and 1 xCom-
plete Protease Inhibitor Cocktail) and then incubated with Anti-GFP mAb-Magenetic agarose at 4°C for 1 h with shaking. After
washing 3 times with NB1 buffer, the protein samples were eluted, and then SDS-PAGE and western blot were performed. Primers
used for amplification are listed in Table S7.

Protein purification, pull-down, and gel filtration assays

The full length coding sequence of DUYAO was cloned into modified pFastBac vector with a C-terminal Strep tag; the JIEYAO
coding sequence (1-451 amino acids) was cloned into modified pFastBac vector with a N-terminal 6 xHis-sumo tag; the OsCOX11
coding sequence (90-244 amino acids) was cloned into modified pFastBac vector with a N-terminal GST tag. All these proteins
were expressed using the Bac-to-Bac baculovirus expression system (Invitrogen) in Sf21 cells at 28°C. Sf21 cells were grown in
ESF 921 medium (Expression Systems) by shaking at 120 rpm at 28°C until the cell density reached 2.0x10° cells per milliliter.
One liter of cells (2.0x10° cells per milliliter) was infected with 25 mL of recombinant baculovirus. For protein purification, the
cell pellet was harvested via centrifuging the cell mixture after 48 h of infection. The pellet was re-suspended in buffer containing
150 mM NaCl and 25 mM Tris-HCI (pH 8.0). After sonication and centrifugation, the DUYAO-Strep protein was purified by Strep
beads; the DUYAO-OsCOX11 complex was purified by Strep beads at first, then the elution of d-Desthiobiotin was purified
by GST beads again; the DUYAO-JIEYAO complex was purified by Strep beads at first, then the elution of d-Desthiobiotin was
purified again following the Ni-NTA (Novagen) protocol. All above three elution proteins were further purified by size exclusion
chromatography (Superose 6, 10/30, GE Healthcare) in a buffer containing 10 mM Bis-Tris (pH 8.0) and 100 mM NaCl. The
peak fraction was separated by SDS-PAGE gel, and proteins were detected by Coomassie blue staining. Primers used for ampli-
fication are listed in Table S7.

Expression pattern analysis

About 4 kb-long promoter region of DUYAO and JIEYAO were amplified and fused to the RUBY gene.*® The constructs were then
transformed into T65 calli via Agrobacterium tumefaciens-mediated transformation. Whole genomic sequencing was performed to
screen for transgenic Tq plants carrying a single copy of pDUYAOQ::RUBY or pJIEYAO::RUBY. Photos were taken when the tissues or
organs exhibited red color. Primers used for amplification are listed in Table S7.

“Cytotoxicity-detoxification” test in yeast

To generate DUYAO, DUYAO 4 and JIEYAO under the control of the alcohol dehydrogenase1 (Adh1) promoter used in yeast expres-
sion assays, we synthesized all sequences by GenScript (Nanjing, China). For the pADH1::DUYAO and pADH1::DUYAO 4 constructs,
the sequences were amplified by PCR and ligated into the PCR linearized PUG6-NEO-BLANK binary vector. For the pADH1::JIEYAO
construct, the sequence was amplified by PCR and ligated into the PCR linearized YEB-NAT-BLANK (gift from Professor Fengyan
Bai) binary vector. The constructs were then transformed into Saccharomyces cerevisiae strain s228c as described above in the
Y2H assay section. Primers used for ampilification are listed in Table S7.

S2 cell culture and treatment

The coding sequence of DUYAO and JIEYAO were optimized and synthesized by GenScript, prior to inserting into pUASTattB vector
(gift from Dr. Stephen Cohen) to generate pUAS::DUYAO and pUAS::JIEYAO constructs. Different combinations of pActin::Gal4 (gift
from Dr. Cai Yu), pUAS, pUAS::DUYAO, and pUAS::JIEYAO constructs were then transfected into S2 cells using Effectene Trans-
fection Reagent (Qiagen 301425). Expression of DUYAO or JIEYAO in Drosophila melanogaster S2 cells is driven by an upstream
activating sequence (UAS) that is activated upon presence of GAL4. S2 cells were cultured at 25°C in SFM medium (Hyclone) sup-
plemented with 10% FBS (Gibco). After 3, 5, and 7 days of cultivation, the cell absorbance was measured using cell counting kit-8
(CCK-8) (APEXBIO). Primers used for amplification are listed in Table S7.

