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A male-expressed rice embryogenic trigger 
redirected for asexual propagation through seeds
Imtiyaz Khanday1,2, Debra Skinner1, Bing Yang3, raphael Mercier4 & Venkatesan Sundaresan1,2,5*

The molecular pathways that trigger the initiation of embryogenesis 
after fertilization in flowering plants, and prevent its occurrence 
without fertilization, are not well understood1. Here we show in rice 
(Oryza sativa) that BABY BOOM1 (BBM1), a member of the AP2 
family2 of transcription factors that is expressed in sperm cells, has 
a key role in this process. Ectopic expression of BBM1 in the egg 
cell is sufficient for parthenogenesis, which indicates that a single 
wild-type gene can bypass the fertilization checkpoint in the female 
gamete. Zygotic expression of BBM1 is initially specific to the male 
allele but is subsequently biparental, and this is consistent with 
its observed auto-activation. Triple knockout of the genes BBM1, 
BBM2 and BBM3 causes embryo arrest and abortion, which are fully 
rescued by male-transmitted BBM1. These findings suggest that the 
requirement for fertilization in embryogenesis is mediated by male-
genome transmission of pluripotency factors. When genome editing 
to substitute mitosis for meiosis (MiMe)3,4 is combined with the 
expression of BBM1 in the egg cell, clonal progeny can be obtained 
that retain genome-wide parental heterozygosity. The synthetic 
asexual-propagation trait is heritable through multiple generations 
of clones. Hybrid crops provide increased yields that cannot be 
maintained by their progeny owing to genetic segregation. This 
work establishes the feasibility of asexual reproduction in crops, 
and could enable the maintenance of hybrids clonally through seed 
propagation5,6.

Understanding the molecular pathway that underlies the initia-
tion of embryogenesis by a fertilized egg cell is a major unresolved 
problem in plant development1. In animals, the initiation of embryo-
genesis depends upon defined maternal factors7. In plants, two con-
trasting models have been proposed: one suggests that the two parental 
genomes contribute equally8, whereas the other considers that the 
maternal genome has the primary role in early embryogenesis9,10. The 
identity and parental origin of the specific factors in plants that trigger 
zygotic development are as yet undetermined. We have previously used 
rice to elucidate transcriptome dynamics during the zygotic transition11 
and found that BABY BOOM (BBM)-like transcription factors of the 
APETALA 2/ETHYLENE RESPONSE FACTOR (AP2/ERF) superfam-
ily12 are expressed in zygotes after fertilization, which suggests a poten-
tial role in the initiation of embryogenesis (Extended Data Table 1a). 
BBM genes from Arabidopsis thaliana and Brassica napus can ectopi-
cally induce somatic embryos13; however, a role for these genes in the 
initiation of zygotic embryos has not been established2. We first deter-
mined that ectopic expression of BBM1—a BBM-like gene expressed 
in rice zygotes—also resulted in somatic embryos, both by examining 
their morphology and by using embryo marker genes (Extended Data 
Fig. 1a–d). Because BBM1 expression increases with the age of the 
zygote11 (Extended Data Table 1a), we investigated whether its expres-
sion is autoregulated, by inducing a constitutive BBM1–glucocorticoid 
receptor (GR) fusion in somatic tissues using dexamethasone (DEX) 
(Extended Data Fig. 1e). Quantitative PCR after reverse transcription 
(RT–qPCR), using allele-specific primers, showed that the expression 
of endogenous BBM1—but not the BBM1-GR fusion transgene—was 

highly induced after 24 h of DEX treatment (Extended Data Fig. 1f–h).  
This expression was maintained in the presence of the protein- 
biosynthesis inhibitor cycloheximide (CYC), indicating that BBM1 auto- 
activation is likely to be direct (Extended Data Fig. 1h). Auto-activation 
might be a conserved feature of BBM genes, because B. napus BABY 
BOOM can activate the expression of Arabidopsis BBM14.

Our previous study of hybrid zygote transcriptomes11 indicated that, 
although most zygotic transcripts were from the female genome, a few 
de novo transcription factors—including BBM1—had male-derived 
transcripts. We used RT–PCR amplification across single nucleotide 
polymorphisms (SNPs) in BBM1 to confirm that, at 2.5 h after pol-
lination (HAP) (corresponding to karyogamy), only the male BBM1 
allele is expressed in reciprocal crosses of indica and japonica cultivars11 
(Extended Data Fig. 2a). These results were confirmed in isogenic 
zygotes in the japonica Kitaake cultivar. We reciprocally crossed wild-
type plants to transgenic plants that carried a translational fusion of the 
BBM1 genomic locus to GFP (BBM1-GFP) (Extended Data Fig. 2b). 
Zygotes at 2.5 HAP displayed GFP expression only if the BBM1-GFP 
transgene was transmitted from the male parent (Fig. 1a). Consistent 
with this observation, in BBM1-GFP selfed progeny, GFP was detected 
in only about half of the zygotes, instead of the three-quarters ratio 
that would be expected if there is no parent-of-origin bias (Fig. 1a). 
Subsequently, GFP expression can be detected from the female allele 
in 6.5 HAP zygotes, corresponding to mid-to-late G2 phase (Extended 
Data Fig. 2c, d). Because BBM1 is capable of auto-activation of its own 
promoter (Extended Data Fig. 1h), the late expression of BBM1 from 
the female allele might result from earlier expression of BBM1 from 
the male allele. Other redundantly acting BBM genes might also con-
tribute to this delayed activation (see below). BBM1 expression con-
tinues through the later stages of embryo development (Extended Data 
Fig. 2e). In gametes, BBM1 RNA can be detected by RT–PCR in sperm 
cells but not in egg cells (Extended Data Fig. 2f), which is consistent 
with RNA sequencing data15 (Extended Data Table 1a). Furthermore, 
the BBM1–GFP fusion protein was expressed in sperm cells, which 
suggests that both transcription and translation of BBM1 can occur in 
male gametes before fertilization (Extended Data Fig. 2g).

The expression of BBM1 specifically from the male genome after 
fertilization, together with its capability to induce somatic embryogen-
esis, suggested that BBM1 could be a trigger of embryo development in 
the zygote (Extended Data Fig. 3a). In naturally apomictic (asexually 
reproducing) Pennisetum squamulatum, an apospory-specific locus 
contains multiple copies of a BABY BOOM-like gene that is expressed 
in egg cells before fertilization and induces parthenogenesis16,17. 
However, it is not known whether the BBM protein from the apomict 
has evolved novel capability in functional domains and interactions 
with other factors16,17, or whether parthenogenesis might simply be 
a consequence of the expression pattern. To test whether wild-type 
rice BBM1 could initiate embryo development without fertilization, 
we ectopically expressed BBM1 under an Arabidopsis egg-cell-specific 
promoter (pDD45)18 that has previously been shown to confer egg-cell 
expression in rice19 (Extended Data Fig. 3b, c). In emasculated flowers, 
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we observed embryonic structures without endosperm development 
(Fig. 1b) in around 12% (n = 98) of ovules of pDD45::BBM1 trans-
formants (hereafter referred to as BBM1-ee, to denote BBM1-egg-cell 
expressed); these structures were absent in wild-type ovules (n = 109). 
Thus, the expression of a single wild-type transcription factor, BBM1, 
can overcome the requirement of fertilization for embryo initiation 
by an egg cell. The observation that a wild-type gene from a sexually 
reproducing plant is sufficient to induce parthenogenesis when mis- 
expressed suggests that asexual reproduction could potentially evolve 
from the altered expression of existing genes within the sexual pathway.

Loss-of-function mutants of BBM-like genes in Arabidopsis and 
related plants have no embryonic phenotypes; consequently, their 
functions in early embryogenesis are as yet undefined2. Of the mul-
tiple BBM-like genes in rice, at least three—BBM1, BBM2 and BBM3 
(Os11g19060, Os02g40070 and Os01g67410, respectively)—are con-
sistently expressed in early zygotes (Extended Data Table 1a). We used 
the CRISPR–Cas9 system to generate bbm1 bbm3 and bbm2 bbm3 
double mutants (Extended Data Fig. 4a, b), both of which were fully 
fertile. Crossing the double mutants and selfing (Extended Data Fig. 4c; 
see Methods) yielded no bbm1 bbm2 bbm3 triple homozygous plants 
(n = 52). However, BBM1/bbm1 bbm2/bbm2 bbm3/bbm3 plants were 
recovered and selfed (Extended Data Fig. 4d). Analysis of the progeny 
showed that approximately 36% failed to germinate (Extended Data 
Table 1b). Genotyping of the germinated seedlings suggested that the 
viability of the bbm1 bbm2 bbm3 triple-mutant seeds was severely 
affected (2 out of 191 viable compared with the expected 48 out of 191; 
Extended Data Table 1b). BBM1/bbm1 bbm2/bbm2 bbm3/bbm3 seed-
lings were also under-represented, which suggests that the viability 
of this genotype is also compromised (Extended Data Table 1b). A 
subset of the non-germinating seeds could be genotyped using their 
endosperm, and were found to be either homozygous or heterozygous 

for bbm1 but not homozygous for BBM1 (Extended Data Fig. 4e). The 
two bbm1 bbm2 bbm3 triple homozygotes showed normal growth with 
no obvious vegetative or floral defects and produced normal seed sets, 
indicating that the BBM1–BBM3 genes are not required for post-em-
bryonic development. However, their progeny seeds failed to germinate 
(Extended Data Fig. 4f), confirming the requirement of BBM1–BBM3 
genes for seed viability.

To test whether the parent of origin affects seed viability, we per-
formed reciprocal crosses of BBM1/bbm1 bbm2/bbm2 bbm3/bbm3 
to BBM1/BBM1 bbm2/bbm2 bbm3/bbm3 plants. When the mutant 
bbm1 allele was provided by the male parent, approximately 31% of 
the bbm1/BBM1 progeny seeds failed to germinate (Extended Data 
Table 1c), whereas all progeny germinated when the bbm1 allele was 
inherited from the female parent (Extended Data Table 1d). Thus, 
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Fig. 1 | Paternal expression of BBM1 in zygotes. a, Paternal allele-
specific expression of BBM1 in isogenic zygotes at 2.5 HAP. Expression 
of BBM1 fused to a GFP reporter was detected by antibody staining. GFP 
expression is observed only when BBM1–GFP is transmitted by the male 
parent (n = 20 for each panel, χ2 test P = 0.039). Left, n = 11/20; middle, 
n = 9/20; right, n = 0/20. Red arrows point to zygote nuclei. WT, wild 
type. Scale bars, 25 µm. b, Development of parthenogenetic embryos 
(red arrowhead) by egg-cell-specific expression of BBM1 in carpels of an 
emasculated BBM1-ee plant at nine days after emasculation (n = 12/98). 
In the absence of fertilization, endosperm development is not observed 
(black arrow). In fertilized control wild-type (4 days after pollination 
(DAP)) carpels, the development of both embryo (em; red arrowhead) and 
endosperm (en; black arrow) is observed (n = 30). Scale bars, 100 µm.
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Fig. 2 | Phenotypes of bbm1 bbm2 bbm3 mutant embryos and haploid 
induction. a, Embryos at 5 DAP (top) and 10 DAP (bottom). Embryos 
develop normally with wild-type BBM1 (n = 50; left) but show an early 
arrest (n = 24/82; middle) or undergo a number of divisions without organ 
formation (n = 58/82; right) in bbm1 bbm2 bbm3 triple homozygous 
mutant embryos. b, 10 DAP embryos that are heterozygous for BBM1 but 
homozygous mutants for bbm2 and bbm3. They show normal development 
(n = 38/53, left), are delayed (n = 8/53; middle), or show early arrest 
(n = 4/53; right). Scale bars, 100 µm. co, coleoptile; ep, epiblast; lp,  
leaf primordia; ra, radicle; SAM, shoot apical meristem; sc, scutellum.  
c, Schematic model of BBM1 function in rice embryogenesis.  
d–f, Characterization of BBM1-ee induced haploids. d, Difference in 
height between parthenogenetic haploid and sexual diploid siblings 
(n = 555). Scale bar, 5 cm. e, A BBM1-ee parthenogenetic haploid panicle 
showing no anthesis (right) compared to an anthesis stage control wild-
type panicle (left) (n = 113). f, Flow-cytometric DNA histograms for 
ploidy determination. Parthenogenetic haploid showing a 1n peak (n = 19, 
top), wild-type diploid with a 2n peak (middle) and a mixed sample of 
BBM1-ee and wild type showing 1n and 2n peaks (bottom).
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seed viability depends upon a functional BBM1 allele from the male 
parent, consistent with male-specific expression of BBM1 in zygotes. 
Next we investigated the embryo phenotypes of bbm2 bbm3 prog-
eny seeds segregating for the bbm1 mutation. The bbm1 bbm2 bbm3 
embryos were either arrested early or underwent growth by cell divi-
sion without any corresponding developmental patterning (Fig. 2a). By 
contrast, embryos that were heterozygous (BBM1/bbm1 bbm2/bbm2 
bbm3/bbm3) showed a range of phenotypes—from normal to delayed 
development (Fig. 2b)—as well as the early arrest or unstructured 
growth phenotypes observed in the triple mutant (Fig. 2b, Extended 
Data Fig. 4g). This range of phenotypes might occur by partial rescue 
from late expression of the female BBM1 allele. Additionally, BBM4 
(Os04g42570)—a fourth BBM-like gene that also shows detectable 
expression in male gametes (Extended Data Table 1a)—might provide 
sufficient residual function for partial rescue. The recovery of around 
0.7% of the bbm1 bbm2 bbm3 triple homozygous plants is consistent 
with the hypothesis of residual BBM function being provided by BBM4 
(Extended Data Table 1b).