Evolution and haplotype analysis of the RHS12 locus

Diverse wild and cultivated rice accessions were used to isolate DUYAO and JIEYAO by PCR and the amplified genomic fragments
were sequenced. Sequences alignment for DUYAO and JIEYAO among accessions was performed by MEGA X software. After that,
we input the obtained files into DnaSP6 software, assigned the coding regions, removed the noncoding region, and eventually ob-
tained the haplotypes of DUYAO and JIEYAO. All the sequenced rice accessions are listed in Table S2.

QUANTIFICATION AND STATISTICAL ANALYSIS

For quantification of pollen fertility and GFP signals, images were analyzed and processed using Adobe Photoshop CS6 software
(https://www.adobe.com/cn/products/photoshop.html). All statistical analyses were completed in Graphpad Prism 8 software
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(https://www.graphpad.com/scientific-software/prism/). One-way ANOVA and Tukey’s test were performed for multiple
comparisons test, and detailed descriptions of statistical analyses can be found in the figure legends. All data are presented as
mean = SD.

ADDITIONAL RESOURCES

This study did not generate any additional resources.
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Figure S1. Isolation and characterization of RHS12, related to Figure 1

(A) Plant morphology (top) and pollen phenotype (middle) of DJY1, RD23, and their hybrid F; (DJY1 x RD23), and QTL detection of pollen sterility in the F»
population (bottom). Arrowheads and asterisks indicate aborted pollen grains and pollen grains with reduced starch accumulation, respectively. Scale bars,
20 cm (top) and 100 um (middle).

(B) Plant morphology (top) and pollen phenotype (middle) of T65, G4, and their hybrid F4 (T65 x G4), and QTL detection of pollen sterility in the F, population
(bottom). Arrowheads and asterisks indicate aborted pollen grains and pollen grains with reduced starch accumulation, respectively. Scale bars, 20 cm (top) and
100 pm (middle).

(C) The strategy for the NIL (NIL-DJY17P2¥RD23) construction using RD23 as the donor parent and DJY1 as the recurrent parent. MAS, marker assisted selection.
(D) The graphical genotype of the NIL-DJY17D23/RD23,

(E) Comparison of the flowers (top) and anthers (bottom) between DJY1, NIL-DJY1R7P2¥/RD23 and their hybrid Fy (F;-DJY1PYY/RP23) Scale bars, 3 mm (top) and
1 mm (bottom).

(F) Transverse sections of anther locules at different developmental stages of DJY1 and F;-DJY1P/Y/RP23 E epidermis; En, endothecium; ML, middle layer; T,
tapetum; MMC, microspore mother cell; Dy, dyad; MP, mature pollen; AP, aborted pollen. Scale bars, 50 um.

(G) Observation of meiotic chromosome behaviors in DJY1 and F;-DJY1°/Y"RP23 gcale bars, 50 pm.

(H) Observation of F1-DJY1PYY1/RP23 nolien grains at different developmental stages. The first to third (from left) panels show early-stage pollen grains imaged
using differential interference contrast (DIC) microscope. Note a pollen arrested at polarized microspore stage. The fourth panel shows pollen grains stained with
DAPI (4', 6-diamidino-2’-phenylindole). The fifth panel is scanning electron micrographs highlighting a caved pollen. The last two pairs of panels are transmission
electron micrographs highlighting an abnormal pollen with few starch granules and abnormal wall. St, starch granules; i, intine; f, foot layer; c, columella; te,
tectum. Nuclei, vegetative nuclei, generative cells, and sperm cells are indicated by green, black, white, and yellow arrowheads, respectively. Scale bars, 25 pmin
the first to sixth panels and 1 um in the last panels.
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Figure S2. Map-based cloning of RHS12, related to Figures 1 and 2

(A) Frequency distribution of pollen fertility in the DJY1 x NIL-DJY1RP23/RP23 £, hopylation.