Together, these data suggest that male-genome-derived expression 
of BBM1—acting redundantly with other BBM genes—triggers the 
embryonic program in the fertilized egg cell. Subsequent activation 
of expression of the female BBM1 allele by the male BBM1 results in 
biallelic expression, with both parental alleles eventually contributing 
to embryo patterning and organ morphogenesis (Fig. 2c). BBM-like 

genes have been shown to promote regeneration from tissue culture, 
suggesting that they act as pluripotency factors20. Our study supports 
a model in which the requirement of fertilization to initiate embryo-
genesis in rice arises from the dependency of the zygote on the male 
gamete for the expression of pluripotency factors after fertilization. 
This is in contrast to embryogenesis in vertebrate animals, in which 
pluripotency factors are maternally provided7. As demonstrated below, 
the requirement for fertilization can therefore be bypassed by driving 
the expression of one such factor from the female gamete.

Haploid plants are efficient tools for the acceleration of plant breeding,  
because homozygous isogenic lines can be produced in one generation 
after chromosome doubling21. The expression of BBM1 in the egg cell 
initiated parthenogenesis in emasculated flowers (Fig. 1b), but the seeds 
aborted in the absence of endosperm (Extended Data Fig. 3d). Self-
pollinated T1 progeny from BBM1-ee transgenic plants were analysed 
to determine whether endosperm development by fertilization could 
produce viable seeds containing parthenogenetically derived haploid 
embryos. We identified haploids by their small size compared with their 
diploid siblings, as well as by their sterile flowers owing to defective 
meiosis22 (Fig. 2d, e, Extended Data Fig. 5a–d). The ploidy of hap-
loid T1 plants was confirmed by flow cytometry (Fig. 2f). The haploid 
induction frequency was 5–10% (T1 plants) and reached around 29% 
in homozygous T2 line 8C—this frequency was maintained through 
multiple generations (Extended Data Table 2a). Thus, misexpression of 
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Fig. 3 | Characterization of asexually derived (apomictic) haploids 
and diploids. a, An S-Apo haploid (left; n = 45) and S-Apo diploid (right; 
n = 57) panicle undergoing anthesis. Scale bars, 1 cm. b, Comparison of 
wild-type (left), S-Apo diploid (middle; n = 57/381) and sexual tetraploid 
(right; n = 324/381) progeny plants. Scale bars, 5 cm. c, d, Schematics 
showing the difference between natural meiosis and MiMe. Whereas 
meiosis and fertilization produce recombined haploid gametes and 
diploid progeny, MiMe leads to the formation of diploid gametes that are 
clones of the mother plant. Parthenogenesis of a diploid egg cell produces 
clonal progeny and fertilization of diploid gametes leads to 4n sexual 

progeny. e, Flow-cytometric DNA histograms for ploidy determination 
of S-Apo plants. An S-Apo haploid (1n, top, n = 30), an S-Apo diploid 
progeny of a diploid S-Apo parent showing a 2n peak (middle; n = 26) 
and a sexual tetraploid progeny of a diploid S-Apo parent shows a 4n peak 
(bottom; n = 90). The x axis is the measure of relative fluorescence and 
the y axis shows the number of nuclei. f, Chromosomal view showing 57 
heterozygous SNPs (position in Mb) identified in the T0 S-Apo mother 
plant of line 1. The SNPs labelled in red are those additionally confirmed 
by PCR.
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the wild-type BBM1 gene in the egg cell is sufficient for the production 
of haploid plants.

Crop yields can be improved markedly by the use of F1 hybrid plants 
that exhibit enhanced vigour (‘hybrid vigour’). If meiosis and fertiliza-
tion are bypassed, hybrids could be propagated through seeds without 
segregation. Asexual propagation through seeds—known as apo-
mixes—is known to occur naturally in more than 400 species, although 
not in the major crop plants23,24. The development of a method to intro-
duce apomixis into crop plants has been described as ‘the holy grail of 
agriculture’5 as it can enable fixation of hybrid vigour and stabilization 
of superior heterozygous genotypes in breeding programs6,25. A genetic 
approach called MiMe, which eliminates recombination and substitutes 
mitosis for meiosis (Fig. 3c, d), has been reported in Arabidopsis3 and 
rice4. In MiMe, a triple knockout of the meiotic genes REC8, PAIR1 and 
OSD1 produces unrecombined diploid male and female gametes. We 
tested the possibility that BBM1-ee-induced parthenogenesis in rice 
combined with MiMe could result in asexual propagation through seeds 
(Extended Data Fig. 5f). The three rice MiMe genes4 were subject to 
genome editing by CRISPR–Cas9 in haploid and diploid plants carry-
ing the BBM1-ee transgene (Extended Data Fig. 6a). Unlike BBM1-ee 
haploids, the MiMe + BBM1-ee haploids were fertile (Extended Data 
Fig. 6c, d) with normal anther development (Fig. 3a), suggesting that 
meiosis was successfully replaced by mitosis. Self-pollination of MiMe 
plants invariably results in doubling of the chromosome number22, 
so the progeny of haploid MiMe plants should be diploid (double 
haploid). However, we obtained haploid progeny from two MiMe + 
BBM1-ee (hereafter denoted S-Apo, for Synthetic-Apomictic) haploid 
mother plants at frequencies of 26% and 15%, due to parthenogen-
esis (Fig. 3e, top, Extended Data Table 2b). These haploid induction 
frequencies were maintained for the next two generations (Extended 
Data Table 2b). These results show that haploid S-Apo plants can be 
propagated asexually through seeds. Additionally, the sexual T1 dou-
ble-haploid (2n) progeny from the haploid S-Apo plants yielded both 
diploid and tetraploid plants in the T2, T3 and T4 generations; the for-
mer class is expected from the successful asexual propagation of double 
haploids (Extended Data Table 2b).

For the clonal propagation of diploid S-Apo plants, we obtained two 
fertile transformants with the requisite six null mutations in three MiMe 
genes (Extended Data Fig. 7a, b). Diploid MiMe rice plants have been 
previously shown—despite reduced seed sets—to produce exclusively 
tetraploid progeny by sexual reproduction and no diploids4 (Extended 
Data Fig. 6c). However, we obtained diploids at frequencies of 11% and 
29% (Extended Data Table 2b) from the progeny of two diploid S-Apo 
(that is, MiMe + BBM1-ee) T0 transformants (Fig. 3b–e, Extended Data 
Fig. 6e). The rest of the progeny were tetraploid (Fig. 3e). The progeny 
of a control MiMe diploid plant were all determined to be tetraploid 
(Extended Data Fig. 6b, c). Because T1 diploid progeny of T0 diploid 
S-Apo parents are predicted to arise from the parthenogenesis of unre-
duced female gametes, they should be clonal with the parent and should 
not exhibit genetic segregation. The T1 diploids were propagated, and 
two more generations (T2 and T3) of diploid clones were identified by 
flow cytometry screening.