(B) Segregation rate of the RHS72 genotypes in F, populations derived from T65 x NIL-T65%%* and DJY1 x NIL-DJY1RP2¥/RD23 jj i and jj represent homo-
zygous indica, homozygous japonica, and heterozygous indica/japonica genotype, respectively.

(legend continued on next page)
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(C) Diagram of genotypic segregation ratio in the progeny of the RHS12 heterozygous plant. The segregation of ii:jj genotype fits a 1:1 ratio due to selective
abortion of the RHS12-j male gametes (marked by the red “X”). i and j represent the indica and japonica allele, respectively.

(D) Mapping of the RHS172 locus using the DJY1 x NIL-DJY17P23/RP23 £, nopylation. The RHS12 locus was mapped to a genomic region with a chromosome
inversion structure (highlighted in yellow) between DJY1 and RD23. The numbers of recombinants are shown under the markers.

(E) Fine mapping of the RHS72 locus using the T65 x NIL-T65%4G* F, population. Pollen fertility of the recombinant individuals and genotypic segregation at the
RHS12 locus among their progeny are provided.

(F) The genotypic segregation ratio among progeny of RHS12 heterozygous plants is expected to restore to 1:2:1 when iORF3/DUYAQ is knocked out using the
CRISPR-Cas9 technology.

(G) Diagram of the expected segregation ratio of jj:ij:ii genotypes among progeny from RHS12 heterozygous plants harboring a single copy of the iORF4/JIEYAO
transgene (denoted as T).

(H) The expected genotypic segregation ratio among progeny from transgenic heterozygous japonica plants harboring a single copy of the DUYAO-JIEYAO
transgene (denoted as T).
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Figure S3. Cytotoxicity-detoxification analysis of the DUYAO-JIEYAO element, related to Figure 2

(A) Monitoring of cytotoxicity-detoxification using the GFP reporter in T65 calli cells. Various combinations of DUYAO and JIEYAO constructs were co-trans-
formed with the pUbi::GFP reporter into T65 calli. GFP signals (indicated by the arrowheads) were observed under fluorescence microscope for 2 weeks after
being cultured on selection medium. Scale bars, 2 mm.

(B) Quantification of GFP signals per callus shown in (A). Data are presented as mean + SD, n=5, 5, 3, 5, 5, and 5 plates (10 calli per plate) for the six treatments in
(A), respectively. Different letters were obtained by ANOVA and Tukey’s test, indicating significant differences (p < 0.01).
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Figure S4. Expression pattern of DUYAO and JIEYAO, related to Figure 3
The promotor of DUYAO or JIEYAO was cloned and used to drive the RUBY reporter gene. Transgenic plants carrying single-copy pDUYAO::RUBY (middle) or

pJIEYAO::RUBY (right) were observed for red color in whole plants (A), panicles and leaves (B), stem nodes (C), stems (D), spikelets (E), flowers (F), anthers (G),
and pistils (H). Wild-type T65 (left) as the control is dominated by green color. Scale bars: 20 cm in (A); 5 cm in (B); 1 cmin (C) and (D); and 1 mm in (E)—(H).
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Figure S5. Interaction between DUYAO and OsCOX11, and self-interaction of OsCOX11, related to Figure 3

(A) Schematic structure of DUYAO and OsCOX11 and their truncations for Y2H assay. Red lines indicate the cleaved-off position by the heterodimer mito-
chondrial processing peptidase (MPP). The amino acid sequence of the predicted mitochondrial signal peptides are provided (http://mitf.cbrc.jp/MitoFates/
cgi-bin/top.cgi). Yellow and gray boxes represent the ribonuclease H (RNase_H) domain (http://www.ebi.ac.uk/interpro/) and CtaG_Cox11 domain (http://
smart.embl-heidelberg.de/), respectively.

(B) BiFC assay of OsCOX11 and DUYAO in N. benthamiana. eYFP, enhanced yellow fluorescent protein. NY, N-terminals of YFP; CY, C-terminal of YFP; BF,
bright-field image. Scale bars, 50 pm.

(C) Y2H assay showing interaction of OsCOX11A with different truncated versions of DUYAO. DUYAOA and OsCOX11A indicate their truncated version without
the mitochondrial signal. The various truncated versions of DUYAO are shown in (A).