To demonstrate clonal propagation, we performed whole-genome 
sequencing on a diploid T0 S-Apo mother plant (line 1), two diploid 
T1 progeny, two T2 diploid progeny of diploid T1 plants and a con-
trol untransformed wild-type plant. Analysis for sequence variants 
identified 57 heterozygous SNPs in unique sequences distributed over 
the genome in the T0 mother plant (Fig. 3f, Supplementary Table 1) 
that are non-variant in the wild-type plant (see Methods). These 57 
SNPs were determined to be heterozygous in all four T1 and T2 diploid 
progeny sequenced. The probability of any single progeny retaining 
heterozygosity by random segregation for just a subset of 22 unlinked 
SNPs on different chromosome arms is P = 2.4 × 10−7. The mainte-
nance of heterozygosity at all 57 loci for two generations confirms that  
the diploid progeny are clonally generated by asexual reproduction. The 
T0 S-Apo mother (line 1) is additionally biallelic for mutations in the 
PAIR1 and REC8 genes, as were all T1, T2 and two T3 diploid progeny 

tested (Extended Data Fig. 7a). For SNP validation, 11 randomly 
selected SNPs were amplified by PCR followed by Sanger sequencing26 
and found to be conserved in the T0 mother plant and all the T1, T2 and 
T3 progeny tested (Extended Data Fig. 8). The second diploid S-Apo 
transformant (line 5) is biallelic for all three MiMe genes (Extended 
Data Fig. 7b) and also heterozygous for one of the 11 SNPs confirmed 
by PCR for line 1. Five T1 diploid progeny carried an identical set of 
alleles to the T0 mother (Extended Data Fig. 7b). The probability that all 
five progeny would inherit heterozygosity at these four loci by random 
segregation is P = 1.8 × 10−5. These findings from an independently 
generated apomictic parent provide further support for successful 
clonal propagation.

This study demonstrates that asexual propagation without genetic 
segregation can be engineered in a sexually reproducing plant, and 
illustrates the feasibility of clonal propagation of hybrids through seeds 
in rice. Seed formation in this system still requires fertilization to make 
endosperm (Extended Data Fig. 5f). This endosperm is expected to be 
hexaploid owing to fertilization of a tetraploid central cell by a diploid 
sperm cell, whereas the parthenogenetic embryo is diploid, giving a 
3:1 ploidy ratio. This deviation from the normal 3:2 ploidy ratio of 
endosperm to embryo does not appear to be consequential for viability  
or seed size (Extended Data Fig. 6f, g). Additionally, the clonally prop-
agated seeds preserve the 2:1 maternal-to-paternal genome ratio in 
endosperm that is required for seed viability27,28. To engineer a com-
pletely asexual system involving autonomous endosperm formation 
may not be straightforward in a sexually reproducing crop, and nor is 
it essential, as many natural apomicts also form seeds with fertilized 
endosperm23. The efficiency of clonal propagation in our system is in 
part limited by the frequency of parthenogenesis, which could poten-
tially be improved in the future, for example with different promoters. 
An important factor to consider for future rice-breeding strategies is 
that genome-wide heterozygosity may be less critical for yield than 
the incorporation of specific alleles that exhibit full or partial domi-
nance29,30. Nevertheless, hybrids can provide a rapid route to higher 
yields from favourable gene combinations, and have been extensively 
exploited in maize. Because homologous BBM-like and MiMe genes are 
found in other cereal crops, including maize2,20, the methods described 
here for asexual propagation through synthetic apomixis should be 
generally extendible to most cereal crops.
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MEthodS
Data reporting. No statistical methods were used to predetermine sample size. 
The experiments were not randomized and the investigators were not blinded to 
allocation during experiments and outcome assessment.
Plant materials and growth conditions. Rice cultivar Kitaake (O. sativa L. subsp. 
japonica) was used for transformations for raising transgenic lines and as a wild-
type control. Wild-type, mutant and transgenic seeds were germinated on half-
strength Murashige and Skoog’s (MS) medium31 containing 1% sucrose and 0.3% 
phytagel in a growth chamber for 12 days, under a 16 h light:8 h dark cycle at 28 
°C and 80% relative humidity. Seedlings were then transferred to a greenhouse and 
grown under natural light conditions in Davis, California.
Chemical treatments. Two-week-old wild-type and BBM1-GR seedlings were 
treated with 0.1% ethanol as mock, 10 µM DEX (Sigma-Aldrich), or 10 µM CYC 
(Sigma-Aldrich) alone or in combination with 10 µM DEX in liquid half-strength 
MS31 salts. Seedlings that were of a similar size and had the same number of leaves 
were selected for the treatments. Individual biological replicates were constructed 
using similar leaf samples collected from four different plants, collected for RNA 
isolation after 24 h. CYC treatments were started 30 min before the DEX treatment 
in the samples that were treated with both reagents.
Plasmid constructs. Full-length coding sequence (CDS) of BBM1 was amplified  
from cDNAs made from rice calli using two sets of primers (KitB1F1 5′- 
CGGATCCATGGCCTCCATCACC-3′, KitB1R1 5′-CCTTCGACCCCA 
TCCCAT-3′ and KitB1F2 5′-GGATGGGATGGGGTCGAAG-3′, KitB1R2 
3′-GGTACCAGACTGAGAACAGAGGC-3′). The two fragments were fused 
together by an overlap PCR. The overexpression construct (BBM1-ox) was 
created by cloning BBM1 coding sequence in pUN vector32 (Extended Data 
Fig. 1a). To create the BBM1–GR plasmid (Extended Data Fig. 1e), BBM1 cod-
ing sequence without the stop codon was cloned in pUGN vector32 for trans-
lational fusion with rat glucocorticoid receptor33. The whole BBM1 locus, 
approximately 3kb upstream sequences and the transcribed region until the 
stop codon were PCR-amplified in two fragments from genomic DNA using 
two primer pairs: pB1F1 5′-CTCGAGGTCAACACCAACGCCATC-3′, pB1R1  
5′- GAAGTCCTCCAGCTTCGGCGC-3′ and pB1F2 5′-TTGATTGTGTTGATG 
TGCAGAGTGGGG-3′, pB1R2 5′-CTCGAGCGGTGTCGGCAAAACC-3′. 
The two fragments were joined at a unique restriction enzyme site, NotI, present 
downstream of the start codon in the sequence. The whole locus was moved to 
a pCAMBIA1300 vector already containing Arabidopsis histone H2B, eGFP and 
nopaline synthase gene terminator (Extended Data Fig. 2b). The construct for 
egg-cell-specific expression of BBM1 was made by cloning BBM1 downstream to 
Arabidopsis DD45 promoter18 and upstream of the nopaline synthase terminator 
(Extended Data Fig. 3b) in pCAMBIA1300.

For genome editing of BBM1, BBM2 and BBM3 genes, single-guide 
RNA (sgRNA) sequences 5 ′-GGAGGACT TCCTCGGCATGC-3 ′ , 
5′-GTATGCAATATACTCCTGCC -3′ and 5′-GACGGCGGGAGCTGATCCTG 
-3′, respectively, were designed by using the web tool https://www.genome.ari-
zona.edu/crispr/ as described34. The sgRNAs were cloned in pENTR-sgRNA 
entry vector. The binary vectors for plant transformations (pCRISPR BBM1 + 
BBM3, pCRISPR BBM2 + BBM3 and pCRISPR BBM1 + BBM2 + BBM3) were 
constructed by Gateway LR clonase (Life Technologies) recombination with 
pUbi–Cas9 destination vector as described35. Three candidate genes (OSD1, 
Os02g37850; PAIR1, Os03g01590 and REC8, Os05g50410) for creating MiMe 
mutations in rice were selected as previously described4 and sgRNAs sequences 
5′-GCGCTCGCCGACCCCTCGGG-3′, 5′-GGTGAG GAGGTTGTCGTCGA-3′ 
and 5′-GTGTGGCGATCGTGTACGAG-3′, respectively, for CRISPR–Cas9-based 
knockout were designed as described34. Vector pCAMBIA2300 MiMe CRISPR–
Cas9 (Extended Data Fig. 6a) for plant transformations was constructed as 
described35, except the resistance marker in the destination vector pUbi–Cas9 was 
changed to kanamycin (Neomycin Phosphotransferase II). pCAMBIA2300 MiMe 
CRISPR–Cas9 was transformed in embryogenic calli derived from pDD45::BB-
M1#8c haploid inducer lines (Extended Data Fig. 3b). Rice transformations were 
carried out as previously described36 at the University of California-Davis plant 
transformation facility. T0 plants were grown in a greenhouse and screened for 
MiMe mutations. T1 plants obtained from seeds were subjected to ploidy deter-
mination and genotyping for MiMe mutations.
Generating bbm1 bbm2 bbm3 mutants. Rice embryogenic calli were transformed 
with pCRISPR BBM1 + BBM3, or pCRISPR BBM2 + BBM3. The transformants 
that carried the bbm1 bbm3 and bbm2 bbm3 double mutations generated by 
genome editing (Extended Data Fig. 4a, b) did not show any phenotypic abnor-
malities and were fertile. The two double mutants were crossed and selfed; however, 
no bbm1 bbm2 bbm3 triple-homozygous plants were recovered in the F2 generation 
(Extended Data Fig. 4c). However, plants heterozygous for BBM1 (bbm1/BBM1) 
but homozygous mutant for both bbm2 and bbm3 could be recovered, and their 
progeny were analysed in detail (Extended Data Fig. 4d).

Genotyping. Genotyping of BBM1, BBM2 and BBM3 mutants was carried out  
by PCR-amplifying DNA at the mutation site with primers BBM1 SeqF 5′- 
TTGATTGTGTTGATGTGC-3′ BBM1 SeqR 5′-GAGAGACGACCTACTTG 
GTGAC-3′; BBM2 SeqF 5′-TAGCTAGCTTGTTAATAGATCATAG-3′, 
B B M 2  S e q R  5 ′ - T C ATAT C T C AG T G T G ATAG T C T G - 3 ′ ;  a n d 
BBM3  S eqF 5 ′ -ATGCTGCTGCTC C GAGAAG-3 ′ ,  BBM3  S eqR 
5′-GCTTAGTGCTCCAAACCTCTC-3′. Sanger sequencing26 of the three PCR 
amplicons of 464 bp, 262 bp and 547 bp, respectively, for the three genes was  
carried out at the University of California-Davis DNA-sequencing facility. Because 
a 1-bp deletion mutation in BBM1 disrupted an SphI restriction-enzyme site 
(Extended Data Fig. 4d), all further genotyping of BBM1 for mutational anal-
ysis was performed with restriction digestion of the PCR amplicon with SphI 
(Extended Data Fig. 4e). For genotyping developing seeds of 5 DAP onwards, 
endosperm was used for genotyping and embryos were collected for mutant phe-
notype analysis. DNA fragments at the mutation sites of three MiMe genes were 
PCR-amplified with primers OSD1 F 5′-TTACTTGGAAGAGGCAGGAGCC 
-3′, OSD1 R 5′-ACCTTGACGACTGACGTGATGTC-3′; PAIR1 F 5′-GTGG 
TGTGGTGTGT TCAGGAG-3 ′ ,  PAIR1  R  5 ′ -TGGAATCCCCAA 
TCAGTAAGGCAC-3′; and REC8 F 5′-GCACTAAGGCTCTCCGGAATTCTC-3′, 
REC8 R 5′-AATGGATCAAGGAGGAGGCACC-3′. PCR amplicons of 364 bp, 
344 bp and 326 bp—for OSD1, PAIR1 and REC8, respectively—were subjected to 
Sanger sequencing26 for mutation analysis.
Emasculation, crosses and pollinations. Flowers from BBM1-ee T0 transgenic 
rice lines were emasculated around the anthesis stage, bagged and allowed to grow 
for another nine days after emasculation. Carpels were collected and fixed for 
analysis in formaldehyde (10%)–acetic acid (5%)–ethanol (50%). A translational 
fusion consisting of the BBM1 genomic locus to GFP (BBM1–GFP; Extended Data 
Fig. 2b) was introduced into the inbred japonica (Kitaake) cultivar by transfor-
mation. Plants hemizygous for the BBM1–GFP transgene were then reciprocally 
crossed to wild-type plants. Flowers from wild-type or BBM1–GFP transgenic 
plants were hand-pollinated around the anthesis stage and carpels were collected 
2.5 and 6.5 HAP.