(D) Y2H assay showing interaction of DUYAOA with different truncated versions of OsCOX11. The various truncated versions of OsCOX11 are shown in (A).
(E) Y2H assay showing that OsCOX11A could interact with itself.

(F) OsCOX11 interacts with itself in a pull-down assay.

(G) BIFC assay showing self-interaction of OsCOX11. Scale bars, 50 um.

(H) Y2H assay showing interaction of OsCOX11A with different truncated versions of OsCOX11.




¢ CellPress

OPEN ACCESS

A 1 ANK  ANK 523aa
JIEYAO ]
D1 D2 D3 oY D5
B BD-JIEYAO BD AD-DUYAOA AD
AT -LTHA -LT -LTHA AT -LTHA -LT -LTHA
ioolo] EEels[o
ol (o] S0 |0
edol |o| 0| |o
o jo SOl [0
ol o] =0 [o
ol [o o[ |0l
ol « [0

C _ DUYAO-CFP

F1-ATPase-GFP

5xEnlarged

JIEYAO
+
Nipponbare

93-11/93-11
Ni

Nipponbare

ip
( DUYAO-JIEYAO)

93-11
( DUYAO-JIEYAOQ)

(

DUYAO-GFP

DUYAO-GFP

DUYAO-GFP

DUYAO-GFP

Mito tracker

Mito tracker

Mito tracker

Mito tracker

Cell

Merged

Mer‘ed

Merged

Merged

Figure S6. Interaction between DUYAO and JIEYAO and subcellular localization of DUYAO in presence of JIEYAO, related to Figure 4
(A) Schematic structure of JIEYAO. Green boxes represent the ankyrin (ANK) repeats domain (http://smart.embl-heidelberg.de/). Fragmented versions of JIEYAO

for Y2H are shown.

(B) JIEYAO interacts with DUYAOA (truncated version with the mitochondrial signal removed), whereas truncation of either DUYAO or JIEYAO abolishes the
interaction. Refer to Figure S5 for truncations of DUYAO.
(C) Subcellular localization of DUYAO-CFP and F1-ATPase-GFP (marker for mitochondria) in protoplasts isolated from Arabidopsis suspension cells. Scale

bars, 5 um.

(D) DUYAOQ is not localized to mitochondria in the presence of JIEYAO. DUYAO-GFP was expressed alone or co-expressed with JIEYAO in leaf sheath protoplasts
of Nipponbare (japonica background without endogenous DUYAO-JIEYAO). In an alternative approach, DUYAO-GFP was expressed in protoplasts derived from
93-11 (indica background with intrinsic DUYAO-JIEYAO) or from NIL-Nip® 19311 (3 near-isogenic line in the Nipponbare background with the DUYAO-JIEYAO
element introgressed from 93-11). Note that DUYAO-GFP is no longer lined up with the mitochondrial tracker in the presence of JIEYAO. Scale bars, 5 pm.
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Figure S7. Relationship analysis of 30 JIEYAO haplotypes and hybrid pollen fertility test using crosses between NILs carrying the RHS12
locus of different origins, related to Figure 5

(A) Neighbor-joining tree of JIEYAO showing the relationship of 30 haplotypes (forming three distinct groups shown in different colors). The tree was constructed
in MEGA X. Hap-1 is not shown as it lacks the corresponding sequences.

(B) F4 pollen fertility of cross combinations between different NILs in a diallel set. All the NILs are in DJY1 background but with the RHS12 locus separately
introgressed from three wild rice species (O. rufipogon) and two Asian cultivated rice (Dular and RD23). RHS12 genotype is denoted as functional DUYAO-
JIEYAO, nonfunctional duyao'®-jieyao® or absence (—).

(C) F4 pollen fertility of crosses between NILs of different genetic backgrounds. All F; plants are heterozygous at the RHS12 locus regardless of its functionality.
Digu and Kasalath are indica varieties, carrying functional DUYAO-JIEYAO element and nonfunctional duyao™ -jieyao® element, respectively. Data are presented
as mean = SD. Different letters indicate significant differences (p < 0.001) by ANOVA and Tukey’s test.