For phenotypic analysis of mutant embryos, self-pollinated flowers from 
mutant plants were scored for anthesis, and collected 5 or 10 DAP. For crosses of 
bbm1 bbm3 and bbm2 bbm3 plants, only T2 progeny plants in which the CRISPR–
Cas9 transgene had already segregated out were used as parents. For all crosses 
of bbm1 bbm3 with bbm2 bbm3 plants, and for the reciprocal crosses between 
BBM1/bbm1 bbm2/bbm2 bbm3/bbm3 and BBM1/BBM1 bbm2/bbm2 bbm3/bbm3 
plants, panicles used as females were emasculated and bagged with pollen donor 
panicles. The bags were gently finger-tapped (twice a day) for the next two days. 
Male panicles were removed, and female panicles were left bagged to make seeds. 
F1 seeds were collected four weeks after pollination.
Immunohistochemistry and toluidine blue staining. Owing to the difficulty 
of imaging GFP fluorescence in early rice zygotes through the carpel tissue, we 
used antibodies against GFP to detect zygote expression in sectioned rice carpels. 
Collected carpels were fixed in formaldehyde (10%)–acetic acid (5%)–ethanol 
(50%). Tissue embedding and sectioning was performed as described previously37. 
Immunohistochemistry was carried out using standard protocols38, except an anti-
gen-retrieval step was also included. Antigen retrieval was performed by micro-
waving the slides in 10 mM sodium citrate buffer (pH 6.0) for 10 min. Rabbit 
anti-GFP antibody ab6556 (Abcam) was used as the primary antibody and goat 
anti-rabbit alkaline phosphatase conjugate A9919 (Sigma) was used as the second-
ary antibody. For toluidine blue staining, after rehydration, sections crosslinked to 
glass slides were stained with 0.01% toluidine blue for 30 s.
Flow cytometry. Nuclei for fluorescence-activated cell sorting (FACS) analysis 
were isolated by a leaf-chopping method described previously39. The isolated nuclei 
were stained with propidium iodide at 40 µg ml−1 in Galbraith’s buffer. FACS 
analysis and DNA-content estimation was carried out using a Becton Dickinson 
FACScan system using standard protocols40,41. DNA histograms were gated out 
for the initial debris.
Alexander staining of pollen grains. Stamens were collected just before anthesis. 
Anthers were put on a glass slide in a drop of Alexander’s stain containing 40 µl of 
glacial acetic acid per millilitre of stain42. Anthers were covered with a coverslip 
and slides were heated at 55 °C on a heating block, until the visible staining of 
pollen was observed.
Library preparation and sequencing. PCR-free DNA libraries were prepared 
from a wild-type Kitaake control plant, the T0 S-Apo line 1 mother plant, two T1 
and two T2 progeny clones from S-Apo line 1 with 500 ng of input DNA, using 
NuGEN Celero DNA-Seq kit, following the manufacturer’s instructions. Samples 
were multiplexed and six libraries per lane were run on Illumina HiSeq platforms 
at the University of California-Davis Genome Center.
Whole-genome DNA sequencing and statistical analysis. Adaptor removal and 
quality trimming of 150-bp paired-end reads was performed using Trimmomatic 
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0.3843 resulting in 13–16 gigabases of sequence for each library. The reads were 
aligned to the O. sativa reference genome (Nipponbare, Release 7.0)44 using bwa 
mem45. To discover variants that were heterozygous in the T0 mother plant (line 
1), the variant finder GATK4.0 HaplotypeCaller was used in single-sample mode46 
and selecting only for SNPs. Repeated elements of the genome were masked from 
analysis using annotated repeats from http://www.phytozome.org (Osativa_323_
v7.0.repeatmasked_assembly_v7.0.gff3). Variants were retained for analysis after 
filtering on the basis of mapping quality (MQ = 60), QualByDepth (QD >2), 
StrandOddsRatio (SOR <1.8), unfiltered read depth (10 ≤ DP ≤ 40) and fraction 
of the alternate allele (0.4 ≤ DP ≤ 0.6), with the expectation that a truly heterozy-
gous locus should show roughly equal numbers of read counts for each allele. To 
increase certainty that the set of loci included only true heterozygous SNPs, loci 
which were called heterozygous in the wild-type sample were also discarded. This 
strategy guards against instances in which incorrect read-mapping over multi-
copy regions lead to spurious designation of loci as heterozygous, even though it 
is likely that we also discarded true heterozygous loci in the process. A final list 
of 60 high-quality heterozygous SNPs at 57 loci were analysed for segregation in 
the four progeny clones (T1 clone A, T1 clone B, T2 clone 7 and T2 clone 21). All 
SNPs were called heterozygous by HaplotypeCaller in all the progeny samples 
(Supplementary Table 1).

For statistical analysis of genetic ratios: Either a chi-square goodness-of-fit test 
or a two-tailed Fisher’s exact test was carried out wherever applicable, and the result 
specified in the legend of the relevant figure or table.
RT–PCR and RT–qPCR. All the cDNAs were synthesized using the iScript 
cDNA synthesis kit (BioRad) according to the manufacturer’s instructions. 
RT–PCRs were performed with MyTaq Red Mix (Bioline) and RT–qPCRs 
with iTaq universal SYBR Green supermix (BioRad) using CFX96 Touch real-
time PCR system (BioRad). UBIQUITIN5 (Os03g13170) was used as the 
internal control and fold changes in the relative abundance of transcripts were 
calculated as described previously47. For RT–qPCR, amplifications for each 
gene were performed in two biological replicates, and each biological replicate 
was repeated in three technical replicates for each sample. For BBM1, BBM1 
RT F 5′-TACTACCTTTCCGAGGGTTCG-3′ was used in combination with 
B1RNAi R 5′-GATATC CCAGACTGAGAACAGAGGC -3′ to detect endoge-
nous transcript and with GR RT R 5′-TCTTGTGAGACTCCTGCAGTG-3′ to 
detect BBM1-GR transgenic transcript in RT–qPCR experiments. BBM1intronF 
5′-GTGGCAGGAAACAAGGATCTG-3′ with B1RNAi R which spanned an intron 
was used in RT–PCR experiments. For other genes tested in this study, the following 
primer combinations were used: LEC1A F 5′-GACAGGTGATCGAGCTCGTC-3′, 
LEC1A R 5′-CTCTTTCGATGAAACGGTGGC-3′; LEC1B F 5′-ACAGC 
AGCAGAATGGCGATC-3′, LEC1B R 5′-CTCATCGATCACTACCTGAACG-3′; 
GE F 5′-CAGGAGCACAAGGCGAAGCG-3′, GE R 5′-CTTCGCCTGGATCT 
CCGGGTG-3′; OSH1 F 5′-GAGATTGATGCACATGGTGTG-3′, OSH1 R 5′- 
CGAGGGGTAAGGCCATTTGTA-3′; and UBIQUITIN5 F 5′-ACCACTTCGA 
CCGCCACT-3′, UBIQUITIN5 R 5′-ACGCCTAAGCCTGCTGGTT-3′.
SNP analysis. Detection of SNPs in BBM1 transcripts from hybrid zygotes 
was performed by PCR of 2.5 HAP zygote cDNAs from reciprocally crossed 
rice japonica cultivar Kitaake and indica cultivar IR50, as described previ-
ously11. Primers B1RNAi F 5′-CCTCGAGCAACTATGGTTCGCAGC-3′ 
and B1RNAi R, which amplified a gene-specific fragment of about 600 bp of 
BBM1, contains 5 SNPs between Kitaake and IR50 (Extended Data Fig. 2a). 
The PCR amplicons were Sanger-sequenced26 and chromatograms were ana-
lysed for SNPs. For detection of heterozygous SNPs present in the S-Apo 
mother plants and their progeny, 50 ng of input DNA was used for each PCR 
reaction. Sanger-sequenced26 PCR chromatograms were analysed for the pres-
ence of SNPs. The primers for 11 SNPs analysed are: 1 Chr2 F 5′-TGGGTGCCA 
CGTTATCTAGG-3′, 1 Chr2 R 5′-GGATTTGGCTACCCTCAAGCT-3′; 2 
Chr2 F 5′-GAATGGGCAACTAACAACCGTG-3′, 2 Chr2 R 5′-ACCGTG 
GAAAGGAACAGCTG-3′; 1 Chr3 F 5′-TGCTGAAGGTGACGTTGATCTG-3′, 
1 Chr3 R 5′-CGACGCCAACGAGAAGGA-3′; 2 Chr3 F 5′-GCTCCAGTGCTA 

GAGAGACATC-3′, 2 Chr3 R 5′-AGCCACCCAGTAACCGTTG-3′; Chr4 
F 5′-GATTGGCAAACCAGCTACTGC-3′, Chr4 R 5′-CTGATGGCAAG 
CTGTTGGC-3′; Chr5 F 5′-ATGATCTGCTGCTTGTTTCAATGC-3′, Chr5 R 
5′-TATCCTTCAAGCACCACTGCC-3′; Chr6 F 5′-ACTAATGGGACCACT 
TGACAGC-3′, Chr6 R 5′-TCAGCCTGAGATGGCTTGG-3′; Chr8 F 
5 ′-CAGACTGTGGGACGCTACATG-3 ′ ,  Chr8 R 5 ′-AGAAGATCT 
GGGCAGCAGTC-3′; Chr9 F 5′-GCTGCACCTGTTAGCTATGTGA-3′, Chr9 R 
5′-AGCATCCCAAAAGCACACATG-3′; Chr10 F 5′-TCAGCAGCCTAAGGTT 
GAAGG-3′, Chr10 R 5′-CTGCTGCTGCTTCATGATCAC-3′; and Chr11 F 5′- 
GCAGGAACTATTGCCTCTCATGA-3′, Chr11 R 5′-TCAGTCTCATAGCGCA 
CCAC-3′.
Code availability. Codes for the different analyses are available for non-commer-
cial use from the corresponding author upon request.
Reporting Summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this article.
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Extended Data Fig. 1 | BBM1-induced somatic embryogenesis and 
auto-activation. a, Schematic of binary construct between T-DNA borders 
used for ectopic expression (BBM1-ox). b, Somatic embryo-like structures 
induced by BBM1 ectopic expression in rice leaves (n = 14/20 transgenic 
lines). Scale bar, 1 cm. Inset, magnified view of a somatic embryo; scale 
bar, 0.5 mm. Fourteen of the twenty transgenic plants raised showed the 
development of such embryo-like structures observed on adult seedlings 
from the fourth leaf onwards. c, Confirmation by RT–PCR of ectopic 
BBM1 expression in leaf tissues of transgenic lines. BBM1 is not expressed 
in wild-type leaves (n = 2 independent replicates). d, RT–PCR of embryo 
marker genes to confirm the embryo identity of somatic embryos induced 
by BBM1 overexpression. OsH1, O. sativa HOMEOBOX1; LEC1, LEAFY 
COTYLEDON1 (n = 2 independent biological replicates). e, Schematic 

of plasmid construct for DEX-inducible BBM1–GR expression system. 
f, Schematic showing primer combinations to distinguish between 
endogenous BBM1 and BBM1-GR fusion transcripts. g, RT–qPCR for 
fold changes in BBM1-GR fusion transcript in samples treated for 24 h 
with the indicated reagents, showing essentially no differences between 
treatments. n = 2 independent biological replicates (see Methods), data are 
mean ± s.e.m. and each data point represents the average fold change from 
three replicates. h, Autoactivation of BBM1 in samples treated with DEX 
for 24 h, detected by RT–qPCR. n = 2 independent biological replicates 
(see Methods), data are mean ± s.e.m. and each data point represents the 
average fold change (measured as log2(change in expression)) from three 
replicates.
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Extended Data Fig. 2 | BBM1 expression in zygotes and gametes.  
a, Five SNPs sequenced after RT–PCR amplification (red arrows), showing 
expression only from the male allele in hybrid (J, japonica; I, indica) 2.5 
HAP zygotes (n = 2 biological replicates). b, Schematic of the BBM1-GFP 
binary construct. c, Immunohistochemistry showing expression from both 
male and female BBM1 alleles in isogenic 6.5 HAP zygote nuclei (n = 20), 
as compared to male-specific expression at 2.5 HAP (Fig. 1a). Scale bars, 
25 µm. d, Holistic view of a 6.5 HAP embryo sac showing BBM1–GFP 
expression in the zygote nucleus (left), while in the same embryo sac 
expression is not detected in the dividing endosperm (right). zg, zygote. 

n = 20. Scale bar 100 µm. e, BBM1–GFP expression in globular-stage rice 
embryos (white arrowhead, n = 30). Differential interference contrast 
image (left); fluorescence image (right panel). Scale bars, 200 µm.  
f, RT–PCR showing BBM1 expression in sperm cells; however, the 
transcript is not detected in egg cells (n = 2 independent biological 
replicates). Primers used for detecting BBM1 transcript span an intron 
(see Methods). g, BBM1–GFP expression in sperm cells (white arrowhead 
points to sperm nuclei, n = 20). Differential interference contrast image 
(left) and fluorescent image (right) of a germinating pollen grain showing 
BBM1–GFP expression in the two sperm cell nuclei.

© 2019 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 3 | Parthenogenesis induction by expression of 
BBM1 in the egg cell. a, Schematic showing wild-type expression pattern 
of BBM1. b, Sketch of T-DNA region of the binary vector used for BBM1 
expression in the egg cell. c, Schematic representation of the hypothesis 
that the expression of BBM1 in the egg cell can induce parthenogenesis. 

d, A degenerating parthenogenetic embryo (BBM1-ee) at 9 days after 
emasculation (red arrowhead). No endosperm development (black arrow) 
is observed in emasculated carpels, leading to the abortion of embryos 
(n = 12/98). Scale bar, 100 µm.

© 2019 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 4 | CRISPR–Cas9 edited mutations in BBM1, BBM2 
and BBM3 in rice. a, DNA sequences of mutations in bbm1/bbm1 bbm3/
bbm3 plants. b, DNA sequences of mutations in bbm2/bbm2 bbm3/bbm3 
plants. a and b were chosen as parents for crosses to generate the bbm1 
bbm2 bbm3 triple homozygous mutants shown in c and d. c, Mutations in 
the F1 progeny plant. It is heterozygous for BBM1 and BBM2, and biallelic 
for BBM3. d, Mutations in the F2 progeny plant used for genetic analysis. 
The plant is heterozygous for BBM1 with a 1-bp deletion. The BBM2 locus 
has a homozygous 25-bp deletion and 1-bp substitution, and the BBM3 
locus is a homozygous mutant with 1-bp insertion. e, Genotyping of non-
germinating seeds (n = 8). The 1-bp deletion mutation in BBM1 results 

in disruption of an SphI restriction site. f, Seed lethality in bbm1 bbm2 
bbm3 triple homozygous plants. Top, germinating one-week-old wild-type 
seeds (n = 30). Scale bars, 1 cm. A magnified view is shown on the right. 
Bottom, non-germinating seeds of bbm1 bbm2 bbm3 triple homozygous 
plants (n = 70). A zoomed-in image of a non-germinating bbm1 bbm2 
bbm3 seed, one week after plating, is shown on the bottom right. No 
seedling emerged from the embryo site (red arrowhead).  
g, Additional image of a BBM1/bbm1 heterozygous bbm2/bbm2 bbm3/
bbm3 homozygous 10 DAP embryo (n = 3/53) showing no organ 
formation, similar to triple homozygote phenotype (see Fig. 2a). Scale bar, 
100 µm.

© 2019 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 5 | Haploid induction and synthetic apomixis. 
Haploids shown are derived from BBM1-ee diploids by parthenogenesis.  
a, A control diploid sibling panicle with fertile florets (n = 442 plants). 
Scale bar, 1 cm. b, A haploid panicle with infertile florets (n = 113  
plants). Scale bar, 1 cm. c, Differences in floret and floral organ sizes  
between haploid and control diploid. Left, BBM1-ee haploid; right,  
wild-type control (n = 20). Scale bars, 1 mm. d, Pollen viability in  
haploids as assessed by Alexander staining. Top, control wild-type anther 
with viable pollen (n = 10). Bottom, BBM1-ee haploid anther with  
non-viable pollen (n = 20). Scale bars, 0.5 mm (left) and 200 µm (right).  
e, f, Sexual reproduction compared with asexual reproduction through 

seed (synthetic apomixis). e, Schematic representation of sexual 
reproduction. Gametes form by meiotic recombination and division; 
fertilization and gamete fusion give rise to diploid progeny. f, Synthetic 
apomixis. MiMe omits meiosis and gives an unrecombined and unreduced 
(2n) egg cell. The 2n egg cell is converted parthenogenetically into a 
clonal embryo by BBM1-ee. The endosperm forms in both pathways 
by fertilization of central cell (homodiploid in wild type, tetraploid 
in synthetic apomicts) by a sperm cell (haploid in wild type, diploid 
in synthetic apomicts). The maternal:paternal genome ratio of 2:1 is 
maintained in the endosperm in both the pathways, ensuring normal seed 
development.

© 2019 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 6 | Asexual propagation through seed in rice.  
a, Top, schematic of the CRISPR–Cas9 plasmid construct used for genome 
editing of the three MiMe rice genes. Bottom, schematic of genome-
integrated pDD45::BBM1 in the BBM1-ee plants. b, DNA histogram of 
flow cytometric peak showing 4n ploidy in T1 progeny (n = 33/33 tested) 
of a control T0 MiMe plant. c, Left, panicle of a control T0 diploid MiMe 
plant with fertile seeds. Middle, a tetraploid T1 MiMe panicle, exhibiting 
complete infertility; that is, no seed filling, and larger flowers (note scale 
bars), with awns (white arrowhead). Awns are normally suppressed in 
most japonica rice cultivars including Kitaake. All T1 MiMe progeny 
(n = 139) were scored for the phenotype of complete infertility and 
presence of awns, including 33 plants that were additionally confirmed 
in b by flow cytometry. Right, panicle of an S-Apo haploid plant showing 

fertile seeds (n = 45). Scale bars, 2 cm. d, Wild-type and S-Apo haploid 
anthers, showing viable pollen (n = 15). Scale bars, 0.2 mm (top) and 100 
µm (bottom). e, Comparison of panicles from wild type (left), with diploid 
clonal progeny (57/381) and sexual tetraploid progeny (n = 324/381) 
from a diploid S-Apo plant (right). The white arrowheads show awns in 
tetraploid. Scale bars, 2 cm. f, Size comparison of progeny seeds from 
control wild type, a synthetic S-Apo haploid, a control MiMe, a synthetic 
S-Apo diploid clone, and an infrequent (3%) filled seed produced by the 
sexual tetraploid progeny of an S-Apo diploid (n = 100 for each genotype). 
Scale bar, 2 mm. g, Comparison of seed size between control MiMe, 
diploid S-Apo line 1, diploid S-Apo line 5 and double-haploid S-Apo line 
DH2 (n = 100 for each transgenic line). No noticeable variation in seed 
size is observed. Scale bars, 2 mm.
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Extended Data Fig. 7 | MiMe mutations and confirmation of clonal 
progeny from S-Apo plants. a, Sequence chromatograms at mutation 
sites of MiMe genes in wild-type, T0 diploid S-Apo mother plant and 
two diploid progeny from each of T1, T2 and T3 generations of S-Apo 
line 1 (n = 7). Red arrows point to mutation sites. PAIR1 and REC8 are 
biallelic whereas OSD1 is homozygous. b, Sequences of the T0 S-Apo 

mother plant and five T1 S-Apo diploid progeny at MiMe mutation sites 
and one heterozygous SNP in apomixis line 5 (n = 6). Red arrows show 
the mutation sites or SNP. All three MiMe mutations—OSD1, PAIR1 and 
REC8—are biallelic. All progeny across different generations in both the  
S-Apo lines have same mutations as the T0 mother plants, indicating 
absence of segregation and thus clonal propagation.
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Extended Data Fig. 8 | Confirmation of SNPs by PCR. Sequence 
chromatograms of 11 SNPs are shown for wild-type, T0 diploid S-Apo 
mother plant and two diploid S-Apo progeny from each of the T1, T2 and 
T3 generations for line 1 (n = 7). All the 11 SNPs were found to be present 

in the T0 mother plant and all the progeny across different generations, 
confirming that there is no segregation; thus clonal propagation. The red 
arrows show the location of the SNP. Chr, chromosome; the numbers 
indicate the position on the respective chromosome.

© 2019 Springer Nature Limited. All rights reserved.
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Extended data table 1 | Functional characterization of BBM genes in rice

a, Expression of four BBM-like genes in rice gametes and zygotes from previous studies11,15 presented as reads per million averaged from three replicates. Z2.5, Z5 and Z9 columns are from isogenic 
japonica zygotes at 2.5, 5 and 9 HAP, respectively. J×I and I×J columns are hybrid zygotes from crosses, the female parent is listed first. EC, egg cell; I, indica; J, japonica; SpC, sperm cell; Z, zygote.  
b, Summary of seed viability in progeny of BBM1/ bbm1 bbm2/bbm2 bbm3/bbm3 mutant plants. A loss of viability was observed, as around 36% (106/297) of seeds fail to germinate. Of the germi-
nated seedlings, only 1% (2/191) were triple homozygotes, instead of the expected 25% if there is no effect of genotype on viability. c, d, Dependence of seed viability on paternal allele transmission 
of BBM1. c, When the bbm1 allele is transmitted by the male parent, around 27% of the genotyped heterozygotes fail to germinate (23/(23 + 62)), despite a functional BBM1 allele inherited from the 
female parent. d, All seeds germinate when the mutant bbm1 allele is transmitted by the female parent (n = 67).
*The chi-square value for goodness-of-fit between the expected Mendelian 1:2:1 ratio and the observed data is 68.623; the corresponding right-tail P value is 1.714 × 10−15.
**The two-tailed Fisher’s exact test P value is 0.0001, for the genotyped non-germinating seeds to contain all heterozygotes and no wild types.
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Extended data table 2 | haploid induction and clonal propagation in rice

a, Haploid induction in BBM1-ee (pDD45::BBM1) transgenic plants. The T0 primary transformants were hemizygous for the BBM1-ee transgene. One diploid T1 plant 8c from transformant 8 was main-
tained as a haploid inducer line up to the T7 generation. b, Identification of synthetic haploid and diploid apomictic progeny from S-Apo (MiMe + BBM1-ee) plants of transformant line numbers 1 and 
2 (haploids), and line numbers 1 and 5 (diploids). For T2 and subsequent generations, propagation was performed by selecting from each generation, haploid and diploid progeny respectively. DH#2 
refers to a doubled haploid derived from self-pollination of T1 plants of the haploid apomixis line 2.

© 2019 Springer Nature Limited. All rights reserved.
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Methodology

Sample preparation Leaf tissue were chopped with a razor blade. 

Instrument Becton Dickinson FACScan system 
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